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Abstract

The aim of this work is the development of a time domain ship simulator called FloBoS — Floating Bodies
Simulator.

Starting from the shape of an object, discretized by strips and defined by points, and the state of the sea,
the simulator integrates the motion dynamical equations and reproduces the response in time domain.
The advantage with respect to a pure frequency domain simulator consists in being able of capturing non

periodic and transient motions.

FloBoS is structured in two sub-simulators:

e SeaBoS — Seakeeping Bodies Simulator, for seakeeping, which means to analyze the free response

of a vessel trying to keep his path, or while it is at rest, in a wavy sea;

e ManBoS — Maneuvering Bodies Simulator, for maneuvering, i.e. simulating a controlled vessel,

evaluating its capabilities to move above the free surface of a wavy sea.

After an in-depth theoretical overview on classical hydrodynamics mathematical and physical methods,
these very models have been implemented in Matlab. The complexity of the equations governing these
phenomena is notable and the hypothesis of linearity has been assumed.

The work includes both the implementation of known vessel motion models and the development of
independent variations of these methods, designed ad hoc for the purpose and the nature of FloBoS.
The simulator reproduces the behavior of the vessel under the action of the waves hydrodynamics and
excitation forces. The output comprises plots of the position, velocity and acceleration response; further-
more, a realistic graphic animation feature is present in the simulator, in order to help to have a good
analysis, interpretation and understanding of the dynamics results.

FloBoS is also supported by other toolbox and software like PDSTRIP, MSS and WAFO: the first, based
on potential theory, solves a set of bidimensional boundary values problems and provides data ready to
be processed by FloBoS; the second, the Marine Systems Simulator — MSS, is a Matlab/Simulink library
and simulator for marine systems; the last one, WAFO, is another Matlab toolbox able to generate, inter
alia, realistic sea states and waves spectra: his integration in FloBoS allows to recreate more accurate

vessels operational conditions.



The possible applications of FloBoS are:

e to evaluate the response of a vessel — with its dimensions, geometry and inertia characteristics, to

a certain sea state;

e to evaluate the maneuvering capabilities of a vessel under certain environment conditions;

On the other hand, the restrictions to be applied to the simulations, in order to trust the results, are:

e slender bodies;

e small angles approximation;

e small wave amplitude;

e convex hull;

e speed range limited by a low Froude number.



Nomenclature

A (w) and B (w) — Frequency-dependent Added Mass and Potential Damping matrices
A, and B, — Infinite frequency Added Mass and Potential Damping constant matrices
A (jw) and B (jw) — Complex matrices for alternative description of the radiation forces
Ag, Bg and Cg — State-space Model matrices

Awp — Vessel water plane area

B — Wave heading direction

D (0) — Directional waves spectrum

0 — Sideslip angle

n and £ = én — Generalized Position vectors

¢ — Velocity Potential function

Fr — Froude number

G — Restoring matrix

g — Gravity acceleration

GMy s — Transverse and Longitudinal Metacentric heights

H,,0 — Significant waves height

7 — Imaginary unit

k — Wave number

K (t) and K (s) — Retardation matrix in time and frequency domain

L,,, B and d — Vessel Length, Beam and Draft

Mprp — Generalized Mass matrix

1 (t) — Retardation convolution forces matrix

v and dv — Generalized Velocity vectors

w — Wave frequency

Q — Fluid displaced volume

p and p — Fluid pressure and density

@ — Approximated value of the variable Q

s — Frequency variable

ST (w) — JONSWAP waves spectrum

t and ¢’ — Time variables

T, — Peak period

Trad and 7.5 — Generalized radiation and restoring force vectors

Teze = TP +Diff — Froude-Krilov and Diffraction (or Excitation) force vector
0y — Waves main direction

U — Vessel velocity

u® — Coordinate form of the coordinate free vector @, expressed in the {a} frame of reference

x and y — State variables

¢ — Wave elevation




Part 1

Introduction

In the past few years the number of applications of surface marine vessels simulators has seen a grow-
ing interest, thanks to the increasing of computational power and the improvement of mathematical
models for ship dynamics. Indeed, simulators reliability continues to rise, against the always expensive
acquisitions of experimental data.

Nevertheless, reliability of simulators models is usually a crucial and difficult point. The reason is
that a hydrodynamics model can fit just a limited range of operational conditions, and defining the limit
of a mathematical model is never a simple task. Each condition of the vessel is associated with particular
physical phenomena and, at the same time, with other negligible ones. One should emphasize the right
interactions in order to manage simple equations, but, at the same time, be capable to describe properly
the motion of the vessel.

Nowadays many commercial seakeeping codes, most of whom based on potential theory, are usable for
the prediction of loads and responses of a ship. Results are often provided in frequency domain, so, to

implement a time domain simulation, they are just a starting point.

During my time at JPL, I developed FloBoS — Floating Bodies Simulator — a time domain simula-
tor for ships, vessels and slender bodies in general. The purpose is to obtain the dynamical response in
position, attitude, velocity and acceleration, given a certain sea state.

To define the state of the sea, it is possible to add manually a certain number of simple harmonics —
specifying each amplitude, period and direction, or to exploit the integration with WAFO, a toolbox of
Matlab routines for statistical analysis and simulation of random waves. The first option is useful in the
validation process; if we have some available data concerning a particular ship, we can act on the ship
with just one harmonic, i.e. a frequency well defined periodic force vector, and easily check if the results
agree or not. If we see a good correlation, the particular analyzed case fits all the model constraints and
we can trust more complicated simulation of the same ship too. Indeed WAFO creates a whole realistic
spectrum of the sea, starting from the significant wave height H,,o, the peak period T, and the main

direction of the waves.
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FoBoS is a user setting routine which can run two different simulators, depending of the aim of the
simulation: SeaBoS — Seakeeping Bodies Simulator, or ManBoS — Maneuvred Bodies Simulator. The
difference is about the reference frames where the equations of motions are expressed in; it depends if
we want to analyze his free response to a particular sea state or to control the ship and validate his

performance in maneuvering.

In this work we want to illustrate the process we carried out to design FloBoS and to implement every
features in his framework, as well as outline the mathematical and physical apparatus the simulator is

based on.

1 Ship operational condition and reference frames

The bearing hypothesis of the simulator’s mathematical model is the linearity of the problem, which is,
of course, a very strong assumption in this kind of context. However, with a ship shape slender enough,
the experimental data show that the above one is a good working approximation for small to moderate
oscillations.

The motion of marine vessels is traditionally studied splitting the physical problem in two different areas:
a ship-controlled motion in the absence of wave excitation — maneuvering — and a motion at a uniform
speed with wave excitation — seakeeping — This separation allows making different assumptions specific
for each case, simplifying even more the analysis. We start describing these two fundamental type of
motion.

In maneuvering the ship motion is considered developed in a horizontal plane, due to the action of
control devices (propulsion systems and control surfaces) in calm water. The mathematical models one
obtains from this assumption are aimed at assessing the ship capabilities to change attitude and velocity
by the action of the control system. The main application finds place in ship simulators field, with the
purpose of determining the ship’s directional stability and designing autopilots.

On the other hand, in seakeeping the dynamics of a vessel trying to keep its course and its speed
constant, in presence of wave excitation, is studied; that naturally includes the case of zero speed. In
seakeeping the control surfaces may be used to stabilize the vessel while sailing, reducing the motion
induced by the waves. The aim is to analyze the ship response and the consequent motion when the
sea state is no longer considerable calm. Performing these analysis, six degrees of freedom are often

considered.
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Splitting the problem this way leads to the definition of two operation regions for the ship, based on the

speed of the ship itself and on the state of the sea.

Seakeeping

Sea state

Manoeuvring

h
>

Uo=3kt Speed

Displ. , Semi-Displ. \J/ Planning
~ L4

v

3D & 2D 2D+t

Fn=0.3-0.4 Fn=1-1.2

Figure 1: Sea state and range of speed covered in maneuvering and seakeeping.

Three regimes are also defined by the means of the Froude number, that characterizes a ship with a length
L in a particular speed condition U: Fr = %. The behavior of a hull is strongly dependent on this
number, which ponders the hydrodynamic effects — dictated by the speed U, with the hydrostatic ones
— driven by the gravity g . For Fr < 0.3 the buoyancy effect is primarily due to the hydrostatic force:
vessels operating in this regime are called displacement vessels. For 0.3 < Fr < 1 hydrodynamic pressure
acting on the bow of the hull generates a no longer negligible lift; this regime is for semi-displacement

vessels. Finally, operating at F'r > 1 the flow under the hull becomes really complex and neither vorticity

nor viscosity are negligible; this regime’s name is planning vessels.

1.1 Reference frames

For convenience, maneuvering and seakeeping use different reference frames and coordinate systems to
express the equations of motion, to make them easy to manage. In maneuvering the equations of motion
are written relative to a body-fixed coordinate system.

To describe motion in seakeeping it’s common to define a particular frame of reference, fixed to a
virtual vessel in steady equilibrium and moving at the average speed and heading of the real vessel.
Equations are formulated by means of the instantaneous waves-induced perturbations with respect to

this equilibrium frame.
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Since this frame follows an uniform path, corresponding to the average real motion, it’s usable only if
the ship has a zero-mean acceleration.

Most hydrodynamics programs compute the forces due to the interaction with the sea in the seakeeping
equilibrium frame. When time domain simulations and motion control system designs are considered, it
is necessary to use a unified framework and a body-fixed coordinate system is the natural choice. This
calls for kinematic models that characterize the transformation of variables and forces among different
coordinate systems. An overview on these reference frames and transformations models is therefore nec-

essary, and it can be done recalling the work of [Perez&Fossen| and [Perez&Fossen2007].

Marine craft dynamics provides for a complete motion in six degrees of freedom. Indeed, a ship can
experience interdependently three displacements and three rotations with respect three axes. The longi-
tudinal displacement is called surge, the one who goes from starboard to port is sway and the one from

the deck to the hull is called heave. The corresponding rotations are called: roll, pitch and yaw.

b
surge

Figure 2: Definition of motions with respect to all degrees of freedom.

To express position and orientation of a ship, the following dextral orthogonal coordinate systems are

commonly used:

¢ North-East-Down: {n};
e Body-fixed: {b};

e Seakeeping: {s};
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The North-East-Down coordinate system {n} = {O,,, i1, 7l2, 7i3} is a system fixed to the Earth
and based on the local geographic properties. The origin O,, of this system lies on a plane tangent to
the geodetic reference ellipsoid (WGS84) at a point of interest. The first unit vector 7i; points towards
the true North, 7i5 points towards the East and 73 points towards the interior of the earth perpendicular
to the tangent plane, defining a dextral orthogonal system. This frame is considered inertial, which is
a justified assumption thanks to the relative small velocity of a ship: hydrodynamic forces are preva-

lent with respect the fictitious ones like Coriolis and centrifugal forces, caused by the rotation of the Earth.

The Body-fixed coordinate system {b} = {Ob, by, bo, 53} is fixed to the vessel, with b pointing
towards the bow, by towards starboard and 53 downwards, completing the dextral orthogonal system.
The typical convention for marine vehicles wants the origin Oy located at a half of the vessel along 51,
(amidships), and at the intersection of the longitudinal plane of symmetry (51 - 53) and the design water
line. It’s important to point out that the equations of motion are typically formulated with respect this

frame of reference.

The Seakeeping coordinate systems {s} = {O;, 51, 52, §3} moves at the average speed of the vessel
in linear motion. One can define and use this particular coordinate system only when the vessel sails with
a straight average path at a constant average speed. Indeed, this frame moves fixed to a virtual vessel
which reproduces the average motion of the real one. The hydrodynamics interaction with the water and
the waves displaces the vessel with respect this equilibrium.

For the nature of this reference frame, it needs to be just a translation of the body-fixed system, when
the instantaneous vessel position coincides with the equilibrium one. Because of that, the unit vector
5 points forward and is aligned with the average velocity vector, Sp points towards starboard and §j3
downwards completing the dextral orthogonal system. The origin O, is usually located such that the
§3 axis passes through the center of gravity of the vessel at the equilibrium position and the horizontal
plane §; — 55 coincides with the mean free surface of the water.

Moreover, in a flat Earth approximation, this coordinate system position with respect the NED one is

identified just by a translation on the N-E plane and a rotation about the D axis.
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2, North

Figure 3: Reference frames used in classic ship motion theory

2 Mathematical background

It’s important to specify the mathematical notation used to describe vectors, equations and models,
and then report some basic notions and results before getting to the heart of the matter. Concerning
the kinetic models, and their formalism and notation, we exploit the work done by [Perez&Fossen2007];
furthermore Einstein notation is used, which implies summation over a set of same-indexed terms in the
same formula.

A vector is a physical entity, totally independent form a particular choice of a frame of reference: to
refer to a vector itself, without considering its expression in a coordinate system, we will use the notation
of a coordinate free vector u.

When this vector is expressed by the means of a set of independent unit vectors @;, forming a generic
reference frame {a}, one can write @ = u}d;, where u{ are the measures of 4 along @;, and uf}d; are the
components of 4 in {a}. The coordinate form of the vector « in {a}, which is the sorted collection of uf,
is represented by a column vector whom notation will be:

a

u® = [uf, ug, ug]”

One should remember that the coordinate form is an expression of a vector quantity relative to a
particular basis, that enables to manipulate and make operations with other vectors or matrices expressed
in the same basis. On the other hand, the physical properties of vectors are basis-independent; when
managing operations that hold whatever basis, one can simply use u. For example @-7 = u’'v = (u“)T ve
independently form the basis {a}.

. . . T . . .
Given a certain coordinate vector u = [uy, ug, us] , one can define a matrix S (u) which represents his
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skew-symmetric form:

0 —Uus u9
S(u) £ | wy 0 —u
—U2 U7 0

such that one can write a cross product as u x v =S (u) v.

The same vector can be expressed in different frames of reference: one can consider the problem to
describe it in a certain coordinate system, knowing its expression in another one. In order to perform
that, one needs to use an appropriate transformation matrix. The construction of these kind of matrix

can be derived in different ways. For example, given two orthogonal basis {a} and {b}, one can write:

Expressing every unit vector &; forming the basis {a}, relative to the other basis {b}, like a@; =

(d’j . 5k) gk, one can compute the frame transformation straightforward:

2.1 [Z (@-5) z?k] = S,
J k J
Manipulating the last expression one can write for every index i:
S (B B+ 3 (@B Be| =t 300t = 3o (a5 B) =
J

ki G J

So, defining the rotation matriz that takes the expression of 7 relative to {a} into {b} as

R) £ {Rij = d; 'bz} ; (1)

one founds the fundamental relation:
r’ = Rbre. (2)
Rotation matrices are elements of the special orthogonal group: RR? = I, and ||R|| = 1, so that

R!=RT.
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Another way to derive the rotation matrix between two reference frames is considering Euler angles, a
set of consecutive rotations around the main axes of a continuously transformed frame, until that one
will coincide with the second one. The overall rotation matrix is created by means of simple rotation
matrices, whose form is known, multiplied together.

These rotations can be performed in a different order, and each triplet is a different set of Euler
angles. The set most commonly used in navigation is that of roll, pitch and yaew, which corresponds to

the rotations performed in the following order:

1. Rotation about the z-axis of {b} with a yaw angle 1, resulting in the frame {b'}. The corresponding

simple rotation matrix is:

cosy —siny 0
R.y=| siny cosyp 0
0 0 1

2. Rotation about the y-axis of {b'} with a pitch angle 6, resulting in the frame {b"”}. The correspond-

ing simple rotation matrix is:

cosf 0 sinf
Ry’,@ = 0 1 0

—sinf 0 cos@

3. Rotation about the z-axis of {0”} with a roll angle ¢, resulting in the frame {a}. The corresponding

simple rotation matrix is:

1 0 0
Ryrg=10 cos¢p —sing

0 sing coso

and defines the relative attitude vector @45 2 [¢, 6, 1" .
The positive angle convention corresponds to a righthanded screw advancing in the positive direction

of the axis of rotation. Using these consecutive single rotations, the overall rotation matrix can be

expressed as:

CypCo  —SyCo + CySeSe SypSep T CypCpSo
RZ = Rz,wRy’,GRm”,q& = Sy Co CyCo —+ S$¢S0Sy —CyS¢ —+ SyCpSo (3)
—Sg CpS¢ CoCy

with s, = sinx and ¢, = cosx. The two forms 1 and 3, derived with these two different approaches,
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of course coincide.

Another important topic, with useful applications, is the one concerning the relative angular rate be-
tween two frames of reference. Given two frames {a} and {b}, one can notice that, since the rotation

matrix R is orthogonal, the time derivative of R’ (R})" = I must be zero. Computing the derivative

0= 0 [R (RY)"] = RE (R +RE (1) = R R+ [RE (RY)T]

it’s evident that the matrix RZ (Rg)T is skew-symmetric. Thanks to that, all its properties can be
described by a column vector and by the already mentioned linear operator S.
The vector w¢, of angular velocity of the frame {a} with respect the frame {b}, with coordinates in

{a}, is indeed defined as:

. T
Wi, S(wi,) =Ry (RY)

A physical interpretation of the former relation is that R? = S (wf, ) RL.
Given two frames {a} to {d} rotating one with respect the other, it may be useful is to find the relationship
between the angular velocity w,q and the Euler angles time derivatives. In order to achieve this objective,

let us consider three simple rotations from {a} to {d}:

R{=R.,, R.=R,s R;=R,,
The three corresponding angular velocities are

AT

wiy = [0, 0, 9]
. 4T

wgc = [0, 0, 0}
) T

wia = |, 0, 0]

Thanks to linearity of the operator S, the overall angular velocity is Waq = Gap + Dpe +Dea ([WAFO2017]).

Expressing this relation in the frame {a} one obtain:

a _ ,.a a, b apb, c
Waq = Wap + Rypwye + RERwey

C

. .. T
Computing the multiplication and isolating the vector @4 = [(;57 0, 1/)] one can finally reach the
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following expression:

co co
Ou =T, (Gad) de y T, (Qad) = —Sy Cyp 0 . (4)
cyplo  syte 1

Expressing the former in the {d} frame, the analogous relation is:

1 spte cyote
Oui =Ta(Ou)wly, Ta(@u)=|0 ¢y —s4 |- (5)
0 22 o
co co

Note that neither T, (@44) nor Ty (O,4) are orthogonal. Further details can be found in [Perez&Fossen2007].

3 Kinematic models

To indicate relative position and velocity coordinate vectors among frames of reference it’s necessary
to use a three-script notation. Indeed, given two frames {a} and {b}, the relative position coordinate
vector have to bring both the information of the orientation and the system where it’s expressed. If 7
is the vector from {a} to {b}, which indicates the position of {b} relative to {a}, the coordinate form
r%,, indicates the same vector expressed in {a}. That is, the upper script indicates in which coordinate
system the vector is expressed, while the order of the lower scripts indicate the orientation of the relative
position. If one needs this relative position expressed in {b}, with the rotation matrix the computation

bra

. . . . b _
is immediate: r;, = R,r%,.

Concerning the velocity, the notation is similar: v%, indicates the velocity of {b} relative to {a}, expressed
in {a}. This notation should be used only if the frame with respect to which the derivative is taken is

inertial. If that is verified, then

a
a A -a - -a
Vab =Yop = 5Tab =17

dt 3%

One must always specify with respect to what coordinate system a derivative of a vector is taken. The

well known coordinate-free relationship between the derivatives of a vector in two coordinate systems is:
ad bd

= L Gy x T
gt ap T
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It is possible to derive the same relation in coordinate form, expressing every vector in {b} for example,
reaching the following one:
9 =" 4 S (wpy) 1

where the upper-left script indicates the coordinate system with respect to which the derivative is

taken.

3.1 Maneuvering theory

In maneuvering theory, the position of a ship is given by the position of the origin of {b} relative to {n}
Tnp- When expressed in coordinate form in {n}, this vector gives the North, East and Down positions:
v 2 [N, E, D"

The attitude of the vessel will be given by the angles or roll, pitch and yaw that take {n} into {b},
®nb é [1/)7 07 ¢]T

The linear velocities are usually expressed in the body-fixed frame: the linear velocity in {b} is given by

n

. . .3T
vb, 2 u, v, w]” = RYET, = RY [N, B, D]

whose component are called surge, sway and heave speeds.

On the other hand, the angular velocity in {b}, formed by surge, sway and heave rates, is given by

T
WZb = [pv q, T]

Exploiting the relation 4, the dependence of w?, from the time derivative of the Euler angle can be

written as

O =Ty (On)

Please note that the trajectory of the vessel can be computed only with the velocity in an inertial frame,

like {n}:

t
£ (1) = xly (1) + [ Rvhyt
to
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Before writing the kinetic model, one can join linear and angular variables, defining the generalized
coordinate position and velocity vectors, as suggested by [Fossen2002]:

b
Vb

I.n
n2| " | =[N, E, D, 0,¢" vi
O, Wﬁb

From relations already derived, the maneuvering kinematic model follows:

) R? 0343 )
n= v=Jy(nv (7)
O3x3 T

3.2 Seakeeping theory

In seakeeping the motion of the vessel is described relative to the inertial seakeeping coordinate system
{s}. As long as the sea is calm and there are no waves, the vessel remains in equilibrium condition, with
zero relative linear and angular velocity with respect to {s}. However, in presence of waves, excitation
forces are experienced by the marine vehicle and it oscillates with respect to this equilibrium. The virtual
equilibrium vessel state is defined by a constant heading 1) and speed U:
" n = .5 T
Vo, =Tp = [U cos, Usin, 0}

Wi, =1[0,0,0"

T
®nb = [07 07 w]
That means that the velocity of {s} relative to {n} expressed in {s} is vi, = [U, 0, O]T.

For the analysis of the motion of a vessel, a {b} to {s} kinetic model derivation is required; the linear

and angular velocity of the vessel {b} relative to {s} and expressed in {b} are:

ng = RZI"ib £ [Su, dv, (5w]T
ng é [6]), 5q7 5T]T

They represent instantaneous perturbations of the vessel position and attitude with respect the average
trajectory. To identify the instantaneous attitude of {b} we can use, as usual, Euler angles that take {s}

to {b}, related with w®, thanks to the 5:
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O, 2 [0v, 86, 6)"

Oy =T, (Ogy) W,

Merging the variables, as done for maneuvering, we can define the perturbation generalized position and

velocity vectors:

s b
L Vsb

[I>
[

ov
b
esb wsb

on (8)

It’s common to find the notation & = ¢7 in hydrodynamics literature. From the definition we gave,

the kinetic model became:

R; O
si=1 v 7% su =7 (on) ov (9)
O3x3 T

Another useful model are the one that relates velocities v and dv and accelerations v and 6. With small

angle approximations and linearization, the following relations can be derived (see [Perez&Fossen2007]):

v=0+0v
v~ U (-Ldn+e;) + v (10)

v~ —ULdv + 0.

with _ _
00 00 0 O
00 00 0 1
00 00 -1 0 T
L= e =[1,0,...,0] .
00 00 0 O
00 00 0 O
00 00 0 O
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Part II

Sea loads and Equations of motion

Before formulating the laws of motions and the models through which a ship simulator can be imple-
mented, an overview about the nature of the interactions between a moving vessel and a rough sea is
required.

The total interaction can be written as a generalized vector 7, by assembling both force and torque
components. The fluid field around the hull of a moving vessel creates a time dependent vector 7, which

can be seen as the superposition of different effects.

The physical phenomena of sea waves excites the ship with a time dependent force, because of the
change in pressure of the fluid field around the hull. The ship starts moving and oscillating under their
action, producing a feedback reaction which perturbs in turn the water, changing the momentum of
the fluid. This reaction has a conservative part, proportional to the accelerations of the vessel, and a
non-conservative part proportional to the velocities. The former reflects the loss of energy carried away

from the hull, becoming itself a source of radiated waves.

Thanks to linearity, we can consider separately these effects. Therefore we are assuming that the system
behaves as if the simple linear superposition of all these kind of forces differs from the overall effect
when they act at the same time, interacting each other, by a negligible factor, if the sea condition is not
extreme.

So one can identify multiple contributions which compose the global problem:

e The first is the zero mean linear excitation contribution: the waves encounter a vessel bound to
be at rest, which experiences a time dependent force 7., called first order waves excitation force or
load, caused by the changing of the pressure field. This effect can, in turn, be splitted in two more
basic interactions: Froude-Krilov forces, the pressure field the sea would generate without ship, and
diffraction force, due to the fact that the ship behaves as an obstacle against the incoming waves,

modifying the conformation of the waves structure.

e The second is the radiation contribution: as mentioned, this effect is equivalent of the forced
oscillation of the ship, in the same way as it would do in presences of the waves, but in calm

water. By setting in motion the sea, these oscillations cause radiation forces T.,q4 on the vessel.
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The total reaction can be splitted in the in-phase and out-of-phase components. The first one is
due to the added mass phenomena, i.e. the mass of fluid bounded to the hull that accelerates
with it, because of the adherence condition; this component results proportional to the linear and
rotational accelerations of the vessel. On the other hand, the out-of-phase component, is the damping
force, proportional to the instantaneous velocities. This force includes a memory effect term: the
instantaneous changing in momentum affects the force in future. In other words, the radiation
forces at a particular time depend on the whole history of the velocity of the vessel up to that time.
Due to the fact that we are not considering viscous and rotational effects, the damping effect is
also called in literature potential damping; the reason is to specify that this force comes just from

potential theory.

e Finally, the last effect is the static pressure field contribution: the hydrostatics reaction. It’s pro-
portional to water displaced volume and it’s caused by the gravity acting on the fluid. The change
in position of the center of buoyancy, caused by the action of the other time dependent forces on
the vessel, implies the variation of this hydrostatics effect. This tends to re-establish the stable
static position of the vessel: that’s why this force is called restoring force, 7.cs. A problem that
can arise, concerning the stability of the ship dynamics, is that this restoring force is not present
in every degree of freedom. To avoid the possibility to manage unstable dynamics equations, some
mathematical manipulations are needed; as shown by [Cummins1962], one have to set the right
initial conditions, exploiting the asymptotic limit of the response function, in order to rewrite an

equivalent stable differential problem.

Hence, the following separation of the generalized force vector T is considered:

T = Teze t Trad + Tres- (11)

The non-linear effect of viscous force 7,5, generated by friction and vortex shedding phenomena, is not
directly computed. In our models we will use empirical formulas, accepting the consequent approximation

error that will affect the results.

Another non-linear contribution due to second order excitation forces is also present. This contribu-

tion is composed both by non-oscillatory forces, mean wave drift forces, and oscillatory forces. The
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oscillatory components act at lower and higher frequencies than the linear wave loads one. The force
acting at lower frequencies is known as slow wave drift load, which constitutes with the mean wave drift
and the first order wave load the main disturbances for the ship control system. On the other hand the

high frequencies forces can result in structure oscillation of the ship; this phenomena is named springing.

4 Hydrostatic reactions

When a body is partially or completely submerged in a fluid, it experiments buoyancy forces and moments,
which are also called restoring forces. Indeed the external gravitational field induces a pressure gradient
in the fluid, and the pressure field is not constant along the local gravity vector direction. It holds the
Stevino law, that, in the simple case of flat Earth approximation, considering a NED reference frame,
can be written as p = py + pgz, where pg is the atmospheric pressure on the free surface and z is the
vertical coordinate: pressure increases linearly with the depth of the fluid, because of its own weight.
This non uniformity of the pressure field generates a non-zero net force and moment when integrating it
on the surface of a partially or completely submerged body. The buoyancy center does not correspond
in general with the center of mass of the body, that leads to the net moment. The force depends only on
the position of the body, and in particular it’s proportional to the volume of displaced fluid 2. Indeed,
using Gauss theorem, the net force due to the pressure field acting on a body €2, with a surface ¥ and

external normal vector 77, is written as:

F =~ [ pitds = [ Vpaer =~ [ (0.0, pg) a0 = ~pg0i
b Q Q

where k is the unit vector pointing downwards and p is the density of the fluid. To assure floating
equilibrium it must holds W = pgQ2, with W indicating the weight of the body. For a partially submerged
body, the mathematical surface 3, where the integration is carried out, is the wet hull and the water
plane area, where the static pressure is considered identical to the constant atmosphere one. Note that
for a surface integral on a closed surface, the component py of the pressure does not affect the result,
because its integration is identical null. By its definition, 3 is the boundary of the volume of the fluid
displaced, in general different with respect to the one of the whole body.
For the static analysis we need to identify the hydrostatic derivatives, which give the static reaction of

the fluid due to displacements in the 6 degrees of freedom.
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Considering surface vessels, static stability, also known as Metacentric stability, is an important re-
quirement: the vessel should respond to any inclination with an opposite moment, naturally generated

by its weight.

For surface vessels, the restoring forces will depend on the vessel’s metacentric heights (transverse GM
and longitudinal GM ), the location of the center of gravity — CG, the center of buoyancy — CB, as well
as size of the water plane A,,),.

The metacenter is defined as the theoretical point of intersection between a vertical line through the
center of buoyancy of a floating body and a vertical line through the new center of buoyancy when the

body is tilted, as shown in figure.

Basically, when the vessel heels the buoyancy force gets shifted towards the most submerged side of
the hull; its displacement generates a rolling moment with respect to the center of mass. If the sub-
merged volume increasing appears at the same side of the hull which rolls down, with respect to the
center of mass, the consequent moment will restor the initial equilibrium, otherwise it will amplify the

tilt. That means that, in order to have static stability, the center of mass must be placed low enough.

Figure 4: Transverse metacentric stability



4 HYDROSTATIC REACTIONS 24

As long as the load of a ship remains stable, G is fixed. For small angles M7 can also be considered
to be fixed, while B moves as the ship heels. In order to assure static stability, M7 must be above the
center of gravity. The distance GM 7, dynamically equivalent to a spring stiffness, measures the stability
capacity of the ship and remains constant for small angles. Indeed, the restoring moment K, due to the
integration of the static pressure on the wet hull surface, is linear with the roll angle ¢ when the former
is small enough: K (¢) = Ky¢. The restoring moment, on the other hand, can be also written as the
product of the buoyancy force F' and a certain arm b; furthermore F' must be always equal to the weight
W for the static equilibrium analysis, so it’s constant. From the equality |K4|¢ = Wb and the small

angle approximation, simple considerations lead to:

—Wb —qb’vsinapA b
rey GMr
which means
— K
)

Same considerations may be carried out for the longitudinal static stability, reaching a similar relation
for GM .

M
GML:—|W?|.

In literature more classical ways to calculate the metacenter heights can be found, with formulas that
exploit the second moments of area of the water plane Jp, Jp: the distance of the metacenter from
the buoyancy center is determined by the ratio between the inertia resistance of the boat and the fluid

displaced volume of the boat

So, knowing the vertical position of the center of buoyancy, which is the one of the center of mass of the

displaced volume, one can compute:

GMT/L = (Zb — Zg) +BMT/L

Starting from the equilibrium position, any vertical displacement of the vessel z implies a variation of

the displaced volume of the fluid Q () = Q (0) + 9 (z), being the equilibrium volume Q = Q (0) = ¥

E.
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A displaced volume changing reflects on the hydrostatic force:

Z =W = pgQ(z) = —pgd€2(2)

Indicating as A,,, (¢) the water plane area of the vessel as a function of the vertical coordinate, the volume
variation 68 (z) is written as 6Q (z) = [ Awp (¢) d¢; however, for conventional vessel, the assumption
Awp () = Awp (0) is a good approximation for small perturbation. Hence the approximated restoring

force is linear in z:

Z = —pgAup (0) 2= Z,2.

The hydrostatic derivative Z, is correctly negative, meanings that for a positive (downwards) displacement
z, the buoyancy force becomes larger than the equilibrium one, since the submerged volume is increased.
If the body is non symmetrical with respect to the y — z plane, other static restoring forces appear: we
modelise them with the same linear approximation by the means of the hydrostatics derivatives Zy and
M,.

When a pitch angle 6 appears, the submerged volume increases because of the part of the vessel who
pitch down and decrease for the part who pitch up: the net change §€2 (9) can be computed integrating the
function of every single infinitesimal volume h-dA,,, = 0z - dA,, all over the wet area. The hydrostatics

force will change proportionally to J$2 (6):

Z = —pgéQd(0) = — | pg / x-dAyy | 0 = Zg0
Auwp

That means Zs = —pg wap z - dAyp.
The last hydrostatic derivative to identify is M., which will result identical to Zy. The resulting pitch
moment M, caused by a perturbation in heave z, can be computed by integrating every single change in
force Z multiplied by the arm, which is z; at every station x, the force depends on the local submerged

volume, which is z - dA,,,, and the resulting moment is pg - 2z - dA,, - ©. Hence

M= /pg-x~dAwp z2=M,z
Awp
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The whole linear restoring force vector can be written as

0 0 O 0 0 0 T

00 0 0 0 0]y

0 0 Z, 0 Zyp O z
Tres:_G’n:

00 0 K, 0 0]

0 0 M, 0 My O 0

0 0 0o 0 0]

with:

Zz = _pgAwp (0)

Ky = —pgGMr

My = —pgGMp,
Zg = —pPYg / €T - dAwp
Auwp
M, = pg / - dAywp
A

wp

5 Hydrodynamic interactions

5.1 Frequency Domain formulation

Assuming a ship sailing at a forward speed U in a pure sinusoidal regime of the waves, radiation force

can be expressed in the frequency domain, as shown by [Newman1997, Faltinsen1990], as follows:

Trad (jw) = —A (w, U) i} (jw) = B (w, U) 17 (jw) (12)

The matrices A (w) and B (w) are the frequency dependent added mass and potential damping matrices
respectively. The motion of the ship will be a combination of oscillations in every degree of freedom,

carried out at the same frequency w of the waves: 7 (jw) = 7e/“t. That leads to the following formulation:

Trad (Jw) = [wQA (w, U) = wB (w, U)] n (jw) (13)
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Concerning the excitation force T.,., we can express it as: Tezc

Texc (_](.U) =TKF (w7 Ua ﬂ) ejwt + %szf (w7 Ua ﬂ) ejwt = 7_-616(! (wa U7 /6) ejwt (14)

where [ the sideslip angle between U and the z body axis. The approach to achieve this formulation
is to find the velocity potential for the fluid field of the excitation sub problem, identifying then the
contributions. A deeper analysis of the derivations of 12 and 14 will be given in the next section, after
treatig the potential theory.

To conclude, we recall the restoring forces, only function of the position and the attitude of the ship
with respect his point of stable equilibrium. The linear approximation of the hydrostatics effects may be

written, as we saw, as:

Tres (]w) = 7G7’ (jW) (15)

As explained in [Faltinsen1990], when F'r < 0.3 the only important terms are Gs3, G35 = Gs3, G44, and
Gss.
These expressions of the interaction forces can be directly used in the equations of motion, implementing

a frequency domain model for solving the dynamics of a vessel.

5.2 Time Domain formulation

The former formulation can correctly describe ship motion only under a pure sinusoidal regime of waves;
that is because of the frequency dependent coefficients. If the sea state is representable only as a spectrum,
i.e. if there is no a well defined frequency, a Fourier analysis must be performed to make the mathematical
model fit the reality. This approach leads to a large number of equations, required to describe the motion
properly. In this context, the development of a time domain mathematical model becomes very desirable.
That was the main reason who encouraged W. E. Cummins to accomplish his famous work, writing a
fundamental paper concerning ship motion, [Cummins1962], which has been, is and probably will continue

to be the basis of every linear time domain model. The crucial points of his work were:

e To be able to represent the response of a ship in six degree of freedom, to an arbitrary forcing

function in all the degree of freedom, avoiding the use of any frequency dependent parameter;

e To separate and identify in an explicit way all the factors governing the response.
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In addition, during the last years, an increasing interest for linear time domain models, based on fre-
quency domain data, became widespread. The strength of this modus operandi is the possibility to
develop models for the dynamics of a ship by necessitating of a limited amount of data. The key ele-
ment of these models is the so-called Cummins equation, presented in his paper. The peculiarity of this
integro differential equation is that, expliciting the waves radiation forces, it appears a convolution term
imputable to the fluid memory effect, that takes into account the variations of the fluid momentum at

every instants, along all the time history of the motion.

The starting point to derive Cummins equation is the assumption of linearity. Under this hypothe-
sis, one can exploit the theory of the Green function to state that, given the response of a linear stable
system to a unit impulse, the computation of the response to an arbitrary time dependent force is also
directly available. That means that if R (¢) is the impulse response, then the response z (t) to a general

excitation f () is:

t o)
/Rt—t /R f—=t)dt
0

The other fundamental assumption is that the fluid field is rotational free, so that one can use potential
theory to model and describe the behavior of the sea water.

Using impulses in the components of motion, the first step is to find the potential function of the fluid
field . Cummins approached the problem dividing the time in two intervals, one during the impulses
and one other after the impulses are extinguished. Defining the right boundary conditions, both on the
water free surface and on the moving or still hull, as well as the initial physical condition about the state
of the pressure, Cummins wrote the function ¢. Once that is done, the linearized dynamic pressure is

straight calculable as:

__ 0
ot
Integrating this function over the surface of the hull, one can find the hydrodynamic action, a force
and a moment.

By proceeding with all the mathematical apparatus and manipulations, the following form for the radi-

ation force is found:



5 HYDRODYNAMIC INTERACTIONS 29

ot =~ Aok~ Bk = [ K(t - 1)) a (16)
0
with
K(t) = / (B (w) — Boo) cos (wt) dw (17)
0

A is the added mass matriz, which takes into account the amount of mass accelerating with the ship
during the motion. B, is the damping matriz, the out-of-phase reaction force of the water: during the
ship oscillations the water follows the hull, but the inertia of the fluid, obviously not rigidly bound to
the ship, causes a certain delay to the change in his direction. The convolution term represents the
fluid memory effect that incorporate the energy dissipation due to the radiated waves, consequent of
the motion of the hull. The kernel of the convolution, K (t), is the retardation matrix, function of the
hull geometry and the forward speed. The fluid memory effect appears due to the free surface: waves
generated by the motion of the hull will persist at all subsequent times, affecting the motion of the ship.

By the way, the convolution term is really inconvenient concerning simulations. Hence an interest in
parametric models for its replacement has grown up. Indeed, thanks to the linearity and the nature of

the convolution operator, it can be approximated with a linear-time invariant state-space model:

f . X = Ax + By
moz/Ku—wawﬁ’z (18)
0 = Cgx

[Taghipour2008] provides an overview on the various methods to implement such a model. It concludes
that a state-space model for a time domain simulation gives comparable results of the same quality of
a direct computation of the convolution term. However, this work indicates also a potential simulation
speed gain of the order of 40 times, when using state-space models.

Indeed, the computation of the memory convolution term implies the need to store and process at each
time step a large number of past response data. On the other hand, the state-space model incorporates
all the time history in the state variable, making possible the computation of the subsequent state just
by processing the former.

For zero input, the state-space formulation indicates that the dynamic variables are expressed as a

linear combination of exponential functions of time. On the other hand it’s been proved that the free



5 HYDRODYNAMIC INTERACTIONS 30

vertical motion of a floating body, immersed on deep water, decays slower, more like the inverse of a
power of time. However, in many cases, the difference of these solutions is negligible, and the state-space

system represent an excellent approximation.

5.3 Ogilvie relations

By applying the Fourier transform, [Ogilvie1964] found the following relationships between the frequency

dependent added mass and damping matrices the and time domain model invariant ones:

A (w) = L [P K (t) sin (wt) dt (19)
B (w) =B + [~ K (t) cos (wt) dt

The notation for A,, and B, is now understandable: evaluating the limit w — oo in 19, from the

Riemann-Lebesgue lemma it follows that:

A = lim A (w)

w00

B, = lim B(w)

w—r 00

In frequency domain, the former relations allow to write:

(o) o0
z/K( ye IWtdt = /K cos (wt) dt — ]/K sin (wt) dt =
0 0

—B (W)~ B + jw[A (@) — Ax] (20)

5.4 Alternative representations of the radiation force

When we will face the problem of the approximation of the convolution term, it will be useful exploiting
other representations of 7,44 (jw). From the relation 12, the total hydrodynamic radiation force vector

can be expressed in the frequency domain as:

Trad (]CU) = _A (UJ) 77 (]UJ) - B (w) 77 (]w)
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Taking the derivative of the velocity vector, 7 (jw) = jwn (jw), it also holds:

Trad (jw) = — [jwA (w) + B (w)]1) (jw) = =B (jw) 7 (jw)

——[a @+ 2 i) =& )i ) (21)

From 20:

jwA (w) + B (w) = B (jw) = K (jw) + B + jwAs,

so it follows:
Trad (Jw) = —Aootj (jw) — [K (jw) + Boo| 1 (jw) (22)

6 Potential theory

For our analysis we will consider potential theory applicable, by assuming that the fluid field around
the vessel is incompressible, inviscid and irrotational. That allows to define the function of the velocity

potential ¢ such that, for every point of the fluid domain, it holds:
V (t, x) = Vo (t, x) (23)

Euler’s equation for the conservation of momentum of incompressible fluids, with the irrotational hy-

pothesis V x V (¢, x) = 0, is written as:

o _OV gy o (P
o TV VIV =+ 5V (V) = V<p>+g (24)

Using a flat earth approximation, one can write the gravitational field in a gradient form, g = (0, 0, —g) =

—Vgz, and by replacing 23 in 24, it turns into:
0 1
v(‘p+w~w+p+gz) —0
ot 2 P

which becomes the unsteady Bernoulli’s equation, the first integral for the potential flow:

dp 1 5 p B
5 TV +p+92—f(t) (25)
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where f (¢) is an arbitrary function of time. This function can be put equal to zero without loss of
generality, because of the non-uniqueness of the potential function: if ¢ (¢, x) satisfies 23 then ¢ (¢, x) +
0 (t) does it to, and we can always impose ¢’ (t) = f (¢).
Morover, expressing the conservation of mass by the continuity equation
dp

E‘FV'(PV)

_Dp

Dt+pV

the incompressible hypothesis p = const on the flow means also V - V (¢, x) = 0; that can be inter-
preted stating that for any given closed volume inside the domain, the net amount of fluid mass which
instantaneously enters is zero. Being the velocity field divergence free, the potential must also satisfies

the Laplace equation:
Ay = (26)

6.1 Incident wave potential flow

In our case we want to find the potential function for a perturbed ideal sea. We will call this function the
incident waves potential ;. Let’s consider a fluid with a free surface in equilibrium with the gravitational
field. If any perturbation occurs and the surface is moved from its equilibrium state, the motion is
propagated. Under the same assumption of linearity, we will consider small waves which can be superposed
to define a general spectrum.

If the waves amplitude is small compared to the wavelengths, the term V@2 can be neglected in
comparison with %—f: the velocity varies more rapidly at a fixed point with the time than spatially at a

fixed moment. Putting f (¢) = 0, equation 25 becomes:

dp
P= =Py~ P9ZE = Payn — PIZ (27)

Defining a reference system with the vertical z—axis pointing upwards and the x — y plane coincident
with the equilibrium surface of the fluid, we will denote as { = ( (¢, x, y) the vertical coordinate of a
point on the surface, so its displacement during the oscillations from the equilibrium position z = 0.

The physical condition of the free surface is that the pressure must be the same everywhere and equal
to the atmospheric po: p (¢, z, y, () = po. Equation 27 becomes

e
Po = Pat P9
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We can easily eliminate the constant pg redefining the potential as ¢ — %"t, which can be also seen as
putting f (t) = £2¢. We obtain the condition on the surface as:
op

For small oscillations, with the same degree of approximation, we can say that the vertical velocity g—f
on the surface is simply the time derivative of (:
dp ¢

The derivatives in 29 should be taken in z = (, but since the displacements are small we can take

them at the equilibrium point in z = 0.

Combining together 28 and 29, we reach the following system for the potential function:

Ay =0, z < 0

2

G H95E =0, 2=0;
Ve — 0, z — —00.

Where the condition Vi — 0 for z — —oo is valid for infinitely deep fluid. Note that the hypothesis of
infinite depth is equivalent to consider small enough wavelengths. Moreover, considering an unlimited
free surface, we can omit boundary conditions. Solving the system for a general pure sinusoidal wave,
with frequency equal to wy and wave number k, traveling in a direction dictated by the heading angle

[ = arctan (f%), brings to the function:

©r (t, z, vy, Z) — %ekzejk(x cos nysinﬁ)ejwot (30)
with the dispersion relation
wp = kg

One have to consider only the real part of 30, and after finding the velocity components Vy, it results
that the trajectories of the particles are circles about fixed equilibrium points, with a radius which

exponentially decreases with the depth.
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AZ

Equilibrium free surface

Figure 5: Inertial reference frame and definition of heading angle 8

For the analysis of floating bodies moving at a constant speed on the free surface, it can be useful
to apply to 30 a transformation. Defining a moving right-handed coordinate system, that will be our
seakeeping reference frame {s} = O’ z'y’ 2/, which traslates with respect to the first inertial one {n} =
O xy z with a constant speed U along the = direction, we want find the expression of the potential with
respect to {s}.

The origins of the frames are located in the plane of the undisturbed free surface, the z-axes are
positive vertically upwards, the x-axes point towards the stern and the y-axes complete the dextral
coordinate systems. The z — z plane of the moving frame is assumed to be a symmetry plane for the ship

in its mean oscillatory position.

ol /
—

O

Figure 6: The seakeeping frame {s} traslates parallel to the inertial one {n}
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The linear transformation between the two frames is:

2 =z —Ut,
A=qy =y,
2=z

The velocity field, both seen and expressed with respect to {n}, V."*, and his potential ©" are:

907; (tv z, Yy, Z) = %ekzejk(wcosB*ysmﬁ)ejwot
Vi =Vei (t’ z, Yy, Z)

The time derivative of the transformation A leads to the kinetic relation V* = V,?—lj", Un = (U, 0, 0),
which is the velocity field seen by {s} expressed in the {n} frame of reference; by the means of the potential

function one can write:

VI'=Vep -U"

Applying A~™! to the former relation we can find the velocity field both seen and expressed with respect

to {s}, obtaining;:

ie.:

Cg o ’ - .
@? _ 76k:z ejk(ac cos B+Ut cos B—y’ sin B)ejwot 7 ULL'/ _
wo

P S .
_ Cﬁekz e]k(ac cos B—y 51n6)eg(wo+kUcos Bt _ Ux'
wo

The gradient in (2, y/, z’) of this function give us the velocity field of the wave seen by the {s}. The
physical meaning is studying the equivalent behavior of a body at rest in the same flow with also an
opposite speed —U. We can define the encounter frequency of the wave as w, = wg + kU cos g, describing

the fact that if the body moves against the waves, it experiences a higher impact frequency.
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We showed that it is possible to reduce the seakeeping analysis to a steady body analysis. Renaming the
variables of {s} as (2/, ¢/, 2') = (=, y, 2), and calling ¢7 just as ¢y, i.e. the incident waves potential, we

can find the velocities and the accelerations of the flow:

€Y ko —ysinB) j
o1 = 761626]1@(1’0055 ysmﬁ)ejwet _Ur = (pi; _Uzx (31)

wo

v _ 3521 — _Z'Cwo Sinﬂekzejk(wcos5—ysin6)ejwet

w _ 8(;;;1 — Cwoekzejk(atcosﬁ—ysinB)ejwet
_ Ov __ : kz jk —ysi jwel

ay = g = (Wewosin FeFe’ (z cos f—ysin f) pjw

a, = 8871: _ igwewoekzejk(accosB—ysinﬁ)ejwet

Please note that V¢ can not be considered negligible anymore, because of the presence of the speed

U, and the linearized dynamic pressure requires a better analysis; indeed Vp; = (aa—ff - U, 88—“;], 83“;’)

and V2p; ~ —Q%U + U2
So, starting from the 25, we should modify the pressure equation 27 as:
dor O o 0

1, o
= _—p——= _ _pV — N —p— + U — = — — U= *_ 2
p P ot 2P Y1 — pgz P ot P O P9z P (8t 8$> Y1 — P9z (3 )

thanks to the fact that % = %; furthermore we included, as usual, the constant term %pU2 in the

function f (t).

6.2 Potential low around a vessel

Assuming a ship traveling at a constant speed U and heading 8 with the presence of waves, we want to
solve the problem of finding the overall potential of the resulting flow.

We can reformulate the problem in a reference frame where with the ship is at rest and experiences
a flow with an opposite velocity —U. The total potential can be expressed as the sum of a steady part

and an oscillatory one:

P (t, x) = ps (x) + o1 (t, X)

The steady part g is caused only by the presence of the ship, which perturbs the flow incoming with a

velocity —U, creating a time-independent sea structure around the hull; on the other hand, the unsteady
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part o is due to the incoming waves. The former ¢ can be decomposed in three contributions:

YT (tv X) =PI (ta X, 55 WO) + PDiff (ta X, 67 (U()) + an@k (tv X, Ua WE)
k

where ¢; is the potential of the incident waves, the one we already found in 31, ¢ p;s is the potential
of the diffracted waves and ¢, and 7, are the radiation potential and the complex amplitude.
To find the potential function @, we have to add the right boundary conditions: for a rigid body advancing

on the free surface of the fluid, which is infinite in all horizontal directions, the conditions to impose are:

e Incompressibility condition: velocity field is divergence free in all the fluid domain and every po-

tential component must satisfy
Adps, pr+epifss prt =0

so, evidently

AP =0

e Tangential condition on the body wet surface: no fluid can flows through the body. Concerning
the steady potential g, referred to the flow generated by the ship when it is at rest, this condition
is equivalent to zero normal velocity on the hull surface: ‘98% = 0 on Xpuu- The incident and
diffracted potential ¢; 4 ¢psys , representative of the wavy sea perturbed by a steady vessel, must
satisfy the same condition. On the other hand, the radiation potential is caused by the oscillations
of the hull, so for each ¢ the tangential condition is more complicated: it implies the oscillations
of the potential too.

The mathematical conditions, for x € X, are written as:

Ops _

on =0

dertepirs)
on -

For the radiation potential, in regular sinusoidal waves, every component ¢ must satisfy:
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Opk —

S = jwn, — Umy
(n1> na, 713) =n

(TL4, Tl5,n6) =7 X1

m; =0, j5=1, 4;
ms =n3me = —N2
me = —Nn2

with 7 and 77 are respectively the position vector with respect to the origin of the coordinate system

and the outward unit normal vector, pointing into the fluid.

e Free surface condition: the pressure must be the same on it, so % = 0. Equation 32 is valid for

each potential part {¢s, ¢r1, Ypifs, @i}, so calling the generic component just as ¢ and computing

the total derivative, the following is reached

oo =i (U ) -
:86t< %f U?p—gz)+V¢~V<—Zf—l—U§p—gz):
=~ Ve (v 50 5) (o V5 oy Vi o Vi
S VU 95 O~

For each potential term the former must be satisfied in z = ¢, but with the small oscillation hypothesis

the derivative can be taken in z = 0. This condition is clearly satisfied also by the overall potential &, so

one can shortly write

2¢ ¢ ¢ @
0 _ oy 0 +U28—+8

912 otox g2 99, = 20

but always bearing in mind that this condition must be satisfied by each potential contribution, not

just by their sum.

e Bottom condition: velocity must be tangential in z = —h, if the depth h is finite, or zero as

z — —oo, for infinitely depth sea; so for ¢ € {¢g, 1, Ypisys, ¥r} one the following conditions also

~0)-
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holds
dyp
B 0, =—h
or
dp _0p _0p _
83:_8y_82_0’ 2T

e Radiation condition: the flow is undisturbed far away from the moving body. Hence

Ve =0, |x] — o0, t<oo

6.2.1 Hydrodynamic forces and moments

After finding the potential, the linearized time-dependent pressure on the hull is:

0 0
p_—P(at—UagC)sOT(t,X), X € Ypui

The integration of the pressure over the mean position of the hull leads to the hydrodynamics forces
H, 53 and moments Hy 5 6. Considering each simple sinusoidal harmonics of the sea, with a well defined
frequency w, we can write @7 (t, x) = @ (x) €/, so consider just the amplitudes of the forces and

moments:

0 0\ .

Shull
with (n1, na, n3) = 7 and (ng, ns, ng) = 7 X 7.
The vector H can be divided into two parts: the exciting forces and moments F' and the ones due to the

body motions G:

Hj = Fj + Gj
0 0 - -
F; = / P (315 — U&E) (pr + LpDiff) n;do
Shull

0 0 .
Gj= / p (815 - U8x> (Z}; ﬂk@k) njdo = Z};Tjkﬂk

Shull
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F} can be clearly divided into two components, the Froude-Krilov and the diffraction terms:

F; = Fri,j + Fpify, j

0 0\ .
FFK,j = / p<8t Uax) gajnjda

Shull

0 0\ .
Fpigrj = / P <8t — U@x) Ppiff njdo

Shull

Finally, Tjj denotes the hydrodynamic reaction in the jth direction per unit oscillatory displacement in

the kth mode, and for each harmonic can be separated in his real and imaginary part:

0 d\ .
Tij/P(at—U&E><ﬂkny‘dU

Shull

Tjk = UJQAjk _jWBjk
where Aj;, and Bjj, are the added mass and damping coefficients.

6.2.2 Linearization of the hydrodynamic problem: Strip Theory

The numerical solution of the nonlinear boundary value problem is possible, but very complex and
computationally expensive. To simplify the problem resolution, one can carry out the linearization of the

boundary conditions. In order to proceed, some restrictions on the nature of the problem are necessary:
e The wet hull must be slender;
e The speed of the ship can’t be too high;
e Waves amplitude must be small;
e Motions amplitude of the ship must be small.

Different combinations of restrictions result on different linear formulations; the adequacy of the sim-
plification depends on the physical problem intended to represent. In our case we will use the Strip

Theory.
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Indeed, for slender bodies, a good approximation is that the fluid motion field varies much slower

in the longitudinal direction of the ship than in the cross-directional plane. Hence, the problem can be
reformulated bidimensionally.
The principle of strip theory, a low Froude number theory, is to divide the submerged part of the vessel
into a finite number of strips and analyze each one separately. After solving a set of bidimensional
boundary value problems, one can compute the frequency dependent bidimensional coefficients of added
masses and damping for each strip.

Hence, integrating the action of each 2D coefficient along the length of the vessel, one can estimate
the overall tridimensional coefficients of the whole hull.

For more details see for example [Faltinsen1990].

One of the problem of the strip theory is that we can not trace back to the surge force, because is not
present in the bi-dimensional problems from which we obtain the tridimensional quantities.

To add the drag force we will use empirical formulas, based on the geometry of the ship, the operational
conditions and the characteristic Reynolds number.

Moreover, in FloBoS, the steady part of the potential ¢g is neglected. The steady perturbation due
to the presence of the hull at rest is considered negligible with respect to the sea waves , or of the same

approximation degree of the linear hypothesis: this approach is also called of the ghost vessel.

Figure 7: Strip Theory — discretization example of a 10% scaled container ship S175
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7 Rigid-body equation of motion

In order to implement kinematics and dynamics models in a time domain marine vehicles simulator, by
having seakeeping data from PDSTRIP, a transformation of the equations of motion used in seakeeping
theory to body-fixed coordinates is required. The following transformations are the ones derived by

[Perez&Fossen2007].

The vessel rigid-body generalized mass matrix, computed with respect the origin of {b}, is of the form

Ml}%B _ mIsxs —-mS <r2g> 7
mS (rgg) Ilg /b

where m is the mass of the vessel, Ig/b is the inertia tensor about {b} and rlgg gives the coordinates
of the center of gravity in {b}. From the conservation of the angular momentum, one can demonstrate
that the inertia tensor will not be constant in an inertial frame if the vessel rotates with respect this
frame. Therefore, it is always convenient to formulate the equations of motion in a body-fixed rather
than inertial coordinate system (see [Perez&Fossen2007]).

Expressing in {b} the Newton’s fundamental second law for rigid bodies, the 6 degrees of freedom motion

is governed by the following equation:

M% 0 + Crp (V) v =7° (33)

where 77 is the generalized external force vector, which includes both the interaction forces with water
and the control and propulsive forces; lastly, Crp (v) is the Coriolis-Centripetal matriz, which appears

because the body-fixed frame is not inertial. The terms of this matrix are:

0543 —mS (v1) — mS (S (v2) I‘Zg>

CRB (V) =
—mS (1) — mS (s (v2) rgg) mS (s (1) rgg) ~s (IZ /bVQ)
7.1 Seakeeping equation of motion

Describing the motion by the means of perturbations of {b} with respect to {s}, using 9, leads to the

following kinetic model for the seakeeping equation:
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5l = 3 (o) ov
Mb% 5607 + Crp (0v) 6v = 7

One should notice that for small angles both Rj and T, tend to the identity matrix, and therefore

also Jj (0n). It follows that a linear approximation of the former model is

on ~ v
MR35D ~ 0T
which results simply in
MRB(Sﬁ = (57’ (34)

Changing notation and splitting the forces in the two main contribution, the equation (11) can be written

expressed in {s}, with a same order approximation, as:

MRBé = fad + T:a:c + T::es (35)

By writing the forces in the frequency domain, this equation is:

[Mgg + A W)€+ B (w) €+ GE = Thgypifs (36)

Exploiting Cummins work, radiation force can be rewritten achieving the linear seakeeping vector equa-

tion of motion in time domain, called Cummins Equation:

¢
(Mgp + Ax) €+ Boé + /K t—t)E()dt' + GE = TRK+Diff (37)
0

7.2 Maneuvering equation of motion

When treating the design and the implementation of an autopilot and a control system, it becomes indis-
pensable to treat equations written with respect to an inertial reference frame. Indeed, in maneuvering

theory, a ship changes his attitude and position and an equilibrium inertial frame does not exist and can
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not be identified. Furthermore, to control the ship trajectory, control forces (propulsive system thrust or
forces and moments due to the deflection of a control surface like the rudder) are applied directly on the
body

That leads, in summary, to the necessity of writing the dynamics equations in an inertial fixed reference
frame, for example the NED one, but express them in the body frame, in order to apply easily control
forces.

Following [Fossen2005], we can express the relation between v = (Vbb)T’ (wbb)T = U+ v,

where 7 = [U, 0, 0, 0, 0, 0]", and ¢ as:

§=Jv— LL* 60

£ =J%60 + UL*6v

with:
r 7 1 0 0 O Zw 0
0 0 0
0 1 0 —z 0 Ty
0 0 1
001 0 -z, O
L2 |0 -1 0 J* 2
0 0 O 1 0 0
000 O 1 0
0 0 0
- - 000 O 0 1

Applying the former transformation to the 36, premultiplicating it for J T changing notation for the

rigid body inertial tensor Mzp — J*T MpzpJ* and adding the control forces, we reach:

Mgp + My (w)] 60 + N (w) dv 4+ Crpév + GE = TII;K-f-Diff + (tpip — 7) (38)

with:

My (w) =J7 |A (w) — =B (w)L*| J*

€

N (w) =J*7 B (w) + UA (w) L*] J*

Crp = UMppL”
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The time domain solution of the 38 is:

¢
[Mgp + My oo 00 + Noodv + Crpdv + /f{ (t—t)ov (') dt' + Gn = Tpy  piss + (TPID — 7)
0

with:

Moo =JTALT
Noo = J*7 By + UALL] J*

Crp = UMpgpL*

and where the impulse response matrix is

~ 2 7
K (t) = — | [N(w) — N cos (wt) dw
7-(- 0/‘

Using 0v = v — v and setting the constant control input 7 = [Crp + N 7, which corresponds to the

steady state u = U, the final dynamical model is:

n=Jy v

[Mpp + My o]V + Noov + Crpr + fotf{ (t—t)ov (') dt' + Gn = TPy, piss + TPID

In order to simulate the dynamical behavior of a ship in maneuvering, these are the equations to

implement and solve.
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Part 111

Time domain simulation

Time domain models based on frequency domain data are useful both for simulation and control sys-
tems design. Furthermore, adding non linear effects for higher accuracy is easier with a time domain

formulation.

8 Linear systems representation

The means to analyze the convolution term are based on his linearity, so we will present a brief overview
about how to represent linear dynamics systems. A stable linear dynamics system, with a scalar excita-
tion u (t) and a scalar response y (t), can be characterized in different equivalent ways: by the means of
an ordinary differential equation with high-order derivatives, by a convolution or a state-space represen-
tation.

For example, if one writes the relation between the dynamical response and the excitation with an

ODE:

n n—1 k m ku
o0y a8 o () = > Tel) s pout) (39)

by applying the Laplace transform it results:

where H (s) is a transfer function defined by:

PmS™ + Pm—18™ T+ -+ prs+ po
s+ Qn—1$n71 + -+ q1s + q0

H(s) =

By taking the inverse Laplace transform of 40 the relation is led back the convolution operator:

t

y(t) = /h(t —tHu(t)dt (41)

0
where h (t) is the simple impulse response of the system.

On the other hand, an equivalent state-space formulation is written as:
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x(t)=A'x(t) +Bu(t)

(42)
y(t) = C'x(t) + D'u(t)
with the following relationship between the matrices of the system and the transfers function:
H(s)=C'(sI+A) 'B' +D'. (43)

The former relation is reached by taking the Laplace transform of the system 42.
Nevertheless, the equation 39 can be reduced to a system of the type of 42 by simply adding auxiliary
variables. For example, with the assumption of p,, = --- = p; = 0, one can define the components of the

state vector x as :

| 0 1 0 0 ]
0 0 1 0 [ 0 ] _O_T
A 0 0 0o . 0 C B- 0 o= 0 Do
0 0 0 1 | Po | 1]
| % —@1 —q@2 - —qn-1 |

The state-space formulation is a good alternative for simulations because of the simple form of the general

solution of the system 42:

y(t)=C [ x(0)er + / A )B () dt | + D'u(t) (44)
0

The last observation is that, from the comparison of the former solution with the convolution operator

41, it follows that the response of the system to the impulse u (¢) = 6 (¢), with zero initial condition, is:

h(t) = C'eA'B' + D' (t)
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For more details [Taghipour2008] presents a good summary of the linear system representation forms.

9 Seakeeping simulation

Evaluating seakeeping simulation techniques, Cummins equation expressed in the seakeeping frame is the

starting point:

¢
(Mgp + As) € + Bk + /K (t—t)E)dt' + GE = TRK+Diff
0

In order to design and code a simulator, one have to face two problems:

e The convolution term is not efficient for time domain simulations; it implies the storage of a big
amount of data to compute the integral at each time step. For this reason, different methods have
been proposed in the literature as approximate alternative representations of the convolutions. Be-
cause the convolution is a linear operator, different approaches can be followed to obtain an equiv-
alent linear system in the form of either transfer function or state-space models. For an overview
on the main methods for replacing the convolutions and a comparison of the different methods in

terms of complexity and performance, please see [Taghipour2008] or [Perez&Fossen2008bis].

e The second problem is to approximate the infinite-frequency added mass and damping matrices A
and B, due to the fact that the bidimensional hydrodynamic code PDSTRIP does not provide

such estimation.

A method to identify both the convolution term and the infinite added mass matrix in one fell swoop
has been proposed by [Perez&Fossen2008]; we are going to develop a method starting from their work,

to find also the matrix B, and then implement it in our simulator.

9.1 Convolution term properties

Before exposing the previously mentioned method of [Perez&Fossen2008], we will focus on the properties
of the convolution term, useful to impose the conditions for building its estimation. The expressions both

in time and frequency domain are:
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K (t) = / (B (w) — Buo) cos (wt) duv
0

K (jw) =B (w) — B + jw[A (w) — As]

e For t — 01 it results:
K(o+):/(B(w)_Boo)dw¢o<oo (45)
0

because the functions B;j (w) — Booir are all bounded.

e From the Riemann-Lebesgue Lemma it follows that, for ¢ — oo:
oo

lim K(t) = lim [ (B(w)—Bs)cos (wt)dw =0 (46)

That implies the important input-output stability property of the convolution term: indeed, in order
to have each term f(f Kij (t —t') & (t') dt’ bounded for any bounded excitation &; (t), it is necessary that

J3 1K (t) |dt < oo, which holds provided 46.

¢ Using the Riemann-Lebesge Lemma, it is also verified that for w — 0:
lim K (jw) =0
w—0

e For w — 00, B (w) = By, and from the same Lemma:

w—r00

lim wlA (w) — Ax] = /K (t)sin (wt)dt =0
0

so it holds also:

lim K (jw)=0

w—r00

e The last important property is the passivity of K (jw). Passivity establishes that there is no gen-
eration of energy within physical system, i.e. the system can either store or dissipate energy. In
our case it derives from the fact that radiation forces are dissipative. To reflect this property in
the mathematical model, thanks to the linearity, we have just to assure positive realness: the real

part of the frequency response function must be non zero. The damping matrix is symmetric and
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positive-semi definite — B (w) = BT (w) >= 0, [Newman1997] — so K (jw) is positive real and thus
passive. This implies that the diagonal elements of the matrix K (jw) are positive real and the

off-diagonal terms needs only to be stable, [Taghipour2008].

Expression 20, given A, and B, allows to compute the values of the frequency response function K (jw)
for a finite set of available data. Thanks to linearity, one can seek a transfer function approximation K (s),

using these values for the identification method:

R (s) = P (s) _ prs” + 15"+ o
" Qix (s) 8" 415"+ qo

. i k=1,...,6 (47)

In order to carry out a good estimation of the approximations Ky (s), one have to exploit both the
non parametric data K;i (jw) from 20, and the properties previously listed. The following table from

[Perez&Fossen2008] summarizes these properties and their implications on the transfer function 47:

Properties Implication on Parametric Models Kj; (s)

1 - limy 0+ K () # 0 < 0o | Relative degree between P (s) and Qix (s) is 1

2-lim . K(t)=0 Bounded-input, bounded-output (BIBO) stability
3 —lim,o0 K (jw)=0 Py, (s) has zeros in s =0

4 -lim, ,o K(jw) =0 deg (Qix (s)) > deg (Pix, (5))

5 — Passivity of K (jw) K (jw) is positive real

Table 1: Properties of retardation functions

Using these informations to set constraints on the model’s structure is fundamental to fit a transfer

function which will assure a good estimation.

9.2 Frequency domain identification problem

From property 3 of Table 1, it is know that P (s) must have the form s' P, (s), so that:

s' P}, (s) _ st (pmsm + Pm—1s™ T 4L +p0)

IA(i S) =
£ (8) Qi (s) "+ gpo15" " 4 qo
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Furthermore using property 1 and 4, the orders of the polynomials must satisfy the relation [+m+1 =
n. Since in general A (0) # A, from 20 it follows that there is a unique zero of Ky (s) in s = 0, so
[ =1 and n —m = 2. That also means that the lowest possible order of approximation is m = 0 and

n = 2. The final form of the rational approximation is:

Kik(s) _ Pl(s) _ pms™ +pmas™ ' +...+po
s Qi (8) §MF2 4 gra1s™T + L qo

(48)

The problem is now reduced to find the vector of parameters 8 = [pp, - .., Po, ¢m+1, - - -5 Go, which
perfectly defines the (¢, k) element of the approximated transfer function K (s).
In order to exploit the avaiable data A (w;) and B (w;), which give the exact values K (jw;) from 20, we
can define the auxiliary function

- K, (jwr)

R (o) = =52 (49)

to shape the data in a similar manner of 48, and set the identification problem to find P}, (s) and
Q.x (s). One can think to a complex least square curve fitting problem, to minimize the overall displace-
ment of 48 with respect to the points defined by 49. The vector of parameters to choose is the argument
of the result of the following minimization problem:
Pl (s;0) |

R Ge) = 507579)

~ 2 2
0* = argmeln;wl ‘Kik (jwr) — K (jwl)‘ = argmgn?wl (50)

The weights w; can be chosen in order to emphasize a particular range of frequencies. This kind of
parameter estimation is non linear in the parameters: it can be solved with Gauss-Newton algorithms or
by linearization, as proposed by [Levy1959].

For other identification methods, both in time and in frequency domain, in order to analyze other ways
to estimate K (¢) or K (s), [Taghipour2008, Perez&Fossen2008bis| provides a exhaustive summary of the

state of the art.

9.3 Identification of A and Fluid Memory Effect

The minimization problem can not be accomplished in the absence of the Infinite Added Mass matrix:
that’s because it’s not possible to proceed with the computation of the discrete values of K (jwy) through
20, so no set of available data can be generated for the fitting problem.

The method proposed by [Perez&Fossen2008] overcomes this limit by defining another minimization
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problem that allows to find both terms. Indeed, it provides an extension of the previous results, putting
the two identification problems into the same framework.
First of all we have to recall the relation 21:

Bip (wi) ] .. ~

Trad,i (Jwi) = — [ A (wi) + ik (wi) = — A (Jowr) ik (wr) (51)

Jjw
On the other hand, taking the Laplace transform of 22 in the case of zero speed, which implies B, = 0,

with the same rational approximation of the convolution term analyzed previously, we obtain:

We can now follow the general identification problem approach, using a Least Square Optimization to
find 6*. The error to globally minimize is defined by the deviations of A, (jwg, 0) to A (jwk). The new

parametric identification problem is:

. e . 2 . 2
0" = argmeln;wl ‘Aik (Jwi) — A (jwi; 0)

The rational function one have to find from the minimization problem is:

2 Qi (s 0) Ao ik + P (55 0)  Rix (s; 0)
A (55 0) = Qix (53 0) : C Qik (s 0)

Therefore, the optimization problem is set to find the polynomials R (s; ) and Qi (s; 0) such that

(52)

Ay (jon) — m (53)

0* = arg main E wy
1

Being the order of Q;y (s; 0) higher then P}, (s; 6), Rix (s; 0) and Qix (s; 6) have the same degree n;
furthermore Qi (s; 0) is defined as monic. These two observations imply:
i Rig (jw; 07)

T w500 Qug (Juws 0%)

that is: the estimated infinite-frequency added mass term Aoo,ik is the coefficient of the highest

order term of Ry (s; 6*). After obtaining the rational approximation 52, the memory effect polynomial



9 SEAKEEPING SIMULATION 33

P!, (s; 0) is also deduced straightforwardly:

i (53 0%) = R (53 07) — Qi (55 07) Aco ik

and also K;j, (s; 0*) is found.
This algorithm to solve the optimization problem has been implemented in the Marine Systems Simulator,
so we will integrate a MSS routine in FloBoS to find the polynomial rational function which minimize

the argument of 53.

9.3.1 Order choice of Kj, (s), Model quality and Passivity

As mentioned before, to remain consistent with the properties of thde Table 1, the order of the polynomials

P!, (s; %) and Qi (s; 0*) have to be related by
n = deg (Qix (s; 07)) = deg (Pj), (s; 07)) + 2
It implies that the minimum order transfer function is a second order one:
-mi SPo
B8 0) = 5.
" (5:.6) s+ q15 + qo
The correct order to select is based on the particular hull shape considered. The algorithm can start
with the minimum order, n = 2, increasing it until a chosen maximum one. After having all the errors,

related with the corresponding degree, we can choose the best trade off between a low error and a low

order. Indeed, if the order is too high, the over-fitting would increase the computational cost.

Once the approximated transfer function K, (s) = g’;((i)) is found, to compute the error a compari-

son among the frequency dependent coefficients A;x (w) and By (w), available from the set of data, and
the estimated ones can be performed. Indeed, from the function Kip (s), one can exploit the equation 20

to compute:

Big () = Re { K (ju) }

S

i (W) = Aoo ik + élm {f(z‘k (jw)}
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A low deviations of these coefficients give confidence in the fitted K (s) and A, [Perez&Fossen2008].

To assure passivity, another control must be carried out. The diagonal terms Ky (jw) are passive because
the real parts of B;; (jw) are positive for all frequencies. For the off-diagonal terms this can be not always
satisfied, because the Least Square fitting does not enforce passivity. That means that the correct order

to choose is also the one which ensure:
Py (55 0)
Req —————= 0
‘ { Qu(5:0) )~

Until the approximation passivity is not satisfied, on should continue changing the order.

9.4 Alternative identification method for non-zero forward speed

Starting from the previous work of [Perez&Fossen2008], we can develop a method to identify also the
matrix Boo: indeed, in the case of a moving vessel, the infinite frequency damping matriz does not vanish.

The Laplace transform of 22 in the general case is:

. . Py (s;0) ] .
Trad,i (8) = —AooikTik (8) — | Boo,ik + Q:Z(S,tg))] M (s) = — |:Aoo,ik +

—~

Bk P (s;6) ] .
s T s0u (s o)) )

We can write the former parenthesis as a polynomial fraction I;l:((: g)) , such that:

Ry (s; 0) _ 5Qik (85 0) Aco ik + Qir (55 0) Boo ir + Pi (55 0) (54)
Sik (s; 0) sQir (s; 0)

By the means of the coefficients 51, computed using the set of data, we can set the same minimization

problem

R, (s; 0) ?

Aik (jwl) - m

0* = arg Hgn;wl (55)

in order to find the polynomials of the rational function 54.

Once 55 is solved, we have both R;j (s) and S (s), and we can trace back to the unknowns Aoo’ik, Boo ik

and g’; ((;)), to reconstruct the radiation force 7,.44,; (s).

The polynomial function Q;x (s) is given simply by S’“T(é) ; to continue the identification, we have to

exploit the information a priori about Py, (s) and Qi (s). We know that, calling n the degree of Q;y (s),
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then the degree of Py (s) is n — 1, and, obviously, the degree of sQ;x (s) is n + 1. That means that we

easily find /Alooﬂ-k as the highest degree coefficient of R (s).

The last unknowns to find are the value of Boo,ik and the polynomial Py (s). We can write the general

form of the polynomials as:

Rig (s) = rpq1s"™ 4 rns™ 4 - 15 + 7o,
Qi () = qns™ + qn_15"" + -+ q1s + qo,

Piy (8) = 18"t + Dp—28" "2+ 4+ p1s+ po.

From 54 we know that these polynomials are related by:

5Qik (53 0) Ao ik + Qir, (83 0) Boo.i + Pk, (53 0) = Ry (55 0) (56)

which, extending, turns into:

8 [qns™ + qno18" "t A+ qo] Avoik + [gns™ + - + qo] Booyik + [pa—18" T+ o] =

=rpps" 44

Furthermore we know that Py (s) has a zero in s = 0, which means py = 0, and Q;x (s) is monic, so

qn = 1. That leads to:

(8" + guo18™ + 4 qos] Asoin + [8" + @uo18" "t + o+ q0) Booik + [Pa-18" T+ +p1s] =

=rg1s" T 44
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Comparing term by term, we reach n + 2 relations:

Tn+1 = Aoo,ika
Tn = anleo,ik + Boo,ik7

Tn—1 = Qn—QAoo,ik + Qn—lBoo,ik + Pn—1,

Tk = Qkfliioo,ik: + QkBoo7ik + Pk,
1 = quoo,ik + q1Boo,ik + p1,
To = QOBoo,ilc

where the coefficients 7, ¢; and the value of A, ;. are all known. Calling > ri=R,>,¢;=Qand

> b= P, we can sum the former relations, reaching the new one:

R= Q'Aoo,ik:""Q'Boo}ik:'i'P (57)

With the two 56 and 57, we can set an iterative process to find both Bm,ik and Py (s). Indeed the system

(Pi (53 )], = R (53 0) = 5Qur (51 0) Aei = Qun (51 ) | Boca|
P = Zj [pj]l
|:Boo,ik:| = Aoo,ik + RZQPL
I+1
can eventually converge to the unknowns. The first step is to initialize a value: due to the fact that

we do not have any prior information about the polynomial Pj (s), we have to choose [Bm7ik] ; from
0

the data set of B (w;) we can take the value corresponding to the maximum frequency wpq: = mlaxwl

as a good initial approximation of B ik, SO {Bwyik} = Bik (Wmaz)-
0

The complete algorithm becomes:
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Ay, (jwr) — ((

Sik (5) = Qir (5);
Rig (5) = Acoins

Aik(W[),sz( 1) = A (jwr);
0) .
0)’

00,4 :Bi max
ik, = Bik (@)

[Bo"’ik}z — [P (s; 0)]

[Pk, (s 0)], = P,

]Dl — [Boo,ik}
I+1
At the end we find A, ik Omk and K (s) = ﬁg The evaluations about the transfer function

order and the model quality check are the same described in the previous sections, exception for that, if

the speed is not zero, the inverse relations to re-compute the approximated A, (w) and Bix (w) are:

Ounce we have the approximated transfer functions of K (s), we can find the memory effect term in the

time domain, exploiting the relation 43. Indeed, by taking the Laplace transform of

t
/Kt—t (t")dt'
0

we obtain

pi (s) = Kk (8) & (s) ~ &k () (58)
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but the Laplace transform of the state-space formulation

%X = Agx + Bg€
p(t) ~ (59)
u=Csx
leads to
p(s) = Cs (sT — Ag) ™' Be& () (60)

Hence, a correlation between 58 and 60 can be made to find the constant matrices Ag, Bs and Cg of

the state-space formulation, starting form the frequency domain transfer functions 5’?’; ((:)), then, Ag, Bg

and Cg can be used in 59 for the time domain approximation of p (t).

9.5 Cummins equation resolution

Ounce we found a time domain approximation of the memory effect term p (¢) and the constant matrices

A and B, we can proceed with the numerical resolution of the Cummins equation

(Mpp + Ax) §+ Bl + p(t) + GE = TEK4Diff
From potential theory we can compute the dynamic pressure due to incident and diffracted waves
and, after the integration over the wet surface of the vessel, we can find the Froude-Krilov and diffraction
force vector TRK+Diff"
Writing the equation as

£=—(Mgpp+As) 'GE— (Mpp+As) ' Bock + (Mpp +As) (Thrspiss — k(1))

we can reduce the order of the problem defining the following state vector

Indeed, the time derivative of y (¢) can be written in a linear system form as:

y() =W -y () +1(t) = f(t y () (61)
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where W is the constant matrix

O6x6 Isxo

_(MRB +Aoo)_1G _(MRB +Aoo)_1 Boo

W =
and [ (t) the time dependent vector

Oﬁxl

L(t) =
(Mpg + Ax) ™! (Tzs«“KJrDiff — M (t))

As we can see, in order to integrate the motion equation 61, we need the initial condition y (0), so the
starting position and the velocity of the ship with respect his equilibrium position. For the memory effect
term, a parallel update can be performed separately each time step, initializing the state vector x to zero

x(0) =0.

Finding the excitation forces, by integration of the pressure on the hull, implies the computation of
TrK+Diff at each step; indeed, the computation must be carried out on the actual position of the hull,
so it’s possible only after updating it, integrating the motion equation.

We can apply several numerical methods to integrate both 61 and 62, for example a Runge-Kutta
method.

The general algorithm to proceed with the integration is:

£(0), £(0) =y (0)
£(0) = mrr4pirs (0)
x(0) = 1 (0)
y(0)
— y (At)

Tri+Diff (0)

1 (0)
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§ (kKAL) = Trr 1 pifs (KAL)
x (kAt) — p (kAL)

y (kAt)

Trr+Diff (KAL)  —Y ((k+1)At)

p (kAt)

The possibility to add a forward speed U is implemented. To add the drag force due to the relative
motion, we can use empirical formulas: after finding the instantaneous relative velocity U; of the vessel
with respect to the water — adding to the forward speed the surge fluctuation and the water velocity — we
can compute the Reynolds number and the global resistance coefficients C'p,.qq, expressed as a percentage

of the friction coefficient C'y:

Re PUiLyy
]
Cy = Oy (Re)

For example, we can use the Gabers formula to estimate the friction coefficient:

0.02058
= TR
e
and consider the pressure resistance as the 50% of the friction one, so Cprey = aCy with a = 1.5.
To compute the drag force we can consider an equivalent plate with a wet surface of S., = 2L,,d, so it

results

D= PUELppdCDMQ

The steady part of the resistance, due only to the forward speed U, is taken off from the overall
resistance: for seakeeping simulations, the hypothesis that the propulsive system balances at each instant

this component, to assure equilibrium, is assumed.
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10 Maneuvering simulation

To perform ship maneuvering simulations, we have to change reference frames. Unable to define any
equilibrium position the ship fluctuates around, every kinematics quantity must be referred with respect
to an inertial frame {n}: 7 and v are the generalized position and velocity vectors of the ship with
respect of the origin of {n}, but while 7 is also expressed in the inertial frame, v is expressed in the body
coordinate systern.

The frequency domain dynamical model for maneuvering is:

[MRB + My (w)] (SD+N(M)5V+CRB(5U+G§ = TII;‘K—i-Diff + (Tp]D —77')

with

* U * *
My (w) = I AW -~ —5BWL"|J

N(w)=J"[B(w) + UA (w) L*] J*

Crp = UMpgpL”

On the other hand, the related time domain version is:

t
[MRB +MA,oo] 0v + N ov + CRB&/—F/K@ —tl) 5V(t/) dt/—i-G’I] = T%K—&—Diff + (TPID —f)
0
with

oo

K(t) == / [N (w) — Noo] cos (wt) dw
0

Moo =T AT
Ny =J" By + UAL*| J*

Crp = UMppL*
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The difficulties to overcome to implement the resolution are the same of the seakeeping case:
e Find a transfer function for K (t) and approximate the convolution term;

e Find A and B to compute M4 o, and N.

10.1 Identification of M, ., N, and Fluid Memory Effect

All the considerations we already made about the memory effect terms still hold; the difference in ma-
neuvering is that the argument of the convolution operator is different: it’s a linear combination of the

frequency dependent matrices A (w) and B (w).

The method is similar to the seakeeping one. We start correlating the following expression

My (w)ov + N (w)ov = [MA (w) +
with the related time domain one:
t
M4 0002 + N ov + /f{ (t —t") o (¢') dt’
0
Taking the Laplace transform of the former, we can write an equivalent form in the frequency domain:

lMA,m + Nth(s)] Y (64)

Considering each term of 63 and 64 separately, and approximating the retardation matrix with a rational

function:
~ - Lik (S; 9)
()= B = 5. 0)
we define
Ni w .
My i (w) + ‘I;u()) = Tir (Jw)

Neo s L; ; 0
ik k(s 0)

s sGu (5:0) T (s 6)

MAoo,ik +
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We can form a discrete data set for each T (jw), by having available the matrices A (w;) and B (wy).

Indeed, both M 4 (w) and N (w) are simple combinations of them:

SO

T (o) = | M (wl>+1\zﬁjl”)

To find M pco,ike » Noo,ir and the polynomial functions of é:; Ei‘ Zg, we can solve an optimization problem:

starting with the definition of the degree of approximation of the retardation function, i.e. the degree
of the functions Ly (s; 8), or Gy (s; 0), we try to find 6* such that 75 (s; 6*) will fit in the best way
possible — in the least mean square sense — the data T (jw;):

* 3 y 7 2
0" = argmem;wz Tir (Jwr) — Tix (5 0)

the resulting 751 (s; 0*) has a rational form too:

N M poo i SGik (S; 9*) + Noo it Gik (S; 0*) + Lk (S; 0*) Rk (5; 9*)
ik (85 07) = : : =
Tik (53, 67) 5Giar (s 0 Sux (5 0°) (65)

Therefore, after the fitting problem, we have Ry (s; 6%) and Sy, (s; 6%).

As we already discussed, for the properties of the retardation functions, the relative degree between
Lii (s; 6*) and Gy, (s; 6*) is one and the former has the higher order. That means that we can directly
find both ]\ZI'ACXM-;€ and Gy (s; 6%): the former is simply %Sm (s; 0*) and, on the other hand, Mo st is
the highest degree coefficient of Ry (s; 6*), having sGyj, (s; 0*) the highest order in the numerator of 65.
As already done, we can iterate until finding also Nooﬂ-k and Ly (s; 0%): Ny can be initialized with

the highest available frequency N (wnq.) and from the following

MAoo,ikSGik (S; 9*) =+ Noo,ikGik (S; 0*) + Lk, (S; 0*) = R (5; 9*)
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the first iterative step is

[Lik (55 07)]; = Rik (53 0°) — Maco,ik5Gik (53 0°) — Nik (Wmaz) Gik (55 0%)
Then, defining the sum of the coefficients of the polynomials G (s; 6%), Li (s; 0*) and Ry (s; 6*) as
2279 =G, > ;lj=Land ) r; = R, we can add the relation
M aco,itG + Noo,itG + L =R

which means

R—-L
(Noo,ik)l+1 = MAoo,ik: - a :

to continue the iteration process, similarly as we already discussed. Clearly, the notation L; represent
the sum of the coefficients of the polynomial L;x (s; 8*) at the lth iteration.
As we found every components we needed, we can compute the error, i.e. evaluating the quality of the

order. We will exploit the following properties: in analogy of the seakeeping motion equation, it holds

K(t) = %/[N (w) — No] cos (wt) dw = 7% /w My (w) — Mg, oo] sin (wt) dw
0 0

from which it derives

N(w) =Nu+ [37K(t)cos (wt)dt
My (w) =Mao — L [K(t)sin (wt)dt

and the Laplace transform leads to

R (juw) = / K () e 7't = [N (&) — Now] + joo [Mg () — Ma o] (66)
0

Having found Z\Afooﬂ‘k and ]\ZAOOJ-;C , using 66 we can compare the points from the data set Ny (w;) and

M4 ik (wp), with the approximated ones

Mg (1) = Mao,n + 50m { Gelenei
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After computing the error, we can increase the order of % and, at the end, choose the best trade

off between a low error and a low order.

To convert this formulation in a state-space one, we proceed as before:

i 6) = K (5) v 5) = R (o)

p(s) =Cs (sI— AS’)_1 B.'6v (s)
and after the correlation we can find the constant matrices A, Bs' and Cg’.

10.2 Cummins equation resolution

The approach to integrate the maneuvering equation is the same of the seakeeping one: having the

dynamical model

n=Jy (v
[Mprp + My o]V + Noov + Crpr + p (t) + Gn = Tzlz“KJrDiff +TPID

Rearranging the motion equation, the acceleration results:

U =—[Mgp +Mao]  Gn—[Mgp +Ma o] " (Noo + Crp) v+ [Mpp + M o] (Tf’rK+Diff +7pip — 1 (1))

Defining the state vector y (t) and the matrices W (¢) and I (¢) as follows:

O6x6 Jy ()
—[Mgp + MA,oo]_l G —[Mgp+ MA,oo]_l (N + CrB)

06x1

[MRB + lvl:A,oo]i1 (Tg‘K_A'_Diff +TpiD — | (t))
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the motion equation turns into:

y() =W () -y@)+1() =f(E y()

This time the matrix W (¢) is time dependent, because of the presence of J}' (1 (t)).

The algorithm for integrating numerically the dynamics equation, are perfectly analogous to the seakeep-
ing ones. The main difference is that the matrix W (¢) must be computed each time step, after updating
the position 7 and consequently J}' (). After setting the initial conditions for position and velocity 7 (0)

and v (0) we proceed in the following way:

1(0), v (0) = y(0)
1(0) = Jg (n(0))
b (n(0)) = W (0)
1(0) = Tr 1 Difs (0)

x(0) = 12 (0)

— y (A?)
Tri+Diff (0)

1 (0)

n (kAt) — Iy (n (kAt))
I (n (kAt)) — W (EAL)

n (kAt) = Trr1pify (KAL)

x (kAt) — p (kAt)
y (kA?)
W (kA7)

=y ((k+1)Ar)

Trr+Diff (KAL)

p (KAL)
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10.3 Sideslip stability

During maneuvering, ship experiences important sideslip angles, that is the misalignment between the
velocity and the x body axis. The vessel response is opposite and it tends to realign itself with the velocity.
In seakeeping that means static stability, but in maneuvering that can make the rudder capabilities
inefficient.
According to the regression analysis of [Lee&Shin1998], we can add to our model the hydrodynamics
derivatives in sway force Y and yaw moment N due to a sideslip ¢.

Defining k = LQTi and the block coefficient Cp = ﬁ, where d is the mean draft, L,, the lenght of

the ship and Q the fluid displaced volume, [Lee&Shin1998] found:

Ys = —9.5114 + 30.278C), — 36.8419k — 22.1929C7 + 20.3124k? + 40.3232C, k
B B\’ B
Ysja) = 31.3506 + 3.622C), + 318.2181  + 29.1844C7 — 290.0526 (L) — 262.1299C,

N5 =0.0024 + 1.0272k

Npjs) = —0.2149 + 4.6127k — 22.53k*

Ultimately, we add the forces:

Y = Y56 + Y550]6]

N = Nsd + N§|§|5|5|
In our model we neglect the cross derivatives with the yaw angular velocity, i.e. Yy, and Ng,..

10.4 PD Controller

In a similar way we already did for seakeeping, we can add the resistance of the ship, starting from the
instantaneous Reynolds number and using empirical formulas. Then, the steady resistance, required to
assure a constant speed U, is balanced by the propulsive force and the remaining part acts autonomously.

Furthermore, to control the ship, in order to achieve simple maneuvering actions, a PD controller
has also been implemented in the simulator. Selecting one or more target positions to reach, the error is

computed by the means of the difference A1y between the heading attitude the ship should have and the
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one the ship actually has. Indeed, the = body axis of the ship should be aligned with the target point

and, controlling a rudder, a yaw moment is generated to correct the attitude.

Figure 8: Error Ay to correct by the PD controller

Once the error has been computed, the angle to command to the rudder is found by the means of the

constant K, and Kg:

d
5rudder = KpAq;Z) + Kd% (A¢)

The surface of the rudder S,ydqder is assumed to be 2.5% of the longitudinal surface of the ship L,,d, with

a classic aspect ratio of A ~ 2/2.5. The normal force coefficient is computed as:

6.13\

Cpp = —0
Fn = N1 225

To find the normal force generated by the rudder, the effective angle of attack a.q4e- must be considered.
Neglecting all the interaction with the hull, this angle is just the sum of the rudder deflection and the

sideslip angle of the ship:

Qrydder = 57‘udder +0
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Considering the instantaneous relative velocity of the vessel with respect to water, sum of the cruise —

with respect to the inertial frame — and the sea one, the resulting normal force is found to be

1
2 .
F, = ipUi SrudderCFn SIN Orydder

The projection of F;, along the y body axes gives the sway force Y,y qqer and the one along the x axis
an added resistance; the sway component Y, q4e- causes the yaw moment N, q4er, aimed to control the
attitude of the ship, and also a reaction roll moment K,.,q4qer due to the vertical distance of the rudder

from the center of gravity Az,,qqer- Those forces, computed in the body reference frame, are respectively:

Xrudder = — |Fn sin (6rudder)|

Yrudder = _Fn COS (6rudder)
L

Nrudder = 7Y%

Krudder = YAZrudder

11 Integration with WAFO

To create more realistic sea states we integrated WAFO, a Matlab toolbox for analysis of random waves
and loads, with FloBoS.

This toolbox, created by a mathematical and engineering group of the University of Lund, can perform
accurate and detailed statistical analysis about sea states and fatigue analysis; however we exploited very
few features of this powerful software.

Using WAFO routines we can obtain a realistic wave spectrum just with three informations about the

sea state:
e Significant waves height H,,o, defined as four times the standard deviation of the surface elevation;

e Peak period T, defined as the wave period associated with the most energetic waves in the total

wave spectrum;

e Main direction of the waves 6y, with respect to our inertial frame.
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11.1 Wave Spectrum

Waves on the sea surface are not simple sinusoidal but, with some simplifications, we arrive to the concept
of the spectrum of ocean waves. A waves spectrum, statistically defined from a general sea surface, gives
the distribution of the energy among different wave frequencies. There are many models for sea spectra,
coupling both experimental data and theoretical concepts, and the state of art requires a good knowledge
of the characteristics of the particular sea one wants to simulate to choose the best one. In FloBoS
the main used spectrum is the JONSWAP; the former can also lead to a more sofisticated one, the
Torsethaugen specturm, by combining two of them. In what follows we will describe the main features

of both.

JONSWAP spectrum

The JONSWAP (JOint North Sea WAve Project), by [Hasselmann1973], is a result of a program to
standardize wave spectra of the Southeast part of the North Sea.

This spectrum is particularly well suited for not fully developed sea states, but it can be used also to
represent fully developed ones. His best validity range is when 3.6v/H,,0 < T}, < 5v/Hpno-

This spectrum is given in the form of

ST (w) = Z—gQ exp (—]\]5 (%)N) 7exp<—(‘;;;fg)2)

where

0.07, w<wy
g =
0.09, w>wy
5

M =

N =4
H2

a ~5.061—=2% (1 —0.2871n (7))
TP

4

v =exp | 3.484 |1 —0.1975 Ty (0 036 — 0.0056—2 )
= €eX . — U. . — U.
H72nO \/HmO

The value of 7, the peakedness parameter, is limited by 1 < v < 7; a standard value that can be

taken for it is v = 3.3.
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Torsethaugen spectrum

Torsethaugen proposed in [Torsethaugen1993] to describe a bimodal spectrum by the sum of two JON-
SWAP spectra:

ST (W) =D 8 (w; Humoj» Tj)

j=1
Hp,; and T); are the significant wave height and the angular peak frequency for the primary and

secondary peak, respectively.

For more information about the definition of those spectra please consult the WAFO guide [WAF02017].

The figure shows how an example of spectrum can appear:

Spectral density
1

5 I I
fp = 0.79 [rad/s]
45— =
4 _
35— -
= 8T =t
e
®
o e |
= 25
z
0 92 —
15— —
1 =]
0.5 =
0 | | |
0 3 35 4

Frequency [rad/s]

Figure 9: Example of Torsethaugen spectrum with parameters H,,o =6 m and 7, =8 s

11.2 Directional spectrum

The wave train is also characterised by a main direction along it travels: the overall spectrum should also
consider that. The way to describe the waves direction on the equilibrium water plane is the directional
spectrum D (6), a probability density function. It statistically describes the possible direction of a single

harmonic of the whole spectrum. The resulting spectrum is simply the product of the energy spectrum
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and the directional one:

S(w, 8) =S5 (w)D(0)

A function that can be used is a cos-2s type, that for a mean direction of 6 is:

I'(s+1) 9s (0 — 60
2,/7rr(s+%)cos ( 2 )

where T'(s) is the gamma function, the extension of the factorial function. We can see that D (#) has

D (9, 90) =

a maximum centered in 6y and, as a probability density function, it holds

T+0g
D(6)do =1

—7m+60o

One way to visualize S (w, 6) is a polar plot, which represents both the contour lines of the sea waves

energy and their main directions in one fell swoop:

Directional Spectrum
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Figure 10: Example of polar plot: Hy,o =6 m and T, =8 s
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11.3 Spectra sampling

To integrate in FloBoS the spectra generated by WAFO, we need to extrapolate simple harmonics: that
can be made by a sampling of S (w, ). Indeed, after choosing a resolution number N,..s, an approximated

sea surface is defined by:

i — Z-wmaar — Wmin
=
NT@S + 1
NT&S

¢(t, z, y) /25 (wi, 0;) Aw cos [k; (x cos; — ysin ;) + ¢;]

i=1

2
where /25 (w;, 6;) Aw is the amplitude of the ith harmonics, k; = 2}\—“ its wave number — equal to %"

for infinite depth, 6; is its direction and ¢; the phase.

The value of 6; is chosen following the probability density function D () and the phase is randomly
sampled in the interval [0, 27)
There are many possibility of carrying out the sampling: the discretization in N,.s harmonics can be
uniform along all the frequency range, as we saw, or not: in the former case we can choose smaller
intervals where the spectrum function changes more sharply, i.e. near the peaks. In the case of uniform

discretization, Aw = "J”‘L‘i’m" = const.

rest1
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Part IV

FloBoS - An overview

The simulator assembles all the theoretical and technical apparatus mentioned before, implementing it
in Matlab.

The first part of SeaBoS and ManBoS has been written starting from the seakeeping frequency domain
Ship Response Simulator of [Musci2015]: the data pre-processing section of it has been adapted to new
needs and recoded to make it more easily transferable in Python. Then, the time domain features has
been added, as the optimization algorithms, the time integration of the motion equations, the manouver-

ing simulator (possible only in time domain) with the related equations and the graphic part.

Starting from the shape of the vessel, given as a series of cross sections defined by points, every needed
geometrical property is extrapolated: length of each strip element, mean and maximum draft, beam
and freeboard, actual wet hull, normal and tangent unit vectors, each section’s area, water plane area,
area moments, buoyancy center, fluid displaced volume etc. To accomplish these tasks, the work of

[Musci2015] has been adapted.

The software PDSTRIP solves a bidimensional boundary value problem for each jth cross section, which
are globally ng.., finding its bidimensional added mass and potential damping matrices, a; (wy) and
b; (wy), for each of 52 frequencies wy that PDSTRIP chooses for each vessel, based on its dimension.
After an integration along the ship length, the tridimensioal frequency dependent matrices of the whole
hull, A (wg) and B (wg), are computed.

Once the vessel is completely defined with all the needed geometrical data, a static stability analysis
is carried out: both longitudinal and transverse metacentric stability are evaluated and the restoring

coefficients are computed.

To proceed with the real time domain simulation, the infinite frequency matrices A,, and B, must
be computed, as the definition of the state-space model matrices for the fluid memory effect term ().
In order to do that, specifying what simulator is intended to run, SeaBoS or ManBoS, is needed. The
differences are in the algorithm to find A, and B, and in the motion equation integrated during the

simulation.
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Moreover, to start a maneuvering analysis with ManBoS, a set of target points must be inserted: the
vessel will be controlled with the rudder, by the means of the PD controller, with the objective to reach
the target positions in the selected order.

Concerning the sea state, the waves harmonics can be defined manually or by uniform sampling of a
Torsethaugen spectrum, which requires as inputs H.,g, T}, and 6p; with the harmonics data, the compu-
tation of the excitation forces can be made during each time step of the simulation.

After the simulation, performed until the final time specified by the user, a post-processing phase starts.
The dynamical responses are plotted and a vessel animation is shown.

In what follows we will give a more detailed description of FloBoS, taking a look in each of his part.

A scheme of how SeaBoS works is presented:
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Figure 11: SeaBoS block diagram



12 SIMULATION SETTING 7

12 Simulation setting

Before starting a simulation, a number of settings must be arranged. First of all, after choosing the
case to simulate, PDSTRIP has to have the right input files to run. Then, the user has to set other
simulation properties directly on the FloBoS script. The reference frames considered in FloBoS have the
z vertical coordinate axis pointing upward, the z longitudinal one pointing from the stern to the bow, as

the velocity, and the last cross one, the y axis, points from starboard to port:

Figure 12: FloBoS frame of reference

Before going into the details, knowing how the simulator code is structured is suitable.

12.1 FloBoS folders structure

In the main FloBoS folder we can find three Matlab scripts — FloBoS.m, SeaBoS.m and ManBoS.m, and
three subfloders — FloBoS routine, PDSTRIP and WAFO.

Among the scripts the user dedicated one is FloBoS.m, which is the one that, after setting in it all the
simulation’s properties, will launch one of the others, SeaBoS.m or ManBoS.m.

Concerning the subfolders, FloBoS routine contains routines to compute the excitation forces, to solve
the optimization problem, to create the sea spectrum from WAFO results, the PD controller and some
animation and graphic properties.

WAFO is the original December 2017 WAFO version folder, that can be downloaded from their official

website http://www.maths.lth.se/matstat/wafo/download/index.html. Sea spectrum data are generated

with these routines and then integrated in the simulator.
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Finally, the folder PDSTRIP is where a subfolder for each case to simulate must be created, in order to
specify the geometry of the hull.

In what follows, a more detailed section for PDSTRIP is dedicated.

12.2 PDSTRIP folder and cases subfolders

PDSTRIP is originally coded in FORTRAN 90, but a Windows-executable file, pdstrip.exe, is present
in this subfolder. As we said, to allow FloBoS to run PDSTRIP, a folder for the case must be created
and it must contain two input files and a post processing Matlab script, SectionResuls.m. This script
will take the output files of PDSTRIP and will make them compatible with the next step simulator
elaboration — it is a routine of [Musci2015].

The first input file is the geometry one. The user can decide to write his own file, creating a personal
hull, or to load a .mgf file from ShipX VERES list; in the former case it will be sufficient to specify it in
FloBoS.m, as we will show below.

To write a geometry file, which must be called geometry.out, the structure to follow is:

n_s T d
x.1n_plO
y-1 y_(n_p1)
z_1 z_(n_pl)
x_j n_pj O
y_1 ... y_(n_pj)
z_1 ... z_(n_pj)

e Flirst line: ng, the number of the sections, indicates in how many sections the vessel has been
discretized in; T refers to symmetrical sections — the only supported type by FloBoS, and d is the

mean draft of the vessel.

e Second line: it refers to the first section, so x; is its z-coordinate, np; is the number of points of
this section and the zero stands for simply connected sections — again, the only supported type by

FloBoS.
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e Third and Fourth lines: the lists of y and z coordinates of all the offset points of the section, from 1
to np1. It’s fundamental to know that only half section must be identified, because the symmetrical

sections hypothesis is always made. The order is from the bottom hull point to the port point.

Then, a block similar to the one formed by the 2nd, 3rd and 4th lines has to be repeated for each section,
S0 n, times. An important note is that the order of the sections must be from the stern to the bow, so

that z;11 > ;.

X=X_]

n_pj

Figure 13: Generic jth section

The second input file, called pdstrip.inp, has this form:
0t ff

// General description text

9.81 1.000 0 -1e6 999.

0

geomet.out

0/

The second line is irrelevant for PDSTRIP; the third one is composed by the following data: gravity
acceleration g; fluid density expressed in ton/m3 (i.e. with respect to water density); z coordinate of the
waterline, which is set to zero; the z coordinate of the sea bottom, which must be put to 10% to simulate

infinite depth; the last number is irrelevant for us.
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12.3 FloBoS.m settings

Once the case subfolder has been created, the final settings have to be made on the main script FloBoS.m.
There are eight sections to be completed, each one with specific information and data about the simulation
the user wants to perform. Any numerical value required to be inserted by the user must be expressed
according to the International System of Units SI.

These sections are called:

e %% SET CASE NAME AND ROOT DIRECTORY. There are 6 variables to be assigned:

1. Simulator: the user has to choose between ’SeaBoS’ for seakeeping simulations or ’ManBoS’ for

maneuvering;

2. ispdstrip: this variable must be set to 1 if the geometry file is structured for PDSTRIP, or 0 if

the model follows the ShipX one, that is a file .mgf;
3. pwd: it is the path of the main FloBoS folder, for example ’C:\Users\...\FloBoS’;
4. casename: this is the name the user gave to the case subfolder, in the PDSTRIP folder;

5. namegeom: this variable must contain the name of the geometry file in the ’casename’ subfolder,

which is >geometry.out’ for PDSTRIP or a generic >vessel.mgf’ otherwise.

6. scaling: this last variable allows to scale the hull geometry; if the user wants to simulate a vessel
defined by the geometry file namegeom, but scaling it of a certain factor, this variable changes
proportionally all the geometry. For example, to simulate a vessel which is a half of the one defined

by namegeom, it will be sufficient to set scaling = 0.5;

e %% SIMULATION SETTING: There are 2 variables to be assigned, concerning possible user’s manual

tasks:

1. Man_Order: if this variable is set to 1, it enables the manual check of the order of the approximated
fluid memory effect’s transfer function. Otherwise, if it is set to 0, an algorithm will proceed with an
automatic evaluation of the order. If the speed is non zero, it’s recommended to check the fitting,

setting the manual control on: ’Man_QOrder = 1’;

2. Man_Spec: setting this variable to 0, a realistic Torsethaugen sea spectrum will be generated and
sampled, to define the corresponding sea surface. Setting it to 1, the user can create a personalized

sea surface, by adding manually each harmonics directly in the ’Simulator’ script, under the
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section *%% 1. CREATE THE SEA SPECTRUM’. In this former case, the vectors to insert, which will
define the sea and will be used for the computation of the excitation forces, are: zeta, containing
each harmonics amplitude; T, for the corresponding periods; beta, for their heading angles with

respect to the vessel.
e % Ship There are 3 variables to be assigned:
1. U: the velocity of the vessel;
2. zg: the vertical position of the center of gravity, relative to the mean sea surface;

3. d: the mean draft of the vessel. In the geometry file the sections are entirely defined; then, specifying
the draft, the actual wet part of the hull will be determined too. Please note that this variable is
also the one in charge of the definition of the vessel load: a greater draft implies a greater displaced

volume of fluid, which, in turn, corresponds to a grater mass.

e %% Fluid and environment properties There are 3 variables concerning physical properties of

the environment:
1. rho: the density of the fluid where the vessel is supposed to float;
2. visc: the dynamic viscosity of the fluid;

3. g: the gravity experienced by the vessel. Please note that if the user wants to simulate a different

gravity, it should be changed also in the PDSTRIP input file.

e /% Sea State - Waves spectrum There are 4 variables needed to define the Torsethaugen spec-

trum and the sampling:
1. HmO: the significant waves height;
2. Tp: the peak period;
3. Beta: the primary direction of waves, expressed in radiant;

4. Nres: this variable indicates the resolution the user wants to sample the energy Torsethaugen
spectrum with. In other words, it defines the number of harmonics used to approximate the sea
surface. Increasing Nres means having a higher precision of the sea surface definition, implying a
more accurate excitation forces computation; on the other hand, the computational cost and the
simulation time will be strongly affected by this parameter. Suggested values range between 15 and

25.
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e %% Time data of simulation There is just one variable to insert in this section, that is the final

time of the simulation: T_fin;

e /% Set initial conditions There are two vectors of dimension 6 to insert: they represent the

initial conditions for the generalized position and velocity vector.

In the case of a seakeeping simulation, these vectors are xi and xi_dot ; for maneuvering they are
eta and ni.

If there is a non zero vessel forward speed U, for seakeeping it does not have to be added at the
vector of initial velocity, because xi_dot represents a perturbation from the equilibrium state, and
the speed is considered part of this state; indeed, the problem is reduced to an equivalent one,
where the vessel is at rest and the sea moves in the opposite direction, with a velocity —U.

For maneuvering, a non zero U should be taken into account too in the vector ni, because in this
case velocities are taken with respect to an inertial frame. Nevertheless, this is done automatically;
that means that the user has to set this vector different to zero just if there is an initial perturbation.

In general these four vectors can remain null.

e %% Target position This vector has to be set only if a maneuvering simulation is going to be

performed. In this case, its size must be ngrger X 2, Where nyrger is the number of consecutive
target points the ship should reach. The general jth row represents the (z;, y;) position of the jth

target point, taken on the mean sea surface plane.

13 Code Logic description

A brief summary of the simulator code is now presented. Only SeaBoS is considered; indeed, for a
qualitative description, the two simulators structures are similar, except for small details.

SeaBoS is composed by 16 sections; we are going to quickly analyze each one

1. Create the Sea Spectrum
This first part of the code is dependent on the variable Man_Spec: if its value is 0, WAFO routines
will be called to generate the sea spectrum, by the means of the variables specified in the section

Sea State - Waves spectrum of FloBoS; then the discrete simple harmonics will be defined by

a sampling. Otherwise the harmonics can be defined in this section by the user. Independently
by Man_Spec, at the end of this first section the vectors zeta, T and beta will be assigned and

therefore available to represent the approximated sea.
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2. Time simulation Data
The variables concerning the simulation time are created: the size of the time step is set by default
to 0.05 seconds; so the number of steps is computed as the ratio between the final time imposed
by the user and this time step. A time vector is also defined, containing all the values from zero to

the final time, all spaced by the size of the time step.

3. Prepare Input Data
Geometry data are extracted by the file namegeom and the first variables concerning the vessel are
created. There is, of course, the dependence of the file format, that is if the file is structured for
PDSTRIP or the if it’s .mgf. Having the length of the ship, a check about the Froude number can

be effectuated: the value should not be greater then 0.4.

4. Geometrical Properties of the Ship
The few geometrical data inserted by the user are processed to deduce all the other needed quanti-
ties. After all the other mentioned operations (like computing the strips spacing, the vessel draft,
beam and center of buoyancy, the elements lengths, area moments and unit vectors) a deck is also
added and the actual wet hull is obtained. A first plot of the vessel is showed, where the mean sea

surface is visible too.

5. Run PDSTRIP
The software PDSTRIP is launched and the bidimensional added mass and damping matrices are
found. If the file namegeom format is .mgf, a conversion must be carried out first. The results are

elaborated by the function SectionResuls and made ready to be elaborated.

6. 2D Added Mass and Damping Coefficients
The data from the 2D matrices are saved in dedicated variables. The matrices a; (wy) and b; (wg),
7=1, ..., nsec and k =1, ..., 52, are all 6 x 6 and sparse matrices; that’s why it’s convenient to
save these data in structures containing the same element of each matrix, for all the vessel sections

ngsee and for all the 52 frequencies.

For example, a non zero element of the matrices a; is the (2, 2) one: we can create a matrix
a9 which contains all these elements (the added mass term in the second degree of freedom, the
sway, due to a sway oscillation) for the all the strips and for all the simulated frequencies, so that

aoo € R7seexb2
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7.

10.

3D Added Mass Coefficients

The vessel overall matrices are now computed. That is possible by integrating the contribution
of the single sections ones along all the vessel length: in this way we will found one Added Mass
matrix A (wg) for each frequency. The formulas used for the integration, dependent also by the

speed of the vessel, are the ones proposed by [Faltinsen1990].

3D Damping Coefficients
For the Damping matrices the same integration process is carried out, finding the global ship

matrices B (wy).

Moments of Inertia
In this section, the moments of inertia in roll 144, pitch I55 and yaw I4¢ are computed. The evaluation

is made by the means of gyration radii, following the approximated formulas of [Faltinsen1990].

Indeed, the values of I;; are computed as [;; = mr?j, where
T44 = 035 . Lpp
T's5 = 0.25 - Lpp
Te6 — 0.25 - Lpp

Transverse Metacenter — Static Stability

To evaluate the static stability in roll, the hull is tilted until a maximum of 10 degrees, by steps
of 0.5 degrees. At each iteration, the static pressure is integrated all over the wet surface, which
changes as the vessel rolls, and the resulting reaction moment K is computed. For the small angles
range considered during this process, the hydrostatics moment is basically linearly dependent on
the roll angle ¢. After the evaluation of K at each roll angle ¢, the derivative K4 in ¢ = 0 is found
by an interpolation of the computed curve K (¢). Thanks to the linear behaviour in this range,
this value could also be found simply by a ratio. If this value is positive, then the vessel is unstable
and the simulation is interrupted. Otherwhise, the value Ky < 0 is also equal to the oppostie of
the term Gyy4.

From the derivative K, it is also possible to find the value of GMy, as we saw. The inverse
procedure is not really feasible, because the trasverse second water plane area moment Jp is not
easy to calculate: indeed the discretization in strips is carried out in the longitudinal dierction. The

direct tilting simulation to compute the roll moment at each angle is simpler.
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11.

12.

Longitudinal Metacenter — Static Stability
Concerning longitudinal static stability, the geometrical data make possible a easy calculation of

the longitudinal second moment:

Nsec

Jr = /xQdA ~ Z Bja:?Amj
Ay i=1
where B; is the beam, i.e. the length along y direction, of the jth section, z; is its distance from
the centroid of the water plane and Ax; is the spacing along z with the (j + 1)th section. Then,

by exploiting the relations of the hydrostatics physics:

[ J
GML:(zb—zg)—i-ﬁL

The longitudinal static stability is basically always assured for conventional slender vessels.

Restoring Coefficients

The coefficients of the restoring matrix G are computed following the formulas already seen:

Gs3 = pgAuwp

G35 = pg / z - dAwp = py Z Bjrj A,
Aup J=1

Guy = ngWT

Gs3 = Gas

Gss = pgGM 1,

For slender moving vessels, a particular correction have to be made about yaw stability. If a yaw
perturbation v appears, with respect to the equilibrium state, of course no hydrostatics reaction is
manifested. Nevertheless, if the vessel has a forward speed U, and the velocity is not aligned with
the x body axis, a stabilizing moment shows up. Indeed, in the seakeeping reference frame, a yaw
angle 9 coincides also with a sideslip angle 9.

The former statement is completely true if the main direction of waves is zero. By contrast, if the
waves are crashing on the vessel hull with a certain heading angle 3, the correct approach would
be to evaluate the sideslip angle §y by a vectorial sum of the vessel velocity U, which is along the

z seakeeping direction, and the sea one ugs.,. Then, the effective sideslip angle § would be the sum
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of §p and the eventual yaw angle v

x seakeeping

Figure 14: Effective sideslip angle 6 = §g + 3 if waves income with a heading angle 3

We can see that if the sea velocity is aligned with the z direction of the seakeeping frame, §o = 0
and we come back to § = .

To simplify the analysis, we assume that wus., is always negligible with respect to U, and tha
approximation 0 ~ 1 is assumed. Indeed, from potential theory we know that the sea surface speed

Ugseq, Which exponentially decreses with the depth, is limited by the value {wp:

_ dor\’ dor\’
Useq = e \/(81;) +<8y

— CWORG {\/_ cos2 Be2jkr(w cos B—y sin B)e2jwet _ sinQ ﬁerk:(x cos B—y sin B)e2jwet} < CWO

Neglecting us., amounts to saying (wg < U, that for small amplitude waves with peak periods long
enough can be a good approximation. In future versions, that can be treated with higher accuracy.
For considering yaw stability and to point out the opposite reaction moment N and the cross force Y
caused by the presence of a non zero sideslip angle §, two coefficients are taken into account. Indeed,
in order to compute the exact values of N and Y, one should solve the potential flow around the ship
water plane section. But, to simplify, we will use the results of [Lee&Shin1998, Inoue et al. 1981] on

this argument; defining a overall vessel aspect ratio kp, = % and the block coefficient Cj, = ﬁ,
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13.

the following approximated derivatives are evaluated

Ns = —0.0024 — 1.0272 - k&

T B
Ys=—k+14-Cp =
) 9 + Cb 7

The reaction moment in yaw is stabilizing, so the derivative is negative; on the other hand, if a
sideslip angle appears, the sway force has its same sign. From these values, we can compute the

following terms

Gie

1
-5 pU?L,,d - Ys

1
G55 = —§pU2Lppd . N5

Let us remember that the matrix G is defined positive on the first side of the Cummins equation:
that explains the opposite sign with respect the real forces. Furthermore, it is important to notice
that these former two terms are not restoring coefficients due to hydrostatics physics, but they
are dynamical coefficients, which appear in presence of a forward speed. They are just linearly
dependent on an element of the generalized position vector, 1 = §, so that they can be incorporated

in G.

Infinite Frequency Matrices A, and B, and Transfer Function

The optimization problem is solved for a certain range of orders of the memory effect term approx-
imated transfer function — from 2 to 20, and for each pair (¢, k) of degrees of freedom separately;
then the order choice will fall on the best trade off between a good fitting and a limited order.
Fixing the pair (¢, k), for every order in the range {2, ..., 20}, the optimization problem will find
Kix (s), Aoo,ik and Bwik; in order to do that, the minimization algorithm is chosen in function of
the speed — if it is zero or not, and according to what simulator is running, SeaBoS or ManBoS.
We saw how, after solving the problem for a certain approximation order, it is possible to carry out
a quality control to evaluate the fitting; that is made by comparison of the data set discrete values

for the 52 frequencies wy, A;; (w;) and By (wy), with the approximated ones:

By, () = Bo ik + Re {f(zk (jw)}

) ) 1 o
Aig, (W) = Asg i, + —Im {Kik (]w)}
w
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This weighted comparison is effectuated by computing both the mean relative distance of the points
of the data set with the correspondent values of A (wy) and B (w;) and the difference of the trend

— i.e. the first derivative:

1 Aure (@) — A (@1) [Aik (wi1) — Aik (M)} = [Aik (wWig1) — Aig (w1)]
erra =gy 04 Zl: A (wr) 06 Xl: [Air (wit1) — Aig (wi)]

2 {Bik (wig1) — Bix (wl)} — [Bik (wi+1) — Bik (wy)]

52 Bk (wl)

_ 1 ) Bik, (wi) — Bik (wr) .
e =g 2 H06-3 Bor rri) = B (@)

The overall error is computed as the sum of the two former terms, multiplied by the order of the
fitting:

err = (erra + errpg) - order

That will weight both the precision and the degree of the fitting function: for low orders a greater
distance err4 + errp is found, but for higher orders the heaviness of the transfer function leads to
other disadvantages. The algorithm will choose the order with the lowest accumulative error err.

If the variable Man_0Qrder is off, the simulator will proceed with all the degrees of freedom. Otherwise

the user will be demanded each time for checking the fitting and the algorithm choice.

14. Time Simulation
This is the simulator core: after each time step At, the equation integration leads to the generalized
position and velocity vector update. At first, there is a routine called force_exc.m responsible of
the excitation forces computation: given the time and the vessel position and velocity, Froude-Krilov
and diffraction forces are calculated on the body fixed frame, and then rotated in the seakeeping
one.

We know that the motion equation can be written in the following linear form:

y()=W-y@)+1(t) = f 1 y@)

where y (t) = | , the constant matrix W is:

O6x6 Isxo

~(Mgrp+AL) "G —(Mgp+As) "By
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and the time dependent vector [ () is:

06><1

1(t) =
(Mg + As) ™" (T}S7K+Diff K (t))

To integrate this equation, a standard 4th order Rounge-Kutta method (RK4) is applied; calling

t; = jAt and y; = y (jAt) = y (¢;), this method operates as follows:

=At- f(t, y])
=At-f

ky
t] + ? y] 2
ko
Lot (g LAt 2)

ky = At~ f (tj1, yj + ka)

1
Y=Yt g (k1 4 2k + 2k3 + ka)

We can notice that in order to apply this method, I (tj + %) and ! (t;41) must be computed, which
means to evaluate Tp . p,¢¢ and p at the instants ¢; + & and tj41.

The variable p is updated by the means of another independent RK4 method, about the state vari-
able x (t), and it is difficult to couple both integration: the approximation y (t; + &%) ~ p (tj41) ~
p(t;) is used.

Concerning the vector 7z, p; . the routine force_exc.m allows to compute it giving as input
only the time ¢ and the vector y. To compute Ty, p; ¢, at ¢; + % and t;41, the following process
is carried out: approximating ¢, = y; + At - f (t;, y;), T piss (tj+1) is calculated giving
(tj_H, @j-s-l) as input to force_exc.m; then

. A\ 1
TRK+Diff tj"‘? §(TFK+szf( )+ Terpigs (tir1))

The iterations go on until the final time T_fin is reached, that is after Kt” = 20T;y, steps.

15. Post-Processing
After completing all the iterations, the dynamical responses are plotted: position, attitude, velocities

and angular velocities in function of time.
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16. Plot Vessel Dynamics — Time animation
To give a better physical sense of the results and of the vessel behavior, a 3D animation is available.

It shows the vessel dynamics, while floating on the wavy fluid free surface

14 Examples

Now we will show some examples of results of FloBoS. More than standard simulations, we will also try

to stress the code, pushing to the limit the cases concerning the validity range of the hypothesis.

Container S175 - SeaBoS

We present a set of simulation performed with the container ship S175, scaled differently in each case to

decrease the computational cost. The data of the container and the hull geometry are presented below:
e Length L,, =175m
e Beam B=25m
e Draft d=7.5m

e Free board FB =3.5m

Figure 15: Container S175 with water free surface
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Non-zero forward speed

This simulation has been performed with the 10% scaled container, so with a length L,, = 17.5 m. The
speed of the ship is U = 2.5, so the Froude number is F'r ~ 0.19, in the limit of theory validity. The

imposed sea state has been characterized by H,o = 0.6 m, T,, = 6 s and main direction 6y = 0°.

Figure 16: Container S175 and physical domain

After a 60 seconds simulation, the results of the vessel dynamics are:
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Figure 17: Position and attitude with respect to the seakeeping frame

We can see how sway and heave displacements are relatevely small, while along the z direction there
is a backwards drift caused by the resistance of the ship (friction and pressure) and by the excitation

forces. However, the ship is moving forward: &; represents the displacement with respect the seakeeping
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frame, which is moving along z with a positive speed of U = 2.5 %+ in this case. Angular responses are

limited enough to consider the linear small angles approximation valid.

Concerning velocities, linear ones are all small and with a zero mean. The most important dynamics

contribution is due to pitch angular velocity, beacuse of the incoming waves at zero heading.

Surge velocity

0.05 T T T T T
w N \ N
= AAAA N AN
= '\ 71 \ /r AT \ = [
A \ \ A ‘
\ \/ V \/’ \\/ Y% “/
-0.05 g 2 E
0 10 20 30 40 50 60
time [s]
Si locit
0.2 - : WAV NSOCRY -
A
7z | \ el
E ot v \\/ it A 9
Y \ / oA
02 . . I . .
0 10 20 30 40 50 60
time [s]
1 Heave velocity
0 A
I
MH‘ /ﬁ\
A
ViV ‘I/
50 60

time [s]

0.5

Roll velocnty

v, [deg/sec]
1)

N
/ \

\/
05 - g - ; ;
0 10 20 30 40 50 6
time [s]
76 . Pitch vlelocity

ﬂ

\

vy [deg/sec]
=)

l
\

\ |/[
P
\ il
\H\‘\J’\uﬂ‘\ﬂ /\w”\q\/‘s\m\ L
\ \ w‘\l\‘/ ‘\.“H\‘\ V1V
ul u\/ | | | \/ \

TRTRY

f I
I N

\| !
\ v

20 30
time [s]
Yaw velocity

v_[deg/sec]

6

Figure 18: Velocities with respect to the seakeeping frame

The computed excitation forces are:
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Figure 19: Waves excitation forces
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Zero speed — green water

Trying to evaluate the simulator reaction to a rough sea condition, we imposed a spectrum with H,,o =
2m and T, = 8s, corresponding to a sea state Beaufort number 4, and main waves direction of 5 = 20°.

The container, at zero speed U = 0, has been scaled at 33% :

Length L, = 57.75m

Beam B =8.38 m

Draft d =2.47m

Free board FF'B =1.15m

After simulating one minute, the results are:
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Figure 20: Position and attitude with respect to the seakeeping frame

Angles are small enough to consider them in the validity range of small oscillations theory. We can
notice a drift both in surge (for the same reason as the first case) and in sway, becuse of the heading
angle 5. On the other hand, yaw angle increases in time, also if 8§ > 0: in FloBoS a yaw stabilizing
moment apperears only if there is a speed U > 0, because the action of the sea is neglected — also if in
this case of zero speed, it can not be treated as negligible. Therefore, the only effect acting on yaw is
due to the excitation forces: this can be confirmed by noticing the oscillatory trend of the yaw response.

The integration of the dynamic pressure on the hull leads, evidentely, to an increasing yaw angle.
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For the velocities, as before, the most accentuated is the pitch one; the heading angle is too small to

to important roll angular rate.

Surge velocity
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Figure 21: Velocities with respect to the seakeeping frame

The computed excitation forces are:
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Waves excitation forces

Four frames of the animation are showed below, to relate the sea state to the vessel dimensions:

94

lead
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Time 20.1 sec

40 60
60

Time 25.5 sec

Time 33.3 sec

60

Time 44.0 sec

Figure 23: Container S175 scaled at 33% in a sea state Beaufort number 4
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Container S175 - ManBoS

A similar simulation can be performed to evaluate how efficient is a solo rudder maneuver. The vessel is

now scaled at 25% and the rudder geometric properties are:
o Surface equal to 5% of the longitudinal L,,d;
e Aspect ratio of 2.5;
e Maximum angle of deflection 6,4, = 30°

With relatively calm sea conditions, Hy,0 = 0.1 m and T}, = 5.5 s, the vessel will try to reach two target

points, one after the other: P, = (150, 25) and P, = (300, —15).

Time 11.4 sec

350

60

Figure 24: Container S175 with the first target point

After simulating, we can see how the rudder controls the vessel and it consequently follows and reach
the target points. The results are good and the PD controller is funcitonal; however the physical model
of the controller is not realistic: it does not take into account neither the operaional time of the actuator
nor the hydrodynamics feedback. In spite of this, we can say that the PD controller design, based on the
computation of the heading angle error, can be considered a good solution.

Looking at the dynamical responses, both the velocities and the positions are affected by the discon-
tinuity after about 30 seconds, because of the sea lane change. The responses are pretty smooth, but
after the second maneuvering action, with the purpose of reaching the second point, the roll response

increases forcefully, remaining however in an accetable range.
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A Planar path of the vessel with respect to the inertial frame
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Figure 26: Position and attitude with respect to the seakeeping frame
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Surge velocity
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Roll velocity
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Figure 27: Velocities with respect to the seakeeping frame
The computed excitation forces are:
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Figure 28: Waves excitation forces
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TiME - SeaBoS

Another set of simulations has been run with a floating capsule for space exploration: the TiME —
Titan Mare Explorer, a proposed design for a lander for Saturn’s moon Titan. The capsule is essentially
composed by two truncated cones and, also if the hull is not conform with the hypothesis of slender body,

the aim of simulating it has been to evaluate how strict the slender body assumption is.

[m]
-
|

mj

Figure 29: TiME capsule geometry

The simulation concerns the capsule response in a Titan hydrocarbons sea, composed by methane
and ethane, to a simple harmonic wave excitation.
The results are compared with the analysis made by [Lorenz&Mann2015].
The density of the sea has been chosen as p = 570% and the gravity on Titan is approximately g = 1.35%z.
Concerning the wave, the amplitude is (, = 0.1 m with a period of T'= 5.5s. With a deep sea approxi-
27 2mg gT?

mation the wave length should be A = 5& = = = &— = 6.5 m, but to reproduce the same conditions

of [Lorenz&Mann2015], the wave length is set to A =2 m.

The capsule is in the figure below: the diameter at the cones interface is 2m, while the other smaller
diameters are about 1.7 m, for the upper truncated cone, and 0.75m for the lower one. The entire height
is about 1.1 m. The mass is 700 kg and the center of gravity is located at the interface.

These conditions imply a floating equilibrium position with the free liquid surface at the level of the cones
interface.

It is important to notice that to evaluate oscillations caused by a simple harmonics, it is necessary to
impose the sea direction to 90°. In a real situation, it would have been irrelevant, because of the symme-

try of the capsule. However FloBoS is well suited for slender bodies: the strip theory does not allow to
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analyze surge motion and the sway and roll dynamics are better captured. This means that, in order to

increase the reliability of the simulation, it is more appropriate to choose 5 = 90°.

Figure 30: TiME capsule reproduction

The simulation is affected by an initial transitory phase, when the capsule starts to interact with the
sea; after about 45 seconds the oscillations are periodic and stable. In the following figure the regime

response is showed:

Figure 31: TiME capsule reproduction in the wavy sea
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Figure 32: TiME regime response — FloBoS results

In the following figure the results of [Lorenz&Mann2015] are reported:
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Figure 33: Simulation results of [Lorenz&Mann2015]

101

We can see that the response amplitude is comparable: 12° for [Lorenz&Mann2015] and around 14°

obtained with FloBoS.
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15 Conclusions

The simulator has been designed and tested, but a more intense validation process is needed. In order to
make the results more reliable, a wide set of experimental data should be used for a cross control with
the results, to improve and refine the simulator code. Moreover, viscous and non linear effect can be
added in the model.

Concerning ManBoS, a more accurate controller can be implemented, both for the actuator physical
model and a PD automatic tuning, by the means of the hydrodynamic derivatives of the vessel — see for
example the well known autopilot model proposed by [Nomoto et al. 1957].

Finally, a possible future extension of FloBoS can implement a solver for the inverse problem, i.e.
estimate the sea state from on-board measurements of the ship.

In conclusion, FloBoS is a starting point for the design of a more accurate simulator, which can give

reliable feedback about vessel dynamical responses.
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