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Prediction of Ship Motions on Waves using Marine Systems Simulator
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Abstract: Accurate modelling and simulation of ship motions in seaway 1s essential due to these results would
be used to improve ship functions in aspect of safety and reliability in service, regularity and adequate
operation. This study presents an overview of mathematical models in Marine Systems Simulator (MSS) which
15 a MATLAB/Simulink library and simulator for marine systems. This models simulate real-time six degree of
freedom ship motions (pitch, heave, roll, surge, sway and yaw). The well-known US Navy combatant, DTMB
5415 test cases are used to verify and validate the accuracy of case studies.

Key words: Ship motions, waves, M3S, degree of freedom , regularity, MATAB/Simulink library

INTRODUCTION

When planning the designing of new vessels, it is
essential to have a rational basis to evaluate the
techno-economic of alternative designs. This evaluation
should consider the vessel’s operational performance in
which the ship motion characteristics on waves are one of
the most importance factors. Study
characteristics provide nformation about the ship
behaviors in seaway. These results would be used to
improve ship functions in aspect of safety and reliability
n service, regularity and adequate operation. In recent
vear, there are three general methods to predict ship
motions on waves including: model test, full-scale
measurements on ships at sea and theoretical methods
(Bertram, 2012). All of the above approaches still have
some restrictions. The first and the second methods are
advance in providing high reliability results, however,
these require highest cost and time consuming. The last
method, though having lower reliability than the two
previous ones, it requires the least cost and calculation
time. Therefore, this is widely used in the initial design
stage.

Depending on the assumption to simplify the fluid
equations, there are several different approaches for
prediction of ship motions on waves:

ship motion

*  Potential flow theory: panel method (Newman, 1992,
Kring, 1994; Kim and Kim, 2011; Seoding et af., 2014)
and strip theory (Journee, 1992; Journee and Massie,
2001)

»  Reynolds-Averaged Navier-Stoke Equation (RANSE)
modeling (Carrica et al, 2011, Brunswig and
El-Moctar, 2004)

*»  Marne system simulator (Smogeli et al., 2005;
Perez et al., 2006)

In the above methods, the MSS method allows us to
be able to simulate real-time six degree of freedom ship
motions (pith, heave, roll, surge, sway and yaw). This 1s
to be a fast generating prototype controllers approach
based on simulink diagrams that mun in real time
on stand-alone computer systems for tests on scale
models or full scale systems. In additton, this also
provides the possibility of implementing hardware-in-the-
loop simulations (Perez et al., 2006). Moreover, it is
essential for us in education.

This study presents an overview of Mathematical
models in MS3S which is a MATLAB/Simulink®library and
simulator for marine systems. These models are applied to
predict the ship motions on waves. The selected case
study to verify and validate the models 15 a well-known
7S Navy combatant, DTMB 5415, its geometries and the
experimental data for validation are taken from the
(Fossen, 2002).

MATERIALS AND METHODS

Degrees of freedom: Similar to a 3D object, a vessel 1s free
to move about six Degrees-of-Freedom (DOF). Thus, in
order to determine its position and orientation it is
essential to consider it in a six independent coordinates.
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Fig. 1: Definition coordinate systems
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Fig. 2: Geometry of DTMB

Table 1: Nomenclature for the description of ship motion

Forces and Linear and Positions and
DOF  Name mornents angular velocities Euler angles
1 Surge X u X
2 Sway Y v ¥
3 Heave Z w z
4 Roll K P b
5 Pitch M q 5]
6 Yaw N r s

The three of those and their time derivatives are used to
illustrate the ship position and translational movements
along the axes: x, y and z Meanwhile, the rest of
coordinates and their time derivatives are used to describe
orientation and rotational motion, Fig. 1 and Table 1.

Coordinate systems: To describe the ship motions, 1t 1s
necessary to consider three coordinates for defining the
ship translations and three coordinates for defimng the
orientation (6 DOF). These coordinates are made up using
two reference frames types: inertial frames and body fixed
frames. Figure 1 presents the applying reference frames in
MSS (Fossen, 2002).

NED (n-frame): The n-frame is assumed fixed on the
Earth surface with the X -ax1s ponting North, the Y -axis
pointing East and the 7 -axis down of the Earth tangent
plane.

BODY (b-frame): The body-fixed reference frame 0, X, Y,
7, 18 a moving coordinate frame which 1s fixed to the
vessel, Fig. 2. The origin O, lies at the intersection of the
design waterline with the midship in the centreline
plane. This point will be referred to as CO. The
following reference points are defined with respect to CO:

CG-Center of Gravity; CB-Center of Buoyancy; CF-Center
of Flotation (located a distance LCF from CO i the
x-direction).

Hydrodynamic frame (h-frame): The h-frame 0, X, Y, 7,
1s not fixed to the vessel; it 1s fixed to the equilibrium state
(it moves at the average speed of the vessel). The h-frame
is wed in hydrodynamics to compute the forces and
motion due to the interaction between the hull and the
waves in particular scenarios.

The n-frame 15 used to define the positon and
orientation of the vessel while the linear and angular
velocities are referred to the b-frame. They are described
as follow: the n-frame position p° = [n, e, d]" and Euler
angles: @ = [, 6, V", body-fixed linear velocity: v," =
[w v, w|, body-fixed angular velocity: w,"= [p, q, 1]
body-fixed forces: £* [, Y, Z]" and bedy-fixed moments:
m, = [K, M, N]. The n-frame position and Euler angles are
defined in terms of vector as follow:

n :[(PB)T,TTT =[n,ed,0,0,y] (1)

The b-frame linear velocities in CO and angular velocities
are denoted as:

vo[ea] duvwpad @

The forces and moments with respect to the h-frame are
denoted as:

SEIETS S SR VAY )

Transformations between BODY and NED: Linear
velocity transformation between BODY and NED is
(Fossen, 2002):

vl =R}{@)v] (4
Where:
Ri (@) =R, R, R, ,=
cyreB  -swiedteysBsd  syrsdteyrsbcd
sych  cyrcotsyrsOsd  -cyrsdtsyrsOcd
-0 cBsd cBed

The rotation matrix can be obtained using MS3S toolbox
as:

R = Rzyx(phi, theta, psi)

Angular velocity transformation between BODY and NED
1s (Fosser, 2002):
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©=T.(6)e, (6)
Where:
1 sotO  cptd
T,(@)=|0 cp =50
0 s¢p/cB cp/cO

Six DOF kinematic equations: The six DOFs kinematic
equations can be expressed in vector form as:

1 =1{n)v )
Where:
RE(@) 0

05 e

The transformation matrix J and its elements
I, =R ®)and T, = T(®) can be computed by using the
MSS toolbox command as follow:

[1, J;, J,] = Eulerang ( phi, theta, psi) (8)

Dynamics: The ship dynamics research has mainly been
focused on maneuvering and seakeeping. Maneuvering
study ship motions in the case of wave excitation absence
(in calm water). Meanwhile, seakeeping tends to study
ship motion at constant course and speed with the
presence of wave excitation. In this study, the 6 DOF
nonlinear dynamic equations of motion is derived as
follows:

M VH+Cpp (V)v+M, v, +C, (Vv +

)
+D(v)v, +ptg(n) =T+,

Where:

My = The rigid-body mertia Matrix

Crp(v) = The rigid-body Coriolis-centripetal matrix

M, = The added mass inertia Matrix

C,(v) = The added mass Coriolis-centripetal matrix

D (v) = The damping matrix

n = An additional term representing the fluid
memory effect

g(m) = The vector of gravitational buoyancy forces
and moments

T = The vector of control inputs

T = The vector of environmental disturbances

(wind, waves and currents)

Rigid-body equations of motion: The rigid-body dynamics
can be expressed in a vectorial setting as:

M g vt Crp (VIV=Tgp (10)

where, v = [w, v, W, p, q, 7" is the generalized velocity
vector decomposed in the b-frame and 1, =[X, Y, 7. K,

M, N’ is a generalized vector of external forces and
moments. The rigid-body system inertia Matrix Mg, can

be determined as:
—m3 (rab )l (1)

ml,
M.. =
i m3 (rgb ) I

o

This matrix can be computed in MATLAB as:

Mg :[m* eye(3)-m*Smtrx(r_g);m* Smhx(rig)lc]

(12)
The Coriolis-centripetal matrix Cpg(V) can be computed
from My, as follows:

C(V): 03><3 'S(M11V1+M12v2) (]3)
'S( My, v, +M,, v, ) 'S(M21V1 +M22V2)

where, v, = [u, v, w]", v, = [p, q, r]". Using MSS toclbox,
we have the command:

Cpe =m2¢(MRB, nu) (14

Restoring forces: The restoring forces of surface ships
depend on its metacentric height, the location of the
center of gravity CG and the center of buoyancy CB as
well as the form and the size of the waterplane area. Let
A, denote the water plane area, GM; iz transverse
metacentric height, GM, is the longitudinal metacentric
height. The restoring forces and moments are determined
as:

—ng.DZAwp (£)dEsin®
ng.UZAWp (£)décosOsing
p,c:‘g_l.;j—\Wp (£)dE cosBeos ¢
pgVGM; sin $cos Beos ¢

pgVGM, sinBcosBcos ¢
| PgV(-GM | cosO+GM; )sin ¢sin |

For surface vessels with small roll and pitch angles,
1t 18 convenient to use a linear approximation:

g{n)~Gn 16)
Where:

G =diag{0,0,pgA,, (0),pgVGM,,pgVGM, 0}

Reference frame of seakeeping: According to seakeeping
theory, the ship motions studies are performed by
assuming that it can be expressed as superposing the
motion of an equilibrium state and perturbations. The
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equilibrium is identified by a steady heading angle ¥ and
speed U. The pertwbations are illustrated through
zero-mean oscillatory components mduced by first-order
wave excitations. Thus, the motions are generally,
described by using an equilibrium or reference frame of
seakeeping.

Under the act of waves, the ship is to be moved from
its equibibrium position and the point will fluctuate
around its equilibrium position. The equilibrium state is
defined by a steady heading and speed:

v, =[Ucosiy Usinyy O]T
wi=[0 0 of a7

8, =[0 0 ¥

The velocity of h-frame with respect to n-frame expressed
in h-frame is as follow:

vi =RE(©, v, =[U 0 of (18)
Tt is common to denote the perturbation coordinates by:

e=[g & & & & & (19)

where, The generalized

0=[& & E\ﬁf =[¢ 0 vyl
velocity transformation between the h-frame and b-frame

158

E-1' (0 )y (20)

For most applications, the roll and pitch oscillations
will be small, i.e, @=0, then I'T(0) = H{r,*) is a constant
matrix.

Hydrodynamic forces: Using the h-frame, the dynamics of
rigid-body can be rewrnitten, under an assumption that
the Coriolis and centripetal forces caused by a
rotating b-frame and added mass are neglected as:

Mo E=Ty 47 @

where, My, = (I0" Mg = (J) ! The generalized
hydrodynamic forces in the s-frame can be expanded as:

Ty = Ty Hoyy H Ty (22)
Where:
Ty = The generalized hydrostatic force

Ty = The generalized hydrodynamic force
T = The external forces

The generalized hydrostatic forces are written as:
. . T
T =2 (8)=(7) g(n) (23)

The radiation-induced hydrodynamic forces mn an
ideal flud can be related to frequency-dependent added
mass and potential damping:

Ty = -A (m)E—B* (m)ﬁ 24)

The frequency-dependent terms and can be removed
by writing the equations of motions in the following form:

(M;B +A*(°°))E+B* (OO)E-&-M*-&-g*(E) :T:N-H;* (25)

where, " can be approximated by a linear state-space
model:

W=CxDEx=AxBE x0)=0  (26)

By transforming to the b-frame and taking Coriolis
and centripetal forces into account, the resulting model
can be described as:

MV+C{vv+Dvtg(n)+u =TT, (27)

where, M = Mge+M,, C = CoutC,, 1 =I"u" The added
mass Matrix M, 1s considered as constant and symmetric,
C, can be obtained using command in MSS toolbox:

CA =m2c(MA, nu) (28)

Environmental models

Wave model: Ocean waves are irregular sea states which
may be described by a wave Spectrum S (0, )= S (w) D
(B) where the frequency Spectrum S (w) describes the
energy distribution of the sea state over different
frequencies w and the spreading function D (B) describes
the distribution of wave energy over direction P in
the n-frame. For simulation, the sea state 1s realized as
superposition of harmonic components extracted from the
wave spectrum where the harmonic component j is
defined in terms of the amplitudes,, frequency w
direction [} and random phase d.

12

Load wave model: The first-order wave forces in the
bh-frame Ty = [Tws T & Tw o Twt o Twn . Ten | are
caleulated from the force Transfer functions T'(w,, 3) for
DOF 1. The total force is the sum over N harmonic wave
components, fori=1.6:
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(29)

T;

cos(m]t+¢j +arg (T]1 ))

) N
T‘;fl - E CJ
i=1

The wave drift loads make up a sigmficant portion of
the total excitation forces. The total wave drift loads
1s given by:

(30)

Eas

Il
M=
=

CLT; cosi (- )t -, )

.
I

1

where, ¢ is a phase angle, T,* = T/%V2(T/*+Ty"). In
b-frame, the wave-drift forces are calculated as:

:HT(rEZ)[r;Z,...,ri’Z JT (31)

RESULTS AND DISCUSSION

Reference vessel: The studied vessel in this study is a US
Navy combatant DTMB, shown in Fig. 2 with its
characteristics given in Table 2. The main reason of using
this hull 1s that the hull geometry 1s a public domain and
extensive database of seakeeping test exists at different
Froude numbers and sea states that were carried out by
Ship Design and Research Centre CTO S.A, Poland
(Anonymous, 2017).

Test cases conditions: Computations were performed for
the following conditions:

Heave motion

Experiment
— Simulation
é 1
()
=}
2 0
=
€
<
-2
Pitch motion
4 Experiment
Simulation
T 2
()
©
£
5 0
€
<
-2
-4
0 20 40 60 80 100
Time (sec)

Fig. 3: Continue

Amplitude (°)

Amplitude (rad)

»  Vessel condition: draft T = 6.15m; VCG =755 m;
Trim = 0

*  Vessel speed: 18 knots

»  Environmental condition: The sea state was
generated from the TONSWAP spectrum with
significant wave height H, = 4.25 m; modal periods
Tp = 9.8 sec; spectrum peakedness factor in head sea
condition

The simulation based on MATLAB/Simulink using
MSS toolbox. The results for six motions of DTMB vessel
when considering the mfluences of wave are given in
Fig. 3 for surge, sway, heave, roll, pitch and yaw motion,
respectively. It can be observed from the figures that the
simulation results show good agreement with the
experimental data for heave roll and pitch cases.

Table 2: Main particulars of the DTMB

Particulars Symbol Unit Full-scale
Length between perpendiculars Lep [m] 142.00
Length of waterline T [m] 142.20
Breadth at waterline B [m] 19.06
Draught: tore Ty [m] 6.15
Draught: aft Ty [m] 6.15
Displacement volurne L [m] 8447
Area of wetted surface 8 [m?] 2979
Relative longitudinal Centre of Lep /Lpp [20] -0.55
Buoyancy from midship section,
“+” to fore
Block coefficient Cp [-] 0.508
Midship section coefficient Cht [-] 0.819
Longitudinal prismatic coefficient Cp [-] 0.620
Waterplane area coefficient Chr [-] 0.774
Transverse metacentric height GMr [m] 1.95
Longitudinal metacentric height G [m] 266
Roll motion
40 Experiment
Simulation
20
0
-20
-40
Y aw motion
2 P +
I i I !
0k \ |
i L L] |
i i | i
-2 i L i
0 20 40 60 80 100
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Fig. 3
CONCLUSION

In this study, an overview of MSS 1s presented.
These models are used for predicting the ship motions on
waves in real time. The obtained simulation results are
good agreement with the experimental data, so, it provides
a prompt generating prototype controllers approach
created based on simulink diagrams that run in real time
on stand-alone computer systems for models scale or full
scale systems tests. This also provides the capability of
using hardware-in-the-loop simulation. Moreover, this 1s
particularly important for us in education.
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