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CONFIGURATION DESIGN OF TWIN RUDDER SYSTEM ON COURSE-
KEEPING ABILITY OF A FERRY UNDER WIND CONDITION
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DDepartment of Marine Engineering, Faculty of Engineering, Hasanuddin University
2 Department of Ocean Engineering, Faculty of Engineering, Hasanuddin University
% Department of Naval Architecture, Faculty of Engineering, Hasanuddin University
JI. Poros Malino KM 6, Kampus Fakultas Teknik Unhas, Gowa, Indonesia 50275

ABSTRACT

Ship course-keeping play an important role in navigation safety, particularly when ship
operating under wind condition. To achieve this demand, a method of ship controlling
movements through the rudder system configuration is very necessary. This paper
describes the configuration design of twin rudder system on ship couse-keeping ability
under wind condition. Time domain simulation program was developed for this
propose. Proportional Integral Derivative (PID) controller is used to adjust the heading
angle of ship according to the desired path. Several parameters such wind velocity
relative and directions have been taken into account in the simulation, The results show
that at wind direction of 88° the speed of ship course-keeping decreases with increasing
wind velocity causes a large deviation of ship heading angle. Meanwhile, speed of ship
course-keeping increase with increasing wind speed direction of 219°. Ship course-
keeping time with around 219° under wind direction of the simulation was a 11.68%
lower than the sea trial.

Keywords: Twin rudder; Course-keeping; Ship tracking; Simulation
1. INTRODUCTION

Course-keeping quality is most important in ship navigations due to not only save the
time but also save the fuel consumption. To achieve the quality of ship course-keeping
and generate accurate heading angles, one should have a controller which takes into
account of ship hydrodynamics, both internal and external disturbances parameters.
Ferry course keeping ability is different from that of sea-going ships due to navigation
environment and ship particulars. The complexity of the navigation environment
especially the influence of wind load force and moment, ferry with large superstructure
are commonly more susceptible to marine accidents. Many studies relate to wind
influence on ship maneuvering, the load force and moment of wind significantly
affected by transversal and lateral projections of the windage area due to large
superstructure of ship as well as wind velocity and wind direction relative to ship
(Fujiwara and Ueno, 2006).

Molland et al. (2011) explained that effect of winds on ship maneuvering. He observed
that changes of ship speed and direction caused by the wind was highly dependent on
load of wind blowing, when wind direction from the bow of ship (0°) then speed of ship
tends decrease but vice versa when the wind direction from the stern (180°). Whereas
when the wind blowing from side ship tend to change its direction. The direction
deviation of ship caused by wind are different for each type of ship and the steering
response required. Othsu et al. (1996) reported the wind blowing from starboard bow



quarters (45°), ship steering becomes less sensitive, but more sensitive when wind from
the port stern quarters (135%). It is important to increase speed to change the direction
of wind. This behavior information is very important to improve regarding ship course-
keeping quality, especially ships take appropriate action in handling due to wind
disturbances.

Many efforts to improve ship maneuvering have been carried out through the use of
twin rudder ship controller. Yoshimura and Sakurai (1989) investigated that effect of a
ship fitted twin-rudder twin-propeller on ship maneuvering. They found that
hydrodynamic characteristics of a twin-rudder twin-propeller are not so much different
from those of a single-propeller single-rudder ship. Khanfir et al. (2008) proposed a
method for predicting mathematical model coefficient on ship maneuver fitted with a
twin-propeller twin-rudder. Furthermore, They (Khanfir et al., 2011) conducted captive
model tests as well as free-running tests with a single-propeller twin-rudder and a twin-
propeller twin-rudder ship to evaluate the effect of drift angle on the rudder forces and
some peculiar phenomena concerning rudder normal force for twin-rudder ships.

Other parameter that also affects on ship maneuver performance are from distance
spacing between single rudder in twin-rudder ship (Gim, 2013, Liu, 2015 and Chen,
2018). Gim (2013) carried out 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 chord length of rudder. It was found that this spacing distance
between rudders in twin-rudder configurations is also affected by the interaction
between the rudders and critical distance should be less than 1.0 chord length of rudder
in order to decrease turbulence flow and vortices. This result is similar to the findings
of Liu et al (2015) and Chen et al (2018) by using numerical simulation, confirming the
excellent characteristics of twin-rudder ship compared with those of single-rudder ship.
Chen et al (2018) concluded that a ship fitted with twin-rudder will operate very well at
15° of rudder angles. Additionally, the effectiveness of the stopping performance of the
twin rudders at the lateral spacing equals to 1.3 chord length of rudder.

Based on the aforementioned studies, a design configuration of rudder system is most
important features in achieving ship controlability goals. The rudder system must alter
the ship control to the desired heading angle, both due to ship internal and external
disturbances parameters. This paper focuses on applying the twin rudder concept to
course-keeping ability of ferry under wind condition. By simulating the configuration
of rudder system, course-keeping ability of the ferry expected to be improved.

2. METHODOLOGY

2.1 Mathematical Model

Ship maneuvering analysis using computer simulation utilizing modular mathematical
models including hydrodynamic derivative is considered. The models was based on the

equations of surge, sway and yaw motion (Equation 1), using the coordinate system
shown in Figure 1.



Figure 1. Coordinate system of ship
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The notations of u, v and r are velocity components at ship’s centre of gravity (G). m
and Izz represents the mass of ship and moments of inertia. X, Y, and N represent the
hydrodynamic forces and moment. The subscript H, P, R and W refer to hull, propeller,
rudder and wind respectively. Force and moment induced by hull (Xu, Y, and Nn) in
principle is an approximation of polynomial function of g and r'. The equations can be
expressed by Yoshimura (2001) in Equation 3.
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where: £ is the drif angle at midship position by tan™(v/u) and r* non-dimensionalized yaw rate
by rL/U. Xto, Xt/)’/;, Xt/gr, Xtrr, Xtﬁﬁlgﬁ, Ytﬁ, Ytr, Ytﬁﬂﬁ, Ytﬂﬁr, Ytﬂm th, Nt/y, Ntr, Ntﬁ/;ﬁ, Nt/;ﬁr, Ntﬁrr and Ntm
are called the hydodynamic derivatives on ship maneuvering. Force and moment equations
induced by twin propeller (Xp, Yp, and Np) can be expressed by Khanfir (2011) in

Equation 4:
g =g o)
Y, =0 (4)
Nelo) = YelRh e fo)
where:
KT{i}(JP{i}) =C, +C2Jp{s;} +C3JP{§}2
JP{i} =(u- yPr(l_WP{'SD}) /(np{i}DP{i})

Where tp is the thrust deduction coefficient in straight forward moving; Kr is the thrust
coefficient of propeller force; np is the propeller revolution; Dp is the propeller
diameter; wp is the effective wake fraction coefficient at propeller location; Jp is the



advance coefficient; C;, C> and Cs are the constants for open water propeller,
respectively. The subscript S and P refer to starboard and portside

Force and moment coefficients on rudder area (Xr Yr and Ng) can be expressed by Lee
et al (1988 and 2003) model as shown in Equation 5:
Xe[sl =—(1—t5[s])Fs, [s1SINO
(5} =Pz 3o
YR{E} =—(1+ aH)FRY{i} 0055{3

P

} ®)
Ngp =—(Xg +ay XH)FRY{?D} cos5{s} + yP{i}(l_tR{i})FRY{E}Sin 5{5}

P

Where ¢'is the rudder angle; xr and zr are the representations of rudder location and t,
an and xn are the interactive force coefficients among hull, propeller and rudder, as the
functions of the advance constant of the propeller. The rudder normal (Fry) acting on
the rudder stock can be expressed by Equation 6:
_1 2 P
FRY{;} =3 PAU R{i} f, S'”“R{i} (6)

where Ar is the rudder area; f. is the gradient of the lift coefficient of rudder and it can
be approximated by the function of the rudder aspect ratio (fo =6.134/(2.25). The

effective inflow velocity to the rudder (Ur) and effective angle of attack of the inflow
velocity to the rudder (ar) can be expressed by Equation 7,

el vl
e =3 A

The effective inflow velocity (Ur) to the rudder in surge direction can be expressed by
Equation 8,

(7)

Where:

CRE s oy = (1w [
where ¢, k, & and Ir are the parameters, describing the rudder inflow velocity angle,

respectively; (1-w) and 7z are the propeller wake fraction and effective efficiency,
respectively. (Dp/H) is the ratio of propeller diameter to rudder height.




The effective inflow velocity (vr) to the rudder in sway direction can be expressed by

Equation 9,
Ve, =Ug, tan(&RsJ 9)
HEH e
Where:
Yr
On  =Vn Be +tan™ bl
RJS} TR PR »
P Pf P Rrs
{e!
IBR =p-

where &, k, & and Ir are the parameters, describing the rudder inflow velocity angle,
respectively; (1-w) and 7 are the propeller wake fraction and effective efficiency,
respectively. (Dp/H) is the ratio of propeller diameter to rudder height.

For the case of a ship operated under wind condition, force and moment (Xw, Yw and
Nw) acting on ship were expressed by Equation 10 (Fujiwara and Ueno, 2006):

Xw =Cax (Wa)daA:
Yo =Cax (Wa)daA (10)
Ny =Can (W a)AAA Loa

Where, Cax, Cay and Can are the wind load forces and moments coefficients
respectively as a function of the wind direction relative to ship (ywa). ga is wind pressure;
Ar and AL indicate transversal and lateral projections of the windage area respectively.
Wind relative direction can be expressed by Equation 11:

_tan U, cosy +Ucos S
Va U,siny —Ucos

(11)

Where, Ut is wind velocity and y is angle of wind direction with reference of
coordinate system. Wind pressure (ga) can be calculated by Equation 12 (Fujiwara et
al., 2006):

Js =0; t(s +2\/ 0 ds cos(y +f) (12)

Where, gr is wind pressure due to elevation of center of windage area and gs is wind
pressure induced by wind velocity without elevation effect.

2.2.Ship Steering Autopilot

Rudder is most important features in achieving controlability goals. The control system
must alter the control surfaces to the desired heading angle. The schematic equation of a
PID control system of the ship tracking can be expressed by Equation 13:



o=K,(e)+Ky(e)+ Kile(t)dt (13)

e=(yr —vs)

where: ¢ is designed rudder angle; Kp, Kq, and K; are proporsional gain, derivative gain
and integral gain respectively; e is an error between heading target (yr) and actual
heading angle (yp).

Figure 1 (Fossen, 2002) shows a schematic of line-of-sight (LOS) concept, a series of
ship course-keeping manoeuvres, in which the conventional LOS guidance scheme can
be used to calculate the required reference heading. The method calculate an imaginary
line stretching between ship and target showed. To reach this track-point, the ship must
adjust its heading by a reference heading angle (). In accordance, course-keeping
autopilot automatically selects the next track-point coordinates (xx+1, Yk+1) along the
reference path and resets the reference of heading angle accordingly. Fossen (2002)
recommended the radius of the target zone (Ro) is specified approximately two ship
length. The reference of heading angle equation and target zone corection in LOS
method can be expressed by Equation 14 and 15.

_ Y~ y(t)
l//ref (t) =tan (Xk _ X(t)) (14)
and
(X = X(0)* + (Y —Y()* <R; (15)

where, xk and yk are the coordinates of the track-point; x(t) and y(t) are the coordinates
position of ship; Ro is the radius of target zone.

X A Target zone

Dl -~ Ow
\ Way-point

Xt

»

Yt Yk \%
Figure 1 A schematic of the LOS concept

2.3 Simulation Program

Figure 2 shows the basic structure of ship steering autopilot, developed in this research.
According to IMO (2002) criteria of ship maneuverability, the prediction of ship course-
keeping should be analyzed through the swept path. The swept path of ship can be
obtained by double integrating the acceleration of the ship-motion mathematical model
includes hydrodynamic derivatives. The equations of motion in this time domain
simulation are then solved by numerical integration Dormand-Prince Method (Maimun
et al., 2011 and Muhammad et al., 2015). The control method used in the simulation is a
proportional integrated derivative (PID) controller. The designed rudder angle (6=35



deg.) is calculated using Equation 9 with Kp=0.1; K; =0.0001 and K4 =10 gains for P, |
and D respectively. The conventional line-of-sight (LOS) guidance scheme used to
calculate the required reference heading (Fossen, 2002). The resistance and propulsion
parameters for simulation were predicted using Holtrop Method (Holtrop and Mennen,
1982 and Holtrop, 1984). The wind component parameter were predicted by Fujiwara et
al. (2006). Hydrodynamic derivatives were predicted using the derived regression
equation developed by Yoshimura and Masumoto (2012).

Disturbance

v

. Heading Actual
. Yr, N :
Way points Autopilot A | PID Controller o p|  Rudder steering Do ship —

N >
machine

Measurement «

<

Figure 2 Basic structure of ship steering autopilot

2.4 Ship and Sea Trial Data

The object of the study is ferry ship of KMP Bontoharu (1053 Gross Tonnage), owned
by PT. ASDP Indonesia Ferry with twin conventional propellers (FPP) and twin
conventional rudders with the distance between rudder / propeller is 2.3 m, mounted
behind the ship. Figure 3 shows the operating view of KMP Bontoharu on Bira
Bulukumba harbor water way. The picture was taken on 20", September 2015. The
dimensions hull / superstructure and parameter propulsion / rudder of ship are presented
in Tables 1 and Tables 2 respectively. The ship sea trial on Selayar - Bulukumba route
(blue line), 15.385 nautical miles distance, 7268 second travelling time, around 6.03 m/s
wind velocity and 254 deg wind direction, indicated by Figure 4.

Figure 3. The operating view of KMP Bontoharu on Bira Bulukumba harbor water way

Table 1. Dimension of ship hull and superstucture

Parameter Value
Loa, m 54.00
Lbp,m 47.45

B, m 14

H, m 3.4

Tm 2.45
V, m/s? 6.618

A, Ton 1148




AL, m? 182.87

Ar, m2 129.20
Aop, m 218.23
C -0.44
He, m 2.70
He, m 3.38
Hgr, M 10.48

Table 2 Parameter of ship propulsion and rudder.

Parameter Value
Z 4

D, m 1.422

P, m 1.066

n 8.784

Span, m 1.550

Chord, m 0.900

Ar, m? 1.395

BHP, HP 1000

RPMwe 1850

]

e e e A
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1502300 0
T '; SCALE: 1:425.000
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Figure 4 Selayar-Bulukumba route

3. RESULTS AND DISCUSSION

The monthly significant wind velocity and direction data were predicted by using ERA-
Interim re-analysis data from European Centre for Medium-Range Weather Forecasts
(ECMWEF) for 10 years period from 2006-2018 at 6-hourly intervals shows in Figure 5.
The data provides wind speed data with resolution of 0.25 x 0.25 degree. The peak wind
speed trend show in January with maximum trend 10.06 m/s (88 deg.). Meanwhile, the
trend of monthly mean wind speed in April has decreasing trends with minimum trend



6.41 m/s (219 deg.). The trends of monthly mean wind speed are varying depending on
month during west monsoon or east monsoon seasons.
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Figure 5 Significant wind velocity and direction in Selayar-Bulukumba route

Based on the wind data characteristics in figure 5, course keeping of a KMP Bontoharu
have been simulated for three condition of wind direction parameter (i.e. starboard and
portside athwart (88 deg. and 268 deg.) and stern (219 deg.). That information very
important in ship navigation due to not only save the time but also save the fuel
consumption by controlling a set twin rudder configuration design. Figure 6 shows the
history result of simulation for track-keeping trajectory of a KMP Bontoharu (Selayar
to Bulukumba) under wind velocities effect. The horizontal axe expresses time and
vertical axe expresses heading angle (), rudder angle (), speed ship (u) and rudder
force (Fx) respectively. The winds blow from starboard athwart (=88 deg) at wind
velocities (Ur= 10.06 m/s) for initial ship speed (U) of 6.618 m/s. It was found that the
track keeping trajectory leaving slow track deviation from initial track with low
heading with big track keeping time compared without winds (Ur= 0 m/s). Meanwhile
the ships track keeping trajectory with increased wind velocities caused more deviation
and very low ship speed.

Figure 7 shows the history result of simulation for track-keeping trajectory of a KMP
Bontoharu with winds blow from portside athwart (=268 deg) at wind velocities (Ut=
6.41 m/s) for initial ship speed (U) of 6.618 m/s. Its characteristic almost similar when
the winds blow from starboard athwart (=88 deg). While when the wind blow from
stern (=219 deg) the ship speed increases with increasing wind speed as the
simulation results shows in Figure 8. Corresponding time histories of rudder angles,
heading angles and ship speed . It should be noted that time histories of heading angles
have almost the same patterns, where as those of the rudder angles and speed ship are
different in each case. This result is similar to the findings of Le at al. (2013)
confirming the trend of ship track keeping trajectory under wind velocities condition.

Figure 6, 7 and 8 shows also the effects of winds speed and direction on ship speed
track keeping trajectory time for initial ship speed (U) of 6.618 m/s . It was found that
under wind blow from starboard athwart (=88 deg) and portside athwart (=268 deg)
were a 7.31 % and 0.16 % ship speed reduces achived, meanwhile from stern the ship
speed was relatively 2.75% increase ship speed. The latter is beneficial because track
trajectory time was minimum. This trend is similar to the findings of Molland et al.
(2011) and Othsu et al. (1996), supporting the beharviors of ship track keeping
trajectory under winds direction.



Figure 9 shows the sea trial simulation results for track-keeping trajectory of ship with
6.03 m/s wind velocity and 254 deg wind direction at initial ship speed of 3.94 m/s. It
was found that 6.418 second travelling time. The simulation travelling time is a 11.68%
higher compared with the sea trial results. The possible reason is the simulation did not
include wave. Table 3 indicates the summary of simulation and sea trial results of ship
track-keeping trajectories.
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Table 4. Simulation and sea trial result of ship- tracking trajectories

Ut U ) Deg Fx (N) Track
Routes Ve (mis)  (mls)  (degls.) time (s)
Selayar- Bulukumba 0 0 6618 -4276 -5312 -4939 3866  Fig.

Selayar- Bulukumba 88 10.06 6.134  -40.90 -5.270 -4.209 4158 Fig.
Selayar- Bulukumba 88 20 4991  -35.37 -4.488 -2.655 5024 Fig.
Selayar- Bulukumba 219 6.41 6.526  -42.31 -5299 -4.644 3932 Fig.
Selayar- Bulukumba 219  10.06 6.436  -41.96 -5437 -4.723 4002 Fig.
Selayar- Bulukumba 219 20 6.031  -40.22 -5.157 -3.630 4332 Fig.
Selayar- Bulukumba 268 8,71 6.629  -42.14 -5312 -5.085 3881 Fig.
Selayar- Bulukumba 268  10.06 6.629  -42.14 -5.312 -5.085 3881 Fig.
Selayar- Bulukumba 268 20 6.355  -38.61 -12.32 -4.208 4208 Fig.
Selayar- Bulukumba 254 6.03  6.636  -4252 -4335 -4.946 3872 Fig.
Selayar- Bulukumba 254 6.03 3.94 -28.94 -3.489 -1.319 6418 Fig.

O©C OO N~NNOOO O

4. CONCLUSION

A configuration design of twin rudder system on ship couse-keeping ability under
winds speed and directions was analyzed through computer simulation of MATLAB-
Simulink program. The object the reseach was ferry ship of KMP Bontoharu (1053
gross tonnage) by PT. ASDP Indonesia Ferry. The results indicated that the ship track
keeping trajectory under increased wind velocities at 0 deg direction caused more
deviation and very low ship speeds. When wind direction from starboard bow around
88 deg. high deviation and reduced ship speed obtained, while from port stern around
210 deg. results in small deviation and relatively constant ship speed. By simulating
fluctuated wind velocity and direction, the quality of the ship course-keeping with
accurate heading angles, increase in safety may be achieved.
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Configuration Design of Twin Rudder System on Course-Keeping Ability of
A Ferry Ship Under Wind Condition

Abstract. Ship course-keeping plays an important role in navigation safety, particularly when ship
operating under wind condition. To stabilize the ship’s course, a method for controlling ship
movements through the rudder system configuration is necessary. This paper describes the
configuration design of twin rudder system on the ship course-keeping ability under wind
condition. Time domain simulation program was developed for this purpose. Proportional Integral
Derivative (PID) controller is used to adjust the heading angle of ship according to the desired path.
Several parameters such as relative wind velocity and directions have been taken into account in
the simulation, The result shows that at wind direction of 88 deg., the speed of the ship course-
keeping decreases. However, the increasing wind velocity causes a large deviation of the ship
heading angle. Meanwhile, speed of the ship course-keeping increase with the increasing wind
speed direction of 219 deg. Ship course-keeping time with around 219 deg. under wind direction of
the simulation was a 11.68% lower than the sea trial.

Keywords: Proportional integral derivative controller; Course-keeping; Ship tracking; Simulation

1. Introduction

Course-keeping quality is significant in ship navigations due to not only save the time
but also save the fuel consumption. To achieve the quality of ship course-keeping and
generate accurate heading angles, a controller which takes into account of ship
hydrodynamics, both internal and external disturbances parameters should be installed.
Ferry ship course keeping ability is different from that of sea-going ships due to navigation
environment and ship particulars. The complexity of the navigation environment especially
the influence of wind load force and moment makes ferry ship with large superstructure
are more susceptible to marine accidents. Many studies relate to wind influence on ship
maneuvering, the load force and moment of wind have significantly affected by transversal
and lateral projections of the windage area due to large superstructure of ship as well as
wind velocity and wind direction relative to ship (Fujiwara and Ueno, 2006).

Molland et al. (2011) have explained the effect of winds on ship maneuvering. He
observed that changes of the ship speed and direction caused by the wind was highly
dependent on the load of wind blowing. When wind direction is coming from the bow of
ship (0 deg.), then speed of ship tends to decrease but vice versa when the wind direction
from the stern (180 deg.). Whereas when the wind blowing from the side of the ship, it tends
to change its direction. The direction deviation of ship caused by wind are different for each
type of ship and the steering response required. Ohtsu et al. (1996) reported that the wind
blowing from starboard bow quarters (45 deg.) made the ship steering becomes less
sensitive but more sensitive when the wind was coming from the port stern quarters (135
deg.). It is important to increase the ship speed to change due to different direction of the
wind. This behaviour information is very important to improve ship course-keeping quality,
especially when the ships need to take appropriate action in handling the wind
disturbances.
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Many efforts to improve ship maneuvering have been carried out through the use of
twin rudder ship controller. Yoshimura and Sakurai (1989) investigated the effect of a ship
fitted twin-rudder twin-propeller on ship maneuvering. They found that hydrodynamic
characteristics of a twin-rudder twin-propeller are not so much different from those of a
single-propeller single-rudder ship. Khanfir et al. (2008) proposed a method for predicting
mathematical model coefficient on ship maneuver fitted with a twin-propeller twin-rudder.
Furthermore, they (Khanfir et al, 2011) conducted captive model tests as well as free-
running tests with a single-propeller twin-rudder and a twin-propeller twin-rudder ship to
evaluate the effect of drift angle on the rudder forces and some peculiar phenomena
concerning rudder normal force for twin-rudder ships.

Other parameter that also effects on ship maneuver performance are from distance
spacing between single rudder in twin-rudder ship (Gim, 2013, Liu, 2015 and Chen, 2018).
Gim (2013) carried out 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 chord length of rudder. It was found that this spacing distance between rudders in twin-
rudder configurations is also affected by the interaction between the rudders and the
critical distance should be less than 1.0 chord length of rudder in order to decrease
turbulence flow and vortices. This result is similar to the findings of Liu et al (2015) and
Chen et al (2018) by using numerical simulation, confirming the excellent characteristics of
twin-rudder ship compared with those of single-rudder ship. Chen et al (2018) concluded
that a ship fitted with twin-rudder will operate very well at 15 deg. of rudder angles.
Additionally, the effectiveness of the stopping performance of the twin rudders at the lateral
spacing equals to 1.3 chord length of rudder.

Based on the aforementioned studies, a design configuration of rudder system is the
most important features in achieving ship controllability goals. The rudder system must
alter the ship control to the desired heading angle, both due to ship internal and external
disturbances parameters. This paper focuses on applying the twin rudder concept to
course-keeping ability of ferry ship under wind condition. By simulating the configuration
of rudder system, course-keeping ability of the ferry ship is expected to be improved.

2. Methods

2.1. Mathematical Model

Ship maneuvering analysis using computer simulation utilizing modular mathematical
models including considering hydrodynamic derivative. The models was based on the
equations of surge, sway and yaw motion (Equation 1), using the coordinate system shown
in Figure 1.

a M =1V) = Xy, + Xl + X 5]+ Xy
\_ P P
m(v—-ru)=Y, +YP{§} +YR{§} +Yy (1)
I,y =N, + NP{E} + NR{;} + N,
O-’J. -hxo

Figure 1 Coordinate system of ship

The notations of u, v and r are velocity components at ship’s centre of gravity (G). m
and Izz represents the mass of ship and moments of inertia. X, Y, and N represent the
hydrodynamic forces and moment. The subscript H, P, R and W refer to hull, propeller,
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rudder and wind respectively. Force and moment induced by hull (Xg, Yy and N#) in
principle is an approximation of polynomial function of fand r’. The equations be expressed
by Yoshimura (2001) in Equation 2.

Xy =1 pLdUP (X} + X, B2+ (X M) Br' + X124 X0 BY)
Yoo =5 pLdU (84 (=M, + Y B Y 4, 1) )
Ny, =3 pL2dUZ (N, B+ NIF + N 5+ NG B2+ NG B2 4+ N )

where: §is the drif angle at midship position by tan-1(v/u) and r* non-dimensionalized yaw
rate by rL/U. X0, X'pg, X'pr, X'rro X'ops, Y'5 Y'r, Y388, Y'88r, Y'rr, Y, N'g, N'r, N'ggg, N'ggr, N'prr and
N’y are called the hydodynamic derivatives on ship maneuvering. Force and moment
equations induced by twin propeller (Xp, Yp, and Np) can be expressed (Khanfir, 2011 and
Dash, 2015) in Equation 3:

Xofs] = p| (L—to/s1)Np[51°Dpfs| 'K [s]| Jpfs) | [ Yo =0
Aol e

N.(s] = S1X (s

olo) YRl
here K. [s1(J.[s1)=C, +C,J.[s] +C.Jofs1%and J.[s] = (U—Yor(L—w,(s])/(n,[s|Dyfs

where T{P}( P{P}) 1T P{P} 3 P{P} an p{P} (U—ypr( WP{P}) ( p{P} P{P})
Where tp is the thrust deduction coefficient in straight forward moving; Kr is the thrust
coefficient of propeller force; npis the propeller revolution; Dp is the propeller diameter; wp
is the effective wake fraction coefficient at propeller location; Jr is the advance coefficient;

Ci, Cz2 and Cz are the constants for open water propeller, respectively. The subscript S and P
refer to starboard and portside

Force and moment coefficients on rudder area (Xz Yz and Ng) can be expressed in model
as shown in Equation 4:
Xes] =—(A—-t;[s])Fg,[s]SIiNS
RN
Yqs1 =—(1+a,)Fs,[s] COSS (4)
R{P} H RY{P} {2}
N, =—(X, +a, X, )Fs, [51€C0SO oy + Vo/s|(L-t,[s1)F., [S]1SINO
R ( R H H) RY{P} {2} yP{P}( R{P}) RY{P} {i}
Where ois the rudder angle; xz and zg are the representations of rudder location and ¢z, ay
and xy are the interactive force coefficients among hull, propeller and rudder, as the
functions of the advance constant of the propeller. The rudder normal (Fry) acting on the
rudder stock can be expressed by Equation 5:
FoS1 =2 pAU (517 sinags 5
RY{P} 3 P R{P} a aR{P} (5)
where Ar is the rudder area; f, is the gradient of the lift coefficient of rudder and it can be
approximated by the function of the rudder aspect ratio (f, =6.134/(2.25). The effective

inflow velocity to the rudder (Ur) and effective angle of attack of the inflow velocity to the
rudder (ar) can be expressed by Equation 6,

g T e g0yl ©
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The effective inflow velocity (ugr) to the rudder in surge direction can be expressed by
Equation 7,

— -1 +(1—77P{§}) (7)
.

5Ty ~{a-wepy Jumwpy )

where g & y and Ir are the parameters, describing the rudder inflow velocity angle,
respectively; (I-w) and 7 are the propeller wake fraction and effective efficiency,
respectively. (Dp/H) is the ratio of propeller diameter to rudder height.

Where: ¢ TK=—0o

The effective inflow velocity (vr) to the rudder in sway direction can be expressed by
Equation 8,

Vg, =Up tan| o (8)
HEH [{EJ

1P P

: 3y - H

where ok & & and Ir are the parameters, describing the rudder inflow velocity angle,
respectively; (1-w) and 7 are the propeller wake fraction and effective efficiency,
respectively. (Dp/H) is the ratio of propeller diameter to rudder height. For the case of a
ship operated under wind condition, force and moment (Xw, Yw and Nw) acting on ship were
expressed by Equation 9 (Fujiwara and Ueno, 2006):

Xw =Cax a)aAss Yo =Cax a)daA; Ny =Coy (Wa)daA Loa 9

Where, Cax, Cay and Cyan are the wind load forces and moments coefficients respectively as a
function of the wind direction relative to ship (y4). q4 is wind pressure; Ar and A, indicate
transversal and lateral projections of the windage area respectively. Wind relative direction
can be expressed by Equation 10:

Where: 6, =y, B +tan|y, /X, |andp, =B8-L, r
" ( o/ {SJ

(10)

UTcosw+Ucos,b’}

=tan™
Va {UTsiny/—Ucosﬂ

Where, Ur is wind velocity and i is angle of wind direction with reference of coordinate
system. Wind pressure (qa) can be calculated by Equation 11 (Fujiwara et al., 2006):

Jsr =0 +0Qs +2\/qqu cos(y + f) (11)

Where, gqr is wind pressure due to elevation of center of windage area and gs is wind
pressure induced by wind velocity without elevation effect.

2.2. Ship Steering Autopilot

Rudder is most important features in achieving controlability goals. The control system
must alter the control surfaces to the desired heading angle. The schematic equation of a
PID control system of the ship tracking can be expressed by Equation 12:
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S=K,(6)+K,(€)+ Ki].e(t)dtand e=(y: —v,) (12)

where: ¢ is designed rudder angle; K}, K4, and K; are proporsional gain, derivative gain and
integral gain respectively; e is an error between heading target (yr) and actual heading
angle (yp).

2.3 Simulation Program

According to IMO (2002) criteria of ship maneuverability, the prediction of ship course-
keeping should be analyzed through the swept path. The swept path of ship can be obtained
by double integrating the acceleration of the ship-motion mathematical model includes
hydrodynamic derivatives. The equations of motion in this time domain simulation are then
solved by numerical integration Dormand-Prince Method (Maimun et al, 2011 and
Muhammad et al,, 2015). The control method used in the simulation is a proportional
integrated derivative (PID) controller. The designed rudder angle (=35 deg.) is calculated
using Equation 9 with K,=0.1; K; =0.0001 and Ky =10 gains for P, I and D respectively. The
conventional line-of-sight (LOS) guidance scheme is used to calculate the required
reference heading (Fossen, 2002). The resistance and propulsion parameters for simulation
are predicted using Holtrop Method (Holtrop and Mennen, 1982 and Holtrop, 1984 ). The
wind component parameter is predicted by Fujiwara et al. (2006). Hydrodynamic
derivatives are predicted using the derived regression equation developed by Yoshimura
and Masumoto (2012).

2.4 Ship and Sea Trial Data

The object of the study is ferry ship of KMP Bontoharu (1053 Gross Tonnage), owned
by PT. ASDP Indonesia Ferry with twin conventional propellers (FPP) and twin
conventional rudders with the distance between rudder / propeller is 2.3 m, mounted
behind the ship. The dimensions hull / superstructure and parameter propulsion / rudder
of ship are presented in Tables 1 and Tables 2 respectively. The ship sea trial on Selayar -
Bulukumba route (blue line) is 15.385 nautical miles distance, 7268 second travelling time,
around 6.03 m/s wind velocity and 254 deg wind direction. The data was taken on 20th,
September 2015

Table 1 Dimension of ship hull and Table 2 Parameter of ship propulsion
superstucture and rudder.
Parameter Value Parameter Value
Loa, m 54.00 Z 4
Lbp,m 47.45 D,m 1.422
B, m 14 P, m 1.066
H, m 3.4 n 8.784
Tm 2.45 Span, m 1.550
V, m/s? 6.618 Chord, m 0.900
A, Ton 1148 Ap m? 1.395
A, m? 182.87 BHP, HP 1000
Ar, m? 129.20 RPMME 1850
Aop, m 218.23
C -0.44
Hg m 2.70
Hi, m 3.38

HBR, m 10.48
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3. Results and Discussion

The monthly significant wind velocity and direction data were predicted by using ERA-
Interim re-analysis data from European Centre for Medium-Range Weather Forecasts
(ECMWEF) for 10 years period from 2006-2018 at 6-hourly intervals shows in Figure 2. The
data provides wind speed data with resolution of 0.25 x 0.25 degree. The peak wind speed
trend show in January with maximum trend of 10.06 m/s (88 deg.). Meanwhile, the trend
of monthly mean wind speed in April has decreasing trends with minimum trend of 6.41
m/s (219 deg.). The trends of monthly mean wind speed are varying depending on month
during west monsoon or east monsoon seasons.
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Figure 2 Significant wind velocity and direction in Selayar-Bulukumba route

Based on the wind data characteristics in figure 5, course keeping of a KMP Bontoharu
have been simulated for three conditions of wind direction parameter (i.e. starboard and
portside athwart (88 deg. and 268 deg.) and stern (219 deg.). The information is very
important in ship navigation due to not only save the time but also save the fuel
consumption by controlling a set twin rudder configuration design. Figure 3 shows the
history result of simulation for track-keeping trajectory of a KMP Bontoharu (Selayar to
Bulukumba) under wind velocities effect. The horizontal axis expresses time while vertical
axis expresses heading angle (1), rudder angle (), speed ship (u) and rudder force (Fx)
respectively. The wind blows from starboard athwart (=88 deg) at wind velocities (Ur=
10.06 m/s) for initial ship speed (U) of 6.618 m/s. It was found that the track keeping
trajectory leaving slow track deviation from initial track with low heading with big track
keeping time compared without winds (Ur= 0 m/s). Meanwhile the ships track keeping
trajectory with increased wind velocities caused more deviation and very low ship speed.

Figure 4 shows the history result of simulation for track-keeping trajectory of a KMP
Bontoharu with wind blows from portside athwart (=268 deg) at wind velocities (Ur=6.41
m/s) for initial ship speed (U) of 6.618 m/s. Its characteristic almost similar when the wind
blows from starboard athwart (=88 deg). While when the wind blows from stern (=219
deg), the ship speed increases with the increasing wind speed as the simulation results
shows in Figure 5. It should be noted that time histories of heading angles have almost the
same patterns correspondingly, where as those of the rudder angles and speed ship are
different in each case. This result is similar to the findings of Le at al. (2013) which
confirming the trend of ship track keeping trajectory under wind velocities condition.

Figure 3, 4 and 5 shows also the effects of winds speed and direction on ship speed
track keeping trajectory time for initial ship speed (U) of 6.618 m/s. It was found that under
the wind blows from starboard athwart (=88 deg) and portside athwart (=268 deg), a
7.31 % and 0.16 % ship speed reduces were achived, meanwhile if the wind blows from the
stern, the ship speed was relatively increase 2.75%. The latter is beneficial because track
trajectory time was minimum. This trend is similar to the findings of Molland et al. (2011)
and Ohtsu et al. (1996), supporting the behaviour of ship track keeping trajectory under
winds direction.
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Figure 6 shows the sea trial simulation results for track-keeping trajectory of ship with
6.03 m/s wind velocity and 254 deg. wind direction at initial ship speed of 3.94 m/s. It was
found that the travelling time is 6.418 second. The simulation travelling time is a 11.68%
higher compared with the sea trial results. The possible reason is because the simulation
did not include wave. Table 3 indicates the summary of simulation and sea trial results of
ship track-keeping trajectories.
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R % Ur U S Or Fx Track
outes .
(deg) (m/s) (m/s) (deg/s.) (deg) (N) time (s)
Selayar- Bulukumba 0 0 6.618 -42.76 -5.312 -4.939 3866
Selayar- Bulukumba 88 10.06 6.134 -40.90 -5.270 -4.209 4158
Selayar- Bulukumba 88 20 4.991 -35.37 -4.488 -2.655 5024
Selayar- Bulukumba 219 6.41 6.526 -42.31 -5.299 -4.644 3932
Selayar- Bulukumba 219 10.06 6.436 -41.96 -5.437 -4.723 4002
Selayar- Bulukumba 219 20 6.031 -40.22 -5.157 -3.630 4332
Selayar- Bulukumba 268 8,71 6.629 -42.14 -5.312 -5.085 3881
Selayar- Bulukumba 268 10.06 6.629 -42.14 -5.312 -5.085 3881
Selayar- Bulukumba 268 20 6.355 -38.61 -12.32 -4.208 4208
Selayar- Bulukumba 254 6.03 6.636 -42.52 -4.335 -4.946 3872
Selayar- Bulukumba 254 6.03 3.94 -28.94 -3.489 -1.319 6418
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4. Conclusions

A configuration design of twin rudder system on the ship course-keeping ability
under winds speed and directions was analysed through computer simulation of
MATLAB-Simulink program. The object of the research was ferry ship of KMP Bontoharu
(1053 gross tonnage) by PT. ASDP Indonesia Ferry. The results indicated that the ship
track keeping trajectory under increased wind velocities at 0 deg. direction have cause
more deviation and very low ship speeds. When wind direction from starboard bow
around 88 deg., high deviation and reduced ship speed were obtained, while from port
stern around 219 deg., the result shows small deviation of the ship course and relatively
constant ship speed. By simulating the fluctuated wind velocity and direction, the quality
of the ship course-keeping with accurate heading angles may be achieved as well as
increase the ship safety.
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Abstract. Ship course-keeping plays a vital role in navigation safety, mainly when ship operating
under wind condition. A method for controlling ship movements through the rudder system
configuration is necessary to stabilise the ship's course. This paper describes the twin rudder
system's configuration design on the ship course-keeping ability under wind condition. Time-
domain simulation of MATLAB-Simulink program was developed for this purpose. The Proportional
Integral Derivative (PID) controller is used to adjust the ship‘s heading angle according to the
desired path. Several parameters, such as relative wind velocity and directions, have been taken
into account in the simulation. The result shows that at wind direction of 88 deg., the ship course-
keeping speed decreases. However, the increasing wind velocity causes a large deviation of the ship
heading angle. Meanwhile, the speed of the ship course-keeping increase with the rising wind speed
direction of 219 deg. Ship course-keeping time with around 219 deg. under wind direction of the
simulation was 11.68% lower than the sea trial.

Keywords: Proportional integral derivative controller; Course-keeping; Ship tracking; Simulation

1. Introduction

Course-keeping quality is significant in ship navigations due to saving time and saving
fuel consumption. To achieve the quality of ship course-keeping and generate accurate
heading angles, a controller that consider ship hydrodynamics, both internal and external
disturbances parameters should be installed. Keeping the Ferry ship course is different
from that of sea-going ships due to navigation environment and ship particulars. The
navigation environment’s complexity especially the influence of wind load force and
moment makes ferry ship with the large superstructure are more susceptible to marine
accidents. Many studies relate to wind effect on ship maneuvering, the load force and
moment of wind have significantly affected by transversal and lateral projections of the
windage area due to large superstructure of the ship and wind velocity and direction
relative to ship (Fujiwara and Ueno, 2006). Paroka et al. (2016) have simulated the effect of
wind on ferry ship maneuvering. They explained that changes in ship speed caused by wind
are highly dependent on wind velocity and direction. When the wind direction came from
the bow to the ship's starboard (0 to 100 deg.), its speed tends to decrease. While the
decrease in ship speed is not significant in the direction of the wind comes from the
starboard to the ship's stern (100 to 180 deg.). Whereas when the wind blowing from the
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side of the ship (20 to 140 deg.), it tends to change its direction. The direction deviations of
the ship caused by wind vary for each type of ship and the steering response required. Ohtsu
et al. (1996) reported that the wind blowing from starboard bow quarters (45 deg.) made
the ship steering becomes less sensitive but more sensitive when the wind was coming from
the port stern quarters (135 deg.). It is crucial to increase the ship speed to change due to
the different direction of the wind. This behaviour information is essential to improve ship
course-keeping quality, especially when the ships need to take appropriate action in
handling the wind disturbances. The improving quality of the ship’s course-keeping ability
in wind condition is strongly influenced by the steering response to the load of the wind
blowing through the use of the appropriate configuration design of rudder system
(Hasegawa et al., 2006).

Many efforts to improve ship maneuvering have been carried out through the use of
twin rudder ship controller. Yoshimura and Sakurai (1989) investigated the effect of a ship
fitted twin-rudder twin-propeller on ship maneuvering. They found that a twin-rudder
twin-propeller’s hydrodynamic characteristics are not so much different from those of a
single-propeller single-rudder ship. Khanfir et al. (2008) proposed predicting a
mathematical model coefficient on ship maneuver fitted with a twin-propeller twin-rudder.
Furthermore, Khanfir et al. (2011) have conducted captive model tests and free-running
tests with a single-propeller twin-rudder and a twin-propeller twin-rudder ship. The tests’
purpose is to evaluate the effect of drift angle on the rudder forces and some peculiar
phenomena concerning normal rudder force for twin-rudder ships.

Other parameters that affect ship maneuver performance are from distance spacing
between single rudder in the twin-rudder ship. Gim (2013) carried out 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 chord length of the rudder. It was
found that this spacing distance between rudders in twin-rudder configurations is also
affected by the interaction between the rudders and the critical distance should be less than
1.0 chord length of rudder to decrease turbulence flow and vortices. This result is similar
to the findings of Chen et al. (2018) by using numerical simulation, confirming the excellent
characteristics of the twin-rudder ship compared with those of single-rudder ship. Chen et
al. (2018) concluded that a ship fitted with twin-rudder would operate very well at 15 deg.
of rudder angles. Additionally, the effectiveness of the twin rudders’ stopping performance
at the lateral spacing equals 1.3 chord length of the rudder.

Based on the studies mentioned earlier, the rudder system’s configuration is the most
crucial feature in achieving ship controllability goals. The rudder system must alter the ship
control to the desired heading angle, both due to ship internal and external disturbances
parameters. This paper focuses on applying the twin-rudder system to improve ferries’
course-keeping quality under wind conditions. By simulating the fluctuated wind velocity
and direction according to the ship's operating route, the quality of the ship course-keeping
with accurate heading angles may be achieved and increase the ship safety.

2. Methods

2.1. Mathematical Model

Ship maneuvering analysis using computer simulation utilizes modular mathematical
models including considering hydrodynamic derivative. The models were based on the
surge, sway and yaw motion (Equation 1), using the coordinate system shown in Figure 1.
The notations of y, v and r, are velocity components at ship’s centre of gravity (¢). m and Izz
represent the mass of the ship and moments of inertia. X, Y, and N represent the
hydrodynamic forces and moment. The subscript H, P, R and W refer to hull, propeller,
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rudder and wind. In principle, force and moment induced by hull (X5, Yy and Ng) is an
approximation of polynomial function of f and r’. The equations were expressed by
Yoshimura et al. (2001) in Equation 2.

Yok m-rv) =X, + X, + Xz + Xy
| MV —ru) =Yy, +Y, +Yg +Y, (1)
I,v =N, + N+ Nz +N,,

-
o] Xo

Figure 1 Coordinate system of ship

X, =3 pLdU?(X} + X’ﬁﬂﬂ2 +(X G —my) B’ + X! r'?+ X;ﬂﬂﬁﬂ“)

Y, = %pLdUZ(Yﬁ',B + (Y, —m)r’ +Yﬁ’ﬁﬁﬂ3 +Yﬁ'ﬁrﬁ2r' +Yﬁ’,m8r'2 +Y! 1'"%) (2)

Ny =2 pL2dU (N, B+ NI’ +NJ B2+ N B2+ N B2 + N/ 1)
where: £ is the drift angle at the midship position by tan-1(v/u) and r’ non-dimensionalized
yaw rate by rL/U. X'o, X'pg, X'pr, X'rr, X'pss, Y', Y'r, Y'pgs, Y'ppr, Y'prr, Yrrr, N'g, N'r, N'ggg, N'ggr, N prr
and N’ are called the hydrodynamic derivatives on ship maneuvering. Force and moment

induced by twin-propeller (Xp Yr and Np) can be expressed by Khanfir et al. (2011) in
Equation 3:

Xp = p((l_tP(S)) yP(S)nP(S)ZDP(S)4KT(S) (Jp(s)) + (l_tP(P))yP(P)nP(P)zDP(P)AKT(P) (J P(P)))
Np = 10((1_tP(S))yP(S)nP(S)ZDP(S)4KT(S) )"‘ 10((1_tP(P))nP(P)ZDP(P)4KT(P))

where KT(S)(JP(S)) = kO + li PE;SDZ + kZJP(S)Z and Jp{i} = (U - ypr(l—WP{ })/(np{ }Dp{ })

S S s
(P) (P) (P) P P P

(3)

where: tp is the thrust deduction coefficient in straight forward moving; Kr is the thrust
coefficient of propeller force; np is the propeller revolution. Dp is the propeller diameter; wp
is the effective wake fraction coefficient at propeller location; Jr is the advance coefficient;
while ko, k1 and kz are the constants for open water propeller, respectively. The sub-
subscript (S) and (P) refer to starboard and portside.

Force and moment due to twin-rudder (Xr Yr and Nr) can be expressed by Equation 4
to 8 (Khanfir etal,, 2011):
Xg =—(L—tas)Fay(s) SINO(s) = (L=t (p) Fry (p) SINOpp)
Y =—(1+a, )(FRY(S) COSdisy + Frevs) cosé(P))

(4)

Ng =—(Xq +a, X, )(FRY(S) COS S5y + Fay (p) cosé(P))+ f(xq)
F(Xe) = Yors) (1= ta(s)) v s) SIN G5y + Yooy = L)) o) SIN Sy

where: Jis the rudder angle; xz and zr are the representations of rudder location and tr, an
and xuy are the interactive force coefficients among hull, propeller and rudder, as the
functions of the advance constant of the propeller. The rudder normal (Fry) acting on the
rudder stock can be expressed by Equation 5:
FRY(S) =%pARUR(S)2 fa, sin Op(s) (5)
P (P)

(P) (P)
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where: Ar is the rudder area; f. is the gradient of the lift coefficient of the rudder, and it can
be approximated by the function of the rudder aspect ratio (fo =6.134/(2.25). The effective
inflow velocity to the rudder (Ur) and effective angle of attack of the inflow velocity to the
rudder (ar) can be expressed by Equation 6,

2 2
Uz =, [Ugs) + Vg and  ope =0, — R(S)(ﬂij (6)

(P) (P) (P) (P) ®) (P) (P)

The effective inflow velocity (ur) to the rudder in surge direction can be expressed by
Equation 7.

2
uREi; =€(S)UP$;X\/UP(S) {14— K(\/1+8K (s)/ﬂ'J (s) —1)} +(1_77P$;) (7)
(P)

Where: 8(5] =1- WR(s)/l Wpis); K = kX/ 5" P(S) P(S)/HR(S), ps) = (1 Wi s) )(U - yp(s)r)

(P) (P) ® (P) (P) (P) (P) (P)

where g x & and [r are the parameters, describing the rudder inflow velocity angle, while
(1-w) and n are the propeller wake fraction and effective efficiency, respectively. (Dr/H) is
the ratio of propeller diameter to rudder height.

The effective inflow velocity (vr) to the rudder in sway direction can be expressed by
Equation 8.

VR(s) = UR(s) tan(é‘R(s)j (8)
(P) (P) (P)

where: 5R(s) = ]/R(s)ﬂR(s) +tan‘1(yR(s>/XR<5)j and ﬂR(S) = ﬁ I—
(P) (P) (P) (P) (P)

where ¢ ris the angle of rudder; Sz is the effective drift angle at rudder; Lr is the flow-

straightening coefficient of yaw rate. For the case of a ship operated under wind condition,

force and moment (Xw, Yw and Nw) acting on the ship were expressed by Equation 9
(Fujiwara and Ueno, 2006):

X =Cax W)UaA: Y =Chy(W)UaA; Ny =Chy(Wa)daA Lon 9)
where y, = tan"'[U, cosy +Ucos B/U,siny —Ucos 8] and q,, = g, +qs +2,/0, 05 cos (y + )

Cax, Cay and Can are the wind load forces and moments coefficients respectively as a function
of the wind direction relative to ship (ya). Ur and w are wind velocity and direction angle
with reference of coordinate system; g4 is wind pressure, gr is wind pressure due to
elevation of center of windage area and gs is wind pressure induced by wind velocity
without elevation effect. Ar and A. indicate transversal and lateral projections of the
windage area respectively.

2.2. Ship Steering Autopilot

The rudder is the most critical features in achieving controllability goals. The control
system must alter the control surfaces to the desired heading angle. The schematic equation
of a PID control system of the ship tracks can be expressed by Equation 10:

o=K,(e)+K,(e)+ Ki].e(t)dt and e=(y; —yp) (10)
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where: 6 is designed rudder angle; Kj, K4, and Ki are proportional gain, derivative gain and
integral gain respectively; e is an error between heading target (yr) and actual heading
angle (yp). Furthermore, the line-of-sight (LOS) method (Fossen, 2002) helps control ships
reach target headings through reference headings angle. The reference heading angle
equation and target zone correction can be expressed by Equations 11.

Weer (1) = a0 (Y, = Y(0) /% = X(1)) and (%, —x(©)* + (¥, - y(1))* <R} (11)

where, xk and yk are the track-point coordinates; x(t) and y(t) are the coordinates position
of the ship; Ro is the radius of the target zone.

2.3 Simulation Program

According to IMO (2002) criteria of ship maneuvering, the swept path should be used to
analyse the ship course-keeping prediction. The ship’s swept path can be obtained by
double integrating the ship motion mathematical model’s acceleration includes
hydrodynamic derivatives. Numerical integration of Dormand-Prince Method (Maimun et
al, 2011 and Muhammad et al., 2015) then solves the equations of motion in this time-
domain simulation of MATLAB-Simulink program. The coefficient of hydrodynamic
derivatives for acting hull force and moment in Equation 2 and interaction force coefficient
among hull, propeller and rudder are predicted using the derived regression equation
developed by Yoshimura and Masumoto (2012). That regression equation is one of the
models used by Sukas et al. (2019) in developing the SINMAN Program to predict turning
circle and zigzag maneuvering on ships with twin-rudder and twin-propeller systems and
validation through model testing or free-running tests. The ship’s resistance coefficients for
simulation are predicted using Holtrop Method (Holtrop and Mennen, 1982 and Holtrop,
1984). The propeller thrust coefficient (K7 (Jp) = 0.4061 - 0.3034 Jp- 0.1178 Jp?) is predicted
using polynomial regression based on the open water test’s statistical data for B-series
propeller (Carlton, 2007). The coefficient of wind load force and moment in equation 9 is
predicted using the methodology proposed by Fujiwara et al. (2006). The control method
used in the simulation is a proportional integrated derivative (PID) controller. The designed
rudder angle (6=35 deg.) is calculated using Equation 10 with PID gain (Ky=0.1; Ki= 0.0001
and Kq = 10) obtained by trial and error calculations.

2.4 Ship and Sea Trial Data

The study’s object is ferry ship of KMP Bontoharu (1053 Gross Tonnage), owned by PT.
ASDP Indonesia Ferry with twin-propellers and twin-rudders with the distance between
rudder / propeller is 2.3 m. The particulars of the ship are presented in Table 1. The ship
sea trial on Selayar to Bulukumba route is 15.385 nautical miles distance, 7268 second
travelling time, around 6.03 m/s wind velocity and 254 deg wind direction. The data was
taken on 20th, September 2015.

Table 1 Particulars of ship

Hull Value Super Value Propeller and Value
structure rudder
Loa, m 54.00 AL, m? 182.87 Z 2x4
Lbp,m 47.45 Ar, m? 129.20 D, m 1.450
B, m 14 Aop, m 218.23 Ae/Ao 0.645
H, m 3.4 C -0.44 Pitch, m 1.320
Tm 2.45 He m 2.70 n 8.784
V, m/s? 6.618 Hi, m 3.38 Span, m 1.550
A, Ton 1148 Hpr, m 10.48 Chord, m 0.900

Agr m? 2x1.395
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BHP, HP 2x1000
RPMME 1850

2.5 Wind Data

The 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-
2018 at 6-hourly intervals. The model provides wind speed data with a resolution of 0.25 x
0.25 degree. This model has been validated by Dee et al. (2011). Furthermore, it has been
validated locally by Lina et al. (2015) using eight buoys data deployed in the Yellow and the
East China Seas. In this study, coordinate for the observation data is on -5,75°S and 120.5°E.

3. Results and Discussion

The wind speed show’s peak trend in January with maximum trend of 10.06 m/s (88
deg.) as shown in Figure 2. Meanwhile, April’s monthly wind speed trend has decreasing
trends with the minimum trend of 6.41 m/s (219 deg.). The movements of monthly wind
speed are varying depending on the month during West or East monsoon seasons.

13 360
io: 4 315 -
270 |
z 8 wh 225 -
£ S 180 -
D 4 5:135_
90 -
2 45 -
0 0 -
0 1 2 3 4 5 6 7 8 9 10 11 12 123 4 5 6 7 8 9101112
Month Month

Figure 2 Significant wind velocity and direction in Selayar-Bulukumba route

Based on the wind data characteristics in Figure 2, course-keeping of a KMP Bontoharu
has been simulated for three conditions of wind direction parameters, namely, starboard
bow (88 deg.) and port stern of the ship (219 and 268 deg.) by using the time domain
simulation program of MATLAB-Simulink. The information is essential in ship navigation
due to saving the time and saving the fuel consumption by controlling a twin rudder
configuration design. Figure 3 shows the history result of simulation for the track-keeping
trajectory of a KMP Bontoharu (Selayar to Bulukumba) under wind velocities effect. The
horizontal axis expresses time while the vertical axis expresses heading angle (1), rudder
angle (0), and speed ship (u) respectively. The wind blows from starboard bow (88 deg) at
wind velocities (10.06 m/s) for initial ship speed (U) of 6.618 m/s. It was found that the
track keeping trajectory, leaving slow track deviation from the initial track with low
heading with big track keeping time compared without winds (Ur= 0 m/s). Meanwhile, the
ships track keeping trajectory with increased wind velocities caused more deviation and
very low ship speed.

Figure 4 shows the simulation results of the KMP Bontoharu track-keeping with wind
blows from the port stern (219 degrees) at wind velocity range (0 to 20 m/s) for the initial
ship speed (U) of 6.618 m/s. It was found that the track keeping trajectory, leaving fast track
deviation from the initial track with high heading with short track-keeping time at each
blown wind velocity compared without winds (Ur = 0 m/s). These characteristics are
different when the wind blows from the starboard side (88 deg.). The angle of the wind
direction causes this differences as found by Ohtsu et al. (1996) related to changes in ship
heading and rudder angle caused by wind velocity and direction on a track-keeping of ship.
Figure 5 shows the history result of simulation for the track-keeping trajectory of a KMP
Bontoharu with wind blows from the port stern (268 deg.) at wind velocity range (0 to 20
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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 is 0.27% reduce compared without winds (Ur=0 m/s), while the speed of the ship
6.06 % increases at a wind speed of 20 m/s. The changes in the speed of the ship is caused
by the direction of movement of the ship.

Figure 6 shows the sea trial simulation results for ship track-keeping trajectory with 6.03 m/s
wind velocity and 254 deg. wind direction at initial ship speed of 3.98 m/s. It was found that
travelling time is 6.419 second. The simulation travelling time is 11.68% higher compared with
the sea trial result. The possible reason is that the simulation did not include wave.
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Figure 3 Ship trajectory with different wind speed (Ur) at 88 deg.
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Figure 4 Ship trajectory with different wind speed (Ur) at 219 deg.
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Figure 5 Ship trajectory with different wind speed (Ur) at 268 deg.
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Figure 6 Sea trial simulation result of ship trajectory with different initial ship speed (U).

Figures 3, 4 and 5 also shows the effects of winds velocity and direction on ship speed
track keeping trajectory for initial ship speed (U) of 6.618 m/s. It was found that under the
wind blows from starboard bow (88 deg.) with a wind velocity of 20 m/s, the ship speed
was 6.24 %, which was reduced without wind (Ur=0 m/s). While if the wind blows from the
port stern (219 and 268 deg.), the ship speed was relatively increased 10.74 and 6.06 %
respectively. The two latter are beneficial because the track trajectory time was minimum.
In general, when the wind blows from the starboard and port to the stern of the ship (98 to
268 deg.), the track trajectory time of the ship tend to benefit compared with wind blows
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from the bow to the starboard and port of the ship as shown the simulation results in Figure
6. The ship’s reduced speed when the wind blows from the bow to the starboard side (less
than 100 degrees) similar to the findings of Paroka et al. (2016) related to changes in ship
speed caused by wind speed and direction on a ferry ship maneuvering.
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Figure 6 Tracking trajectories of ship speed with different wind velocity and direction.
4. Conclusions

A twin rudder system configuration on the ship course-keeping ability under wind speed
and directions was analysed through computer simulation of the MATLAB-Simulink
program. The results indicated that the applying twin rudder system to the course-keeping
ability of ferry ships in wind conditions is very well used the PID controller to reduce ship
deviation and increase ship speed by adjusting the ship's heading angle according to the
desired path. The track trajectory time of ferry ship course keeping caused by wind is highly
dependent on wind velocity and direction. When the wind blows from the starboard and
port side to stern (98 to 268 deg.), the ship’s travel time tends to benefit compared with
wind blows from the bow to the side of the ship.
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Abstract. Ship course-keeping plays a vital role in navigation safety, mainly when a ship operating
under wind conditions. A method for controlling ship movements through the rudder system
configuration is necessary to stabilise its ship's course. This paper describes the twin rudder
system's configuration design on the ship course-keeping ability under wind conditions. Time-
domain simulation of MATLAB-Simulink program was developed for this purpose. The
Proportional Integral Derivative (PID) controller is used to adjust the ship‘s heading angle
according to the desired path. Several parameters, such as relative wind velocity and directions,
have been taken into account in the simulation. The result shows that at a wind direction of 88
deg., the ship course-keeping speed decreases. However, the increasing wind velocity causes a
large deviation of the ship heading angle. Meanwhile, the ship‘s course-keeping speed increase
with the rising wind speed direction of 219 deg. Ship course-keeping time with around 219 deg
under wind direction of the simulation was 11.84% lower than the sea trial. The possible reason is
that the simulation did not include wave and current.

Keywords: Proportional integral derivative controller; Course-keeping; Ship tracking; Simulation

1. Introduction

Course-keeping quality is significant in ship navigations due to saving time and saving
fuel consumption. To achieve the quality of ship course-keeping and generate accurate
heading angles, a controller that considers ship hydrodynamics, both internal and external
disturbances parameters, should be installed. Keeping the Ferry ship course is different
from that of sea-going ships due to the navigation environment and ship particulars. The
navigation environment’s complexity, especially wind load force and moment, makes ferry
ship with the large superstructure, is more susceptible to marine accidents. Many studies
relate to wind effect on ship maneuvering; the load force and moment of wind have
significantly affected transversal and lateral projections of the windage area due to the
large superstructure of the ship and wind velocity and direction relative to ship (Fujiwara
and Ueno, 2006). Paroka et al. (2016) have simulated the effect of wind on ferry ship
maneuvering. They explained that changes in ship speed caused by wind are highly
dependent on wind velocity and direction. When the wind direction came from the bow to
the ship's starboard (0 to 100 deg.), its speed tends to decrease. While the decrease in ship
speed is not significant in the wind’s direction comes from the starboard to the ships stern

*Corresponding author’s email: name@ai.ue.oa, Tel.:+00-00-000000;fax:+00-00-000000
doi: 10.14716/ijteusch.v0i0.0000
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(100 to 180 deg.). Whereas when the wind blowing from the side of the ship (20 to 140
deg.), it tends to change its direction. The direction deviations of the ship caused by wind
vary for each type of ship, and the steering response is required. Ohtsu et al. (1996)
reported that the wind blowing from starboard bow quarters (45 deg.) made the ship’s
steering becomes less sensitive but more sensitive when the wind was coming from the
port stern quarters (135 deg.). It is crucial to increase the ship speed to change due to the
different direction of the wind. This behaviour information is essential to improve ship
course-keeping quality, especially when the ships need to take appropriate action in
handling the wind disturbances. The improving quality of the ship’s course-keeping ability
in wind conditions is strongly influenced by the steering response to the wind blowing
load through the appropriate configuration design of the rudder system (Hasegawa et al.,
2006). The steering control has an essential role in responding to external forces to the
ship’s yaw motion stability and course-keeping ability during manoeuvers (Paroka, 2020).

Many efforts to improve ship maneuvering have been carried out by using a twin
rudder ship controller. Yoshimura and Sakurai (1989) investigated the effect of a ship-
fitted twin-rudder twin-propeller on ship maneuvering. They found that a twin-rudder
twin-propeller’s hydrodynamic characteristics are not so different from those of a single-
propeller single-rudder ship. Khanfir et al. (2008) proposed predicting a mathematical
model coefficient on ship maneuver fitted with a twin-propeller twin-rudder.
Furthermore, Khanfir et al. (2011) have conducted captive model tests and free-running
tests with a single-propeller twin-rudder and a twin-propeller twin-rudder ship. The tests’
purpose is to evaluate the drift angle’s effect on the rudder forces and some peculiar
phenomena concerning normal rudder force for twin-rudder ships.

Other parameters that affect ship maneuver performance are from distance spacing
between single rudders in the twin-rudder ship. Gim (2013) carried out 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 chord length of the rudder. It was
found that this spacing distance between rudders in twin-rudder configurations is also
affected by the interaction between the rudders, and the critical distance should be less
than 1.0 chord length of rudder to decrease turbulence flow and vortices. This result is
similar to the findings of Chen et al. (2018) by using numerical simulation, confirming the
excellent characteristics of the twin-rudder ship compared with those of a single-rudder
ship. Chen et al. (2018) concluded that a ship fitted with a twin-rudder would operate
very well at 15 deg. of rudder angles. Additionally, the effectiveness of the twin rudders’
stopping performance at the lateral spacing equals 1.3 chord length of the rudder.

Based on the studies mentioned earlier, the rudder system'’s configuration is the most
crucial feature in achieving ship controllability goals. The rudder system must alter the
ship control to the desired heading angle, both due to ship internal and external
disturbances parameters. This paper focuses on applying the twin-rudder system to
improve ferries’ course-keeping quality under wind conditions. Simulating the fluctuated
wind velocity and direction according to the ship's operating route, the ship’s course-
keeping quality with accurate heading angles may be achieved and increase the ship’s
safety.

2. Methods

2.1. Mathematical Model

Ship maneuvering analysis using computer simulation utilizes modular mathematical
models, including considering hydrodynamic derivative. The models were based on the
surge, sway, and yaw motion (Equation 1), using the coordinate system shown in Figure 1.
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0
Figure 1 Coordinate system of ship
mUu-rv) =X, + X, + Xz + X,
mv-ru)=Y, +Y, +Y; +Y, (1)
I,y =N, +N,+N;+N,

The notations of u, v and r, are velocity components at the ship’s centre of gravity (G).

m and Izz represent the mass of the ship and moments of inertia. X, Y, and N represent the
hydrodynamic forces and moment. The subscript H, P, R, and W refer to hull, propeller,
rudder, and wind. In principle, force and moment induced by hull (Xy Yn and Np)
approximate f and r polynomial function. The equations were expressed by Yoshimura et
al. (2001) in Equation 2.

X, =3 pLdU?(X} + X;ﬁﬂ2 +(X G —my)Br' + X! r'%+ X,'Mﬂﬂﬂ“)

Yy =3 pLdU(Y, B+ (Y, =M +Y 0. B8° + Y, o0+ Y, r'2 + Y, 1'°) (2)

N, = EpLZdUZ(N/';ﬂ-i- Nr'+ N/'Wﬂ3 + N/'j.ﬁrﬂzr’—i- N;,rrﬂr’2 +N/ r?)
where: B is the drift angle at the midship position by tanl(v/u) and r non-
dimensionalized yaw rate by rL/U. X0, X'gs, X'pr, X'rr, X'psgs, Y5 Y, Y'egg Ygpr, Ygrr, Yern N'g,
Ny, N'ggs, N'ggr, N'grr and N'prr are called the hydrodynamic derivatives on ship maneuvering.
Force and moment induced by twin-propeller (Xr Yp and Np) can be expressed by Khanfir
etal. (2011) in Equation 3.

Xp = p((l_tP(S))yP(S)nP(S)ZDP(S)4KT(S) (J P(S)) + (1_tP(P))yP(P)nP(P)ZDP(P)4KT(P)(‘] P(P)))
Np :p((l_tP(S))yP(S)nP(S)ZDP(S)4KT(S))+ p((l_tP(P))nP(P)zDP(P)4KT(P))

2
where KT(S)(J P(s)) = kO + li p(s) T kZJ p(s) and J p(s) = (U — yPr(l— WP(S))/(nP(S)DP(S))
(P) (P) (P) (P) (P) (P) (P) (P)

(3)

where: tp is the thrust deduction coefficient in straightforward moving; Kr is the thrust
coefficient of propeller force; np is the propeller revolution. Dp is the propeller diameter;
wp is the effective wake fraction coefficient at propeller location; Jp is the advance
coefficient; while kg, k;, and k2 are the constants for open water propeller, respectively.
The sub-subscript (§) and (P) refer to starboard and portside.

Force and moment due to twin-rudder (Xz Yz and Nr) can be expressed by Equation 4
to 8 (Khanfir etal.,, 2011).
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X = =(L=Tqs)Fry(s) SN Os) = (L= ta(p) Fry ) SIN G5
Y =—(1+ay, )(FRY (s) C0SO(s) + Fys) COS 5(P))

N, = (X5 +a, X, )(FRY(S) COS S5y + Fay (p) cos5(P))+ f(xq) (4)
f(XR): yP(S)(l_tR(s))FRY(S) SiNds) + Yop) (1_tR(p))FRY(P) Sindp)

where: Jis the rudder angle; xrand zr are the representations of rudder location, and ¢,
an, and xy are the interactive force coefficients among hull, propeller, and rudder, as the
functions of the advance constant of the propeller. The rudder normal (Fry) acting on the
rudder stock can be expressed by Equation 5.
FRY(S) I%,OARUR(S)2 fa sin aRs) (5)
(P) (P) (P)

where: Ar is the rudder area; f, is the gradient of the lift coefficient of the rudder, and it
can be approximated by the function of the rudder aspect ratio (f» =6.134/(2.25). The
effective inflow velocity to the rudder (Ur) and effective angle of attack of the inflow
velocity to the rudder (agr) can be expressed by Equation 6.

2 2
Ures = Uz + Ve and Ay = 5(5) —5R(s)[ﬁR$;) (6)

(P) (P) (P) (P) P) (P)

The effective inflow velocity (ugr) to the rudder in surge direction can be expressed by
Equation 7.

2
UR(S) :S(S)UP(S)X\/UP(S){].-F K(\/1+8KT(S)/7[JP(S)2 —1)} +(1—77P(5)) (7)
(P) ® (P) (P) (P) (P) (P)

where: & :l_WR(S)/l_WPEE,;; K= kX/g(s) ; npgz)) = DPE:/HRE:, Ups) = (1—Wp(s) )(U - ypEs>r)
(P)

") () (P) (P) P)

Here, & & y& and Ig are the parameters describing the rudder inflow velocity angle, while
(I-w) and 7 are the propeller wake fraction and effective efficiency, respectively. (Dp/H) is
the ratio of propeller diameter to rudder height.

The effective inflow velocity (vr) to the rudder in sway direction can be expressed by
Equation 8.
VR(s) = UR(S) tan(5R(s)j (8)

(P) (P) (P)

where: 5R(s) = }/R(s)ﬂR(s) +tan_l[yR(s)/XR(s)) and ﬂR(S) = ﬂ_ LR(S)r

(P) (P) (P) (P) (P) (®) (P)
Here, ¢ ris the rudder angle; fr is the effective drift angle at rudder; Lr is the flow-
straightening coefficient of yaw rate. For the case of a ship operated under wind
condition, force and moment (Xw, Yw, and Nw) acting on the ship were expressed by
Equation 9 (Fujiwara and Ueno, 2006).

Xw =Cax WA)UaA Yo =Cay )d AL Ny =Cy (Wa)UaA Loa 9
where y, = tan*[U,cosy +Ucos B/U,siny —Ucos ] and g, = g; +qs +2,/0 Qs cos (w + )

Cax, Cay, and Cay are the wind load forces and moments coefficients, respectively, as a
function of the wind direction relative to ship (). Ur and y are wind velocity and
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direction angles with reference to the coordinate system; g4 is wind pressure, qr is wind
pressure due to elevation of the center of windage area, and gs is wind pressure induced
by wind velocity without elevation effect. Ar and A, indicate transversal and lateral
projections of the windage area, respectively.

2.2. Ship Steering Autopilot

The rudder is the most critical feature in achieving controllability goals. The control
system must alter the control surfaces to the desired heading angle. The schematic
equation of a PID control system of the ship tracks can be expressed by Equation 10 (Lee
et al,2009).

o=K, (e)+K,(&)+ Ki]e(t)dt and e=(y; —vp) (10)

where: ¢ is designed rudder angle; K, K4 and K; are proportional gain, derivative gain, and
integral gain respectively; e is an error between heading target (yr) and actual heading
angle (yp). Furthermore, the line-of-sight (LOS) method (Fossen, 2002) helps control
ships reach target headings through reference headings angle. The reference heading
angle equation and target zone correction can be expressed by Equations 11.

Wi (1) = 107 (y, = Y(1)/% = X(1)) and (%, —x(1))* + (¥, - y(1))* <R} (11)

Where: xx and yx are the track-point coordinates; x(t) and y(t) are the ship’s coordinates
position; Ry is the target zone’s radius.

2.3 Simulation Program

According to IMO (2002) criteria of ship maneuvering, the swept path should be used to
analyse the ship’s course-keeping prediction. The ship’s swept path can be obtained by
double integrating the ship motion mathematical model’s acceleration includes
hydrodynamic derivatives. Numerical integration of Dormand-Prince Method (Maimun et
al, 2011 and Muhammad et al., 2015) then solves the equations of motion in this time-
domain simulation MATLAB-Simulink program. The coefficient of hydrodynamic
derivatives for acting hull force and moment in Equation 2 and interaction force
coefficient among hull, propeller, and rudder are predicted using the derived regression
equation developed by Yoshimura and Masumoto (2012). That regression equation is one of
the models used by Sukas et al. (2019) in developing the SINMAN Program to predict
turning circle and zigzag maneuvering on ships with twin-rudder and twin-propeller
systems and validation through model testing or free-running tests. In many cases, the
regression equation has been used to predict ferry ship maneuvering under action wind
and wave conditions (Paroka et al, 2015, 2016, and 2017b). The ship’s resistance
coefficients for simulation are predicted using Holtrop Method (Holtrop and Mennen,
1982; and Holtrop, 1984). The propeller thrust coefficient (Kr(Jp) = 0.4061 - 0.3034 Jp -
0.1178 Jp2) is predicted using polynomial regression based on the open water test’s
statistical data for the B-series propeller (Carlton, 2007). The coefficient of wind load
force and moment in equation 9 is predicted using the methodology proposed by Fujiwara
et al. (2006). The control method used in the simulation is a proportional integrated
derivative (PID) controller. The designed rudder angle (6=+35 deg.) is calculated using
Equation 10 with PID gain (K,= 2.208; K; = 0.027 and Ky = 45.372) and 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 the
automatic control system to predict avoiding ferry ship collision and compared by free-
running experiment.
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2.4 Ship and Sea Trial Data

The study’s object is the ferry ship of KMP Bontoharu (1053 Gross Tonnage), owned
by PT. ASDP Indonesia Ferry with twin-propellers and twin-rudders with the distance
between rudder/propeller is 2.3 m. The particulars of the ship are presented in Table 1.
The ship sea trial on Selayar to Bulukumba route is 15.385 nautical miles distance, 7268
second travelling time, around 6.03 m/s wind velocity, and 254 deg wind direction. The
data was taken on 20t September 2015.

Table 1 Particulars of ship

Hull Value Super Value Propeller and Value
structure rudder
Loa, m 54.00 AL, m? 182.87 Z 2x4
Lbp,m 47.45 A, m? 129.20 D, m 1.450
B, m 14 Aop, m 218.23 Ae/Ao 0.645
H m 3.4 C -0.44 Pitch, m 1.320
T.m 2.45 He m 2.70 n 8.784
V, m/s? 6.618 Hip, m 3.38 Span, m 1.550
A, Ton 1148 Hpr, m 10.48 Chord, m 0.900
Ap, m2 2x1.395
BHP, HP 2x1000
RPMME 1850
2.5 Wind Data

The 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-
2018 at 6-hourly intervals. The model provides wind speed data with a resolution of 0.25 x
0.25 degrees. This model has been validated by Dee et al. (2011). Furthermore, it has been
validated locally by Lina et al. (2015) using eight buoys data deployed in the Yellow and the
East China Seas. In this study, the coordinate for the observation data is on 5,75°S and
120.5°E.

3. Results and Discussion

The wind speed show peak trend in January with a maximum 10.06 m/s (88 deg.)
trend as shown in Figure 2. Meanwhile, April’s monthly wind speed trend has decreasing
trends with the minimum trend of 6.41 m/s (219 deg.). The movements of monthly wind
speed are varying depending on the month during West or East monsoon seasons.
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Figure 2 Significant wind velocity and direction in Selayar-Bulukumba route

Based on the wind data characteristics in Figure 2, course-keeping of a KMP
Bontoharu has been simulated for three conditions of wind direction parameters, namely,
starboard bow (88 deg.) and portside stern of the ship (219 and 268 deg.) by using the
time domain simulation program of MATLAB-Simulink. The information is essential in
ship navigation due to saving time and saving fuel consumption by controlling a twin
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rudder configuration design. Figure 3 show the history result of simulation for the track-
keeping trajectory of a KMP Bontoharu (Selayar to Bulukumba) under wind velocities
effect. The horizontal axis expresses time while the vertical axis expresses heading angle
(), rudder angle (), and speed ship (u), respectively. The wind blows from the starboard
bow (88 deg) at wind velocities (10.06 m/s) for an initial ship speed (U) of 6.618 m/s. It
was found that the track keeping trajectory, leaving slow track deviation from the initial
track with low heading with big track keeping time compared without winds (Ur= 0 m/s).
Meanwhile, the ships track keeping trajectory with increased wind velocities caused more
deviation and low ship speed.

Figure 4 show the simulation results of the KMP Bontoharu track-keeping with wind
blows from the portside stern (219 degrees) at a wind velocity range (0 to 20 m/s) for the
initial ship speed (U) of 6.618 m/s. It was found that the track keeping trajectory, leaving
fast track deviation from the initial track with high heading with short track-keeping time
at each blown wind velocity compared without winds (Ur = 0 m/s). These characteristics
are different when the wind blows from the starboard side (88 deg.). The wind direction
angle causes these differences as found by Ohtsu et al. (1996) related to changes in a ship
heading and rudder angle caused by wind velocity and direction on a ship’s track-keeping.
Figure 5 show the history result of simulation for the track-keeping trajectory of a KMP
Bontoharu with wind blows from the portside stern (268 deg.) at wind velocity range (0
to 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 is 0.27% reduce compared without winds (Ur=0 m/s), while the speed of the
ship 5.96 % increases at a wind speed of 20 m/s. The changes in the speed of the ship are
caused by the direction of movement of the ship.

Figure 6 show the sea trial simulation results for ship track-keeping trajectory with
6.03 m/s wind velocity and 254 deg. wind direction at an initial ship speed of 3.98 m/s. It
was found that travelling time is 6.407second. The simulation travelling time is 11.84%
higher compared with the sea trial result. The possible reason is that the simulation did
not include wave and current.
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Figure 6 Sea trial simulation result of ship trajectory with different initial ship speeds (U).

Figures 3, 4, and 5 also show the effects of winds velocity and direction on ship speed
track keeping trajectory for initial ship speed (U) of 6.618 m/s. It was found that under
the wind blows from the starboard bow (88 deg.) with a wind velocity of 20 m/s, the ship
speed was 6.36 %, which was reduced without wind (Ur=0 m/s). While if the wind blows
from the portside stern (219 and 268 deg.), the ship speed was relatively increased by
10.74 and 5.96 %, respectively. The two latter are beneficial because the track trajectory
time was minimum. In general, when the wind blows from the starboard and portside to
the stern of the ship (98 to 268 deg.), the track trajectory time of the ship tend to benefit
compared with wind blows from the bow to the starboard and portside of the ship as
shown the simulation results in Figure 7. The ship’s reduced speed when the wind blows
from the bow to the starboard (less than 100 degrees) similar to the findings of Paroka et
al. (2016) related to changes in ship speed caused by wind speed and direction on a ferry
ship maneuvering.
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Figure 7 Tracking trajectories of ship speed with different wind velocities and direction.
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4. Conclusions

A twin rudder system configuration on the ship course-keeping ability under wind speed
and directions was analysed through the MATLAB-Simulink program’s computer
simulation. The results indicated that applying the twin rudder system to ferry ships’
course-keeping ability in wind conditions is very well used by the PID controller to reduce
ship deviation and increase ship speed by adjusting the ship's heading angle to the desired
path. The track trajectory time of ferry ship course keeping caused by wind is highly
dependent on wind velocity and direction. When the wind blows from the starboard and
portside to stern (98 to 268 deg.), the ship’s travel time tends to benefit compared with
wind blows from the bow to the side of the ship. Through this research, the PID controller
method can be applied to assist the movement of ships against other environmental
influences such as waves and currents. However, the course-keeping quality of the ship is
highly depend on the selected PID parameters.
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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 882, 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 219°. [The ship’s course-keeping time, at around 2192 under the simulation’s wind
direction, was 11.84% lower than during a previous sea-trial. M possible reason for this difference
is that the simulation excluded waves and currents.

Keywords: Proportional integral derivative controller; Course-keeping; Ship-tracking; Simulation

1. Introduction

Course-keeping quality is significant in ship navigation due to time-saving and reduced
fuel |consumption\. 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\. Keeping a ferry ship on course
differs from sea-going ships due to navigation environments and ship \particularsL The
navigation environment’s complexity, and especially wind-load forces and moment, makes
ferry ships with large superstructures more susceptible to marine laccidents\. 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,
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 1009), 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

“Corresponding author’s email: name@ai.ue.oa, Tel.:+00-00-000000;fax:+00-00-000000
doi: 10.14716/ijteusch.v0i0.0000
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stern (100 to 1802). Meanwhile, when the wind blows from the side of a ship (20 to 1409),
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 (452) made a ship’s steering becomes less sensitive,
but steering became more sensitive when the wind came from the port-stern quarters
(1359). Increasing a ship’s speed as wind directions change is lcrucialL The information [Commented [.6]: A citation might be useful here. ]
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. {CommenFed [.71: I've revised this sentence for clarity, but }
He found that this spacing distance between rudders in twin-rudder configurations was please confirm whether your intended meaning is preserved here.
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. h‘his result was similar to the findings of Chen et al. (2018), [Commented [.8]: I've also revised this sentence for clarity, but }
who used numerical simulation to confirming the excellent characteristics of twin-rudder please confit whether your intended meaning is preserved here.
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 152 rudder angles. Additionally, the
twin rudders’ effective performance stopped at a lateral spacing equal to 1.3 times the
chord length of the rudder.‘ {Commenped [.9]: I've als_o revised this sentence for clarity, but }

These previous studies have shown that a rudder system’s configuration is the most please confirm whether your intended meaning is preserved here.
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.

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
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models were based on surge, sway, and yaw motions (Equation 1) using the coordinate
system shown in Figure 1.

0 : Xn

Figure 1 Coordinate ship system
mu-rv) =X, + X, + Xz + Xy
mv-ru)=Y, +Ys +Yz +Yy (@)
1,9 =Ny +Np + Nz + N,

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, ¥, 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 (X#, Y, and
Nu) approximate f and r’ polynomial function. These equations were expressed by
Yoshimura et al. (2001) as Equation 2:

X, =3 pLdU?(X]+ X;ﬁﬂ'2 + (XG5 —my)pr' + X r?+ X}W,ﬁﬂ“)
Yo =2 pLdUP(V B+ (V) — M) 4 Y, B4 Y B2 Yy B2 Y1) @,
Ny =2 pL2dU(NB+ NI+ NJ B2+ NJ B2+ Nj B + N r')

where f is the drift angle at the midship position by tan-1(v/u) and r’ non-dimensionalized
yaw rate by rL/U. X0, X'pg, X'pr, X'r, X'pps, Y5, Y'r, Y'ps, Y'ppr, Y'pro, Y'rrr, N'g, N'r, N'pgg, N'ppr, N'prr
and N’ is the hydrodynamic derivatives on the ship’s maneuvering. The force and moment
induced by twin-propeller configurations (Xp, Yr, and Np) were expressed by Khanfir et al.
(2011) in Equation 3:

2 2
Xp = p((l_tP(S))yP(S)nP(S) DP(S)AKT(S)(‘] p(5)) T A=ty Vo) Neey DP(P)AKT(P) @ F‘(P)))
N, = p((l_tP(S))yP(S)nP(S)zDP(S)4KT(S))+ p((l_tP(P))nP(P)zDP(P)AKT(P))

2
where K @] P(s)) = kO + kl‘] ps) + kz‘] s and Jpe = (U - ypr(l—WP(S))/(nP<5) Dp(s)) .
) (P) P) P) (P) (P) ) (P)

(3)

where tp is the thrust deduction coefficient in straightforward moving, Kr 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 Jr is
the advance coefficient, while ko, k1, and kz 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 (Xz Yz and Nr) can be expressed
by equations 4-8 (Khanfir et al,, 2011).
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X ===ty Fay(s) SN S5y — (L—tep) Fry p) SIN O
Y =—(l+a, )(FRY(S) COSI(s) + Frys) cosd(p))

(4),
Ng = —(Xgq +a, X, )(FRY(S) €083, + Fay (p) cosa(P))+ f(xs)
f (XR): Yp(s) (1_tR(S))FRY(S) sin Sis) + Yoep) (1_tR(P))FRY(P) sin Sp)

where ¢'is the rudder angle, xr and zr are the rudder’s location, and tg, an, and xn 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:

2 .
Fav =3 PAURe T sinage (5),

where Ar is the rudder area, and fx is the gradient of the rudder’s lift coefficient, which can
be approximated by the function of the rudder’s aspect ratio (fo = 6.134/(2.25). The
effective inflow velocity to the rudder (Ur) and the effective angle of attack of the inflow
velocity to the rudder (ar) can be expressed by Equation 6:

2 2
UR(S) = |Ugre® +Vige and aR;?) = 5(5) —5R(s)(ﬂR(s)j (6)

®) (P) P) ) (] (P)

The effective inflow velocity (ur) to the rudder in the surge direction can be expressed
by Equation 7:

2
Ugs) :S(S)UP(S)X\/UP(S) {14— K( 1+8KT(S)/7Z'\]P(5)2 —1)} +(1—77P(5)) [7),
) ®) (P) (] (P) (P) P)

where: 8(5) Zl—WR(s)/l—Wp(s); K= k)yé‘(s); UP((: = DPE';;/HRES); Ups) = [1—WPE: )(U — ypmr j

* ® ® * P ® ®

Here, ¢ & & and Ir are the parameters describing the rudder inflow velocity angle, while
(1-w) and 77 are the propeller wake fraction and effective efficiency, respectively. (Dr/H) 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:
VR(s) = UR(S) tan(é‘R(s)) (8):

(P) (P) (P)

) (P) (P)

Where: 5R(s) = }/R(s)ﬂR(s) +tan_1(yR(s)/XR(s)) and ﬁR(S) = ﬂ_ LR(S)r .
(P P) (P) (P) (P)

Here, o ris the rudder angle, Sk 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):

X =Caux Wa)Uahei Yo =Ch (wa)daAs Ny =Cpy(Wa)daA Los 9),
where y, = tan™[U; cosy +Ucos /U, siny —~Ucos B8] and q, = g, + 0 + 2,/ 05 cos(y + ).

Cax, Cay, and Can are the wind load forces and moments’ coefficients, respectively, as a
function of the wind direction relative to a ship (ya). Ur and y are wind velocity and
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direction angles with reference to the coordinate system, g4 is wind pressure, gr is wind
pressure due to the elevation of the center of a windage area, and gs is the wind pressure
induced by wind velocity, without an elevation effect. Ar and A. 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 \goalsL 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).

o=K, (&) +K,(&)+ Ki.T[e(t)dt and e=(y; —¥;) (10),

where 6 is designed rudder angle; Kj, K4, and Ki are proportional gain, derivative gain, and
integral gain respectively; and e is an error between the heading target (yr) and the actual
heading angle (yp). 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:

Vet (€) = tan ™ (¥ = Y()/% = X()) and (x —x())* + (¥, - Y(1)* <R (11).

where xk and yk are the track-point coordinates, x(t) and y(t) are the ship’s coordinates
position, and Ry 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., 2011;
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 (K7 (Jr) = 0.4061 - 0.3034
Jp-0.1178 Jp2) 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 et al. (2006). The control method used in the simulation was a proportional
integrated derivative (PID) controller. The designed rudder angle (6=+35 deg.) was
calculated using Equation 10 with a PID gain (Kp= 2.208; Ki= 0.027 and K4 = 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.‘
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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 2542 wind
direction. The trial data were taken on September 20, 2015.

Table 1 Ship particulars
Super

Propeller and

Hull Value Value Value
structure rudder
Loa, m 54.00 A, m? 182.87 Z 2x4
Lbp,m 47.45 Ap, m? 129.20 D, m 1.450
B, m 14 Aop, m 218.23 Ae/Ao 0.645
H m 3.4 C -0.44 Pitch, m 1.320
Tm 2.45 Hem 2.70 n 8.784
V, m/s? 6.618 H, m 3.38 Span, m 1.550
A, Ton 1148 Hpr, m 10.48 Chord, m 0.900
A, m? 2x1.395
BHP, HP 2x1000
RPMME 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
x 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 5.75°S and 120.5°E.

3. Results and Discussion
The wind speed trend peaked in January, with a maximum of 10.06 m/s (882), as Figure
2 shows. Meanwhile, April’s monthly wind speed trend decreased, with a minimum of 6.41
m/s (2199). The monthly wind speed movements varied, depending on the month
occurring during the west or east monsoon seasons.
12 360
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Figure 2 Significant wind velocity and direction on the Selayar-Bulukumba route
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 (889) and the portside stern of the ship (219 and 2682)—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-

Uz (mfs)
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keeping trajectory of the KMP Bontoharu (Selayar to Bulukumba) under wind velocities’
effect. The horizontal axis expresses the time, while the vertical axis expresses the heading
angle (i), rudder angle (9), and ship speed (u), respectively. The wind blew from the
starboard bow (882) 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
(Ur=10 m/s).l 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 (2192) 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 (Ur = 0 m/s). TI‘hese
characteristics differed when the wind blew from the starboard side (882). 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. 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 (2682) 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 (Ur= 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 6 shows the sea-trial simulation results for the ship course-keeping trajectory
with a 6.03 m/s wind velocity and a 2542 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.
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Figure 3 Ship trajectory with different wind speeds (Ur) at 882
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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. Mg,fqupq”thgp
when the wind blew from the starboard bow (882) with a wind velocity of 20 m/s, the ship
speed was 6.36% lower compared to conditions without wind (Ur= 0 m/s). Meanwhile,
when the wind blew from the portside stern (219 and 2682), 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. In general, when the wind blew from the starboard and
portside to the stern (98 to 268%), 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 show. The ship’s reduced speed when the wind blew
from the bow to the starboard (less than 1002) 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.
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Figure 7 Tracking ship speed trajectories with different wind velocities and directions
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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. H'he 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 2682), 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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ship-fitted, twin-rudder, twin-propeller configuration on ships’ maneuvering. They foun

that a twin-rudder, twin-prepeller’spropeller configuration’s hydrodynamic characteristic

aredid, not se-differentdiffer significantly from these-efthe corresponding characteristics o
2 single-propeller, single-rudder ship. Khanfir et al. (2008), proposed predicting

mathematical model coefficient on ship-maneuverships’ maneuvering when, fitted with a |

twin-propeller, twin-rudder:_configuration, Furthermore, Khanfir et al. (2011)—haw

conducted captive model tests and free-running tests with a single-propeller, twin-rudder /|

)

ship and a twin-propeller, twin-rudder ship. isThese tests aimed t
evaluate the-drift angle’s’, effect on therudder forces and semethe peculiar phenomen

concerning a normal rudder force for twin-rudder ships.

Formatted

Other parameters that affect ship—maneuverships’ maneuvering performance ax

freminclude the distance of spacing between single rudders,in the twin-rudder ships, Gin

(2013),earried-eutconducted a twin-rudder performance test in a circulating water channe
using particle image velocimetry (PIV). He set the distance between two single rudders t
0.5—-1.0 times the chord length of the rudder.lﬂ He found that this spacing distanc

between rudders in twin-rudder configurations iswas also affected by h{

interactioninteractions, between the-rudders, and the-he also found that this criticg
distance should be less than 1.0 times the chord length of the rudder in order to decreas

the turbulence flow and vortices. II‘his result iswas similar to the findings of Chen et al.

(2018)—by—wusing), who used, numerical simulation; to confirming the excellent

characteristics of the-twin-rudder ships compared with-these-ef-ato single-rudder shipg.

LChen et al. (2018), concluded that a ship fitted with a twin-rudder configuration would

operate very well at 15-deg-of152 rudder angles./Additionally, the effectivenessof the-twin
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rudders’ steppingeffective performance stopped at thea lateral spacin equal to, 1.3 Formatted
times the chord length of the rudderi {f‘ ted [.9]: I've also revised this sentence for clarity, but

These previous studies have shown that a rudder please confirm whether your intended meaning is preserved here.
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 wind
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, safe

2. Methods

2,1, Mathematical Model __{ Formatted
This study’s ship, maneuvering analysis used computer simulation to Formatted

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.
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Figure 1 Coordinate ship system

1— = i— = F
MU —1v) =Xy + Xp + Xg + Xy MU-1V) =Xy, + Xp + X + Xy /{ ormatted )
mV-ru)=Y, +Yp+Yz+Y,  mMmEV-ru)=Y, +Y, +Yg +Y, //

. . /
9 =Ny + N, + N + N, I,/ =N, + N, +N; +N,, ) //

(1,
The notations y, v and r, are velocity components at the, ship’s center, of gravity (G). Formatted )

m and Izz represent the ship’s mass and moments of inertia, X, ¥, 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 (X, Y, and
Nu) approximate f and r’ polynomial function. These equations were expressed by
Yoshimura et al. (2001) as Equation 2:
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Xy =3 pLAdU(X)+ X 82 + (X —m )+ X0, F2 X BY)
Yy =3 pLdU (Y, B+ (Y, =M +Y 0, 85+ Y, B2 +Y 5 Bri2 +Y, 1) 2L
Ny =2 pL2dU (NGB + NIF+ NJy 2+ NG BT+ NGy B 4+ N 1)

where, f is the drift angle at the midship position by tan-1(v/u) and r non-dimensionalized

yaw rate by rL/U. X'p, X'pp, X'pr, Xy, Xposs, Y'5, Y Yoo, Yigpr, Yprr, Yipr, N'gy Ny, N'ps, N'gr, N'

and N+ is, the hydrodynamic derivatives on the ship’s maneuverin,

The force, and moment induced by twin-propeller configurations (Xp, Yr, and Np

were expressed by Khanfir et al. (2011),in Equation 3,

XP = p((litP(S))yP(S)nP(S)zDP(S)AKT(S)(‘] P(S)) + (17tP(P))yP(P)nP(P)ZDP(P)AKT(P)(‘] P(P)))

( D Koo 1 A Do Ko —3
Np = o\ —1o(5)) Yo(s)Me(s) Prsy Krsy J+ P —toey)Neey Doy Kery

2
where KT(S)(\] P(s)) = k0 + li p + kz.] p() and JP(S) = (U - ypr(l—WP(S))/(np(S) DP(S)) .
(P) P) P) P) P) ) ) )

where, tp is the thrust deduction coefficient in straightforward moving, K7 is the thrus

7{ Formatted
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Formatted

coefficient of the propeller force, and np is the propeller revolution. Dp is the propelle]
diameter, wp is the effective wake fraction coefficient at the propeller’s location

and, Jr is the advance coefficient, while ko, ki, and kz are the constants for an open-wate

propeller, The sub-subscript (S) and (P) refer to starboard and portside.

Force,and moment due to twin-rudder configurations (Xg, Yz and Nr) can be expresse

il

by equations 4-8 (Khanfir et al,, 2011),

X ==(L=1g5)Fay(s) SiN Oy = (L= tx(py Fry (p) SIN Sy

Y =—(+a, )(Fm(s) COSIs) + Frs) cos§(P))

N ==X + 8% )(Fay (5) COS 85, + Fry (o) €088, )+ F (X5 )

f (XR): Yr(s) (1_tR(s))FRV(S) sin 5(5) *+Yrp) (1_tR(P))FRY(P) sin §(P)

(4).

where, § is the rudder angle, xr and zr are the rudder’s location

7{ Formatted
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and tg, ay, and xy are the interactive force coefficients for the hull, propeller, an
rudder, as functions of the propeller’'s advance constant, The rudder]]

normal (Fgy) acting on the rudder stock can be expressed by Equation 5:
Favo :%pARUR(s)Z fa sin ) (5).
(P) (P) (P)

where Ar is the rudder area, and fx is the gradient of the rudder’s lift coefficient, which ca
be approximated by the function of the rudder’s aspect ratio (fo = 6.134/(2.25). Th
effective inflow velocity to the rudder (Ur) and the effective angle of attack of the infloy
velocity to the rudder (ar) can be expressed by Equation 6:

2 2
UR(S) = UR(S) +VR(5) and aR(‘i; = 5(5) _5R:i))(ﬂR(S)) (6)
(

P) (P) () P) (P)

The effective inflow velocity (ur) to the rudder in the surge direction can be expresse
by Equation 7:
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Ugs) = S(S)Up(s) X M) {14‘ K'( l+8KT(s)/7Z'JP(s) —1]} + (1—7]P(s))
(P) (P) (P) (P) (P)

\2

[ —
UREE; = &\Ups) X 4 [Mp(s) il-ﬁ- KL\/1+8KT(S)/”‘JP(S) —1Jf +(1 T]P(s)) (73).

o @ ®)
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Here, & & & and Tk are the parameters describing the rudder inflow velocity angle, while
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Here, o ris the rudder angle, Sk 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):

Xw =Cux (‘//A)qAAF; Yo =Ca (WA)qAAL 7 Ny =Cuy (V/A)qAAL Loa
X =Cax Wa)daAe; Yo =Chy Wa)daA: Ny =Cuy (Wa)daA Loa (93).

where w, = tan*[U,cosy +Ucos /U, siny —Ucos 4]
. =tan"[U;cosy +Ucos B/Ussiny —Ucos B]  and  q, =0 + g +2/0; G COS(y +3)
Ua = Oy + s +2,/0; G COS(y + ) .

Cax, Cay, and Can are the wind load forces and moments’ coefficients, respectively, as a
function of the wind direction relative to a_ship (ya). Ur and y are wind velocity and
direction angles with reference to the coordinate system, ga is wind pressure, gr is wind
pressure due to the elevation of the center of a windage area, and gs is the wind pressure
induced by wind velocity, without an elevation effect. Ar 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 LgoalsL The control
system must alter the control surfaces to the desired heading angle. The schematic equation
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of the PID control system that a ship tracks can be expressed by Equation 10 (Lee et al},
2009).

S=K, (e)+K,(&)+ Kije(t)dt and e=(y; —wp) (10),

where, 6 is designed rudder angle; Kj, K4, and Ki are proportional gain, derivative gain, an
integral gain respectively; and g is an error between the heading target () and_the actug

Formatted: English (United States)
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control ships reach target headings through reference heading angles, Th
reference heading angle equation and target zone correction can be expressed by Equatio1
11

Wy () = tan ™ (y, — y(t)/ % —X(1)) and (% —x())* +(y, - Y1)’ <R} (11).

d
1
heading angle (yp). Furthermore, the line-of-sight (LOS) method (Fossen, 2002), helps
1A

where, xk and yk are the track-point coordinates, x(t) and y(t) are the ship’s coordinatefs

position, and Ro is the target zones radius.

2.3. Simulation Program

According to IMO (2002) criteria for ship maneuvering, a swept path should be used tp
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 hydrodynami
derivatives. A numerical integration of the Dormand-Prince method (Maimun et al., 2011;
Muhammad et al, 2015) then solved the equations of motion in this time-domail
simulation using the MATLAB-Simulink program. The coefficient of hydrodynami
derivatives for the acting hull force and moment in Equation 2—and the interaction forc
coefficient among the hull, propeller, and rudder—were predicted using the derive
regression equation developed by Yoshimura and Masumoto (2012). This regressio
equation is among the models used by Sukas et al. (2019) in developing the SINMAJ
Program to predict turning circles and zigzag maneuvering for ships with twin-rudder an
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’ maneuverin
under active wind and wave conditions (Paroka et al, 2015, 2016, 2017b). A ship’
resistance coefficients for simulation were predicted using the Holtrop method (Holtro
and Mennen, 1982; Holtrop, 1984). The propeller thrust coefficient (Kr(Jr) = 0.4061 - 0.303
Jp-0.1178 Jp?) was predicted using polynomial regression, based on the open water test’
statistical data for the B-series propeller (Carlton, 2007). The coefficient of the wind loa
force and moment in Equation 9 was predicted using the methodology proposed b
Fujiwara et al. (2006). The control method used in the simulation was a proportiong
integrated derivative (PID) controller. The designed rudder angle (5=+35 deg.) wa|
calculated using Equation 10 with a PID gain (Kp= 2.208; Ki= 0.027 and Ka = 45.372). and i
was selected using the pole placement method with the second-order linear Nomoto mod¢
of the ship (Nomoto et al.,, 1957). [The methods used by Paroka et al. (2017a) in developin
an automatic control system to predict and avoid ferry-ship collisions were compared usin|
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 b
PT. ASDP Indonesia Ferry. The ship has twin propellers and twin rudders, and the distanc
between the rudders and propellers is 2.3 m. The ship’s particulars are presented in Tabl
1. The ship’s sea trial on the Selayar-to-Bulukumba route was 15.385 nautical miles long,
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involvinga 7,268-second travelling tlme, around a 6.03 m / s w1nd velocity, and 254-dega 254° wind
direction. The trial data waswere taken on 20*-September 20, 2015.

Table 1 Ship particulars
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2.5. Wind Data

The-moenthlyMonthly wind velocity data were obtained from ERA-Interim reanalysis+

data from the European Centre for Medium-Range Weather Forecasts (ECMWF) for 10
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years, from 2006- to 2018, at six-hour intervals. The model providesd wind speed
data with a resolution of 0.25 x 0.25 degrees. This model has-beenwas validated by Dee et al.

(2011). Furthermore, it has-beenwas validated locally by Lina et al. (2015) using data from
eight buoys data-deployed in the Yellow Sea and the East China Seas—tn-thisstudytheSea.
This study’s coordinate for theits observation data is-erwas at 5;,75°S and 120.5°E,

3. Results and Discussion
The wind speed showpeaktrend peaked in January, with a maximum of 10.06 m/s (88
deg}-trend882), as shownin-Figure 2 shows. Meanwhile, Aprll s monthly wind speed trend
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has-deereasingtrendsdecreased, with thea minimum trend-of 6.41 m/s (219-deg}2199).
The movements-ef-monthly wind speed are-varyingmovements varied, depending on the

month occurring during Westthe west or Eeast monsoon seasons.
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Figure 2 Significant wind velocity and dlrectlon inon the Selayar-—-Bulukumba route
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Based on the wind data characteristics in Figure 2, the KMP Bontoharu’s course-
keeping efaKMP Benteharu-hasbeenwas simulated for three conditions of wind direction
parameters;namely—the starboard bow (88-deg}882) and the portside stern of the ship
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(219 and 268-deg}-byw268%)—using the time domain simulation program of MATLAB-
Simulink. Theis information is gssential into ship navigation due to time-savings and
savingreduced, fuel consumption by controlling a twin-rudder configuration design. Figure

3 shows, the historyic result of the simulation for the trackcourse-keeping trajectory of athe
KMP Bontoharu, (Selayar to Bulukumba) under wind velocities’, effect. The horizontal axis

expresses the time, while the vertical axis expresses the heading angle (y), rudder angle
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1==

(), and ship speed (u), respectively. The wind blew from the starboard bow (882) at win
velocities of 10.06 m/s for the initial ship speed (U) of 6.618 m/s. IM found that the course

|

keeping trajectory slowly deviated from the initial track with a low heading with significanit
course-keeping time compared to conditions without winds (Ur= 0 m/s).] Meanwhile, the {CommenFed [.12]: I've also revised this sentence for clarity, but
ship’s course-keeping trajectory with increased wind velocities caused more deviations and 2 T T T T B T e I
low ship speeds.
Figure 4 shows the simulation results for the KMP Bontoharu's ( Formatted: Font color: Auto
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found that the course-keeping trajectory quickly deviated [Formatted: Font color: Auto
from the initial track with a high heading and short course-keeping time at each
blown wind velocity, compared to conditions without winds (Ur = 0 m/s). Thesg {Commen'_:ed [.13]: I've also revised this sentence for clarity, but
characteristics  differed when the wind blew from the starboard side | please confirm whether your intended meaning s preserved here.
889). The wind direction angle caused, these differences, as Ohtsu et al. ( Formatted: Font color: Auto
(1996) found, relating to changes in a ship’s heading and rudder angle ap ( Formatted: Font color: Auto
a_result of wind velocity and ship direction in course-keeping. Figure § [Formatted; Font color: Accent 5
shows the historic results of the simulation for the course-keeping [Formatted: Font color: Auto
trajectory of the KMP Bontoharu with the wind blowing from the portside stern | ( Formatted: Font: Italic
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m/s. At a wind velocity of 8.71 m/s, the ship’s speed was 0.27% reduced compared tp
conditions without wind (Ur_=_ 0 m/s), while the ship speed increased b

5:.96% increases at a wind speed of 20 m/s. These changes in ship, speed

o G 0 U U
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were, caused by the ship’s directional movements,

Figure 6 shows the sea-trial simulation results for the ship course-keepin
trajectory with a _6.03 m/s wind velocity and a 254° wind direction at an initiq
ship speed of 398 m/s. We found that the traveling time under thes
conditions stood at 6.407 seconds. The simulation’s traveling time was 11.84% higher thal
the sea-trial result. A possible reason for this difference is that the simulation exclude
waves and currents.
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Figure 3 Ship trajectory with different wind speeds (Ur) at 882
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Figure 4 Ship trajectory with different wind speeds (Ur) at 2192
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Figure 5 Ship trajectory with different wind speeds (Ur) at 268°
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Figure 6 Sea-trial simulation result for ship trajectories with different initial ship speeds (U)
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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 882, 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 219°. [The ship’s course-keeping time, at around 2192 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: Proportional integral derivative controller; Course-keeping; 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.,, 2015). 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., 2015). The navigation environment’s
complexity, and especially wind-load forces and moment, makes ferry ships with large
superstructures more susceptible to marine \accidentsl (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,
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 1009), 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

“Corresponding author’s email: andi_haris@ft.unhas.ac.id, Tel. & fax:+62-411-586015
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stern (100 to 1802). Meanwhile, when the wind blows from the side of a ship (20 to 1409),
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 (452) made a ship’s steering becomes less sensitive,
but steering became more sensitive when the wind came from the port-stern quarters
(1359). Increasing a ship’s speed as wind directions change is \crucial\ (Paroka et al,, 2016
and Ohtsu et al., 1996). 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.‘
IHe 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. h‘his 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 152 rudder angles. lAdditionally, 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.

2. Methods
2.1. Mathematical Model
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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.

0P

7’.’7/:‘" = ‘,‘g‘;ﬁbb

0 Xo

Figure 1 Coordinate ship system
mUu-rv) =X, + X, + Xz + Xy
mEV—ru)=Y, +Y, +Yg +Y, (D
L, =N, +N, +N;+N,,

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, ¥, 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 (Xx, Ys, and
Nu) approximate f and r’ polynomial function. These equations were expressed by
Yoshimura et al. (2001) as Equation 2:

Xy =1 pLdU?(X{ + X;Mﬂ2 +(Xj —mi)pr' + Xir?+ X}W,ﬁﬁ“)
Yy =3 pLdU? (Y B+ (Y, =M +Y 5, B2+ Y0 B2+ Y, r2 +Y, 1) (2),
Ny =3 pL2dU(N B+ N+ NJ B+ NJ B2+ NJ B+ N r')

where S is the drift angle at the midship position by tan-1(v/u) and r’ non-dimensionalized
yaw rate by rL/U. X0, X'pg, X'pr, X're, X'pps, Y5, Y'r, Y85, Y'ppr, Y'pro, Y'rre, N'g, N'r, N, N'ppr, N'prr
and N’ is the hydrodynamic derivatives on the ship’s maneuvering. The force and moment
induced by twin-propeller configurations (Xp, Yr, and Np) were expressed by Khanfir et al.
(2011) in Equation 3:

2 2
Xp = p((l_tP(S))yP(S)nP(S) DP(S)AKT(S)(‘] p(s)) T A=ty Vo) Neey DP(P)4KT(P) @ P(P)))
N, = p((l_tP(S))yP(S)nP(S)ZDP(S)4KT(S))+ p((l_tP(P))nP(P)ZDP(P)4KT(P))

2
where KT(s) (J P(s)) = kO + kl‘]P(S) + kz‘]P(S) and JP(S) = (U — ypr(l—WP(S))/(nP(S) DP(S)) .
(P) (P) (P) (P) P) (P) (P) (P)

(3),

where tr is the thrust deduction coefficient in straightforward moving, Kr is the thrust
coefficient of the propeller force, and np is the propeller revolution. Dp is the propeller
diameter, wr is the effective wake fraction coefficient at the propeller’s location, and Jp is
the advance coefficient, while kg, k1, and kz are the constants for an open-water propeller.
The sub-subscript (S) and (P) refer to starboard and portside.
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Force and moment due to twin-rudder configurations (Xg Yr and Ng) can be expressed
by equations 4-8 (Khanfir etal., 2011).

Xg= —(1—tR(S)FRV(S) sin S5y — (1—tR(P)FRV(P) sin e

Y =—(l+a, )(Fms) C0SIs) + Frys) cosé(P)) .
Ng = —(Xgq +a, X, )(FRV(S) €083, + Fay (p) cos5(P))+ f(xs) ’
f (XR): yP(S) (1_tR(S))FRY(S) sin 5(5) + yP(P) (1_tR(P))FRY(P) sin 5(P)

where 6is the rudder angle, xzis the rudder’s location, and tg, an, and xu 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:

2 .
Favr =3 PAURe T, sinage (5),

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« = 6.134/(2.25). The
effective inflow velocity to the rudder (Ur) and the effective angle of attack of the inflow
velocity to the rudder (ar) can be expressed by Equation 6:

(s) _5R$)(ﬁR(S>) (6)

2 2
Ure =, [Uge" + Ve and  age =6,
® ® ® ® NN

The effective inflow velocity (ur) to the rudder in the surge direction can be expressed
by Equation 7:

2
2
UR(S) :5<S)UP(S>X M 1+ K{ 1+8KT(S) HJP(S) —1) +(1—77P(s)) (7),
P) ) (P) P) P) (P) P)

where: & :1_WR(S)/1_WP(S) VK= kyg(s) ey = DP(S)/HR(S) yUps) = (1_WP(S) j(u = YpF j
- ® ® ®

®) ) ) (P) ) )

Here, ¢ & & and Ir are the parameters describing the rudder inflow velocity angle, while
(1-w) and 77 are the propeller wake fraction and effective efficiency, respectively. (Dr/H) 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:
Vres) =Uges tan(5R<SJ) (8,
P) ()

P)

()

g —
where: 5R(s) = ]/R(S)ﬂR(S) + tan (yR(s) XR(s)j and ﬁR(S) = ﬂ_ LR(S)r .
(P) (P) (P) (P) (P) (P)

Here, dris the rudder angle, Sk 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):

X =Ca Wa)0aA:; Yo =Chy Wa)UaA; Ny =Cpry (W a)daA Lon 9),

where y, = tan[U;cosy +Ucos #/U,siny —Ucos ] and q, = g, +qs +2,/0, 0 cos(y +f3).



50 Twin-Rudder-System Configurations’ Impact on Ferry Ships’
Course-Keeping Ability under Windy Conditions

Cax, Cay, and Can are the wind load forces and moments’ coefficients, respectively, as a
function of the wind direction relative to a ship (ya). Ur and y are wind velocity and
direction angles with reference to the coordinate system, g4 is wind pressure, qr is wind
pressure due to the elevation of the center of a windage area, and gs is the wind pressure
induced by wind velocity, without an elevation effect. Ar and A 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,,
2019). 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 etal, 2009).

=K, (e)+K,(&)+ Ki]e(t)dt and e=(y; —v;) (10),

where § is designed rudder angle; Kp, K4, and K; are proportional gain, derivative gain, and
integral gain respectively; and e is an error between the heading target (yr) and the actual
heading angle (yp). 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:

Vet (t) = tanil(yk - y(t)/xk - X(t)) and (Xk - X(t))2 + (yk - y(t))z < Rg (11)

where xk and yk are the track-point coordinates, x(t) and y(t) are the ship’s coordinates
position, and Ry 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., 2011;
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 (Kr(Jp) = 0.4061 - 0.3034
Jp-0.1178 Jp?) 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 et al. (2006). The control method used in the simulation was a proportional
integrated derivative (PID) controller. The designed rudder angle (6=+35 deg.) was
calculated using Equation 10 with a PID gain (Kp= 2.208; Ki= 0.027 and Ku4 = 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
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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 2542 wind
direction. The trial data were taken on September 20, 2015.

Table 1 Ship particulars
Super

Propeller and

Hull Value Value Value
structure rudder
Loa, m 54.00 A, m? 182.87 Z 2x4
Lbp,m 47.45 Ap, m? 129.20 D,m 1.450
B m 14 Aop, m 218.23 Ae/Ao 0.645
Hm 3.4 Cc -0.44 Pitch, m 1.320
T,m 2.45 Hgm 2.70 n 8.784
V, m/s? 6.618 H, m 3.38 Span, m 1.550
A, Ton 1148 Hgg, m 10.48 Chord, m 0.900
Ap, m? 2x1.395
BHP, HP 2x 1000
RPMME 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
x 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 5.75°S and 120.5°E.

3. Results and Discussion

The wind speed trend peaked in January, with a maximum of 10.06 m/s (882), as Figure
2 shows. Meanwhile, April’s monthly wind speed trend decreased, with a minimum of 6.41
m/s (2192). The monthly wind speed movements varied, depending on the month
occurring during the west or east monsoon seasons.
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Figure 2 Significant wind velocity and direction on the Selayar-Bulukumba route
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 (882) and the portside stern of the ship (219 and 2682)—using the time domain
simulation program of MATLAB-Simulink. This information is essential to ship navigation
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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. The horizontal axis expresses the time, while the vertical axis expresses the heading
angle (i), rudder angle (9), and ship speed (u), respectively. The wind blew from the
starboard bow (882) 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
(Ur=20 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 (2192) 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 (Ur = 0 m/s). TI‘hese
characteristics differed when the wind blew from the starboard side (882). 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. 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 (2682) 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 (Ur= 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 6 shows the sea-trial simulation results for the ship course-keeping trajectory
with a 6.03 m/s wind velocity and a 2542 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.
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Figure 3 Ship trajectory with different wind speeds (Ur) at 882
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Figure 4 Ship trajectory with different wind speeds (Ur) at 2192
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Figure 5 Ship trajectory with different wind speeds (Ur) at 2682
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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 (882) with a wind velocity of 20 m/s, the ship
speed was 6.36% lower compared to conditions without wind (Ur= 0 m/s). Meanwhile,
when the wind blew from the portside stern (219 and 2682), 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. In general, when the wind blew from the starboard and
portside to the stern (98 to 268%), 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 show. The ship’s reduced speed when the wind blew
from the bow to the starboard (less than 1002) 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.
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Figure 7 Tracking ship speed trajectories with different wind velocities and directions
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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. h'he 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 2682), 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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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 889, 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 219°. The ship’s course-keeping time, at around 219° 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 etal. (2016) simulated wind’s effect on ferry ships’ maneuvering,
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doi: 10.14716/ijtech.v12i2.3829



Muhammad et al. 47

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 100°), 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 180°). Meanwhile, when the wind blows from the side of a ship (20 to 140°), 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 (45°) made a ship’s steering becomes less sensitive, but steering
became more sensitive when the wind came from the port-stern quarters (135°). 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 15° 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.

¥l

= .

Figure 1 Coordinate ship system

mu—-rv) =X, + X, + Xz + X,
mv-ru)=Y, +Yp +Yg +Yy (1)
I,y =N, +N, +N; +N,

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 (X#, Y5, and
Nyu) approximate f and r’ polynomial function. These equations were expressed by
Yoshimura (2001) as Equation 2:

Xy =2 pLdU?(Xg+ X[, 2 + (X —m) Br'+ X 0% + X700 8%)

bppE
Yo =2 pLdUP (Y, B+ (Y, —m)F +Y 0, B 4 0 B2X Y 5 B2 Y r) (2)
N, =2 pL%dUZ (NGB +NIF NG B2 4+ NG B2+ NG B2 + N2 )

where £ is the drift angle at the midship position by tan-1(v/u) and r’ non-dimensionalized
yaw rate by rL/U. X0, X'pg, X'pr, X'rr, X'8ss, Y'5, Y'r, Y'88s, Y'ggr, Y'rr, Y'rrr, N'g, N'r, N'gpg, N'ggr, N'grr
and N’rrris the hydrodynamic derivatives on the ship’s maneuvering. The force and moment
induced by twin-propeller configurations (Xp, Yr, and Nr) were expressed by Khanfir et al.
(2011) in Equation 3:

Xp = p((l_tP(S))yP(S)nP(S)ZDP(S)4KT(S) (J P(S)) + (1_tP(P)) yP(P)nP(P)zDP(P)4KT(P) (J P(P)))

Np = P((l_tp(s)) yP(S)nP(S)zDP(S)AKT(S) )"' p((l_tP(P))nP(P)2DP(P)AKT(P))

2
where KT(s)(J P(s)) = kO + li ps) + sz p(s) and Jp(s) = (U — ypr(l—WP(s))/(np(s)DP(s))
(P) (P) (P) (P) (P) (P) (P) (P)

(3)

where tp is the thrust deduction coefficient in straightforward moving, Kr is the thrust
coefficient of the propeller force, and np is the propeller revolution. Dp is the propeller
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diameter, wp is the effective wake fraction coefficient at the propeller’s location, and Jp is
the advance coefficient, while ko, 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 (Xz Yz and Ng) can be expressed
by Equations 4-8 (Khanfir et al., 2011).

Xg =—(L—trs)Fav(s) SiNO(s) = L=ty Fay (p) SIN Sy

Y =—(1+a, )(FRY(S) COSIs) + Frys) cos5(P))

Ng = —(Xq +a, X, )(FRY(S) C0SSs) + Fay (p) cosé(P))+ f(xq) ()
F(%e )= Vo) @~ tr(s)) Farcs) SINSs) + Yooy (L= tage) ) Fry ey SIN Sy

where Jis the rudder angle, xris the rudder’s location, and tg, an, and xu 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:

FRY(S) =3 pARUR(s) f sin OR(s) (5)
(P)

(P)

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 (fo = 6.134/(2.25). The
effective inflow velocity to the rudder (Ur) and the effective angle of attack of the inflow
velocity to the rudder (ar) can be expressed by Equation 6:

2 2
UR(S) = UR(s) +VR(s> and Opis) = 5(5) —5R(s) ,BR(S) (6)
(P) (P) (P (P) ®) (P) (P)

The effective inflow velocity (ur) to the rudder in the surge direction can be expressed
by Equation 7:

2
UR(P) EqUp (P) \/T]P(s {1+K(\/1+8KT(S /7Z'J j} +(1—7]PE:) (7)
(P)

where: 5 —1 WR(S)/]. WP(s), K= k)y P(s) P(s)/HR(s) ; UP(s) = (1 Wp(s) j(u — yp(s)rj
(P)

(P) (P) (P) (P) (P) (P)

Here, g & & and Ir are the parameters describing the rudder inflow velocity angle, while
(I-w) and 7 are the propeller wake fraction and effective efficiency, respectively. (Dr/H) 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:

Vi) = Uges tan(5R(s)j (8)

(P) (P) (P)

where: 5 (S) = }/R(S)ﬁR(S) +tan~ (yR(S) XR(S)) and ﬂR(S) :ﬂ_ LR(S)r
P) (P) (P) (P) (P) (P) (P)

Here, o ris the rudder angle, fr 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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Xw =Cu Wa)UaAss Yo =Cuy (W )daALr Ny =Cp (Wa)daA Loa 9)

where y, = tan*[U;cosy +Ucos /U,siny —Ucos B] and q, = g, +qs +2,/0, G5 cos(y + )

Cax, Cay, and Can are the wind load forces and moments’ coefficients, respectively, as a
function of the wind direction relative to a ship (w4). Ur and w are wind velocity and
direction angles with reference to the coordinate system, g4 is wind pressure, gr is wind
pressure due to the elevation of the center of a windage area, and gs is the wind pressure
induced by wind velocity, without an elevation effect. Ar 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).

S=K, (e)+K,(&)+ Ki]e(t)dt and e=(y; —vp) (10)

where 6 is designed rudder angle; Kp, Kq, and K; are proportional gain, derivative gain, and
integral gain respectively; and e is an error between the heading target (r) and the actual
heading angle (r). 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:

Weer (1) = tan (Y, = Y(0)/% = X()) and (x, —x(0)) + (¥, - y(©)* <R (11)

where xx and yk are the track-point coordinates, x(t) and y(t) are the ship’s coordinates
position, and Ry 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., 2011;
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 (Kr(Jp) = 0.4061 - 0.3034
Jp-0.1178 Jp2) 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 (6=+35 deg.) was
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calculated using Equation 10 with a PID gain (Kp=2.208; Ki= 0.027 and Ka = 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 254° wind
direction. The trial data were taken on September 20, 2015.

Table 1 Ship particulars

Super Propeller and

Hull Value Value Value
structure rudder
Loa, m 54.00 AL, m? 182.87 A 2x4
Lbp,m 47.45 Ar, m? 129.20 D, m 1.450
B m 14 Aop, m 218.23 Ae/Ao 0.645
H, m 3.4 C -0.44 Pitch, m 1.320
T,m 2.45 He m 2.70 n 8.784
V, m/s? 6.618 Hi, m 3.38 Span, m 1.550
A, Ton 1148 Hpr, m 10.48 Chord, m 0.900
Ag, m? 2x1.395
BHP, HP RPMME 2x1000
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
x 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 5.75°S and 120.5°E.

3. Results and Discussion

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

12 4 360 -

10 | 315

_ 270 -
és’ w225 |
= 6 - S 180 |
= 4 - J ||| 3135 |
90 |

2 4 i

0 - 0,

8 9 10 11 12 2 3 45 6 7 8 9 10 11 12
Month Month

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 (88°) and the portside stern of the ship (219° and 268°)—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.
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Figure 3 Ship trajectory with different wind speeds (Ur) at 88°

The horizontal axis expresses the time, while the vertical axis expresses the heading angle
(), rudder angle (), and ship speed (u), respectively. The wind blew from the starboard
bow (88°) 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 (Ur=
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 (219°) 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 (Ur = 0 m/s). These
characteristics differed when the wind blew from the starboard side (88°). 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 (Ur) at 219

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 (268°) 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

(Ur=

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.
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Figure 5 Ship trajectory with different wind speeds (Ur) at 268
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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 254° 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.
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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 (882) with a wind velocity of 20 m/s, the ship
speed was 6.36% lower compared to conditions without wind (Ur= 0 m/s). Meanwhile,
when the wind blew from the portside stern (219° and 268°), 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.
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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 (98° to 268°),
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 100°)
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 2682), 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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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 889, 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 219°. The ship’s course-keeping time, at around 219° 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 etal. (2016) simulated wind’s effect on ferry ships’ maneuvering,

*Corresponding author’s email: andi_haris@ft.unhas.ac.id, Tel.: +62-411-586015; Fax: +62-411-586015
doi: 10.14716/ijtech.v12i2.3829
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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 100°), 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 180°). Meanwhile, when the wind blows from the side of a ship (20 to 140°), 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 (45°) made a ship’s steering becomes less sensitive, but steering
became more sensitive when the wind came from the port-stern quarters (135°). 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 15° 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.

¥l

= .

Figure 1 Coordinate ship system

m(u—-rv) =X, + Xy + Xz + X,
mV-ru)=Y, +Yp +Ys + Yy (1)
I,y =N, +N, +N; +N,

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 (X#, Yy, and

Nyu) approximate f and r’ polynomial function. These equations were expressed by
Yoshimura (2001) as Equation 2:

X, =1 pLdU?(X{ + X’ﬁﬁﬂ2 +(X G —my) B’ + X!+ X;ﬂﬁ,ﬂﬂ“)

Y, =% pLdU 2(Y[§,B +(Y,—m)r’ +Yﬁ’ﬂﬂ,[5’3 +Yﬁ’ﬁrﬂ2r’ +Y,5',rrﬂr'2 +Y! 1'%) (2)

N, = %pLZdUZ(N;;ﬁ+ N+ N;,',),ﬂﬂ3 + N’ﬂﬁrﬂzr'+ N,;,”/B’r’2 +N/ 1r'?)
where £ is the drift angle at the midship position by tan-1(v/u) and r’ non-dimensionalized
yaw rate by rL/U. X0, X'pp, X'pr, X'rr, X', Y', Y'r, Y88, Y'gr, Y'prr, Y'err, N'g, N'r, N, N'ggr, N'prr
and N’rrris the hydrodynamic derivatives on the ship’s maneuvering. The force and moment

induced by twin-propeller configurations (Xp, Y», and Nr) were expressed by Khanfir et al.
(2011) in Equation 3:

XP = p((l_tP(S))nP(S)ZDP(S)4KT(S) (‘]P(S)) + (1_tP(P))nP(P)ZDP(P)4KT(P) (‘] P(P)))

NP = p((l_tP(S)) yP(S)nP(S)zDP(S)4 I<T(S) (‘]P(S)) + (1_tP(P))yP(P)nP(P)ZDP(P)4 KT(P) (‘]P(P)))

2
where KT(S)(JP(S)) = ko + kl‘]P(s) + kz‘]P(S) and Jp(s) = (U — yp(s)r(l—WP(s))/(np(s)Dp(s))
(P) (P) (P) (P) (P) (P) (P) (P) (P)

(3)

where tp is the thrust deduction coefficient in straightforward moving, Kr is the thrust
coefficient of the propeller force, and np is the propeller revolution. Dp is the propeller
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diameter, wp is the effective wake fraction coefficient at the propeller’s location, and Jp is
the advance coefficient, while ko, 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 (Xz Yz and Ng) can be expressed
by Equations 4-8 (Khanfir et al., 2011).

X R= _(1_ tR(S)) FRY (S) sin 5(5) - (1_ tR(P)) I:RY (P) sin 5(P)
Y =—(1+a, )(FRY(S) cosd(s) + FR(YS) cosﬁ(P))

(4)
— —(X + 2, Xy )(Fay ) 0SS, + Fiy p) COSSyp )+ F (X5

F (%)= Vo) @ tegs)) Frr(5) SN Sis) + Voipy (1=t ) v o) SIN ey

where Jis the rudder angle, xris the rudder’s location, and tg, an, and xu 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:

FRY(S) =3 pARU R(s) f sin O (s) (5)
(P) (P)

where Ar is the rudder area, and fx is the gradient of the rudder’s lift coefficient, which can

be approximated by the function of the rudder’s aspect ratio (fo = 6.134/(2.25). The

effective inflow velocity to the rudder (Ur) and the effective angle of attack of the inflow
velocity to the rudder (ar) can be expressed by Equation 6:

2 2
Ures = [Uges) +Vge and e =0, — R(S)(ﬂR(S)) (6)

Q) Q) Q) ) ) Q) )

The effective inflow velocity (ur) to the rudder in the surge direction can be expressed
by Equation 7:

2
Uges) :g(S)UP(S)X\/ﬂP(S){l-l- K‘( 1+8KT(5)/7Z'JP(S)2 —1]} +(1—77P(5)) (7)
(P) (P) (P) (P) (P)

®r o w

where: &, /1 W ik =kx/e Nps) = Dp(s)/HR(s) ; (l Wp( j(u - yp(s)rj
o Re) o e *) =’ P )

Here, g & & and Ir are the parameters describing the rudder inflow velocity angle, while
(I-wr) and 7 are the propeller wake fraction and effective efficiency, respectively. (Dr/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:

VR(s) = UR(s) tan(5R(s)j (8)

(P) (P) (P)

(P) (P) (P) (P)

where: 5R(s) = ]/R(s)ﬂR(s) +tan"1[yR(5)/xR<s>j and ﬁR(S) —ﬁ L (S)r

Here, oris the rudder angle, Br 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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Xuw =Ca a)UaA:s Yo =Chy W)U AT Ny =Coy (Wa)UaA Loa 9)
where i, = tan[U,cosy +Ucos B/U.siny —Ucos ] and q, = g, + 0 + 2,/0; G cos(y + 3)

Cax, Cay, and Can are the wind load forces and moments’ coefficients, respectively, as a
function of the wind direction relative to a ship (w4). Ur and w are wind velocity and
direction angles with reference to the coordinate system, g4 is wind pressure, gr is wind
pressure due to the elevation of the center of a windage area, and gs is the wind pressure
induced by wind velocity, without an elevation effect. Ar 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).

S=K (e)+K,(&)+ Ki]e(t)dt and e=(y; —v¥;) (10)

where 6 is designed rudder angle; Kp, K4, and K; are proportional gain, derivative gain, and
integral gain respectively; and e is an error between the heading target (yr) and the actual
heading angle (wp). 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:

Vet (1) = a0 (y, = y(O)/% = X(1)) and (%, —x(t))* + (¥, - y({©)* <R} (11)

where xx and yk are the track-point coordinates, x(t) and y(t) are the ship’s coordinates
position, and Ry 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 (Kr(Jp) = 0.4061 - 0.3034
Jp-0.1178 Jp2) 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 (6=+35 deg.) was
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calculated using Equation 10 with a PID gain (Kp=2.208; Ki= 0.027 and Ka = 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 254° wind

direction. The trial data were taken on September 20, 2015.

Table 1 Ship particulars

Super

Propeller and

Hull Value Value Value
structure rudder
Loa, m 54.00 AL, m? 182.87 A 2x4
Lbp,m 47.45 Ar, m? 129.20 D, m 1.450
B m 14 Aop, m 218.23 Ae/Ao 0.645
H, m 3.4 C -0.44 Pitch, m 1.320
T,m 2.45 He m 2.70 n 8.784
V, m/s? 6.618 Hi, m 3.38 Span, m 1.550
A, Ton 1148 Hpr, m 10.48 Chord, m 0.900
Ar, m? 2x1.395
BHP, HP 2x1000
RPMME 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
x 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 5.75°S and 120.5°E.

3. Results and Discussion

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

during the west or east monsoon seasons.
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Figure 2 Significant wind velocity and direction on the Selayar-Bulukumba route



52 Twin-Rudder-System Configurations’ Impact on Ferry Ships’ Course-Keeping Ability
under Windy Conditions

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 (88°) and the portside stern of the ship (219° and 268°)—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.
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Figure 3 Ship trajectory with different wind speeds (Ur) at 88°

The horizontal axis expresses the time, while the vertical axis expresses the heading angle
(), rudder angle (), and ship speed (u), respectively. The wind blew from the starboard
bow (88°) 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 (Ur=
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 (219°) 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 (Ur = 0 m/s). These
characteristics differed when the wind blew from the starboard side (88°). 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 (Ur) at 219

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 (268°) 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

(Ur=

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.
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Figure 5 Ship trajectory with different wind speeds (Ur) at 268
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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 254° 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.
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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 (88°) with a wind velocity of 20 m/s, the ship
speed was 6.36% lower compared to conditions without wind (Ur= 0 m/s). Meanwhile,
when the wind blew from the portside stern (219° and 268°), 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.
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In general, when the wind blew from the starboard and portside to the stern (98° to 268°),
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 100°)
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 268°), 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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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 889, 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 219°. The ship’s course-keeping time, at around 219° 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 etal. (2016) simulated wind’s effect on ferry ships’ maneuvering,

*Corresponding author’s email: andi_haris@ft.unhas.ac.id, Tel.: +62-411-586015; Fax: +62-411-586015
doi: 10.14716/ijtech.v12i2.3829
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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 100°), 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 180°). Meanwhile, when the wind blows from the side of a ship (20 to 140°), 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 (45°) made a ship’s steering becomes less sensitive, but steering
became more sensitive when the wind came from the port-stern quarters (135°). 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 15° 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.

¥l

= .

Figure 1 Coordinate ship system

m(ge-rv) = X, + X, + Xz + X,
m(8e-ru) =Y, +Y, + Y5 +Y,, (1)
l,,u= N, +N,+N,+N,,

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 (X#, Y, and
Nu) approximate f and r’ polynomial function. These equations were expressed by
Yoshimura (2001) as Equation 2:

Xyy =3 PLAUZ (X + X B2+ (X =M ) B+ X104 X )

Yy =4 pLdUP(Y; 8+ (Y, =M + Y, 8% +Y . B2 +Y 5 B2 +Y, 1) (2)
Ny =1 pL"dU (N, B+ N/ + N7 82+ Ny B2+ NG B2 + N )
where £ is the drift angle at the midship position by tan-1(v/u) and r’ non-dimensionalized
yaw rate by rL/U. X0, X'gg, X'pr, X'rr, X'ppss, Y'5, Y'r, Y's8, Y1, Y'grr, Yrrr, N'g, N'r, N'gpg, N'ppr, N'prr
and N’rrris the hydrodynamic derivatives on the ship’s maneuvering. The force and moment
induced by twin-propeller configurations (Xp, Yr, and Nr) were expressed by Khanfir et al.
(2011) in Equation 3:
2 4 2 4
Xp = P((l‘tP(s>)”P(s> Decsy Kris)Ues)) + L= toe) )Neiey Doy KT(P)(JP(P)))
2 2
NP = p((l_tP(S)) yP(S)nP(S) DP(S)4KT(S) ('JP(S)) + (1_tP(P))yP(P)nP(P) DP(P)4KT(P) (‘] P(F’)))

2
where KT(S)(\J P(S)) = kO + li p(s) + kz‘] p(s) and Jp(s) = (U — yp(s)r(l—WP(s))/(nP(s) Dp(s))
(P) (P) (P) (P) P) (P) (P) (P) P)

(3)

where tp is the thrust deduction coefficient in straightforward moving, Kr is the thrust
coefficient of the propeller force, and np is the propeller revolution. Dp is the propeller



Muhammad et al. 435

diameter, wp is the effective wake fraction coefficient at the propeller’s location, and Jp is
the advance coefficient, while ko, 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 Yz and Ng) can be expressed
by Equations 4-8 (Khanfir et al., 2011).

X R— _(1_tR(S)) FRY(S) sin 5(3) - (1_tR(P)) I:RY(P) sin 5(P)
Y, =—(1+a, )(FRY(S) 0035(5) + FR(YS) cos5(P))

(4)
N = =X + @4 X )(Frys) €055, + Fay (o) €055 )+ (g )
f(xe)= Ye(s) A =tr(s)) Frv(s) SIN S5y + Yp(py (1= tr(py ) Fry(p) SIN G

where Jis the rudder angle, xris the rudder’s location, and tg, an, and xu 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:

FRYES) 2[)ARUR(S) f sin Ol s) (5)

(P)

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 (fo = 6.134/(2.25). The
effective inflow velocity to the rudder (Ur) and the effective angle of attack of the inflow
velocity to the rudder (ar) can be expressed by Equation 6:

2 2
Ures = [Ugs) +Vie and  age =0, —5R(S>(ﬂR(S)j (6)

(P) (P) (P) (P) ® (P) (P)

The effective inflow velocity (ur) to the rudder in the surge direction can be expressed
by Equation 7:

2
Ugs) = &, Ups \/np<5) {1+K(\/1+8KT(5)/7TJP(S)2 _1} +(1-7p.) (7)
(P) (P) (F’) (P) (P) (P) (P)

where: 8 —1 WR(S)/l WP(s) K= kX/ P(s) = P(s)/HR(s), Ups) —(1 Wps) j(u — yp(s)r)

(P) (P) (P)

Here, g & & and Ir are the parameters describing the rudder inflow velocity angle, while
(1I-wr) and 7 are the propeller wake fraction and effective efficiency, respectively. (Dr/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:

Vi) = Uges) tan[é‘R(s)) (8)

(P) (P) (P)

(P) (P) (P)

where: 5R(s) = ]/R(s)ﬂRm +tan” (yR(S)/XR(S)) and ,BR ,B_ LREi;r

Here, oris the rudder angle, Sk is the effective drift angle at the rudder, and Lk 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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Xw =Cax a)AaA:s Yo =Chy (W)U AL Ny =Coy (Wa)daA Loa 9)

where , = tan"[U,cosy +Ucos #/U,siny —Ucos 8] and q, = g, + 0 +2,/0, 05 cos(i + f3)

Cax, Cay, and Can are the wind load forces and moments’ coefficients, respectively, as a
function of the wind direction relative to a ship (w4). Ur and w are wind velocity and
direction angles with reference to the coordinate system, g4 is wind pressure, gr is wind
pressure due to the elevation of the center of a windage area, and gs is the wind pressure
induced by wind velocity, without an elevation effect. Ar 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).

o=K,()+K,(&+ Ki]e(t)dt and e=(y; —y,) (10)

where 6 is designed rudder angle; K, Kq, and K; are proportional gain, derivative gain, and
integral gain respectively; and e is an error between the heading target (yr) and the actual
heading angle (wp). 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:

Wit (1) = tan (Y, = Y(0) /% = X(1)) and (x, —x(1))* +(y, — Y(1))* <R (11)

where xx and yk are the track-point coordinates, x(t) and y(t) are the ship’s coordinates
position, and Ry 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 (Kr(Jr) = 0.4061 - 0.3034
Jp-0.1178 Jr2) 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 (6=+35 deg.) was
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calculated using Equation 10 with a PID gain (Kp=2.208; Ki= 0.027 and Ka = 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 254° wind

direction. The trial data were taken on September 20, 2015.

Table 1 Ship particulars

Super

Propeller and

Hull Value Value Value
structure rudder
Loa, m 54.00 AL, m? 182.87 A 2x4
Lbp,m 47.45 Ar, m? 129.20 D, m 1.450
B m 14 Aop, m 218.23 Ae/Ao 0.645
H, m 3.4 C -0.44 Pitch, m 1.320
T,m 2.45 He m 2.70 n 8.784
V, m/s? 6.618 Hi, m 3.38 Span, m 1.550
A, Ton 1148 Hpr, m 10.48 Chord, m 0.900
Ar, m? 2x1.395
BHP, HP 2x1000
RPMME 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
x 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 5.75°S and 120.5°E.

3. Results and Discussion

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

during the west or east monsoon seasons.
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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 (88°) and the portside stern of the ship (219° and 268°)—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.
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Figure 3 Ship trajectory with different wind speeds (Ur) at 88°

The horizontal axis expresses the time, while the vertical axis expresses the heading angle
(), rudder angle (), and ship speed (u), respectively. The wind blew from the starboard
bow (88°) 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 (Ur=
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 (219°) 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 (Ur = 0 m/s). These
characteristics differed when the wind blew from the starboard side (88°). 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 (Ur) at 219

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 (268°) 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 (Ur=
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.
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Figure 5 Ship trajectory with different wind speeds (Ur) at 268
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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 254° 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.
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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 (88°) with a wind velocity of 20 m/s, the ship
speed was 6.36% lower compared to conditions without wind (Ur= 0 m/s). Meanwhile,
when the wind blew from the portside stern (219° and 268°), 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.
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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 (98° to 268°),
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 100°)
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 268°), 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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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 88¢, 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 219°. The ship’s course-keeping time, at around 219° 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 etal. (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 100°), 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 180°). Meanwhile, when the wind blows from the side of a ship (20 to 140°), 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 (45°) made a ship’s steering becomes less sensitive, but steering
became more sensitive when the wind came from the port-stern quarters (135°). 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 15° 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.

fol

~ .

Figure 1 Coordinate ship system

m(u —T'v) = XH +XP+XR +XW
Izzl/J = NH + NP+NR + NW

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 (X#, Yx, and
Nyu) approximate f and r’ polynomial function. These equations were expressed by
Yoshimura (2001) as Equation 2:

X, =3 pLdU?(X} + X},ﬁﬁz + (X —mi)Br' + X!+ X’ﬁﬂﬂﬁ,ﬂ“)

Y =3 pLdUP (Y5 8+ O =M +Y 50, B +Y o B20 4 Y B2 + Y, 1) (2)

N, = %pdeUZ(N;ﬂ+ N+ N'ﬁﬁﬁﬁe’ + N;ﬂrﬂzr# N;,rrﬂr'2 +N/ 1)
where £ is the drift angle at the midship position by tan-1(v/u) and r’ non-dimensionalized
yaw rate by rL/U. X0, X'pg, X'pr, X'rr, X'pps, Y'8, Y'r, Y'p8s, Y'pr, Y'prr, Y'rrr, N'g, N'r, N, N'gpr, N'prr
and N’rrris the hydrodynamic derivatives on the ship’s maneuvering. The force and moment

induced by twin-propeller configurations (Xp, Yr, and Nr) were expressed by Khanfir et al.
(2011) in Equation 3:

><P = 10((1_tP(S))nP(S)ZDP(S)4 KT(S)(‘JP(S)) + (:l'_tF’(P))r‘IF’(P)ZDP(P)4 KT(P) (‘JP(P)))
NP = p((l_tP(S))yP(S)nP(S)ZDP(S)4KT(S) (‘]P(S)) + (1_tP(P))yP(P)nP(P)ZDP(P)4KT(P) (‘]P(P)))

2
where KT(S)(J P(S)) = kO + li p(s) + k2‘]P(5> and Jp(s) = (U - yp(s)r(l—WP(s))/(nP(s)DP(s))
P) (P) (P) (P) (P) (P) (P) (P) (P)

(3)

where tp is the thrust deduction coefficient in straightforward moving, Kr is the thrust
coefficient of the propeller force, and np is the propeller revolution. Dp is the propeller
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diameter, wp is the effective wake fraction coefficient at the propeller’s location, and Jp is
the advance coefficient, while ko, ki1, 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 Yz and Nr) can be expressed
by Equations 4-8 (Khanfir et al., 2011).

Xz ==(1=tr(s)) Fry(s) SiN sy = (L—tr(p)) Fry () SIN S p)
Y =—(1+a, )(FRY(S) cosé(s) + FR(YS) cosS §(P))

(4)
N = =X + @4 X )(Fay (s) €05 85, + Fay (o) COS Sy )+ (X5 )
f(x:)= Ye(s) A= tr(s)) Fry(s) SiNS(s) + Yo(ey L= tr(py) Fry () SIN G

where Jis the rudder angle, xris the rudder’s location, and tr, an, and xu 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:

FRY(S) :%pARUR(S)Z fa sin AR(s) (5)

(P) (P) (P)

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 (fo = 6.134/(2.25). The

effective inflow velocity to the rudder (Ur) and the effective angle of attack of the inflow
velocity to the rudder (ar) can be expressed by Equation 6:

2 2
Ures = [Uges) +Vge) and  Qage =0, —5R<§;(ﬂR$1j (6)

(P) (P) (P) (P) )

The effective inflow velocity (ur) to the rudder in the surge direction can be expressed
by Equation 7:

2
Uges) = &€ q,Upe) X\/ﬂp(s) {1+ K(\/1+8KT(S)/7Z'\JP(S)2 —1)} + (1—77P(s)) (7)
(P) e ® (P) (P) (P) (P)

o1 MTps) = DP(S)/HR<S> y Upsr = (1—WP<S> j(u - yp<5>|’)
*)

®) (P) (P) (P) (P) (P)

where: Es :1_WR(S)/1_WP(S) K= kX/E
") (P) Q)
Here, g & j& and Ir are the parameters describing the rudder inflow velocity angle, while
(I-wr) and 7 are the propeller wake fraction and effective efficiency, respectively. (Dr/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:

VR(s) = UR(s) tan(éij (8)

(P) (P) (P)

where: 5R(s) = }/R(s)ﬂR(s) + tanl(yR(s)/XR(S)j and ﬁR(S) = ﬂ— LR(s)r
(P) (P) (P) (P) (P) (P) (P)

Here, oris the rudder angle, Br 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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X =Cax Wa)UA Y =Ch W)UA Ny =Cay (W) daA Lon 9)
where y, = tan U, cosy +Ucos /U, siny —Ucos B8] and q,, = ¢, + 0 +2,/0; 05 cos (v + /)

Cax, Cay, and Can are the wind load forces and moments’ coefficients, respectively, as a
function of the wind direction relative to a ship (w4). Ur and y are wind velocity and
direction angles with reference to the coordinate system, g4 is wind pressure, gr is wind
pressure due to the elevation of the center of a windage area, and gs is the wind pressure
induced by wind velocity, without an elevation effect. Ar 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).

§ = Kp(e) + Kg(&)+K; [, e(t)dt and e=(y; —v,) (10)

where 6 is designed rudder angle; Kp, K4, and Ki are proportional gain, derivative gain, and
integral gain respectively; and e is an error between the heading target (yr) and the actual
heading angle (yr). 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:

Vet (1) = tan (Y, = Y(0) /% = X(1)) and (x, —x(1))* + (¥, - y(1))* <R (11)

where xkx and yk are the track-point coordinates, x(t) and y(t) are the ship’s coordinates
position, and Ry 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 (Kr(Jp) = 0.4061 - 0.3034
Jp-0.1178 Jp2) 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 (6=+35 deg.) was
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calculated using Equation 10 with a PID gain (Kp=2.208; Ki= 0.027 and K4 =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 254° wind
direction. The trial data were taken on September 20, 2015.

Table 1 Ship particulars

Super

Propeller and

Hull Value Value Value
structure rudder
Loa, m 54.00 AL, m? 182.87 Z 2x4
Lbp,m 47.45 Ar, m? 129.20 D, m 1.450
B m 14 Aop, m 218.23 Ae/Ao 0.645
H, m 3.4 C -0.44 Pitch, m 1.320
T,m 2.45 Hem 2.70 n 8.784
V, m/s? 6.618 Hi, m 3.38 Span, m 1.550
A, Ton 1148 Hgr, m 10.48 Chord, m 0.900
Ar, m? 2x1.395
BHP, HP 2x1000
RPMME 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
x 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 5.75°S and 120.5°E.

3. Results and Discussion

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

during the west or east monsoon seasons.
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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 (88°) and the portside stern of the ship (219° and 268°)—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.

5000 { { { 30
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— . o [
===-UT=0 m/s; 0 deg. ,Q‘o % e i
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Figure 3 Ship trajectory with different wind speeds (Ur) at 88°

The horizontal axis expresses the time, while the vertical axis expresses the heading angle
(¥), rudder angle (), and ship speed (u), respectively. The wind blew from the starboard
bow (88°) 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 (Ur=
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 (219°) 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 (Ur = 0 m/s). These
characteristics differed when the wind blew from the starboard side (88°). 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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4000

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 (268°) 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 (Ur=
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.
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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 254° 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.
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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 (88°) with a wind velocity of 20 m/s, the ship
speed was 6.36% lower compared to conditions without wind (Ur= 0 m/s). Meanwhile,
when the wind blew from the portside stern (219° and 268°), 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.
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In general, when the wind blew from the starboard and portside to the stern (98° to 268°),
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 100°)
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 268°), 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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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 88¢, 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 2190. The ship’s course-keeping time, at around 219¢ 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). Parokaetal. (2016) simulated wind’s effect on ferry ships’ maneuvering,

*Corresponding author’s email: andi_haris@ft.unhas.ac.id, Tel.: +62-411-586015; Fax: +62-411-586015
doi: 10.14716/ijtech.v12i2.3829
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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 100°), 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 180°). Meanwhile, when the wind blows from the side of a ship (20 to 140°), 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 (45°) made a ship’s steering becomes less sensitive, but steering
became more sensitive when the wind came from the port-stern quarters (135°). 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 15° 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.

¥l

o
Figure 1 Coordinate ship system

m(u - T"U) = XH + XP+XR +XW
IZZ.J) = NH + NP+NR + NW

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 (Xy, Yx, and
Ny) approximate B and r polynomial function. These equations were expressed by
Yoshimura (2001) as Equation 2:

Xy = %pLdUZ(X(’, + X;,ﬂﬂz + (X —my)Br' + X! r?+ X;Wﬂﬂ“)
Y, = %pLdUZ(Yﬁ'ﬁ +(Y/ —m)r +Yﬂ'ﬁﬂﬁ3 +Yﬂ’/,ﬂ2r' +Y,,J’)rrﬁr’2 +Y! 1'"%) (2)
N, = %pLZdUZ(N;,B+ N+ N},ﬁﬂﬁ + N,}J,ﬂ(ﬁzr%L N}mﬂr’2 +N/ 1)

where f is the drift angle at the midship position by tan-1(v/u) and r non-dimensionalized
yaw rate by rL/U. X' o, X'pg, X'pr, X'r, X'geps, Y5 Y'r, Y'gg, Y'gr Y'prrs Yer, N'g, N'r, N ggg, N’ gr, N’ grr
and N’y is the hydrodynamic derivatives on the ship’s maneuvering. The force and moment
induced by twin-propeller configurations (Xp, Yr and Np) were expressed by Khanfir et al.
(2011) in Equation 3:

2 4 2 4
Xp :p((l—tp(s))np(s) De sy Krsy(Ip(s)) + A=To(p) )Mo Dpe KT<P>(JP<P>))

2 2
NP :p((l_tP(S))yP(S)nP(S) DP(S)4KT(S)(‘]P(S))+(1_tP(P))yP(P)nP(P) DP(P)4KT(P)(‘]P(P)))

2
where KT(s) (J P(s)) = kO + li p(s) + kZJ p(s) and Jp(s) = (U — yp(s)r(l—WP(s))/(np(s)DP(s))
(P) (P) (P) (P) (P) (P) (P) (P) (P)

(3)

where tp is the thrust deduction coefficient in straightforward moving, Kr 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 kg, k;, and k; 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 Yz and Ng) can be expressed
by Equations 4-8 (Khanfir et al., 2011).

= _(1_tR(S))FRY(S) sin 5(5) - (1_tR(P))FRY(P) sin 5(P)
Y, =—(1+a, )(FRY(S) COSO(s) + Fryys) cos5(P))

— — (% + 83X )(Fay s) COSS5, + Fry (o) COSTp )+ F (X5 )
f (XR ) = Yrs) (1_tR(S))FRY(S) SiNSs) + Yp(p (l_tR(P))FRY(P) sin&;p

(4)

where Jis the rudder angle, xzis the rudder’s location, and ¢z, an, and xy 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:

FRY(S) =3 pARU R(s) f sin AR s) (5)

(P)
where Ap 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» = 6.134/(2.25). The

effective inflow velocity to the rudder (Ur) and the effective angle of attack of the inflow
velocity to the rudder (ar) can be expressed by Equation 6:

U R = UR(s)2 +VR<s>2 and Oris) = (5) (ﬂR ) (6)
(P) (P) (P) (P) P) (F’) (P)
The effective inflow velocity (ur) to the rudder in the surge direction can be expressed
by Equation 7:
2
UR(S) = S(S)Up(s ﬂp(s {1-1— K(\/l-l— 8K /7Z'J (s) —1)} + (1—7]P(s)) (7)
Py (P) Q)

where: €, =1-Wg [1-Wpe); kK = kX/ o1 TTp® /H )5 Upes) (1—Wp<s> j(u - yp(s>rj
) (P) (P) (P) (p) (P) (P) (P) (P)

(P)

Here, ¢ & & and Ir are the parameters describing the rudder inflow velocity angle, while
(I-wg) and 7 are the propeller wake fraction and effective efficiency, respectively. (Dr/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:

Vi) = Uges) tan(é‘Rm) (8)

(P) (P) (P)

where: 5R(s) = }/R(s)ﬂR(s) + tan_l(yR(s)/XR(s)) and ﬂR(S) = ﬂ— LR(S)r
(P) (P) (P) (P) (P) (P) (P)

Here, Oris the rudder angle, Sk is the effective drift angle at the rudder, and Lz 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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Xw =Cax Wa)aA: Yo =Chy (W a)UaAT Ny =Cy (wa)UaA Loa 9)

where y, = tan*[U;cosy +Ucos 8/U,siny —UcosB] and q, = g, +0s +2,/0, G cos( + )

Cax, Cay, and Can are the wind load forces and moments’ coefficients, respectively, as a
function of the wind direction relative to a ship (y4). Ur and w are wind velocity and
direction angles with reference to the coordinate system, g is wind pressure, qr is wind
pressure due to the elevation of the center of a windage area, and gs is the wind pressure
induced by wind velocity, without an elevation effect. Ar and A, 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).

§ = Kp(e) + Ky(&)+K; [ e(t)dt and e=(y; —y,) (10)

where ¢ is designed rudder angle; K, K4, and K; are proportional gain, derivative gain, and
integral gain respectively; and e is an error between the heading target (y7) and the actual
heading angle (yp). 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:

Vet (1) = ta0 7 (Y, = Y(0) /% = X(1)) and (x, —x(t))* + (¥, —y(©)* <R] (11)

where xx and yx are the track-point coordinates, x(t) and y(t) are the ship’s coordinates
position, and Ry 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 (Kr(Jp) = 0.4061 - 0.3034
Jp-0.1178 Jp?) 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 (6=+35 deg.) was
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calculated using Equation 10 with a PID gain (K, = 2.208; K;= 0.027 and K4 =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 254° wind

direction. The trial data were taken on September 20, 2015.

Table 1 Ship particulars

Super

Propeller and

Hull Value Value Value
structure rudder
Loa, m 54.00 A, m? 182.87 Z 2x4
Lbp,m 47.45 Ar, m? 129.20 D, m 1.450
B, m 14 Aop, m 218.23 Ae/Ao 0.645
H,m 3.4 Cc -0.44 Pitch, m 1.320
T,m 2.45 He m 2.70 n 8.784
V, m/s2 6.618 Hi, m 3.38 Span, m 1.550
A, Ton 1148 Hpr, m 10.48 Chord, m 0.900
Ar, m? 2x1.395
BHP, HP 2x1000
RPMME 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
x 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 5.75°S and 120.5°E.

3. Results and Discussion

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

during the west or east monsoon seasons.
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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 (88°) and the portside stern of the ship (219° and 268°)—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.
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Figure 3 Ship trajectory with different wind speeds (Ur) at 88°

The horizontal axis expresses the time, while the vertical axis expresses the heading angle
(¥), rudder angle (), and ship speed (u), respectively. The wind blew from the starboard
bow (88°) 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 (Ur=
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 (219°) 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 (Ur = 0 m/s). These
characteristics differed when the wind blew from the starboard side (88°). 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 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 (268°) 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 (Ur=
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.
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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 254° wind direction at an initial ship speed 0of 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.
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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 (88°) with a wind velocity of 20 m/s, the ship
speed was 6.36% lower compared to conditions without wind (Ur= 0 m/s). Meanwhile,
when the wind blew from the portside stern (219° and 268°), 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.
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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 (98° to 268°),
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 100°)
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 268°), 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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