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Abstract
The SEAL Carrier is a marine hybrid craft with capacity to travel both on the surface and completely submerged
with main objective to transport a group of divers. The craft is developed for transporting a unit of combat
divers in and out the of area of operation where the high speed at surface and low signature when submerged
are key features. In order to reduce the workload for the pilots during longer transports in submerged mode the
manufacturer James Fisher Defence (JFD) has instigated two master theses with the aim to develop an automated
depth control.

This thesis concerns the �rst part in this project and describes the development of a hydrodynamic model of the
craft. The main purpose of the model is to re�ect the behavior of the craft with focus on depth maneuvers so it
can be used as a tool for the development of such a controller.

Initially the fundamental theory that this mathematical model is established from is presented and explained.
From how positions and motion of an underwater craft is expressed with well established methods the six equa-
tions of motion necessary to fully describe these are derived. For estimating the external forces acting on the
craft a semi-empirical approach is presented in order to obtain expressions and estimations of these. With these
results a platform for the model have been established in the programming environment MATLAB/SIMULINK.
With this platform as basis a procedure for manipulating the external forces in order to achieve a better repre-
sentation of the real craft is presented.

The developed model experiences some di�culties to capture the motion of the real craft during maneuvers in
depth. The cause for this is considered to be because of the methods used for expressing the hydrodynamic
forces developed by the hull. The function of the model to serve as a tool for the development of a depth
controller is still to be veri�ed and tests are planned. The developed model has a modular design that enables
simple modi�cations of the implemented theory as well as structural modi�cations for future development and
improvements.
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Sammanfattning
SEAL Carrier är en marin hybridfarkost med kapacitet att färdas i både yt- och undervattensläge. Farkosten är
utvecklad för att transportera en grupp attackdykare till och från arbetsområden då farkostens hastighet på ytan
och låga signatur vid undervattensläge utnyttjas. För att minska arbetsbördan för piloterna vid längre transporter
i undervattensläge har tillverkaren James Fisher Defence (JFD) utlyst två examensarbeten med huvudsakligt syfte
att ta fram en automatiserad djuphållare.

Denna avhandling berör den första delen i detta projekt och beskriver utvecklingen av en hydrodynamisk modell
av farkosten. Det huvudsakliga syftet med modellen är att lyckas representera farkostens beteende så att denna
modell kan användas som verktyg vid utvecklingen av en sådan djuphållare.

Inledningsvis beskrivs den fundamentala teori som denna matematiska modell är etablerad utifrån. Med ut-
gångspunkt i hur position och rörelser beskrivs enligt etablerade metoder för en undervattensfarkost härleds de
sex rörelseekvationerna som är nödvändiga för att fullständigt uttrycka dessa. För uppskattning av de externa
krafterna som verkar på farkosten beskrivs hur semi-empiriska metoder utnyttjats för att på ett e�ektivt sätt
erhålla uttryck och uppskattningar av dessa. Utifrån dessa resultat beskrivs hur en plattform för modellen ut-
vecklats i programmeringsmiljön MATLAB/SIMULINK. Vidare presenteras en metod för att justera de externa
krafterna för att fånga farkostens rörelsemönster i modellen.

Den utvecklade modellen uppvisar vissa svårigheter att efterlikna den riktiga farkostens rörelsemönster vid
djupmanövrar. Orsaken till detta anses vara metoden som utnyttjas för att modellera de hydrodynamiska skrov-
krafterna. Modellens funktion som verktyg för utvecklingen av den tilltänkta djuphållaren återstår att veri�era
och tester är planerade. Den utvecklade modellen har en modulär design vilket på ett e�ektivt sätt möjliggör
enkla förändringar av den implementerade teorin samt strukturella förändringar för vidare utveckling och för-
bättring.
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Nomenclature

Symbol Unit Description
B N Buoyancy force
Af m2 Frontal area
Ap m2 Projected area in the XY-plane
Ar m2 Total surface area
AR - Aspect ratio
Axs m2 Cross sectional area at stern
CA - Axial force coe�cient
CD - Drag force coe�cient
CL - Lift force coe�cient
CN - Normal force coe�cient
D N Drag force
d m Diameter
e - Oswald factor
g m/s2 Gravitational constant
I kд/m2 Moment of inertia
K Nm Moment about X-axis
k - Slenderness form factor
L N Lift force
I m Length
m kg Mass
M Nm Moment about Y-axis
N Nm Moment about Z-axis
p rad/s Angular velocity about X-axis
q rad/s Angular velocity about Y-axis
r rad/s Angular velocity about Z-axis
Re - Reynolds number
u m/s Velocity in X-direction
v m/s Velocity in Y-direction
W N Gravitational force
w m/s Velocity in Z-direction
x m Position along X-axis
X N Force in X-direction
y m Position along Y-axis
Y N Force in Y-direction
z m Position along Z-axis
Z N Force in Z-direction
α rad Angle of attack
∇ m3 Displaced volume
ηηη m and rad Positions
ρ kд/m3 Density of water
τττ N and Nm Forces and moments
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Chapter 1

Introduction

Predicting the behavior of any vehicle is a highly desirable ability for di�erent reasons. For marine crafts a
hydrodynamic model is one way to achieve this. The purpose of such a model can di�er, it can be for estimating
the performance of a craft in an early design stage or investigating potential improvements and optimization of
an existing craft. But the main objective of the model is to re�ect and represent the behavior of the craft in a
way such that conclusions about the real vehicle can be conducted.

Underwater vehicles have existed for a long time but lately there have been considerable development of new
crafts within the �eld and the use of hydrodynamic models have greatly increased. In contrast to the typical trial
and error method a well developed hydrodynamic model o�ers signi�cant savings in terms of both time and
economical perspective. There is no existing standard method for the development of a hydrodynamic model
so every new built craft needs individual consideration. Common for all submerged vehicles is that they have
six degrees of freedom and thus six equations are required to describe the position and motion mathematically.
With all the relevant forces on the vehicle described, Newton’s second law can be utilized and the motion derived
through integration of these equations. This means that all the relevant forces a�ecting the behavior of the craft
must be addressed and described in a proper manner to obtain a successful model.

In hydrodynamic modeling it is convenient to express the forces with coe�cients. The derivation of these are
of greatest importance in order to obtain a satisfactory result and there are di�erent methods for achieving this.
Model tests is one such method where the forces acting on a model of the craft under motion is measured and
registered. The major disadvantage of model tests for underwater vehicles is that such facilities are rare and the
tests have a tendency to be both expensive and time consuming. This is especially true for development of new
vehicles where the design is likely to change during the early design work. A dense but descriptive example of
how test models can be used in a modeling process is given by Ridley [1] for a torpedo shaped autonomous under-
water vehicle (AUV). A more suitable method for development of new vehicles are semi-empirical formulations
which allows, in comparison to model tests, easy elaboration and changes of the design. This is traditionally
the most common method for estimating hydrodynamic forces but the use is limited to conventional designs
from which the relations are derived. This is often not an issue since the design of underwater vehicles in vast
majority are long and slender with a circular cross section and examples are easily found, e.g. Prestero [2].
One disadvantage of semi-empirical formulations is that the approach has shown to be unable to capture the
interaction e�ects well for underwater vehicles which has shown to be a key factor for achieving a successful
model. Computational �uid dynamics (CFD) is another applicable method that has grown in use within the �eld
with the increased computational capacity over the years. This method has proven to capture the hydrodynamic
e�ects on a craft well and in comparison to the semi-empirical methods it is capable of managing the e�ects of
interaction. But �uid dynamics is one of the most complex challenges of modern engineering and in order to
achieve an e�cient tool great knowledge about the method is required. Such a tool was developed by Phillips
[3] where a method was derived to evaluate the hydrodynamical forces of an AUV.
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The SEAL Carrier is a marine hybrid craft with capacity to travel both at surface and completely submerged
with the main objective to transport a group of divers. The craft is developed for transporting a unit of combat
divers in and out of the area of operation where high speed at surface and low signature when submerged are
key features. In surface mode the craft is propelled by a diesel driven waterjet and when submerged by two
electrical pods with propellers. The craft has capacity to transport six divers and two pilots during operation. In
submerged mode the craft is maneuvered in depth by either a set of depth rudders or by pitching the pods. For
sideway maneuvers there is two regular rudders positioned behind the pods. In order to reduce the workload for
the pilots during longer transports in submerged mode the manufacturer James Fisher Defence has instigated
two master theses projects with the aim to develop an automated depth control.

This thesis concerns the �rst part in this project and describes the development of a hydrodynamic model of the
craft. The main purpose of the model is to re�ect the behavior of the craft in depth maneuvers so it can be used
as a tool for the development of such a controller.

Initially the fundamental theory that this mathematical model is established from is presented and explained.
From how positions and motion of an underwater craft is expressed with well established methods the six equa-
tions of motion necessary to fully describe these are derived. For the external forces a semi-empirical approach is
described in order to obtain expressions and estimations of these. For the hull with its unconventional shape, see
Figure 1.1, a procedure for enabling the use of such methods is presented. With expressions established for all the
relevant forces a platform for the model is established in the programming environment MATLAB/SIMULINK.
With this platform a procedure for adjusting the forces developed by the hull by comparing between model and
real craft is presented.

Figure 1.1: The SEAL Carrier.

In Table 1.1 the speci�cations for the SEAL Carrier is shown.

Table 1.1: Speci�cations of the SEAL Carrier.

Parameter Value

Length 10,45 m
Beam 2,21 m

Height to top of cabin 1,65 m
Draught, fully loaded 0,5 m

Weight 4000 kg
Top speed at surface +30 kn

Top speed fully submerged 5 kn
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Chapter 2

Thesis structure and aim

The main objective of this thesis is to develop a fully non-linear hydrodynamic model that describes the behavior
and characteristics of the craft for maneuvers in depth that can be used as a tool for designing an automated
depth controller. The model shall also be constructed in a manner so that it easily can be modi�ed and used for
evaluating future design improvements.

This thesis describes the development process of such a model. The thesis begins with listing the limitations
of the model and in chapter 4-7 the most important steps in the modeling process is described and explained
from fundamental theory to derived model. In chapter 4 the fundamental theory that the model is established
from is presented and explained. This is done by introducing the well established expressions necessary for
fully describing the position and motion of a subsea craft. Here it is explained how the states of the craft can be
estimated by utilizing the well known Newton’s second law that is the theoretical basis of the model. In chapter 5
the external forces acting on the craft are addressed and methods used for estimating these are presented. This is
done with a semi-empirical approach with the aim to obtain expressions and estimations of these from which the
model can be established. For the hull with its unconventional shape the aim of the presented methods is to derive
expressions for the forces that later in the process are to be adjusted. In chapter 6 the most important aspects
and parts of the developed tool are explained and here it is described how the results from previous chapter are
implemented and used. The di�erent control parameters as well as the modeled structure and simulations are
thoroughly explained. In chapter 7 a method for adjusting the hull forces from comparison with the real craft is
presented. This includes a description of the performed sea trials and the applied optimization tool. The thesis is
concluded with chapter 8 and 9 where conclusions and future development are covered. Here the performance
of the model and potential future improvements are discussed.
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Chapter 3

Model limitations

In order to simplify the modeling process some assumptions and limitations have been made from which the
model has been developed.

• The craft is deeply submerged in a homogeneous, unbounded �uid.
This means that the craft is far away from any free surfaces, walls and bottom.

• No memory e�ects are considered.
Any e�ects of the wake is neglected so that no disturbances occur if the craft would pass through it’s own
wake.

• No currents occur.
Any environmental currents are neglected in the model.

• The vehicle is a rigid body of constant mass.
In the model the mass and its distribution is considered constant during the simulations.

• The thrust is modeled as an applied force.
The simplest possible propulsion model is used and modeled with an applied force. Since the craft has two
thrusters with counteracting torque these are assumed to cancel out and thereby neglected.
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Chapter 4

Equations of motion

Modeling of underwater vehicles involves the study of both statics and dynamics. Statics are states when the
body is either at rest or traveling with a constant velocity while the dynamics are states concerned with acceler-
ation. As any underwater craft the SEAL Carrier has six degrees of freedom and thus six equations are necessary
to fully describe its state. In Table 4.1 the positions, velocities, forces and moments are written in accordance
with the commonly used SNAME notation [4].

Table 4.1: Notation of position, angles, velocities, forces an moments.

Translational Rotational
Position and Euler angles ηηη1 = [x y z]T ηηη2 = [ϕ θ ψ ]T

Linear and angular velocities vvv1 = [u v w]T vvv2 = [p q r ]T

Forces and moments τττ 1 = [X Y Z ]T τττ 2 = [K M N ]T

In order to describe the position and motion of an underwater vehicle at least two coordinate systems are nec-
essary, one �xed referred to as the earth-�xed system and one that is moving with the vehicle referred to as the
body-�xed system. It is convenient to arrange the body-�xed system to coincide with the center of gravity and
with one of the axis aligned with the longitudinal direction of the vehicle as illustrated in Figure 4.1.

Figure 4.1: Illustration of the earth respectively body-�xed systems.
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According to Fossen [5] the velocity of the craft can in the earth-�xed system be expressed with a transformation
as

η̇ = J (η)vη̇ = J (η)vη̇ = J (η)v, (4.1)

and in expanded form

[
η̇1̇η1̇η1
η̇2̇η2̇η2

]
=

[
J1(η2)J1(η2)J1(η2) 000

000 J2(η2)J2(η2)J2(η2)
]
.

[
v1v1v1
v2v2v2

]
.

Here JiJiJi is the transformation matrix for linear and angular velocities that written in its full form becomes

J1(η̇2)J1(η̇2)J1(η̇2) =


cψcθ ) −sψcϕ + cψsθsϕ sψsϕ + cψcϕsθ
sψcθ cψsϕ + sϕsθsψ −cψsϕ + sθsψcϕ
−sθ cθsϕ cθcϕ


,

J2(η̇2)J2(η̇2)J2(η̇2) =


1 sϕtθ cϕtθ
0 cϕ −sϕ
0 sϕ/cθ cϕ/cθ


,

with the notations c = cos(), s = sin() and t = tan().

The acceleration, mass and force are related through the well known Newton’s second law and can be expressed
with the Newton-Euler formulation

mv̇cv̇cv̇c = fcfcfc . (4.2)

By utilizing what is known as Eulers �rst and second axiom the conservation of linear,pppc , and angular momen-
tum, hhhc , can be written

pcpcpc =mv1v1v1,
hchchc = I0v2I0v2I0v2,

(4.3)

where I0I0I0 is the inertia tensor of the body

I0I0I0 =



Ixx −Ixy −Ixz
−Iyx Iyy −Iyz
−Izx −Izy Izz


. (4.4)

Through the time derivative of eq. 4.3 the forces and moments can be expressed as

ṗċpċpc = fcfcfc ,

ḣċhċhc =mcmcmc .
(4.5)

By assuming that the vehicle is rigid and that the earth-�xed frame is inertial, no forces can develop between
individual elements of the mass or due to the motion of the earth. Thereby the translational and rotational
motions can from the axioms be expressed

f0f0f0 =m(v̇1̇v1̇v1 +v2 ×v1v2 ×v1v2 ×v1 + v̇2 × rдv̇2 × rдv̇2 × rд +v2(v2 × rд)v2(v2 × rд)v2(v2 × rд)), (4.6)

m0m0m0 = I0v̇2I0v̇2I0v̇2 +v2v2v2 × (I0v2I0v2I0v2) +mrдrдrд × (v̇1v̇1v̇1 +v2v2v2 ×v1v1v1), (4.7)

where rдrдrд is the distance from the origin to the centre of gravity expressed in the body coordinates [xG yG zG ].
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It is customary in hydrodynamic modelling to divide these into what is called the rigid body matrix, MRBMRBMRB , and
the Coriolis and centripetal matrix,CRB (v)CRB (v)CRB (v),

MRBMRBMRB =



m 0 0 0 mzд −myд
0 m 0 −mzд 0 mxд
0 0 m myд −mxд 0
0 −mzд myд Ixx −Ixy −Ixz

mzд 0 −mxд −Iyx Iyy −Iyz
−myд mxд 0 −Izx −Izy Izz



, (4.8)

CRB (v)CRB (v)CRB (v) =



0 0 0 m(yдq + zд r ) −m(xдq −w ) −m(xд r +v )
0 0 0 −m(yдp +w ) m(zд r + xдp) −m(yд r − u)
0 0 0 −m(zдp −v ) −m(zдq + u) m(xдp + yyq)

m(yдq + zд r ) −m(xдq −w ) −m(xд r +v ) 0 −Iyxq − Ixzp + Izz r Iyz r + Ixyp − Iyyq

−m(yдp +w ) m(zд r + xдp) −m(yд r − u) −Iyzq + Ixzp − Izz r 0 −Ixz r − Ixyq + Ixx p

−m(zдp −v ) −m(zдq + u) m(xдp + yyq) −Iyz r − Ixyp + Iyyq Ixz r + Ixyq − Ixx p 0



. (4.9)

The forces in eq. 4.6 and 4.7, derived from the rigid body dynamics in the body-�xed systems, can then in
component form be written

X =m[u̇ −vr +wq − xд(q2 + r 2) + yд(pq − ṙ ) + zд(pr + q̇)] (4.10)
Y =m[v̇ −wp + ur − yд(r 2 + p2) + zд(qr − ṗ) + xд(qp + ṙ )] (4.11)
Z =m[ẇ − uq +vp − zд(p2 + q2) + xд(rp − q̇) + yд(rq + ṗ)] (4.12)
K = Ixxṗ + (Izz − Iyy )qr − (ṙ + pq)Ixz + (r 2 − q2)Iyz + (pr − q̇)Ixy

+m[yд(ẇ − uq +vp) − zд(v̇ −wp + ur )] (4.13)
M = Iyyq̇ + (Ixx − Izz )rp − (ṙ + qr )Ixy + (p2 − r 2)Izx + (qp − ṙ )Iyz

+m[zд(u̇ −vr +wq) − xд(ẇ − uq +vp)] (4.14)
N = Izzṙ + (Iyy − Izz )pq − (q̇ + rp)Iyz + (q2 − p2)Ixy + (rq − ṗ)Izx
+m[xд(v̇ −wp + ur ) − yд(u̇ −vr +wq)]. (4.15)

These are the six equations of motion that the mathematical model is established from. The lefthand side of
equations 4.10-4.15 are the external forces acting on the craft. By solving these di�erential equations the position
and motion of the craft can be estimated.
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Chapter 5

External forces

In previous chapter the six equations of motion are derived. It is understood from the presented equations that it
is vital to address and describe all the external forces as accurate as possible in order to achieve a successful model.

As described in the introduction there are di�erent methods for estimating the developed forces of an underwa-
ter vehicle under motion. Both computational �uid dynamic analysis and scaled model tests are considerably
more demanding methods compared to semi-empirical techniques in terms of time and e�ort. Due to this a
semi-empirical approach was considered most suitable for the task. For the parts of the craft that can be treated
as rudders and �ns, the developed lift and drag forces can be easily established with reliable semi-empirical
methods. For the hull this approach was more complicated since the vast majority of underwater vehicles have a
long and slender body with a circular cross section that is also what the majority of the semi-empirical methods
are derived from. The aim of the presented methods for the hull was to provide expressions and initial estimates
of these forces from which a basis for the model could be established and these forces adjusted.

5.1 Added mass

Added mass is about the moving body causing the water particles to oscillate close to the hull. The amplitude of
this oscillation will naturally decay away from the body and far away it can be neglected. Added mass should
thereby be understood as a pressure-induced force due to a forced harmonic motion of the body. This means
that when the body is moving through the �uid it pushes mass of �uid and this is the cause of the force. For the
derivation of the added mass force a method presented by Fossen [5] was used and is brie�y presented below.
Following Fossen [5] the added mass can be derived with an energy approach and the �uid kinetic energy then
formulated as

TTT =
1
2v
vvTMMMAvvv, (5.1)

where MMMA is the added mass matrix which can be written as

MMMA =



Xu̇ Xv̇ Xẇ Xṗ Xq̇ X ṙ
Yu̇ Yv̇ Yẇ Yṗ Yq̇ Yṙ
Zu̇ Zv̇ Zẇ Zṗ Zq̇ Zṙ
Ku̇ Kv̇ Kẇ Kṗ Kq̇ Kṙ
Mu̇ Mv̇ Mẇ Mṗ Mq̇ Mṙ
Nu̇ Nv̇ Nẇ Nṗ Nq̇ Nṙ



, (5.2)

in matrix form following the SNAME [4] notation. As an example the hydrodynamic added mass force in the
X-direction due to an acceleration in the same direction is

XA = Xu̇u̇ . (5.3)
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For symmetric bodies the MMMA matrix can be greatly be simpli�ed. For a body symmetric in all planes, all o�-
diagonal terms are zero. The SEAL carrier is only symmetric in the XZ-plane and the matrix then becomes

MMMA =



Xu̇ 0 Xẇ 0 Xq̇ 0
0 Yv̇ 0 Yṗ 0 Yṙ
Zu̇ 0 Zẇ 0 Zq̇ 0
0 Kv̇ 0 Kṗ 0 Kṙ
Mu̇ 0 Mẇ 0 Mq̇ 0
0 Nv̇ 0 Nṗ 0 Nṙ



. (5.4)

With potential �ow theory that describes the velocity �eld as a gradient of a scalar function, the forces and mo-
ments due to added mass can then be determined. This theory only applies for inviscid �uid with no circulation
for a completely submerged body in an unbound �uid. This last requirement means that the theory is not valid
near the seabed, surface or any other larger obstacle, but by applying double-body theory and assuming that
MMMA =MMM

T
A this problem can be avoided. This theory will not be described any further but a thorough explanation

is given by Fossen [5]. Applying double-body theory to equation 5.1 with the simpli�ed MAMAMA matrix gives

2TA = −Xu̇u
2 − Yv̇v

2 − Zẇw
2 − 2Xẇ

−Kṗp
2 −Mq̇q

2 − Nṙ r
2 − 2Kṙ rp

−2pYṗy (5.5)
−2q(Xq̇u + Zq̇v)
−2pYṙv .

With this result the forces and moments can be derived through the kinetic energy by utilizing Kircho�’s equa-
tions in component form expressed as

d

dt

δTA
δu
= r

δTA
δv
− q

δTA
δw
− XA

d

dt

δTA
δv
= p

δTA
δw
− r

δTA
δu
− YA

d

dt

δTA
δw
= q

δTA
δu
− p

δTA
δv
− ZA

d

dt

δTA
δp
= w

δTA
δv
−v

δTA
δw
+ r

δTA
δq
− q

δTA
δr
− KA

d

dt

δTA
δq
= u

δTA
δw
−w

δTA
δu
+ p

δTA
δr
− r

δTA
δp
−MA

d

dt

δTA
δr
= v

δTA
δu
− u

δTA
δv
+ q

δTA
δp
− p

δTA
δq
− NA. (5.6)

By inserting the expression from double-body theory (eq.5.5) into the Kircho�’s equations (eq.5.6) the forces and
moments due to added mass in the body-�xed directions can be written as

XA = Xu̇u̇ + Xẇ (ẇ + uq) + Xq̇q̇ + Zq̇q
2 − Yv̇vr − Yṗrp − Yṙ r

2 − Yv̇wr

YA = Yv̇v̇ + Yṗṗ + Yṙ ṙ − Xẇ (up −wr ) + Xu̇ur − Zẇwp + Xq̇qr

ZA = Xẇ (u̇ −wq) + Zẇẇ + Zq̇q̇ − Xu̇uq − Xq̇q̇ + Yv̇vp + Yṙ rp + Yṗp
2

KA = Yṗv̇ + Kṗṗ + Kṙ ṙ + Xẇuv − (Yv̇ − Zẇ )vw − (Yṙ − Zq̇)wr − Yṗwp − Xq̇ur + (Yṙ − Zq̇)vq
+Kṙpq − (Mq̇ − Nṙ )qr

MA = Xq̇(u̇ −wq) + Zq̇(ẇ − uq) +Mq̇q̇ − Xẇ (u2 −w2) − (Zẇ − Xu̇ )wu + Yṗvr − Yṙvp − Kṙ (p2 − r 2)
+(Kṗ − Nṙ )rp

NA = Yṙ v̇ + Kṙ ṗ + Nṙ ṙ + (Xu̇ − Yv̇ )uv + (Xq̇ − Yṗ )up + Yṙur + Zq̇wp − (Xq̇ − Yṗ )vq − (Kṗ −Mq̇)pq
−Kṙqr . (5.7)

10



By applying the same methodology as for the rigid body dynamics and separating the Coriolis and centripetal
terms this matrix is written

CCCA(vvv) =



0 0 0 0 −a3 a2
0 0 0 a3 0 −a1
0 0 0 −a2 a1 0
0 −a3 a2 0 −b3 b2
a3 0 −a1 b3 0 −b1
−a2 a1 0 −b2 b1 0



, (5.8)

with the coe�cients

a1 = Xu̇u + Xẇw + Xq̇q

a2 = Yv̇v + Yṗp + Yṙ r

a3 = Xẇu + Zẇw + Zq̇q

b1 = Yṗv + K ˙pwp + Kṙ r

b2 = Xq̇u + Zq̇w +Mq̇q

b3 = Yṙv + Kṙp + Nṙ r .

Expressions for the added mass coe�cients can for bodies with conventional shapes be found in hydrodynamic
literature. Such a method, presented by Newman [6], was utilized to obtain an estimation of the added mass
coe�cients. The aim with Newmans method was to establish initial estimations of the coe�cients that could be
used as a basis for the model. The method presented in [6] does not include all the coe�cients derived previously.
Fossen [5] writes that the coe�cients o� the diagonal in theMMMA normally are small for most practical applications
and the aim in this thesis was to establish expressions for the coe�cients expected to a�ect the behavior of the
craft the most.

By representing the hull as a spheroid as shown in Figure 5.1 the added mass term related to surge in the X-
direction can for instance be estimated as

A11 = −Xu̇ =
4
3ρπc1r

3, (5.9)

where c1 is a coe�cient dependent on the slenderness ratio l
d and r the maximum radius. Here half the width of

the craft was used as the radius as an initial estimate. In a similar manner the coe�cients for sway, heave and
roll are estimated as

A(2D)
22 = ρπ (2b)2 = −Y (2D)

v̇ (5.10)
A(2D)

33 = ρπ (2a)2 = −Z (2D)
ẇ (5.11)

A(2D)
44 = ρπ (2b2 − 2a2) = −K (2D)

ṗ . (5.12)

Figure 5.1: Spheroid used for estimation of added mass coe�cients.
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These coe�cients are for a two dimensional geometry that is expanded into three dimensions by integrating
over the spheroid. Such a spheroid was chosen in order to obtain di�erent coe�cients for the two translational
motions and a non zero term for the roll which is the case for a symmetrical cross section. By integrating these
along the body the coe�cients for three dimensions are derived

A22 =

∫
x
A2D

22 (x)dx = −Yv̇ (5.13)

A33 =

∫
x
A2D

33 (x)dx = −Zẇ (5.14)

A44 =

∫
x
A2D

44 (x)dx = −Kṗ . (5.15)

With these coe�cients derived the corresponding terms for yawing and pitching moments from sway and heave
velocities are expressed as

A55 =

∫
x
x2A2D

33 (x)dx = −Mq̇ (5.16)

A66 =

∫
x
x2A2D

22 (x)dx = −Nṙ (5.17)

A53 =

∫
x
xA2D

33 (x)dx = −Mẇ (5.18)

A62 =

∫
x
xA2D

22 (x)dx = −Nv̇ . (5.19)

5.2 Body lift and drag

As the hull moves through the water it will experience hydrodynamic forces depending on the velocity and the
angle of the incoming �ow, referred to as angle of attack. In order to obtain expressions and estimates of these
forces a method presented by Jorgensen [7] was utilized. These forces are presented in terms of hydrodynamic
coe�cients from which the corresponding force is determined

Fi = 0, 5ρCiV
2
∞. (5.20)

The method is developed for long and slender bodies where the forces are simpli�ed as illustrated in Figure 5.2
as an axial drag, normal force and pitching moment.

Figure 5.2: De�nition of body force coe�cients according to Jorgensen [7].
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For estimation of the normal force the following expression from [7] is used

CN =
Axs

Ar
sin(2α)cos(α2 ) +

Ap

Ar
CD90sin

2(α), (5.21)

where the �rst term originates from slender body theory and the second term represents cross�ow attributed
to �ow separation. As can be expected the expression contains some geometrical aspects. Here Axs is the cross
sectional area of the body at the stern, Ap the projected area in the XY-plane and Ar the total surface area of the
body. The coe�cientCD90 represents the drag of a cylinder, which according to Hoerner [8] can be estimated to
1.2. For the axial drag Hoerner presents the following expression

CA = CD0cos
2(α), (5.22)

where CD0 is the viscous drag for zero angle of attack consisting of the frictional and pressure induced drag as

CD = Cf +Cp . (5.23)

The frictional drag was then estimated with the well known expression from the ITTC 57 [9] as a function of
Reynolds number

Cf =
0.075

(loд(Re ) − 2)2 . (5.24)

For the pressure drag another expression presented by Hoerner was used, this is based on a form factor that
multiplied with the frictional drag represents the total viscous drag

Cp = Cf (1 + k). (5.25)

This form factor is derived for long streamlined bodies and the form factor is strongly related to the slenderness
de�ned as the ratio of the diameter and length of the body

k = 1, 5(d
l
) 3

2 + 7(d
l
)3. (5.26)

It is worth noticing that this form factor only takes into account the diameter and length of the body which
means that it will generate the same form factor for a cylinder as for a prolate spheroid. The expression is
commonly used as an initial estimation of the drag for power requirements and has proven to be an e�cient �rst
estimate for long and slender bodies with a circular cross section. Due to the reasoning mentioned previously
the method was still considered as useful for the purpose of obtaining a rough estimate and thereby used. For
the pitching moment coe�cient the following expression is used

CM = −
∆ −Axs (l − xm)

Ar l
sin(2α)cos(α2 ) −CD90

Ap

Ar

(xm − xcp )
l

sin2(α). (5.27)

Here ∆ is the total displaced volume of the body and the other constants appear in Figure 5.2. The center of
pressure varies with the angle of attack along the body and is estimated following [7] as

Xcp = xm + (CM

CN
)l . (5.28)
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5.3 Control surfaces

The control surfaces refer to the components of the craft that behaves like rudders and used for controlling the
craft. The SEAL Carrier is equipped with two sets of rudders for turning and depth control, the later will here
be referred to as elevators. In addition to these a wing is positioned above the thrusters that consists of two
parts, the main wing and a �ap just behind the wing. This wing will be referred to as the sternwing. In Figure
1.1 the di�erent components and their position on the craft can be seen. The lifting forces developed by the
rudders causes a yawing moment in the XY-plane while the elevators a pitching moment in the XZ-plane. The
purpose of the sternwing is to provide a downward force to stabilize the craft with respect to pitching moment.
In order to estimate the hydrodynamic coe�cients in terms of lift and drag for the control surfaces as shown in
Figure 5.3 a method presented by Montgomerie [10] is used. The major advantage of this method is that it allows
estimation of the coe�cients over the complete ±180° range of angles of attack. This is achieved by combining
theories of potential �ow for the laminar range and thin plate theory for the turbulent range.

Figure 5.3: Illustration of lift and drag forces developed by control surfaces from Montgomerie [10].

For both the laminar and turbulent regions expressions presented by Hoerner [11] was used for estimating the
lift coe�cient. In the laminar range this lift coe�cient is here estimated as

CLl =
Clαα

1 + 2
eAR
, (5.29)

where e is the Oswald e�ciency factor estimated to 0.9, AR the aspect ratio and Clα = 2π . The aspect ratio is a
commonly used measure for the projected area of foils and de�ned as the ratio of the span divided by the cord.
When the angle of attack increases the �ow on the suction side of the foil eventually will separate and the �ow
becomes turbulent. For this region thin plate theory is used and estimated as

CLt = CD90sin(α)cos(α), (5.30)

where CD90 is the drag coe�cient for 90°angle of attack and set to 1 in accordance with Hoerners [11] results.
For combining these two results Montgomerie presents a form function f that allows the lift coe�cient to be
estimated over the complete range

CL = f CLl + (1 + f )CLt . (5.31)

From the expression it can be understood that this form function provides a transition between the expressions
for the two theories. For this function Montgomerie presents the following expression

f =
1

1 + h∆α4 . (5.32)
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This expression for f is the result from a curve �t derived with numerical interpolation from studying di�erent
foils and where h = 0.001. It can be understood that the angle of attack where the transition should appear must
be de�ned at some speci�ed point. This is achieved through the de�nition

∆α = αM − α , (5.33)

where αM is the angle of attack where the transition shall appear. This was set to ±20° which is considered to
be a decent approximation for the laminar interval.

In Figure 5.4 the lift curves from both theories used are shown together with the curve for the combined theory
for the complete ±180° range of angles of attack.

Figure 5.4: Illustration of the lift curve with the combined theories.

For the drag coe�cient the same procedure is used by combining theories for laminar and turbulent �ow derived
with the use of expressions from Hoerner [8]. The drag in the laminar range consists of two contributions
commonly referred to as parasite drag and induced drag. The induced drag is related to the energy loss from tip
vortices, that is pressure leakage between the two sides of the foil that occurs at the tip when lift is created. The
total drag is thereby the sum of the two

CDl = Cdi +Cd , (5.34)

with the two contributions from induced and parasite drag as

Cdi =
C2
L

πeAR
, (5.35)

and

Cd = 0.008 − 0.003Cl + 0.01C2
l , (5.36)

where Cl = Clαα . For the turbulent range the drag is estimated as

CDt = CD90sin(α)2, (5.37)

with CD90 = 1.2 in accordance with Hoerners [8] results.
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The �rst term in eq. 5.36 represents the frictional drag and is independent of the angle of attack. In accordance
with Montgomeries results [10] this term is thereby added to the drag in the turbulent region as well, and the
total drag is then expressed as

CD = f CDl + (1 − f )(CDt + 0, 008). (5.38)

In Figure 5.5 the resulting drag curve is shown together with the two theories from which it is constructed.

Figure 5.5: Illustration of the drag curve with the combined theories.

The sternwing has an unsymmetric pro�le to generate a downforce and special consideration is required. The
pro�le belongs to the well known NACA series of foils and data are abundantly available and easily found. From
studying the characteristics of the pro�le in terms of coe�cients versus angle of attack it is concluded that this
behavior can be estimated by introducing an o�set to the angle of attack when calculating the coe�cients as
α = α + ∆α . In Figure 5.6 the curve for the lift coe�cient calculated with and without the applied o�set for
comparison are shown over the complete range of angles of attack.

Figure 5.6: The calculated lift coe�cient for the sternwing presented with and without o�set.
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Similar as explained previously for the body, the center of pressure is the point where the lift and drag forces are
considered to act through and that varies over the cord of the pro�le with the angle of attack. For estimating this
position, Montgomerie [10] presents a method established on numerical interpolation from a performed study
of foils. The expressions are derived from the calculated lift curve and �tted with numerical interpolation. A
complete derivation will not be given but the expressions used and the procedure is explained. For the positive
range of angle of attacks the center of pressure is determined with

Xcp+ = o f f set + slope(α − 90), (5.39)

where

o f f set = 0.5111 − 0, 001337α0, (5.40)

slope = 0.001653 + 0, 00016α0, (5.41)

derived by Montgomerie [10]. The constant α0 is determined from the calculated lift coe�cients as

α0 = α1 −Cl1( α2 − α1
Cl2 −Cl1

). (5.42)

This constant can be seen as a correction factor for taking unsymmetry into account calculated from the CL
curve where α1 and α2 are the smallest positive respectively negative angles of attack used when calculating the
CL curve. For the negative range an expression based on the result from the positive range was used to construct
the Xcp curve

Xcp− = ya + t(α − xa), (5.43)

with the constant t determined as

t =
yb − ya
xb − xa

, (5.44)

where xa = |α0 | and xb = −180 − xa . In Figure 5.7 the other constants necessary for the construction of the
curve are illustrated and determined as

ya = o f f set + slope(xa − 90), (5.45)

and
yb = o f f set + slope(180 − 90). (5.46)

Figure 5.7: Illustration of the Xcp curves for negative and positive α .
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5.4 Hydrostatics

The hydrostatic forces acting on the craft consists of the buoyancy, B and gravitational force,W . The buoyancy
is determined by utilizing Archimedes principle and expressed

B = ∇ρд, (5.47)

and the gravitational force is

W =mд. (5.48)

These sum of these forces are in the body-�xed system given as

G(ηηη) =



(W − B)s(θ )
−(W − B)c(θ )s(ϕ)
−(W − B)c(θ )c(ϕ)

−(yдW − ybB)c(θ )c(ϕ) + (zдW − zbB)c(θ )s(ϕ)
(zдW − zbB)s(θ ) + (xдW − xbB)c(θ )c(ϕ)
−(xдW − xbB)c(θ )s(ϕ) − (yдW − ybB)s(θ )



. (5.49)
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Chapter 6

Simulation tool

With all the external forces addressed and expressed the model can be constructed. A platform in the graph-
ical programming environment SIMULINK is used as a basis for this construction of the modeling tool. The
SIMULINK interface is a part of the numerical programming environment MATLAB and speci�cally designed
for dynamic modeling purposes. This was done by de�ning the geometries and positions in the body �xed sys-
tems for all components of the craft. For these components the previously described theories were applied to
achieve the developed forces for each component. In this chapter the structure and most important functions of
the developed tool are explained.

The structure of the developed modeling tool consists of six fundamental parts as illustrated in Figure 6.1 . The
input parameters are the di�erent controls used for maneuvering the craft and consists of thrust, thruster pitch,
rudder and elevator angle. The 6 DOF joint (Degree Of Freedom) is de�ning the body �xed system as described
in previous chapter. The 6 DOF-block relates all the forces developed by the di�erent components of the craft
with a relative o�set to the body �xed system. By relating this body �xed system to the world frame system, the
motion of the craft can be derived as explained in chapter 4. This means that the forces and moments developed
by the di�erent components are expressed in the body �xed system and by relating it to the world �xed system
the di�erential equations can be solved and the states in terms of positions, velocities and accelerations derived.
This is done by applying what is referred to as the solver which is a numerical method that solves the di�erential
equations, the equations of motion. Here the solver ODE 45 with a variable time step is used which is based on
the Runge-Kutta, Dorman-Price method. The time step refers to the time interval at which the equations are
solved for, a shorter step gives a more accurate estimate but requires more computation and thereby slower
simulations. This means that the solver is adaptive and allows the time step to change when the states changes
slowly and decreases the time step when it changes rapidly. The method will not be given any closer description
here but can easily be found in mathematical literature, a thorough explanation of the method is given by Glyn
[12].

Figure 6.1: Structure of the developed tool.
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In Figure 6.2 the interface of the programming environment is shown. Here the di�erent parts described above
can be found and the advantage of a graphical environment becomes clear. At the top left corner are the input
parameters, at the top the components, below the 6 DOF joint, left lower corner the world frame and solver.
From the �gure it can be understood how di�erent parts of the model are related and how data is transferred
throughout the model illustrated with lines connecting the di�erent blocks. In addition to the above mentioned
blocks there are several more connected to the components. These are di�erent transformations to take into
account the o�set with respect to the body �xed system as mentioned previously. For the di�erent control
surfaces and the thruster block there are additional blocks connected, these are the transformations executed
from the control inputs which can be seen in the �gure.

Figure 6.2: Interface in the SIMULINK environment.

6.1 Control input

The control input, shown in the upper left corner of Figure 6.2, refers to the di�erent parameters for maneuvering
the craft and these are

• thrust
• thruster pitch
• rudders
• elevators.

The thrust that is simpli�ed and modelled as an applied force is given in units of Newtons while all the other
parameters concern the di�erent control surfaces and are thus given in degrees. The input can be given in three
di�erent ways. Di�erent sets of executions can be achieved by giving the input as a step function that can be
con�gured as desired. The input signal can also be constructed from a table, this is an especially useful feature
since this enables data from tests with the real craft to be used as input. The onboard computer of the Seal
carrier registers all the di�erent controls during operation and writes it to a log�le. This data can then be given
as input. By exporting the log�le and using the di�erent control parameters registered during an operation at
sea this allows for the performed maneuvers to be replicated in the simulations. The third and simplest input
option is simply a constant value.
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Figure 6.3 shows the control for the elevators and the three di�erent settings that can be used. For the constant
and step function options a transfer function is applied to to re�ect the delay in the real craft when executed and
to achieve a smoother response of the system. The lookup table is the data with the registered elevator angles
from a log�le, the clock is applied and the time corrected to achieve compliance between the simulation time
and log�le. The illustration of the elevator in Figure 6.3 is for convenience and a reminder of the sign convention
used. In addition to these options there is a separate block prepared where the controller is to be implemented.
In this thesis this block was only used for the thrust with a P-controller applied for the purpose of performing
simulations with speci�c surge velocities. A P-controller is the simplest possible control method that calculates
the error and gives an output directly proportional to this. For the surge the error was de�ned as the di�erence
in desired and actual velocity and the output the applied thruster force.

Figure 6.3: Input control for the elevators.

6.2 Components

The components are the di�erent parts that together make up the complete craft. It is in these blocks the methods
derived in previous chapter are implemented for calculation of the forces. In the model the craft is considered
to consist of six di�erent components that assembled represents the craft:

• hull
• thrusters
• rudders
• nozzles
• sternwing
• elevators.

The geometrical properties of the components are determined by importing CAD-drawings. With drawings
available of the complete craft this method enables fast end reliable determination of the geometrical properties
of all the di�erent components. This also allowed for the volume of the components to be determined with
accuracy and thereby the buoyancy force. The mass of all the components, with exception of the hull, was
positioned and set to balance the buoyancy force as can be seen in Figure 6.4 where the center of buoyancy and
mass coincide which is the dot shown in the �gure. For the hull these properties were set in accordance with
measured data.

Figure 6.4: CAD-drawing of the rudder used for obtaining geometrical properties.
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As previously described the sternwing consists of a �xed main wing and a �ap connected along the aft end of the
wing. This �ap follows the thruster pitch with half the thruster angle and was therefor not shown as a separate
input parameter previously in Figure 6.2. Due to the unconventional shape of the sternwing its geometry was
simpli�ed and modeled as a plate with equal span and projected area in order to enable the use of the derived
methods presented in previous chapter. With the same reasoning the nozzles were modeled as eight small wing
sections to represent the circular shape of the nozzles, the simpli�cations together with their true geometry is
shown in Figure 6.5.

Figure 6.5: Comparison of true vs modeled geometry for nozzles and sternwing.

In order to reduce the computational e�ort the hydrodynamical coe�cients for lift and drag are calculated in
advance before the simulation is initiated. By calculating and storing the coe�cients for the complete ±180°
range of angles of attack and a set velocity range the coe�cients can be imported and interpolated during the
simulations for any state. The process for how the forces are managed in the component block is illustrated in
Figure 6.6. In the component block the state variables are imported in terms of velocities and angles. The model
then reads the corresponding coe�cients for that speci�c state. The coe�cients are calculated and transformed
into the components local coordinate system in the principle directions x y and z. With the center of pressure
the moments are calculated and given as output together with the forces.

Figure 6.6: Illustration of the work�ow for the calculation of lift and drag forces in the model.

In �gure 6.7 the described procedure is shown in the SIMULINK environment. The interface is showing the
process as illustrated in Figure 6.6 from left to right. How the necessary states are imported, the corresponding
coe�cients are gathered and the calculation of the forces and moments. In addition there are three more blocks
and these are for plotting the forces and states that allows any parameter during the simulation to be displayed
and studied.
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Figure 6.7: Block for calculating lift and drag forces in the SIMULINK environment.

6.3 Output

In the results block the necessary data for analyzing the simulations is available and managed for display. This
can be states in terms of positions, velocities, acceleration or forces. Any desired data from the performed
simulation can be chosen, written to a �le and saved. This is useful for storing results from performed simulations
for comparison with data obtained from sea trials. The environment allows for easy display of any desired
parameter of the system, graphs can be added to any part of the tool and the parameter studied. In Figure 6.8
the results from a performed simulation are shown. In the �gure from top to bottom the positions, velocities
and attitude in terms of pitch, roll and sway is presented. In Figure 6.9 the actuation of the controls during the
performed simulation is shown and by studying the two graphs the behavior of the craft can be understood. In
the performed simulation the elevators have been used to maneuver the craft at a constant speed and heading.

Figure 6.8: Presented states from simulation.
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Figure 6.9: Actuation of the di�erent control parameters of a simulation.

The programming environment also enables animation of the simulations where the motion of the craft is visu-
alized. This feature was found useful during the initial construction phase of the craft. By visually being able to
inspect the assembly of components it is a simple matter to check that they are positioned and respond to the
control input as desired. This feature is also an useful aid in the sense that it helps to mediate a better physical
feeling for the system under motion. In Figure 6.10 a screenshot of the animation environment is shown. Here
the CAD-�les have been used to visualize the shape of the craft and it can be seen that the simpli�ed geometry
previously explained not are used here. It is important when using the model to be aware that this is simply
an illustration and that the components shown necessarily do not have any physical meaning in the model, the
motion of the craft is ruled by the underlying methods implemented for calculating the forces.

Figure 6.10: The craft in the SIMLUNK environment.
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Chapter 7

Tuning of hydrodynamic coe�cients

With the methods implemented in the programming environment and a platform for the model established the
next step in the modeling process is to tune the hydrodynamic coe�cients. This was done with focus on the
coe�cients of the hull since the aim of the applied methods was only to provide expressions and initial estimates
of these. This was performed by gathering data about the behavior of the real craft at sea trials that could be
used for comparison. From this data the coe�cients then could be manipulated to replicate the results from the
sea trials with the model.

The objective of the sea trials was to capture the behavior of the craft when maneuvered in depth. During
transport the SEAL Carrier is normally set with a constant thruster pitch and controlled in depth by adjusting
the elevators. This is the scenario where the depth controller is to be used and thereby the setting during the
sea trials. The aim of the sea trials was to achieve motions where the sought coe�cients are active and appear
as clear as possible in the results. These coe�cients were those related to forces in the z-direction and pitching
moments that a�ect the behavior of the craft during such maneuvers. For the hydrodynamic forces of the hull
this involved the z-component of the developed forces and the center of pressure. The added mass coe�cients
presented in Table 7.1 are those considered during the tuning process.

Table 7.1: Added mass coe�cients used during tuning.

Parameter Value Unit

Zẇ 2.40 ∗ 104 kд

Mq̇ 1.64 ∗ 105 kд ·m2/rad
Mẇ 3.11 ∗ 104 kд ·m

The sea trials were carried out by diving to a certain depth and establish a steady state with a constant surge
and heading. When that steady state was established the elevators were executed to achieve a variating path
in depth as illustrated in Figure 7.1. The velocity in surge was measured with a Doppler Velocity Log (DVL).
The DVL works much like a sonar that sends an receives an acoustic signal and measures the phase shift in the
response from which the velocity and positions are calculated. The attitude of the craft in terms of pitch was
measured with a solid state compass and the depth with a pressure gauge.

Figure 7.1: Illustration of maneuvers performed at sea trials.
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Figure 7.2 shows the result from one of the sea trials performed where the depth, pitch and elevator angles are
presented. With this data from the sea trials obtained, a comparison between the model and real craft could
be made. This was achieved by using data from the log�les as input to the model to ensure that the set of
maneuvers were executed the same. For the surge velocity a P-controller was used to adjust the required thrust.
By comparison the hydrodynamic coe�cients could then be manipulated to re�ect the behavior of the real craft
from the sea trials.

Figure 7.2: Depth, pitch and elevator angles from one of the sea trials.

This was initially made manually by adjusting the coe�cients in order to achieve a decent compliance between
the simulations and sea trials. Due to the high non-linearity and complexity of the system this was found to be
a di�cult and time consuming task so to make this procedure more e�cient an optimization tool was applied.
This was done by de�ning an error as the di�erence between the simulated and measured states from the sea
trials as

F (x) =
xn∑
x=0

e(x) × e(x), (7.1)

where n is the number of samples and e the di�erence at a speci�c time. Here the di�erence in depth and pitch
was used for de�ning the error. The applied tool is based on the trust region re�ective method. This method
applies a simpli�ed model that is assumed to describe the true system within the proximity of the current search
point, this is referred to as the trust region. The size of this region is changed with the iterations depending on
how well the simpli�ed model agrees with the actual function. For every iteration the tool thereby checks the
correlation between the simpli�ed model and the true system as

p =
f (xk ) − f (xk + ∆x)
q(0) − q(xk + ∆x) , (7.2)

where q and f are the responses from the simpli�ed model and actual system. This means that p is the ratio of
the predicted and actual reduction of the error and if the value of p is close to 1 the simpli�ed model is given
more con�dence and the size of the regions expanded. If not, the region is decreased and the tool regresses to
the previous step and makes a new attempt. This is a simpli�ed description of the method used by the applied
tool, a thorough description can be found in the user guide [13].
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For the added mass coe�cients presented in Table 7.1 the optimization tool was allowed to directly adjust the pa-
rameters. For the hydrodynamic coe�cients of the hull the manipulation was performed by scaling and adding
an o�set with two introduced tuning parameters. The set up in the SIMULINK environment for the hydrody-
namic coe�cient in the z-direction of the hull is shown in Figure 7.3.

Figure 7.3: The set up for manipulating the CZ-coe�cient of the hull.

Figure 7.3 illustrates the process of the performed manipulation, the coe�cient is read from the table, scaled and
given an o�set before the coe�cient is used for calculating the force. It was after some elaboration with the tool
and study of the results realized that the sternwing did not give the desired behavior with respect to developed
forces. After consideration it was concluded that an attempt to adjust the sternwing should be included in
the tuning. This was considered as an reasonable attempt due the simpli�cations made of the geometry and
the simpli�ed method for taking the unsymmetric pro�le into account when estimating the coe�cients. The
manipulated parameters together with the �rst estimate are presented in Table 7.2.

Table 7.2: Values of the tuned coe�cients together with initial estimate.

Parameter Initial value Tuned value Unit
Added mass parameters

Zẇ 2.40 ∗ 104 6.92 ∗ 103 kд

Mq̇ 1.64 ∗ 105 8.43 ∗ 106 kд ·m2/rad
Mẇ 3.11 ∗ 104 9.00 ∗ 102 kд ·m

Hull parameters
CZ 1 0.74 -

CZof f set 0 −2.58 ∗ 10−3 -
CXcpof f set 1 0.46 -
Xcpof f set 0 1.14 ∗ 10−2 -

Sternwing parameters
CZ 1 0.64 -

CZof f set 0 −0.42 -

As can be seen in Table 7.2 the values of the parameters have been adjusted rather drastically from the initial
estimate. This deviation was yet not unexpected due to the methods presented in chapter 5 from which these
were derived and predicted to be far o�.
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With the result from the optimization a better compliance between the model and real craft were achieved. In
Figure 7.4 the result from a comparison in depth and pitch between a performed sea trial and simulation is shown.
The comparison is for a test as previously described by maneuvering the craft in depth with the elevators for a
constant velocity and heading. From Figure 7.4 it is seen that the model manages to follow the path of the real
craft with a decent result. But it is clear that the model experiences some di�culties to re�ect the motion of the
real craft,in particular in relation to depth, after the manipulation of the coe�cients.

Figure 7.4: Comparison of depth and pitch for simulation and sea trial.
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Chapter 8

Conclusions

In the preceding chapters the most important steps of the development of a hydrodynamic model for the SEAL
Carrier has been described. Methods for estimating the external forces are presented and it is shown how these
are utilized and implemented into a programming environment to develop a hydrodynamic model.
The developed model is seen to give a decent representation of the real craft when maneuvered in depth but
experiences some di�culties to capture the behavior of the craft. The reason for the deviation between the model
and real craft is considered to be because of the method used for estimating the hydrodynamic forces developed
by the hull presented in chapter 5.2. It is concluded that the method used does not provide su�cient parameters
in order to allow the expressions to be manipulated further with a satisfactory result. For the development of
the automated depth controller the model is still seen as a su�cient tool and an attempt is to be made with the
current model. Tests are planned and the function of the model is thereby yet to be veri�ed.

The developed model is designed in a modular manner that allows for easy modi�cations of both the imple-
mented theory and the structure of the craft. It is therefor seen as a valuable platform with potential for further
development and improvements.
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Chapter 9

Future development

The developed model is considered to provide a valuable platform for future development and improvements,
here a few suggestions for such work are presented.

The obvious next step for the model is considered to be an improvement of the modeled hull forces used to
estimate the hydrodynamic lift and drag. It is concluded that the used expressions do not manage to describe
the characteristics of the developed forces with a satisfactory result. One idea could be to try to manipulate the
expressions, eq. 5.21, 5.22 and 5.27, used for estimating these forces in order to achieve this. But it is believed
that in order to validate such an attempt numerous sea trials would be required over a range of velocities. An
other aspect is that the model so far only has been tested for maneuvers in depth. If maneuvers in sideways are
to be added, which obviously is a desirable feature, the same di�culties may appear and the amount of necessary
sea trials would increase even more. This is seen as contradictory with respect to the fundamental idea of the
model that is to provide a more e�cient alternative to the time consuming and costly trial and error method.
Due to this, a CFD analysis is considered as a more appropriate option. From such an analysis the non-linear
behavior of the craft could be studied and a better estimation of the developed forces achieved.

Even if the focus of this thesis has been the behavior for maneuvers in depth the model contains all the relevant
features for estimation of motions in all the other directions. For including sideway motion a method for taking
sideslip e�ects into account would be needed that for now is neglected. Sideslip refers to the e�ects when a body
that develops lift and drag is exposed to a lateral velocity component in addition to the incoming �ow. This is
not included in the model but the handling of the coe�cients are prepared and could with ease be added with
the implementation of such a method that describes these e�ects.

A more realistic method for modeling the thrust is seen as another possible future improvement. There are
available methods for estimating the thrust developed by a propeller, e.g. Garme [14], that could be utilized and
implemented.
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