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Abstract: In general, a series of ship steering motions is composed of a combination of translational motions and rotational mo-
tions of the ship. In particular, a series of rotational motions frequently occurs in narrow areas such as ports and canal zones. In
this paper, a method was suggested for composing an integrated control algorithm based on the jog dial as a command instrument
for rotational motion control. In order to realize the rotational motions, several algorithms were suggested for generating rotational
commands, for selecting motion variables, for choosing reference input values for the motion variables, for computing required ac-
celerations and thrusts, and for allocating thrusts to actuators. A simulation program was compiled to execute simulations for three
rotational motions. Finally, the effectiveness of the suggested method was verified by analyzing the simulation results.
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1. Introduction

The purpose of ship motion control is largely classified into
two problems. One is the problem of ship safety against strand-
ing, submersion, and collision occurring during navigation. The
other is the problem of accomplishing a given steering com-
mand corresponding to navigating a situation accurately.

In order to solve the above problems, much recent research is
proceeding to develop control systems for advanced autopilot,
track-keeping control that follows a given route in an electronic
chart, automatic mooring, dynamic positioning, and so on [1]-[4].

In particular, high-level technologies for ship steering control
must be developed as the traffic in a port is busy and as
large-scale ships are emerging. An active steering control technol-
ogy for automatic mooring in narrow ports is a representative ex-
ample of the systems necessary to catch up with demands [5]-[9].

In order to realize active steering control, implementation of
a type of integrated control system is necessary to generate a
series of steering motions under the assumption that the con-
sidered ship should be fully actuated [10]-[12].

In this paper, an integrated control system based on a joy-
stick and a jog dial with a command instrument is introduced.
Joystick commands from an operator are used for translational
steering motions, while jog dial commands are used for rota-
tional commands. Control methods for translational motion in
an integrated control system for a fully actuated ship have al-

ready been proposed in [13]-[15].

Therefore, a control method for rotational motion in an in-
tegrated control system is suggested in this paper. Rotational
motions of ships include three types of movement: rotation
about an imaginary fore axis, rotation about the center of
gravity axis, and rotation about an imaginary aft axis. In order
to realize these three rotational motions and to execute the
corresponding control command, various algorithms necessary
to an integrated control system are suggested. As a method for
verifying the suggested algorithms, a simulator based on the
MATLAB language is composed. Through many simulations
covering several command scenarios, the qualitative effective-

ness of the suggested algorithms is proved.

2. Integrated control system for rotation

The structure of an integrated control system that is sug-
gested in this paper for ship rotational motion control based
on jog dial commands is depicted in Figure 1. The basic struc-
ture is very similar to that of the ship translational motion
control system suggested in [14].

In order for a ship to carry out a desired rotational motion,
for example, a rotation about an imaginary fore axis, two
thrust forces along two axes and a thrust moment about one
axis must be calculated for the given rotational command, un-
der the assumption that the described coordinate system is a
body-fixed coordinate system attached to the ship. Then, these

forces must be allocated to actuators installed on the ship. All
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motion variables necessary for control must be measured, fed
back, and used to generate a new control command until the
given rotational motion command is completely realized. The
integrated control system for rotational motion suggested in
Figure 1 contains all algorithms required to realize the given

rotational motion command.
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Figure 1: Functional diagram of an integrated control system

for ship rotational motion control based on jog dial command

The ship model adopted for the integrated control system is
assumed to be as shown in Figure 2, and has two translational
motions-one each in the x, axis (surge axis) and the y, axis
(sway axis), and one rotational motion, about the z, axis
(heave axis), under the body-fixed frame of reference:
0 — x,Yp%p. In this case, the origin is assumed to be located
at the center of gravity. The ship model is fully actuated to
generate all required motions without any constraints. There are
two controllable-pitch propellers (CPPs) for propulsion, and

two side thrusters in both the fore and aft ends for steering.

N(north) x, (surge)

4= .

: Fore side thrusters
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P:{d Aft side thrusters
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Figure 2: A fully actuated ship model considered
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In order to achieve the integrated control system shown in
Figure 1, the following algorithms are developed. First, it is
necessary to develop an algorithm that generates the rotational
command given by the operator, and defines the appropriate
motion variables corresponding to the command. Next, it is
necessary to develop an algorithm that calculates the reference
inputs corresponding to the motion variables.

Third, an algorithm to calculate the two required linear ac-
celerations and one angular acceleration is necessary, by com-
paring the current values of the ship motion variables with ref-
erence input values. Fourth, an algorithm to calculate the two
required thrust forces and one thrust moment is necessary, by
using the required accelerations calculated in the third stage.
Lastly, a thrust allocation algorithm is necessary to allocate the

required thrust forces and moment to the appropriate actuators.

3. Development of Necessary Algorithms

3.1 Rotation Command, motion variables, and

the corresponding reference inputs

3.1.1 Rotation about the axis through a fore center

Consider the rotation of the ship about an imaginary rotation
axis through an arbitrary point in the fore side. In order to ro-
tate the ship about this axis, only the two stern thrusters are
actuated. In this case, as the fore side point through which the
rotation axis passes cannot be fixed, the point moves with the
surge velocity and sway velocity in view of the body-fixed co-
ordinate frame. This rotational motion mechanism can be ex-
plained as the combination of the translational motion of the
center of gravity and the rotational motion about the axis pass-

ing through the center of gravity [16], as described in Figure 3.

Ly

f |fore

rotation about
fore center

rotation about =
gravity center

translation of +
gravity center

Figure 3: Description of rotational motion about the axis
passing through a fore center

Table 1 describes the variables and coordinates used in

Figure 3. Although only the aft side thrusters with 7, are ac-

tuated to rotate the ship about the imaginary axis passing
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through the fore center f, the ship not only moves with a lin-
ear velocity 1/ but also rotates about the axis passing through
the center of gravity. The rotation causes a tangential velocity

V. of the fore center f.

Table 1: Description of variables used in Figure 3

Variables| Descriptions | Variables Descriptions
Ty Surge coordinate Uy @, component of V}
Y Sway coordinate vy Y, component of 1,
% Velocity of , Angular velocity

gravity center about gravity center

Increment of yaw
angle

Resultant velocity
Vs of fore center [ A
Tangential
velocity of f
v about gravity T
center

Total thrust by aft
side thrusters

As a result, the fore center moves with a velocity V7,
where V} is the vector sum of u, and v;. u, is the x;, com-
ponent of the linear velocity V), and is equal to the z;, com-
ponent u of V, because the ship is a rigid body. The y, com-
ponent of V, that is v, is the vector sum of V and V] in
the direction of y,.

In order that the fore side center f be fixed, the instanta-
neous linear velocity 1, must be zero. This means that other

actuators, such as the CPPs and the fore side thrusters, must be

actuated as soon as V), occurs. From this point of view, the

motion variables for command generation and the correspond-

ing reference input values are defined in Table 2. x,. stands

for the distance from the center of gravity to the fore center.

Table 2: Motion variables and the command reference inputs
for rotation about the axis through fore center

This rotational motion mechanism can also be explained as
the combination of the translational motion of the center of
gravity and the rotational motion about the axis passing
through the center of gravity caused by the two fore side
thrusters, as described in Figure 4.

Table 3 describes the variables and coordinates used in
Figure 4. Although only the fore side thrusters with 77, are
actuated to rotate the ship about the imaginary axis passing
through the aft center f, the ship not only moves with a linear
velocity 1V but also rotates about the axis passing through the

center of gravity. The rotation causes a tangential velocity 1/

of the aft center s.

translation of +
oravity center

rotation about = rotation about
gravity center aft center

Figure 4: Description of rotational motion about the axis
passing through an aft center

Table 3: Description of variables used in Figure 4

Variables|  Descriptions | Variables Descriptions
Ty, Surge coordinate Uy x;, component of V
Y Sway coordinate vy y, component of V,
Velocity of ” Angular velocity

gravity center

Resultant velocity
of fore center s Ay

Tangential velocity]

about gravity center

Increment of yaw
angle

@

Total thrust by fore

(+ direction of r : CW)
¥,y © Reference yaw angle
1, : Initial yaw angle
Y 0c © Jog dial command
angle

lzjrpf ¢r(3f = 1/)0 + ¢JOG

3.1.2 Rotation about the axis through an aft center

Consider the rotation of the ship about an imaginary rota-
tion axis through an arbitrary point in the aft side. In order to
rotate the ship about this axis, at first, only the two fore
thrusters are actuated. In this case, as the aft side point
through which the rotation axis passes cannot be fixed, the

point moves with the surge velocity and the sway velocity.

Motion | Reference input : V. of s about gravity| 77, .

- tat f side thrusters
variables values Computation of V; center

Upes U =u;=0 Ur=1u

Vyor Vyep =0, =0 vy =T, T As a result, the fore center moves with a velocity V,

which is the vector sum of u, and v,. u, is the x; compo-

s

nent of the linear velocity V, and is equal to the x;, compo-

nent u of V, because the ship is a rigid body. The 1y, compo-
nent of V,, that is v, is the vector sum of V and V, in the
direction of y,.

In order that the aft side center s be fixed, the instanta-

neous linear velocity V, must be zero. This means that other

S
actuators, such as the CPPs and the aft side thrusters, must be
actuated as soon as V/, occurs. From this perspective, the mo-
tion variables for command generation and the corresponding

reference input values for rotation about the axis passing
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through the aft center are defined in Table 4. x_, represents

the distance from the center of gravity to the aft center.

Table 4: Motion variables and the command reference inputs
for rotation about the axis through aft center

Table 5: Description of variables used in Figure 5

Variables Description Variables
T, | Aft thruster force | 77

Description
Fore thruster force

Linear velocity of
v, gravity center by 7

Jr

Linear velocity of
gravity center by

fr

st
Angular velocity Angular velocity

Motion | Reference input C :
- omputation of V,
variables values P s
uraf ure/ —Uus = 0 Uy —U
o v, =vtxT,T
UT'ef UT'ef =V, = 0 N st

(+ direction of r : CW)

¥,y  Reference yaw angle
1, : Initial yaw angle
Y 0 ¢ Jog dial command

¢r(=f ¢r(3f = 1/)0 +¢JOG

r about gravity centery 1,  |about gravity center
st $ 5
axis by 77, axis by 77,
Linear velocity of Yaw angle
v . A X
gravity center increment
Total angular
; 2, component of V]
r velocity u
r=r,+r, measured
y, component of V] i )
v measured

angle

3.1.3 Rotation about the axis through a gravity center

Consider the rotation of the ship about an imaginary rota-
tion axis passing through the center of gravity. In order to ro-
tate the ship about this axis, the two fore thrusters and two aft
thrusters must be actuated simultaneously. In the case in which
the moment generated by the fore side thrusters is the same as
that of the aft side thrusters, the center of gravity does not
move, but behaves as if it were fixed.

This rotational motion mechanism can be explained as the
combination of the motions of the two cases already discussed.
Figure 5 demonstrates the rotational motion mechanism about
the rotation axis passing through the center of gravity.
Nevertheless, the linear velocity of the center of gravity may
not be equal to zero, because the thrust forces by the fore side
thrusters and the aft side thrusters are opposite, but their mag-
nitudes are slightly different from each other.

Table 5 describes variables used in Figure 5.

Table 6 represents the motion variables for command gen-
eration, as well as the corresponding reference input values,
for rotation about the axis passing through the center of grav-
ity, in order for the velocity of the center of gravity to be

zero by way of control.

rotation about +
fore center

rotation about
gravity center

rotation about =
aft center

Figure 5: Description of rotational motion about the axis
passing through a gravity center

Table 6: Motion variables and the command reference inputs
for rotation about the axis through gravity center

Motion | Reference input Descriptions
| variables values p
Uper Uy =u=0 Reference surge velocity
Uyt Vo =v=0 Reference sway velocity

¥,.; + Reference yaw angle
1, : Initial yaw angle
Y ;0c + Jog dial command

Yre f Yre ;= Yo ¢ 06

angle

3.2 Computation of required accelerations
The required linear accelerations in the directions of the

x, and y, axes, as well as the required angular acceleration
about the z, axis, are computed by comparing the reference

values with the current motion values measured at the ship at
each sampling time. Although accelerations vary con-
tinuously, it is possible to suppose that they are constant dur-
ing the chosen sampling interval. Under this assumption, al-
gorithms to compute the average accelerations are suggested.

At the current time n 7, it is supposed that the reference
velocity in the =, direction is given as u,,,, and the velocity
of the ship in the x; direction is measured as u(n). The
average linear acceleration in the z;, direction is computed by

Equation (1), where 7, is the sampling period:

s

When the reference velocity in the y, direction is given as
v, and the velocity of the ship in the y, direction is meas-
ured as v(n), the average linear acceleration in the y, direc-
tion is computed by Equation (2):

Vye f—v(n)

7 @)

El

v(n) =

From these equations, it is clear that the reference angular ve-

locity and the current angular velocity must be computed prior

Journal of the Korean Society of Marine Engineering, Vol. 40, No. 2, 2016. 2 123



Seong-Hwan Park - Jong-Hwa Kim

to computing the angular acceleration. They can be computed
using Equation (3) and (4), where ¢, is the given reference
yaw angle, ¢(n) is the current yaw angle measured at the ship,
Tre f(n) is the computed reference angular velocity, and r_(n)

is the computed current angular velocity about the z;, axis.

Tr(zf(n) — %%W (3)

s

_ ) —yp(n—1)
r(n) = 2L @

From Equation (3) and (4), the required average angular ac-

celeration 7(n) about the z, axis is computed by Equation (5):

o) =7, (n) .
S )

S

r(n) =

Equation (5) is used whenever ¢(n) is not equal to 1, at
the current sampling time n7,. Incidentally, if v (n) is equal

to ,.,, Equation (6) and (7) are used to compute r(n),

whether rs(n) is equal to zero or not.

r(n) =0, for r,(n)=0 (6)
4@):%, for .(n) =0 @

s

Figure 6 presents the flowchart of the algorithms for com-
puting the required average linear accelerations in the direction

of the z;, and y, axes, and for computing the required average

angular acceleration about the z, axis.

Command Input
Reference Values

g 2 Vrar s Crer

Measured Values of Motion
Variables from Ship

u(r), v (), (1)

X;,V, —axis
Average Accelerations
oy Yo = T e
== - — (1) — o
T, <"“\i$ )= j_f/r/,;?
v — () T
()= e Yes
T,
— “'\
No ,/'/-, \'\,
— —_ nm=0 =
\\-\‘\‘\ /’/,
Yes
A
z, — axis z, — axis z, —axis
Angular Angular Angular Acceleration
Acceleration Acceleration

Fgr (1) — 7, (70)

F(m) = =

Fn)=0 F(n) =

0—r(n)

Required Thrust
Computation Algorithm

Figure 6: Algorithms for computing the required linear ac-
celerations and angular acceleration

3.3 Computation of required thrust forces and thrust
moment

In order for a ship to acquire the motion commanded by the
operator, the required thrust forces in the direction of the z;
and y, axes, and the moment about the z, axis must be
computed. To do this, the rigid body dynamics for the ship it-
self, as well as the hydrodynamics of the water surrounding
the ship, must be considered. The rigid body dynamics of the
main elements to be considered include the inertial forces and
moments of the ship. Hydrodynamics from the motion of the
surrounding water includes additional inertial forces and mo-
ments, added damping forces and moments, restoring forces
and moments, etc.

In this paper, the ship motion under consideration is as-
sumed to be a low-speed steering motion, and is thus assumed
to be described by nonlinear three degrees-of-freedom differ-
ential equations in the surge, sway, and yaw directions.
Therefore, the following assumptions are made about the con-
trolled ship and its motion [2][8]:

(1) The considered ship is symmetric with reference to the
0—x,z, plane, and the origin of the body-fixed frame is at
the center of gravity.

(2) The ship exhibits planar motion in the o—zx,y, plane.
Thus, restoring forces and moments are neglected from the
viewpoint of hydrostatics. In addition, only the three axial mo-
tions in the surge, sway, and yaw directions are coupled.

(3) As the ship is under a low-speed steering motion, the sec-
ond-order nonlinear damping effects due to high-speed motion
are neglected.

Under the above assumptions, the equations of motion for the

ship are approximately represented as Equation (8) - (10) [14].

(m—X)u = (m—Y,)vr + X, ®)
(m—=Y)v = Yo+ (Y, —mu)r+ ¥;6 + Y, )
(L=N.)r = Nyo+Nr+Ns+ N, (10)

where m is the mass of the ship, Z is the moment of inertia

Z

about the 2, axis, —X;,— Y., and — /V, are the added masses

and moment, respectively, Y, Y, Y5, N, N, and /V; are the

v
hydrodynamic derivatives, X, Y, are thrust forces exerted
by the actuators, and NV, is the thrust moment exerted by the
actuators.

The reason for describing the equations of motion is to de-
rive recursive equations for computing the required thrust

forces and moment so that the control system may generate
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the rotation command. Therefore, Equation (8) - (10) are re-
arranged as the recursive Equation (11) - (13) about the thrust

forces and moment for X, Y, and /N, at sampling time

t=(n+1)7,.

Xo(n+1) = (m— X, lu(n) 1, (n)

S
—~

—

—
~

Yeo(n+1) =(m—Y)[v(n) —v,(n)] = ¥,v(n) (12)
=Y. —mun)]r(n)— Y;(S(n)

T

Ne(n+1) = (L = N.)[r(n) —r,(n)] = Nv(n) (13)

where u(n), v(n), and rs(n) are the current linear and an-
gular velocities, 0 (n) is the rudder angle at the current time
nT,, ﬁ(n), i}(n), and r(n) are the required linear and an-

gular accelerations that must be utilized at n7, in order to

satisfy the rotation command, and u,(n), v,(n), and 7, (n)
are the current linear and angular accelerations of the ship.
Therefore, the required thrust forces and moment at the next
sampling time ¢ = (n+1) 7, are obtained from Equation (11) -
(13) by using only the previously measured information about

the motion of the ship at the current sampling time ¢t =n7,.

3.4 Thrust allocation algorithm

In order to correctly allocate the required forces and mo-
ment to the actuators installed on the ship, appropriate and op-
timal allocation algorithms are suggested.

In this paper, the considered ship is assumed to be the fully
actuated ship shown in Figure 7.

Ly

AT

_4\ \\
i

h
i

Lira|  |xpy Ty,

YU

T
Tyso stl &Ly

e it

Figure 7: Fully actuated ship and installed actuator posi-

tions considered in this paper

Information about the actuator positions installed on the ship

shown in Figure 7 is given in Table 7.

Table 7: Description of installed positions of actuators

Positions Descriptions Positions Descriptions
Perpendicular Distance from CG to
Y | distance from x| xp, R TGde thrusters 2
to CPP 1
Perpendicular Average distance
Y,y | distance from z, | z, |from CG to aft side
to CPP2 thrusters

Average distance
z, | from CG to fore | myy
side thrusters

Distance from CG to
aft side thruster 1

Distance from CG
T g to fore side T
thruster 1

Distance from CG to
aft side thruster 2

3.4.1 Allocation algorithm for rotation about the axis
through the fore center

The premise conditions and assumptions for allocating the
required thrust forces and moments to specific thrusters, so as
to accomplish the commanded rotation about the fore center
axis, are as follows:
(1) The required thrust force Y (n+1) that is computed to
force the linear velocity v, to be equal to zero is allocated to the
fore side thrusters and the aft side thrusters at the same time.
(2) The required thrust force X (n+1) that is computed to
cause the linear velocity u, to be equal to zero is allocated

only to the CPPs.
(3) Although the required thrust moment N,(n+1) about the

z, axis is allocated to the aft side thrusters, it contains the
moment generated by the fore side thrusters to produce a v,

equal to zero.
Under the above assumptions, all the thrust forces of the ac-
tuators are computed by Equation (14) - (19):

T, (n+1) = %XC(nJrl) (14)
T,p(n+1) = %XC(nJrl) (15)
T (n+1):(xfr_—zf“’)y(n+1) (16)
frl (Tpy —py)

T (n+1):—MY(n+l) a7
2 (Ifrl_zfﬂ) ¢

Tn+1)=a,Y(n+1)+a,N(n+1) (18)
To(n+1)=b,Va(n+1)+b,No(n+1) (19)

The coefficients a,, a,, b, and b, are calculated as follows:
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(xstQ _xsz)

Lt (xstl - xstQ)

a = Lpr (‘TstZ_'Tst) P
! Tt (xstl ) ) T
(xsf,l - xst)

Tt (Isﬂ - IstQ)

_ fEfr(Im - zst)

! Ist(zstl 7‘Z‘st2)

7b2:

3.4.2 Allocation algorithm for rotation about the axis
through the aft center

The premise conditions and assumptions for allocating the
required thrust forces and moments to specific thrusters, so as
to accomplish the commanded rotation about the aft center ax-
is, are as follows:
(1) The required thrust force Y (n+1) that is computed to

force the linear velocity v, to be equal to zero is allocated to the

fore side thrusters and the aft side thrusters at the same time.
(2) The required thrust force X(n+1) that is computed to

cause the linear velocity u, to be equal to zero is allocated

only to the CPPs.
(3) Although the required thrust moment N,(n+1) about the

z;, axis is allocated to the fore side thrusters, it contains the
moment generated by the aft side thrusters to produce a v,

equal to zero.
Under the above assumptions, all the thrust forces of the ac-
tuators are computed by Equation (20) - (25):

1
T, (n+1) = EXC(n-i—l) (20)
T +1)—1X( +1) 21
cpp2 n - 2 o\ ( )
Ty (n+1)=c,Ye(n+1)+eNo(n+1) (22)
Tpy(n+1) =d, Ypo(n+1) +dy No(n+1) (23)
T -
T, (n+1) =2y (n+1) (4)
Istl _'rsﬂ
x —X
T(nt+1) =2y (n+1) (25)
L1 — Lspo

The coefficients ¢, ¢y, d;, and d, are calculated as follows:

(@ —23,)

f”bo(%l 7zb02)

o = ) o =
! 371;0(%01*%02)’ ’
(‘Z‘bolixbo)

xbo(xbm 7xb02)

_ @ (231 — 4, _
o )
Lpo\Tpo1 — Tpop

3.4.3 Allocation algorithm for rotation about the axis
through the gravity center

The premise conditions and assumptions for allocating the

required thrust forces and moments to specific thrusters, so as
to accomplish the commanded rotation about the axis passing
through the center of gravity, are as follows:
(1) The required thrust moment N.(n+1) that is computed
to rotate the ship about the axis passing through the axis
through the center of gravity, is allocated to the fore side
thrusters and the aft side thrusters in the manner in which the
coupled moments occur.
(2) The required thrust force X(n+1) that is computed to
force the linear velocity u to be equal to zero is allocated on-
ly to the CPPs.
(3) The required thrust force Y, (n+1) that is computed to
cause the linear velocity v to be equal to zero is allocated to
the fore side thrusters and the aft side thrusters.

Under the above assumptions, all the allocated thrust forces

of the actuators are computed by Equation (26) - (31).

T, (n+1) Z%Xc(n+l) (26)
T, (n+1) :éXC(n—H) 27
Ty (n+1)=e, Yo(n+1)+e,No(n+1) (28)
Tpy(n+1) =g, Yo(n+1)+g,Npo(n+1) (29)
Ty (n+1) =h, Yo(n+1) +hyNo(n+1) (30)
Ton+1) =k Yon+1) +k,No(n+1) (31

The coefficients ey, ey, g1, g5 Rys hos ky, and k, are cal-

culated as follows:

(_ xf'r + J:frZ) L

€=
(_ xfr xfr? + xst‘Z’fTZ + xfrl xfr - xfrl ‘Tst)
P _‘Tfr +xf’r2
5=
(_ xf’r xf'r? + Lot ‘TfrZ + xf'rl xf'r - xfrl xst)
(2, —xz,)x
_ frl fr st
g1 =

(_ xf’r J"f’r? + xst'pfr? + xfrl xfr - J"f’rl J"st)

g, = mfrl B xfr
g =
(_ J"f’r xf’r? + L xf7'2 + wf’rl J:f'r - xfrl xst)
zfr (7xst2 +xst )
h, =

L1 xf'r T L1 Tt T Lsro ‘Tfr + L2 L st

Tsto ™ Tt

L1 zfr T LTt T x512$fr + Lo st
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xfr (_J"stl +$st )

Lst1 ‘Tfr T X1 Tst T Tspo ‘Tfr + Lot

T + Lt
ky, =

xstler T Tl xsf,?‘rfr + LstaLst

4. Simulations and analysis of results

4.1 Specifications of the ship and hydrodynamic
derivatives

Several simulations were conducted to verify the effective-
ness of the suggested algorithms for the three rotational mo-
tions of the ship. The controlled ship model is of the SR-108
container ship [8], which has two side thrusters each at the
fore and aft sides, two CPPs, and one rudder. Its specifications
are given in Table 8, and the hydrodynamic derivatives used
in Equation (11) - (13) are specified in Table 9.

Table 8: Principal dimensions of the controlled ship
Hull

Length over all Loy (m) 188.0
Breadth B(m) 25.4
Depth D (m) 15.4
Draft d (m) 8.5

Trim 7 (m) 1.0

Block coefficient Cy 0.559

Prismatic coefficient G, 0.58

Table 9: Hydrodynamic derivatives calculated from the di-
mensions of the controlled ship

Derivatives Values Derivatives Values
m 220940 Y, 1202800 < VV
I 422892968 Y; —5882 < 1/?
X, 11047 N, — 1207400 < V*
Y, 1767356 N, —106110000 X V/
N, 39482.1 N; 510730 < V*
Y, —22332x V2 - -

The purpose of this paper is to verify the feasibility of the
controlled ship attaining the commanded rotational motion
when the suggested algorithms are applied. In this paper,
therefore, the actuator dynamic models were neglected, and all
actuators immediately and accurately took on the required
thrusts. Moreover, the rudder was assumed to be an additional
fixed structure, whose action was neglected because the rota-

tional motion was a low-speed steering motion.

4.2 Simulations for performance verification
To verify the control performance for rotational motion of

the ship, a simulation model was composed based on the

Journal of the Korean Society of Marine Engineering, Vol.

MATLAB Simulink software as shown in Figure 8.

Figure 8: Simulation model for rotational motion of the ship
designed using MATLAB Simulink

In Figure 8, a number of MATLAB functions are shown,
such as a function to identify the rotational command given by
the operator, a function to generate the rotational command, a
function to generate reference inputs, a function to compute
the required accelerations, a function to compute the required
thrust forces and moment, a function to allocate the thrusts to
the actuators, a function to define the ship model, a function
to choose the rudder angular position, etc. Detailed ex-
planations of such functions are abbreviated here, but are fully

explained in [13].

4.2.1 Rotation about the axis through the fore center

In order to investigate the behavior of the ship under a rota-
tion command about the axis passing through the fore center,
two simulations were carried out by using the simulation pro-
gram developed in this paper, based on MATLAB’s Simulink.

The first simulation was performed to investigate whether the
fore center would move or not, by driving only the aft side thrust-
ers with thrust force 77,. The initial yaw angle was 1 (0) = 0[],
and the command rotation angle was ¢, ., =135 [°].

Figure 9 shows the simulation result of the behavior of the
ship. The unit of distance on the horizontal and vertical axes
was the meter (m). From the figure, it was known that the
fore center (denoted by the red line) moved with linear veloc-
ities u, and v,. As a result, the axis passing through the fore
center cannot play the role of a fixed hinge point.

The resultant motion shown in Figure 9 was explained
by investigating the motion variables that occurred for the
ship during the simulation. Figure 10 demonstrates the mo-

tion variables at time n7, that is, uf(n),vf(n),r(n),

and ¥(n).
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Figure 9: Result of rotational motion in case that only
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Figure 10: Motion variables corresponding to Figure 9

From Figure 10, it was seen that the velocities u f(n) and v f(n)

of the fore center occurred in spite of the rotational command being

for the rotation about the axis passing through the fore center.

In order to solve the problem resulting from the first simu-

lation, the integrated control algorithm suggested in this paper

was applied to accomplish the rotation about the axis passing

through the fore center, in the second simulation. The simu-

lation conditions were the same as for the first simulation.

Figure 11 presents the behavior of the ship for the second

simulation, and Figure 12 displays the ship motion variables

that occurred in the ship.

It can be seen from Figure 11 that the fore center did not

move, but acted as if it were a fixed point. Furthermore, it is

seen from Figure 12 that the velocities uf(n) and vf(n)

were equal to zero. Therefore, the effectiveness of the sug-

gested control algorithm was proven.

It is important to note that the actuator dynamic models,

such as those for the CPPs and the side thrusters, were not

considered. From this point of view, the simulation results and

the effectiveness of the suggested control algorithm must be

analyzed in a qualitative manner.
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Figure 11: Result of rotational motion in case that the sug-

gested control algorithm is applied
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Figure 12: Motion variables corresponding to Figure 11

4.2.2 Rotation about the axis through the aft center

In order to investigate the behavior of the ship under a rota-

tion command about the axis passing through the aft center,

another simulation was performed. The initial yaw angle was

¥(0)=0

[°];

and

the

command

rotation angle was

¥,y =270 [°]. The simulation result referred only to the be-

havior of the ship for the purpose of proving the possibility of

qualitative control, as shown in Figure 13.

400

200+

300 1 L L

-400 -300 -200 -100 0O
Figure 13: Result of rotational motion about the axis
through the gravity center
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As was the case for the rotation about the axis through the
fore center, the velocities us(n) and vs(n) of the aft center
were seen to be equal to zero. This means that the aft center
could be considered as an imaginary fixed point.

Therefore, it was convincingly shown that the suggested al-

gorithms for the integrated control system operated well.

4.2.3 Rotation about the axis through the gravity center

In order to investigate the behavior of the ship under a rota-
tion command about the axis passing through the center of
gravity, another simulation was effected. The initial yaw angle
was 1(0) =0 [°], and the command rotation angle was
Vrer =90 [°]. The simulation result referred only to the be-
havior of the ship to prove the qualitative possibility of the
suggested algorithms. The simulation result, shown in Figure
14, portrayed the behavior of the ship corresponding to the

center of gravity rotational command.

50

W ® @ 0 % W M
Figure 13: Result of rotational motion about the axis
through the gravity center

As for the two cases described previously, the velocities
u,(n) and v,(n) of the center of gravity were observed to
be equal to zero. This means that the center of gravity could
be considered as an imaginary fixed point. Therefore, it was
confirmed that the suggested algorithms for the rotation about
the axis passing through the center of gravity were qual-

itatively well suited.

5. Conclusions

In this paper, an integrated control system was suggested
for the rotational motion control of a ship under a low-speed
steering motion. The controlled ship was assumed to be fully
actuated in order for the ship to accomplish three specific
types of rotational motion without any constraints. The sug-
gested control system was composed of several algorithms,

such as an algorithm to generate rotational commands, an al-

gorithm to define motion variables, an algorithm to generate
reference input values, an algorithm to compute the required
linear and angular accelerations, an algorithm to compute the
required thrust forces and moment, and an algorithm to allo-
cate thrust forces and moment to actuators.

In order to verify the effectiveness of several of the sug-
gested algorithms, various simulations were performed based
on a simulation program developed using MATLAB. By
means of the simulation results, the integrated control algo-
rithm, including several individual algorithms, was assured of

being qualitatively effective.
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