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Abstract. Ship maneuvering simulation is an important tool to predict the kinetic
and kinematic properties of a vessel. It can estimate the manoeuvrability of
a vessel in advance to optimize the ship design and avoid possible problems.
Environmental effects including wind, wave, current are very important
disturbances from the nature, which can have great influence on the vessel.
However, it is rather difficult to evaluate their influence currently. In this work, the
wind, wave and current effects are implemented into the ship maneuvering model.
Some typical results are demonstrated for verification. This tool is promising for
engineering applications in ship design.
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1. Introduction

With the increase of maritime transportation, the prediction of ships maneuverability
especially under the environmental influences, such as wind, wave, current, etc.,
becomes a vital concern for maritime and coastal navigation control systems. Since the
maneuverability ensures the ability of ship performance for safe navigation. The
prediction of ship maneuvering becomes an important factor in ship engineering
problems. It is important to evaluate the ship maneuverability in the design stage.
Sarioz [1] presented the results of a real-time ship maneuvering simulation study
examining the maneuvering performance of large tankers in the Bosphorus Strait.
Vantorre [2]has provided a literature review on the ship-bank interaction with emphasis
on experimental data and empirical formulas. Debaillon et al.[3] ont proposé un
systéme de modélisation de squat d’un navire qui couple un modéle hydrodynamique et
un modele structurel. Sutulo[4]presented a frontier integral equation method applied for
the calculation of inertia and damping characteristics of ship sections for multi-stage
cases and inclined depths.

In this work, the wind, wave and current effects are implemented into the ship
maneuvering model. Some typical results are demonstrated for verification. This tool is
promising for engineering applications in ship design.
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2. Mathematical Formulations
2.1. Mathematical Formulations

By applying the rigid body assumptions, the motion equations of ship can be written as
[5-8]

MRB‘}+CRBV =Tgp (D

where Mg is the mass matrix. v is the velocity vector. Crp is the Coriolis and
centripetal matrix. 7,, is the vector induced by external forces and moments. As seen
in figure 1, ¥ and Ve denote the direction of ship and environmental effect (wind,

current, wave, etc.), i the ship yaw angle and fe the angle of environmental forces in
the global system. In the body-fixed coordinate,

X

(o] y

Figure 1. Coordinate frame.

The matrices of a 3DOF (degrees of freedom) model can be written as:

m 0 -my, 0 0 —m(xgr+v)
M= 0 m  mx Cy = 0 0 -m(ygr—u)| (2)
-my, mx, I m(xgr+v) m(y;r—u) 0
v=[u v r]T T =[X Y N]T 3)

where m is the mass of ship. xg and y¢ are the position of the center of gravity. I, is the
moment of inertia around z axis. u, v and r are the linear and angular velocities. X, ¥,
and N are the forces and moment on the vessel. The dimensionless forms of X, Y, and N
are written as

X Y N

X'=— Y'=— N'=—— 4)
mg mg mgL
Therefore, the reduced maneuvering equations are

u—vr=gX" v+ur=gY" (Lk;)2 i+ Lx ur = gLN" Q)

P 1. . . . . . .
where £, =% ~ is the non-dimensional form of the radius of the turning. x,. = L™'x,, .
m

The force and moment components on the ship X", Y", N" include the hydrodynamic
forces in calm water as well as various environmental ones due to wind, waves,
currents, etc. There are two kinds of manner to express them, one is introduced by Prof.
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Abkowitz from MIT and the other one by the Mathematical Modeling Group (MMG)
from Japan. The MMG model considers the ship system based on hull, rudder and
propeller respectively. In this study, rather than the detailed interactions between the
three parts, we focus on the whole ship. So here the Abkowitz model is a better choice.
The hydrodynamic forces and moment can be written as [9-11]

X,;;,d = X}','yd(u,v,r,d,v,f,T,gg,c, o)

Yh'y'd = Y};d(u,v,r,d,\’/,f,T,f,c, o) (6)

N;yd = N,:yd(u,v,r,l'l,ﬁ,f,T,cf,C,5)

where T is the thrust of the propeller. ¢ is the flow velocity near the rudder. ¢ is the
term caused by shallow water. ¢ is the rudder angle.

In this study, the Esso Bernicia 190,000dwt tanker is used, whose expanded
hydrodynamic forces and moment can be shown as:

8Yha = Yo+ 1Y, uv+ 1 Y v+ LY"[‘imlclu‘)+ Y,ur

LY g el BIBIO) + YygT"

Yl',"fmf+ I mfm{-’-f- Y, \E-!- Y”M|\|1E

+E \t'\(‘lﬁ'llﬂtf\f |L| c wlﬁ |()| "‘c (7)
LNﬂ‘d = L*N'i+ N uv + LNy, Wr+ Njslcl cd + LN, ur

+N) g lcl € 1B B16] + NygT"

+LN, uré + L’ N i€+ N, uvé + LN"\"],_E |v| ré

+N gl BIBIOLE ©

where the first two lines are deep water effect and the last two lines the confinement

effect. X 1D GHNING AN AN N;/’N;;""’]\/vlzlc\ﬂ\ﬂ\\lf are the hydrodynamic derivatives

in [5], td the thrust deduction coefficient. S =v/u.E=T,/(h-T,), where h is the
water depth. Tyis the draught of the ship.

2.2. Environmental Effects

According to Eq.l, environmental forces and moments can be incorporated into the
term 7,, as follows [12-16]:

+7 +7

TRB = Thyd + Ts + Twind current wave (9)

where Tiyq is the hydrodynamic term, # the term of ship-to-ship interaction, 7

wind

T and 7, are the environmental terms, including wind, current and wave effect

current wave

in this study.
2.2.1. Wind Effect

To correspond with the real situation, an experimental and statistical algorithm of
the Oil Companies International Marine Forum (OCIMF) is utilized during the
simulation. The OCIMF model is considered to be one of the better suitable methods
for very large crude carriers (VLCC, vessels in the 150,000-500,000 dwt range). So, it
is appropriate to be utilized for the Esso Bernicia 190,000dwt tanker of this work.
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The wind forces and moment of this model can be expressed as:

X, =C, Loy 4 c, Loy 4 N o=C, Py og4p

wind — X, wind 76 Nnd T twind = Y wind 76 ind wind = YN, wind 76 i
(10)

where the curves of coefficients Cx wind, Cv.wind, CN,wind are presented in [5]. pa is the
local air density, 4;, and A the lateral and transverse projected area, L the overall ship
length. 45 in figurel, the angle of attack of the wind y,, , =¥ — B« —7 , Where v is

the ship yaw angle. S, , is the angle of the wind in the global coordinate. The relative

velocities can be written

=u-V,

U wind Cos(ﬁwind - ‘/’) Vywina =V Vina Sin(ﬂwind - V/) (11)

rowind

2.2.2. Current Effect

Ocean currents can be formed by gravity, wind friction, heat exchange at sea surface,
variation of water density, etc., both horizontally and vertically. For a 3DOF system,
only the horizontal component is considered. In some areas, the current speed can reach
2-3m/s or more. The velocity field of ocean current is very close to homogeneous.
Thereby uniform current is assumed for simplicity in this work. Like the wind effect
(figure 1), the relative velocities of current can be expressed as:

ur‘currem =u- chrrent cos (ﬂcurrent - (//) vr,currenl =v- I/current sin (ﬁcurrent - W) (12)

2.2.3. Wave Effect

Waves on the ocean surface can be generated by many kinds of disturbances, such as
wind, gravity, etc. They have a certain amount of randomness differing in height,
duration and shape. Many approximations, including linear, 2nd-order and higher-order
models, have been proposed by researchers [7]. When coming to the maneuvering
problem, 2nd-order theory is usually sufficient to describe the response of most marine
vehicles in the sea. The 'order' is expressed in the wave elevation &(x, t) by applying
Stoke's expansion to second order.

N N
$(x,0) =24, cos(w,t—kx+¢,)+ Z%Af cos2(w,t—kx+4,)+ O(Af) (13)
i=1 i=1
Then the wave slopes for wave component i can be calculated
dg(x,1)
X

560 =02 = Ak sin (w,t —kx+4,)+ A’ sin2(w,t —kx+¢)+0(4) (14)

3t
3

Figure 2. Wave spectrum with one peak.
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where the wave number k=wi*/g. @; is a random phase angle, which is uniformly
distributed (figure 2). It is constant with time [0,2n]. The encounter frequency

w,, =w, —Ucos B,,..w, / g with U the total speed of ship, g the gravity acceleration
and S

frequency of the spectral density function S(s). As in figure 3, we only consider the
wave spectra with one peak frequency. S(w) is divided into N intervals with length 4.

The wave amplitude 4, =,/2S (w,. )Aa) . The wave spectra normally used are Neumann

spectrum, Bretschneider spectrum, Pierson-Moskowitz (PM) spectrum, Torsethaugen
spectrum, JONSWAP spectrum, etc. Among them, the JONSWAP spectrum is under
the assumption of finite water depth and limited fetch, which make it suitable for the
confinement problem. The modified PM spectrum is adopted here to consider a fully
developed sea with large depth, no swell and unlimited fetch.

The wave forces and moment can be written

N N
Xwave (x’ Z) = ZprLT cos ﬁwavesi (Z) Ywave (x7 Z) == ZprLT Sin ﬂwavesi (Z)
i=1 i=l

ave

the angle between ship heading and wave direction. w, is a random

N, (x,0)= i}i pgBL(L’ - B)sin2,,..s; (1) (15)
Table 1. Hydrodynamic coefficients of the Esso Bernicia 190, 000awt tanker
No. | Coefficient | Value | No. | Coefficient | Value

1 X/ -0.0500 | 18 e -1.5000
2 X, 1.0200 | 19 N, -0.1200
3 Y, -1.0200 | 20 Y 0.1761

4 Vs -2.1600 | 21 Y. 0.0000
5 Y 0.0400 | 22 N, |-02823
6 N, -0.0240 | 23 Xp 0.1684
7 N/ 20.0728 | 24 Naes | -0.0805
8 Y, -2.4000 | 25 Xges | 0.0125

9 N, 03000 | 26 | Nioups | 0.6880
10 X0, 0.3000 | 27 | Ylppe: | -0.1910
11 Y, 12050 | 28 | Nogsye | 03440
12 N, -0.4510 | 29 Y, 0.2480
13 Xige -0.0500 | 30 N -0.2105
14 Y;. -0.3780 | 31 X | 200377
15 Y,. 0.1598 | 32 N, -0.0045
16 N,. -0.0416 | 33 X -0.0073
17 X, 0.3780 | 34 X.ss | -0.1000
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3. Results and Discussions

The maneuvering equations are first tested to validate the feasibility and their accuracy.
For the hydrodynamic coefficients, instead of the original ones, here we adopt the
optimized ones from [5] to reduce the error of simulation.

3.1. Turning Circle Test

Normally the turning circle maneuver, zigzag maneuver, spiral maneuver, etc. are
always conducted to evaluate the controllability and maneuverability of the vessel. In
this study, the turning circle maneuver is first carried out for validation. The
hydrodynamic coefficients can be found in table 1. Figure 3 is the comparison of
calculated and experimental trajectories. The simulation results are close to that of
experiments. The difference between the two is smaller than 10m. The surge velocity
and yaw angle (figure 3) also agree with the experimental results.

simulation
©  experiments

u(m/s)

simulation
0 200 400 600 800 1000

O  experiments t(s)

simulation
© experiments

0 200 400 800 800 0 200 400 600 800 1000
x(m) i(s)

Figure 3. (a) Comparison of simulation and experimental trajectories in turning circle tests.
(b) Comparison of the surge velocity and yaw angle in turning circle maneuver.

3.2. Turning Circle Tests With Environmental Effect

The environmental terms above are validated using turning circle tests before applying
to the ship overtaking simulation. As shown in figure 4, wind, current and wave with 8
=0°, 90°, 180°, 270° are imposed during the simulation. The wind and current speeds
are 60knots and Sknots, respectively. The wave height and peak period of wave
spectrum are 10m and 5.0s. The trajectories indicate correct behaviors under the
influences of wind, current and wave from all the directions. For the cases of wave
effect, there exists a random phase angle 0 in the equations of wave elevation and wave
slope. The results might change each time running the simulation. Overall, the
maneuvering models can predict the ship trajectory and can be adopted in the formal
applications.
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Figure 4. Comparison of turning circle tests with and without wind, current and wave effect. (a) f= 0e;
(b) B=90¢; (c) p=180¢; (d) p=270°.

4. Conclusions

In this work the wind, wave and current effects are successfully implemented into the
ship maneuvering model. The Esso Bernicia 190,000dwt tanker is adopted for the
maneuvering simulations. The trajectories, surge velocity and yaw angle are validated
with experimental results. Some typical results with wind, wave and current effects are
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demonstrated for verification. This tool is promising for engineering applications in
ship design.
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