Research on six-degree-of-freedom motion modeling
and simulation of single point moored ship

Yuanhui Wang

Dept. of Automation
Harbin Engineering University
Harbin, China
wangyuanhui@hrbeu.edu.cn

Abstract—According to the kinematics and dynamics, the
moored ship maneuvering motion equation with the six degree of
freedom (DOF) is derived and established based on the idea of
the MMG (Manoeuvring Model Group). The hydrodynamic
added mass, potential damping due to wave radiation and viscous
damping are mainly considered. The mathematical model of
single point mooring system is established based on the catenary
theory. Marine environmental disturbance model are established
which includes the wind, wave and current. According to the
simulation analysis of moored ship, the curves of ship motion
trajectory and the mooring line tension are obtained. The
simulation result is satisfying. It is helpful for the further
research on moored ships, FPSO and permanent platforms.
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I. INTRODUCTION

Position mooring system is one of the most important
positioning system. Position mooring system (PM) have proved
to be a cost-effective alternative. In the oceanic engineering
area, the research on motion of the moored ship is meaningful.
And at the same time, the choice of anchor chain is decided by
the maximum of anchor chain forces to ensure the safety of
moored ship. So it is necessary to simulate and analyze the
moored ship’s motion and anchor chain force.

This paper does some research on the six DOF motion of
the moored ship[1]. According to the kinematics and dynamics,
the moored ship maneuvering motion equation with the six
DOF is derived and established. The six DOF motion of the
moored ship and mooring line tension are obtained. The
maximum value of the mooring line tension can be used as the
reference of the anchor chain security[2,3].

II.  MATHEMATICAL MODEL OF MOORED SHIP
Two different reference frames are used in position
mooring, the earth-fixed reference frame X,.Y,Z, and the
body-fixed reference frame X,),z, shown in Fig. 1. For

convenience, the body frame is often chosen at the vessel’s
center of gravity.
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Fig. 1. Reference frame

Dynamics and kinematics equation of six DOF vessel is
described as follows[4].

MV +Cpy(V)V =7, +7,+7,
n=J(mv
Where: 7, is vector of weather disturbance force. 7, is a

vector of hydrodynamic force. 7, is a vector of generalized

mooring forces. The body-fixed surge, sway, heave, roll, pitch
and yaw velocities are defined by the vector

v =[u,v,w,p,q,r]" . The carth-fixed ship position and
attitude are defined by the vector 77 =[x, y,z,0,0,w]" .

J(1n) is rotation matrix. M ., is ship inertia matrix.

My, =
[ m 0 0 0 mz, —my, 1
0 -mz, 0 mx,
0 0 m my, —mx, 0
0 -mz, my, I -1, -1,
mz 0 -mx, -1, I, -1,
-my, mx, 0 -1, -1, I

This is a DRAFT. As such it may not be cited in other works.
The citable Proceedings of the Conference will be published in
IEEE Xplore shortly after the conclusion of the conference.



Crs (V) is Coriolis and centripetal force matrix.

Crs (V)=
0 0 0
0 0 0
0 0 0
“m(yq+2,7)  m(y,p+w) m(y,p+w)
m(x,g—w)  —m(zr+x,p) —m(z,r+x,p)
m(xr+v) m(y,r—u)  —m(x,p+y,q)
m(ygp+zgr) —m(ygp—w) —m(xgr+v)
—m(y,p+w) m(z,r +x,p) —m(y r—u)
—m(z,p—v) —m(z,q+u) m(x,p+y,q)
0 =1, q-1_p+1r 1):r+14wp—1vq
I.q+1.p=Lr 0 —lr=I,q+1.p
-1 r=I,p+lqg I.r+l g-1p 0

A.  Ship hydrodynamics

The research of rigid-body hydrodynamic force and
moment is very important to establish ship model. The
hydrodynamic added mass, potential damping due to wave
radiation and viscous damping are mainly considered.

Hydrodynamic forces and moments are as follows[5,6]:
X, =—Au+A,vr+X,
Y, =-A,v-Aur+Y,
y=—AW—Z w—2.G-2,q-2,0-7 z
K, =-A,p-2L,p—A-GM sinp-Y, -z,
M, =- 55cj—qu—MHH—MWW—MWW
N, =-A/+N,

The model to estimate the viscous hydrodynamic forces
and moments[6] is used in this paper:
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B.  Mathematical model of the mooring system

As shown in Fig. 2, the vessel is constrained by the anchor
chain tension T. Mooring line tension T can be separated into
two parts, the horizontal tension Ty and vertical tension Ty.
The horizontal tension affects of the rigid-body surge, sway
and yaw motion. And the vertical tension affects the rigid-body
heave and pitch motion.

According to the catenary theory, the model that Shoji
Kuniaki derived in [7] is employed to calculate the horizontal
tension. When the horizontal tension and vertical tension of
anchor chain are obtained, the forces and moments acting on
the rigid-body can be derived.
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Fig. 2. Anchors and anchor chain force diagram

The equation of the mooring line horizontal tension acting
on the rigid-body is as follows.

T, + EA(5—2x/5)T,," +(EA)’ [10-8x/s+(x/s)’ |
XT,,* +(EA)’[10-12x/s +3(x/s)* |T,’
+(EA)" (1-x/s)[5-3x/s]T,’

+(EAY (1-x/5)*T,, —2Z* (EA)’ /95> =0
The vertical tension of mooring line acting on the rigid-
body is as follows.

207T,
1+T, | EA

Where, T,,,T, denote the level tension of the anchor

vV

chain, and the vertical tension, E is the chain’s elastic modulus,
A is the cross-sectional area of the anchor chain, Z is the height
between hawse and the seabed, s is the length of anchor chain,
x is the horizontal distance between hawse and anchor position,
@ 1is the weight per unit length in water of anchor chain.

The model of the forces and moments acting on the rigid-
body is as follows:

X, =T, cos(y—6y)
Y, =T, sin(y—6,)
ZT:TV

N, =Y, xI

Where, HR is the azimuth angle of the anchor chain, and /

is the horizontal distance from the center of gravity of the hull
to the hawse.

C. Environmental forces and moments

It is inevitably that the movement of moored ship on the sea
is affected by the marine environment. Marine environmental
disturbance include the wind, wave and current. In this paper,
the wind and waves are mainly considered.



D. Environmental forces and moments

It is inevitably that the movement of moored ship on the sea
is affected by the marine environment. Marine environmental
disturbance include the wind, wave and current. In this paper,
the wind and waves are mainly considered.

1) Mathematical model of wind: Tt assumes the role of
wind as a constant wind. Acting on the hull, the wind forces
and moments model are as follows[8].

X g =0.5p,4,U,°C,. ()
Yina =05p,4U,°C,, ()
Noia =0.50,4,L,, U, °C,,, (%)
K=Y H.,

Where, p, is air density; L, is the total length of the
vessel; A e AS are the wind area front and the wind area side;

O, is the relative angle; H,,, is relative height.

2)  Mathematical model of wave: The wave disturbance
force is the most complex kind of disturbing force. The
modified Pierson-Moskowitz spectrum which is recommended
in 12th ITTC is used in this paper. First and second order wave
forces are all considered.

The wave spectrum is as follows.

S(@) = 2 exp(-2
CO [0

173h

P Y P!

1, ¢ 1, ¢
wave height, and Tl is the peak period.

Where, , hy is significant
3

Irregular waves can be seen as the superposition of regular
waves.

£(t) —11chos kx—wt+&)\2008 (@)

n—oo
Where, S (@) is wave power spectrum; £; is random

phase; k; is wave number; A@ is the difference between two
adjacent frequency.

a) First-order wave force model.:

The shape of the vessel itself is complicated, in the
calculation of the forces caused by wave, and the vessel can be
simplified to cuboid. And ignore smaller force, we can acquire
irregular wave mathematical model of interference forces and
moments on the hull as follows[9,10]

2 2 :
w,”L cos . @ Bsin
in— zsm ! X

2g 2g

n 3 _o” 2 2 .
KFZj"’;gEi le ¢ Sinw‘LCOSZsinw‘Bsml
= W cosy 2g 2g

2
“in [a,i_m],_ ,
g
" 3 _old 2
Z,=- 4,4ng,.[1-e s ]SinthCOSZ
~ " sin ycos y 2g

2 . 2

sin & Bsm;{cos[[a}‘ o, Vcos;(]t_et}
2g g

p 3 ol 2 2p
L, = zifpg E,[1-e ¢ §sin @ Leosy sin & Bsiny

im @ Cosy 2g 2g

2 n 2 ,ﬂ
sin([a)i—a)’l/msljt—sljzb—z%mEl[l-e : ]
g = @ cosy

2 2
sin[w’ Lcos;{JSin [w, o, Vcos,{}_gl]
2g g

2 p s
20%sin (a) Bsm;() Bgcosw’Bsmz
o sin’ y - ] sin y
52 ~od ®’Bsin
M, Z pg E,|l-e ¢ sin 2SN
= w’siny 2g

2
sin[(w,.-‘”“”fjt-g,j
g

oL cos;() o,

2g7sin( Lg cosﬂ

4 2 2
W cos” y w,”cos ¥

! - 2g

i

2
COS[[@_WCOSJK}_EJ
g

, *Leosy

0 2 G 2p
N,:—ZZ’O% El[l-e 8 Jsinw’Bsmz

®’Bcos y
2g
w’cosy

2g”sin( ) Lgcos

®'cos’ y

Where, Y is relative wave direction angle; z, is the
vertical distance from the hull load waterline to the center of
gravity; El. is amplitude of each discrete wave calculated as
follows.

E = 2008, (@)

b) Second-order wave force model.:

Wave drift force will change the course and track of the
vessel, especially has effect on the movement of the vessel's
position. Irregular wave drift force also can be seen as the



superposition of regular waves of various frequencies. The
mathematical model is described as follows.

X, :ngcos;(iCde(ﬂi)-S(a)i)-Aa)

i=1

Y., :ngSinZZn:CYwd (4)-S(@) Aw

=1
N,,=pgl’ SinZzCNwd (4)-S(@) Aw
i=1
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Where, ﬂl = ! ;
g

Cri>Crua>Crng are empirical

coefficient.

III. SIMULATION

The particulars of anchor chain are given in Table I, and the
moored ship parameters are given in Table I1.

TABLE L PARTICULARS OF ANCHOR CHAIN
Designation Unit Quantity
Speke anchor - -
Water depth m 100.0
Anchor chain length m 220
Anchor weight in water ton 6
Dry weight of chain Kg/m 100
Diameter cm 9.33
E-A kg 107
TABLE II. MAIN PARAMETERS OF MOORED SHIP
Designation Symbol | Unit | Quantity
Length LOA m 210.0
Breadth B m 26.2
Displacement A ton 18800
Draft T m 6.65
Center of gravity KG m 10.56
Block coefficient Cb - 0.86
Wind area front Af m’ 3001.5
Wind area side Ab m’ 700.4

Computer simulation are performed with wind direction;
wave direction is 0 degree; wind speed is 10.3 m/s; the
significant wave height is 1.5m; period of wave is 6.8s.
According to the simulation analysis of moored ship, the
curves of ship motion trajectory and the mooring line tension
are obtained.

From the curves of Fig. 3, the trajectory of the ship in the
disturbance of wind, wave and current is eventually stabilized
ata " " shape in the case of position mooring. The yaw angle

changes cyclically in the range of ¥30°. The 6DOF motion of
the moored ship are obtained.

As shown in Fig. 4 - Fig. 6, the moored ship will produce
obvious pitch and heave motion with the disturbance of marine
environment.
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Fig. 3. The trajectory and yaw angle of the mooring ship
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