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Preface

This master thesis has been written spring/summer 2017 at Norwegian
University of Science and Technology (NTNU), Department of Marine
Technology. The master thesis is a continuation of the pre project
thesis found in Galta (2017). Theory of the underwater snake robot is
reviewed and the theory of the thrust losses is extended. Simulations
are done in MATLAB and full scale testing of the robot is done at
Eelume.

The software code used for the simulations in MATLAB, is devel-
oped by Eleni Kelasidi. The author of this thesis has updated the
software code to account for thrust losses as well. Results from the

simulations are given in the thesis.
Trondheim, 26" of August

Mari Gilje Galta
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Abstract

The main motivation behind this thesis is to study the effects from dif-
ferent thrust losses on an underwater snake robot (USR) with thrusters.
In-line velocity fluctuations, transverse velocity fluctuations, thruster-
thruster interactions, thruster-hull interactions, thurster-nearby struc-
ture interactions and ventilation are studied. First, an extensive liter-
ature study is done for the modeling of underwater snake robots with
and without thrusters, propeller characteristics and thrust losses.
In-line and transverse velocity fluctuations are simulated in MAT-
LAB. It is shown that the smaller the model is and the higher the
shaft speed is, the bigger the thrust losses become. In-line velocity
fluctuations are present as long as thrust is given from at least one
of the thrusters, while transverse velocity fluctuations are present as
long as there is a normal velocity component close to the thruster.
The influence of the Kp-value (non-dimensional thrust coefficient) is
also studied. A smaller Kp-value, gives a larger effect from the thrust
losses. By adding current it is shown that the current changes the
velocities in the x- and y-directions of the robot, which leads to the
thrust losses increasing or decreasing in the respective directions.
Observations are done using the USR at Eelume to study the rest of
the thrust losses. When the configuration is as given in this thesis, the
effects from the thruster-thruster interactions, thruster-hull interac-
tions and thurster-nearby structure interactions seem to be negligible.

Ventilation is present when the USR is near the water surface.
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Sammendrag

Hovedmotivasjonen bak denne oppgaven er a studere effekten av ulike
trusttap pa en undervanns slangerobot (USR) med trustere. Tangen-
tielle hastighetsfluktuasjoner, normale hastighetsfluktuasjoner, truster-
truster interaksjoner, truster-skrog interaksjoner, truster-naerliggende
struktur interaksjoner og ventilasjon er studert. Det er fgrst gjort et
omfattende litteraturstudium om modellering av slangeroboter under
vann med og uten trustere, propellkarakteristikk og trusttap.
Tangentielle og normale hastighetsfluktuasjoner er simulert i MAT-
LAB. Her vies det at jo mindre modellen er og jo hgyere fart som
brukes, desto sterre blir trusttapene. Tangentielle hastighetsfluktu-
asjoner er tilstede sa lenge det gis trust ut av minst en av trusterne,
mens normale hastighetsfluktuasjoner er tilstede sa lenge en normal
hastighetskomponent er i narheten av trusteren. Innflytelsen av Kp-
verdien (dimensjonslgs trust koeffisient) er ogsa studert. Desto mindre
Kp-verdien er, jo stgrre blir trusttapene. Ved a bruk av strgm i simu-
leringsmodellen, ser man at farten pavirkes i x- og y-retning, som fgrer
til at trusttapene gker eller minker i den respektive retningen.
Fullskala tester av slangeroboten med trustere er gjort hos Eelume
for a studere de resterende trusttapene. Ved & bruke konfigurasjonen
som det er tatt utgangspunkt i i denne oppgaven, sa ser man at ef-
fekten av truster-truster interaksjoner, truster-skrog interaksjoner og
truster-naerliggende struktur interaksjoner ser ut til & vaere neglisjer-

bar. Ventilasjon er tilstede nar slangeroboten er neser vannoverflaten.
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Nomenclature

In general scalars are given by normal lowercase (a) or uppercase (A)

letters, while vectors are given by boldface lowercase letters (b) and

matrices are given by boldface uppercase letters (B).

(pz, py) Global coordinates of the CM of the robot

(xi,y;) Global coordinates of the CM of link 4

7

5q.
ﬁT,tr
B,

II
Dx

II
Fby

I
Dz

Heading of the underwater snake robot [rad|
Torque loss factor for in-line velocity fluctuations [—]
Thrust loss factor for transverse velocity fluctuations [—]

Thrust loss factor for in-line velocity fluctuations [—]

Matrix of the added mass [kg]
Vector of the different joint angles [rad|
Vector of the different global angles [rad]

x-component of the added effectors [—]
y-component of the added effectors [—]
Vector of the forces due to nonlinear drag in the x-direction [N]
Vector of the forces due to nonlinear drag in the y-direction [N]
Vector of the forces due to linear drag in the x-direction  [N]

X



Dy
fax
fay
fto

fty

Vector of the forces due to linear drag in the y-direction  [N]
Vector of the forces due to added mass in the x-direction [N]
Vector of the forces due to added mass in the y-direction [N]

Vector of the forces from the added effectors in the z-direction
[N]

Vector of the forces from the added effectors in the y-direction
[V]

Vector of the magnitudes of forces due to added effectors [N]

Vector of the fluid forces in the x-direction [N]
Vector of the fluid forces in the y-direction [N]
Vector of the joint constraint forces in the z-direction [N]
Vector of the joint constraint forces in the y-direction [N]
Matrix of the different link inertias [kgs?|

Thrust loss matrix [—]
Matrix of the different link half lengths [m]
Matrix of the different link masses [kg]
Control vector of propeller inputs [—]
Vector of the relative velocity in the x-direction [m/s]
Vector of the relative velocity in the y-direction [m/s]
Vector of the ocean current velocities in the x-direction [m/s]
Vector of the ocean current velocities in the y-direction [m/s]

Added mass parameter [kgm)]



x1

A2, Ag; Nonlinear and linear drag torque parameters [kgm)]
1bi Added mass [kg]
) Angle between joint 7 and joint 7 + 1 [rad]
P Density of water [kg/m?]
T Control vector [—]
T Fluid torque on the links [Nm]
0; Angle between i and the global z axis [rad]
Gi Direction of the added effector in the local frame [rad]
Cy  Added mass coefficient [—]

C¢, Cp Drag coefficients [—]

Cy Added inertia coefficient [—]
cn; Drag parameter due to the two sides of the body in the normal
direction [N/s]

cr;,  Drag parameter due to the two sides of the body in the tangen-
tial direction [N/s]

€1, e2; Major and minor diameter of the cylindrical links [m]
D Force due to nonlinear drag in x-direction on link i [NV]
1.,; Force due to nonlinear drag in y-direction on link i [N]
fbei Force due to linear drag in x-direction on link i [N]
fby,: Force due to linear drag in y-direction on link [N]
F, Force due to cross-coupling drag [N]
faz; Force due to added mass in x-direction on link ¢ [N]



xii
fay,i
Jti
Jui
Jtasi
Juyi
Jui

Force due to added mass in y-direction on link ¢ [N]

Magnitude of forces due to added effectors [N]
Magnitude of the force due to added effectors [N]
Force from the added effectors in the z-direction [N]
Force from the added effectors in the y-direction [N]
Fluid force in x-direction on link ¢ [N]
Fluid force in y-direction on link i [N]

Joint constraint force in the z-direction on link ¢ from link 7+ 1
[N]

Joint constraint force in the y-direction on link ¢ from link ¢+ 1
[V]

Advance ratio ]
Moment of inertia of each link [kgs?|
Torque coefficient -]
Thrust coefficient -]
Cross-coupling drag factor [—]
Nominal torque coefficient [—]
Control torque coefficient [—]
Nominal thrust coefficient [—]
Control thrust coefficient [—]
Half the length of each link [m]

The mass of each link [kg]



3

v

Total mass

Number of links

The shaft speed

Actual power

Nominal power

Reference power

Actual torque

Nominal torque

Commanded torque

Reference torque

Total number of additional effectors
Degrees of freedom

Time constant

Actual thrust

Desired thrust

Thrust from the produced thrusters
Nominal thrust

Ship speed

Inflow velocity to the propeller
Relative velocity in the x-direction

Relative velocity in the y-direction
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Wy

Transverse velocity component [m/s]
Ocean current velocities in the x-direction [m/s]
Ocean current velocities in the y-direction [m/s]
Wake fraction number [—]

Wake fraction caused by so called potential effects for a hull

advancing forward in an ideal fluid [—]

Wake fraction caused by viscous effects due to the effect of

boundary layers [—]

Wake fraction caused by the wave motion of the water particles

=

Acronyms

AUV
CM

DOF
IMR
ROV
USM
USR
uuv

Autonomous Underwater Vehicle
Center of Mass

Degrees of Freedom

Inspection, Maintenance and Repair
Remotely Operated Vehicle
Underwater Swimming Manipulator
Underwater Swimming Robot

Unmanned Underwater Vehicles

UVMS Underwater Vehicle Manipulator Systems

Physical Constants

Cross-coupling drag factor K., = 0.25 [—]
Density of freshwater p = 1000 [kg/m?]
Gravity g = 9.81 [m/s?
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Chapter 1

Introduction

This section gives an introduction to the thesis with some motivational
aspects and references to previous work. An overview of the report is

also presented.

1.1 Motivation

The focus on subsea installations and operations in the oil and gas
industry has been increasing the last decade. The need for installa-
tion support and subsea inspection, maintenance and repair (IMR)
are therefore also increasing. Unmanned Underwater Vehicles (UUVs)
are usually used for inspection and intervention of subsea structures.
There are mainly two types of UUVs; Remotely Operated Vehicles
(ROV) and Autonomous Underwater Vehicles (AUV). An example of
a ROV is shown in figure 1.1a. ROVs are often used for installation,
maintenance and inspection of subsea installations. They are linked
to a host ship by a neutrally buoyant tether and are often equipped
with cameras and manipulator arm(s), also called Underwater Vehicle
Manipulator Systems (UVMSs). ROVs are in general large, heavy, ex-
pensive to operate, require constant supervision and the time needed

to mobilize and deploy them is quite long. The need for a vehicle that

1
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was less costly, smaller and lightweighted lead to the development of
the AUV. AUVs can perform routine inspection tasks at subsea oil and
gas installations and has hovering capabilities. A typical AUV is shown
in figure 1.1b. AUVs are autonomous and often pre-programmed to
follow a desired path. They are often used for mapping and inspection
of the seabed.

(a) An example of a typical ROV (b) An example of a typical AUV (Tech-
(ROBO-NEWS, 2017) nology, 2017)

Figure 1.1: Examples of typical ROV and AUV

Using nature as an inspiration, efficiency and maneuverability can
be improved further. A robot moving like a snake can move in chal-
lenging environments and has the ability to transverse irregular envi-
ronments. Eelume is a spin-off company from NTNU who got inspired
by this and develops robotic snakes today. Underwater Snake Robots
(USRs) are robots inspired by the biological swimming snakes and

eels.

An USR is a robot with several links connected by joints which
gives it the opportunity to move as a snake. The USR uses its own
locomotion to move forward. An Underwater Swimming Manipulator
(USM) is a cross-over between a typical ROV/AUV and an USR. The
USM is an USR equipped with additional effectors. These effectors
can be thrusters, propellers, fins, arms and/or other equipment. The

effectors can be used to help the snake robot with better maneuver-
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ability, proving to the robot hovering capabilities or they can help the
robot serve as a manipulator.

When the underwater snake robot is equipped with thrusters, it is
important to understand how thrusters work and act in water. Because
of current, waves, interactions with other structures and interactions
with its own thrusters and hull, thrust losses will occur. Thrust losses
on ships are studied in detail, while there is a lot of uncertainties
concerning thrust losses on underwater vehicles.

This thesis will study which kinds of thrust losses that will have
a big impact on the underwater snake robot. The underwater snake
robot will usually be deeply submerged, hence this will be focused on

in the thesis in addition to a quick preview of ventilation.

1.2 Objective and Limitations

This thesis will study underwater snake robots with N links connected
by N-1 joints with main propellers and tunnel thrusters along the
body. An example of an underwater snake robot with thrusters studied
in this thesis is shown in figure 1.2. Both the main propellers and the
tunnel thrusters are T200 Thrusters by BlueRobotics and are shown
in figure 4.2. Possible thrust losses will be studied and quantified by
simplified methods. Some of the thrust losses will be simulated in
MATLAB, while the other losses will be studied by a preliminary full
scale testing of the underwater snake robot at Eelume.

Some limitations have been made to simplify this task:

e The underwater snake robot is assumed to operate in the 2D

virtual horizontal plane.

e The underwater snake robot is assumed to use positive shaft

speeds.

e The underwater snake robot is deeply submerged, i.e. there are
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)
»

e
( @

Q'

Figure 1.2: Model of the underwater swimming robot with thrusters. Given

in Maritime (2017)

no waves effecting the body.

e The links of the underwater snake robot are assumed to be neu-
trally buoyant. Thus links with thrusters have the exact same

mass as the links with no thrusters.

e The sum of all torques on the links are assumed to be equal to

Zero.

1.3 Previous Work

It is naturally to divide the thesis into to main topics: one part about
underwater snake robotics and one part about the propulsion. The

previous work done in both of these areas are mentioned below.

1.3.1 Snake Robotics

Liljebéck et al. (2012a) and Transeth (2007) are used for understand-
ing the movements of the snake and to get the mathematical models
of a snake robot on the ground. Using Liljebéck et al. (2012a) as a ref-
erence, Kelasidi (2015), Kelasidi et al. (2014a), Kelasidi et al. (2014b),
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Kelasidi et al. (2014¢) and Kelasidi et al. (2015) derive the hydrody-
namic effects and the equations of motion for an underwater snake
robot. The equations for an USR with added effectors are derived in
Sverdrup-Thygeson et al. (2016a), Sverdrup-Thygeson et al. (2016b)
and Kelasidi et al. (2017), and are used for the underwater snake robot

with thrusters in this thesis.

1.3.2 Propulsion

For propulsion control and thruster allocation, work by Smogeli (2006),
Ruth (2008) and Sgrensen (2013) is used through the thesis. During
study of propeller characteristics, Smogeli (2006) is mainly used, while
Serensen (2013) is mainly used when studying the thruster dynamics.

An extensive study of different thrust losses is given in Lehn (1992),
Faltinsen (1990), Steen (2014) and Faltinsen (2005).

1.4 Main Contributions

The main contributions in this thesis is the study of thrust losses on
underwater snake robots. In-line and transverse velocity fluctuations
are simulated using MATLAB. To calculate the effects of these losses,
an open water characteristics for the 1% quadrant is assumed.

Other losses, like thruster-thruster interactions, thruster-hull in-
teractions, thruster-nearby structure interactions and ventilation, are
studied by doing preliminary full scale testing of the underwater snake
robot at Eelume where the importance of each thrust loss is deter-

mined.
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1.5 Organization of the Thesis

The report is organized as follows.

Chapter 2 represents a review of snake locomotion. Some biomimic
developed concepts are mentioned and the underwater snake robot
with thrusters are introduced.

Chapter 3 gives a general introduction to the modeling of the
underwater snake robot with added effectors.

Chapter 4 presents the thrusters used on the model. In this chap-
ter the propeller characteristics and thruster dynamics are also dis-
cussed. Possible thrust losses, the thruster allocation algorithm and
different thruster controllers are described.

Chapter 5 includes a simulation study of in-line velocity fluctu-
ations and transverse velocity fluctuations. A full scale test is done
at Eelume to study thruster-thruster interactions, thruster-hull inter-
actions, thruster-nearby structure interactions and ventilation. The
discussion of the results of the simulations and the full scale testing is
in the end of this chapter.

Chapter 6 gives the conclusion of the thesis and proposals for

further work.



Chapter 2

Short Literature Overview of
Snake Robotics

The biological snake has several properties that is outstanding for this
precise animal. Their small cross sections compared to their length
allows them to maneuver through confined areas such as inside of pipes
or other tight structures. The ability to change their body shape gives
them the possibility to perform a wide range of behaviors, such as

sliding forward, climbing and swimming.

A snake robot is a biomorphic hyper-redundant robot that resem-
bles a biological snake. The idea behind snake robots is to construct
robots that can have similar properties as snakes. Snake robots are
useful in situations where their unique characteristics give them an
advantage over the environment. The robots will be able to do things
that would be difficult for humans, such as searching collapsed homes
after earthquakes and carrying out checks on infrastructure. Some
potential applications, such as rescue and fire-fighting, pipeline main-

tenance and underwater manipulation are shown in figure 2.1.

7
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(a) Fire figting snake robot from SIN- (b) Pipeline maintanance from
TEF (2017b) Robotics and Systems (2017)

(c) Underwater manipulation from Trendhunter (2017)

Figure 2.1: Potential applications for snake robots

In the following sections, different snake locomotion will be repre-
sented and a short review of some of the snake robots made so far is
given. In the end, the underwater snake robot which is used in this

thesis will be represented.

2.1 Snake Locomotion

Instead of using legs, the snake robot uses its own body to move for-
ward. This is called snake-like locomotion. The most common types

of biological snake locomotion are lateral undulation, concertina loco-



2.1. SNAKE LOCOMOTION 9

motion, rectilinear crawling and sidewinding as explained in (Liljebéck

et al., 2012a). These are shown in figure 2.2.

Body wave Propulsion
Propulsive
ground contact force

(a) Lateral undulation.
Anchor points

(b) Concertina undulation

Stretched Contracted
body segment bo

dy segment -

) Rectilinear undulation

Characteristic
tracks

d) Sidewinding

Figure 2.2: Biological snake locomotion from Liljebéck et al. (2012a)
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Lateral undulation, shown in figure 2.2a, is the fastest and most
common form of snake locomotion. This locomotion is achieved by
creating continuous body waves with constant amplitude which are
propagated backwards from head to tail as described in Liljebéck et al.
(2012a) and Kelasidi (2015). While moving like this, the sides of the
snake body pushes against the resistance of the water, thereby pushing
the snake forward.

Concertina locomotion is a motion which is most useful in narrow
spaces. The locomotion is achieved by stretching the front part of the
body forward while the back part of the body is curved several times.
This leads to an anchor against the narrow environment as shown in
figure 2.2b. When the front part is fully extended, it is used to create
an anchor for the back part using the same method.

Rectilinear crawling is usually used on heavy snakes. The snake
moves in approximately a straight line using the edges of the scales on
its underside as anchor points. It stretches forward, hooks the edges
of the scales over small irregularities and pulls the body to this point.
Different parts of the body will stretch and pull at the same time.
This is shown in figure 2.2c.

Sidewinding is shown in figure 2.2d. This motion is created by using
one part of the body as an anchor, while the rest of the body raises
its part up and throws it sideways. The movement starts in resting
position, then the front part lifts itself up and is thrown sideways while
the rest of the body behave as an anchor. After this, the rest of the

body lifts itself up in turn while the front acts as the anchor.
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2.2 Biomimic Developed Concepts

Biomimetic means that humans get inspiration from the nature to
create systems or devices. Hence how the snake robots have some of
the characteristics as biological snakes. In the following some of the

biomimic concepts that have been developed will be represented.

2.2.1 ACM III

ACM TII is developed by professor Shigeo Hirose at Tokyo Institute of
Technology in 1972 and is shown in figure 2.3. The robot is equipped
with wheels along its body which make it possible for the robot to
move forward on a flat surface. By controlling the joints, a serpentine
motion can be achieved by using the same locomotion principle as a
real snake. According to Hirose and Yamada (2009), this is the first

robot in the world that can move as a snake.

Figure 2.3: The snake robot ACM III, which was the world’s first snake
robot developed by professor Shigeo Hirose in 1972. From Hirose and Ya-
mada (2009)
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2.2.2 Anna Konda

Anna Konda is a fire fighting snake robot developed by SINTEF and is
shown in figure 2.4. Tt works as a self-propelled fire hose that can climb
into buildings and extinguish a fire. This way no human fire fighters
will be at risk. As explained in SINTEF (2017a) and ROBOTNOR
(2017a), the snake moves like a biological snake by equipping the fire
house with water hydraulic actuators. The water in the fire hose have
the following functions: it extinguish the fire with water, the robot
gets cooled down by the water and hydraulic actuation by moving the
joints of the robot with pressurized water. Anna Konda moves like a

biological snake and can also raise its head to spray water.

Figure 2.4: The fire fighting snake robot Anna Konda. Found in ROBOT-
NOR (2017a)

2.2.3 Wheeko

Wheeko is a snake robot with passive wheels, shown in figure 2.5. The
snake robot is developed to do experiments related to snake robot
locomotion across flat surfaces. According to ROBOTNOR (2017d)
and Liljebéck et al. (2012a), each of the ten joint modules have two
motorized degrees of freedom and are covered by passive wheels. These

wheels make it possible to move forward over a flat surface.
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Figure 2.5: The snake robot Wheeko from Liljebéck et al. (2012a)

2.2.4 Kulko

Kulko, seen in figure 2.6, is a snake robot developed to help with
investigation of locomotion in uneven and cluttered environments as
explained in ROBOTNOR (2017b), Liljebéck et al. (2012a) and Lil-
jebéck et al. (2010). By having a smooth exterior surface, the robot
can achieve a gliding motion in a cluttered environment. A contact
force sensing system is added to sense the environment and use the

irregularities as pushpoints to aid the propulsion.

Figure 2.6: The snake robot Kulko, found in Liljebéck et al. (2012b)

2.2.5 Mamba

Mamba is an amphibious snake robot which can move on the ground

and in water as shown in figure 2.7. The robot is used to research the
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snake locomotion on the ground and in water. According to ROBOT-
NOR (2017¢) and Liljebéck et al. (2014), the underwater snake robot
has the ability to measure environment contact forces acting along its
body. Thus this sensor system allows demonstration of adaptive snake

robot locomotion in outdoor environments.

(a) Moving on the ground. (b) Swimming in water. Found in Nysg-
Found in Liljebéck et al. (2014) jerrigper (2017)

Figure 2.7: The amphibious snake robot Mamba

2.3 Underwater Snake Robot with Thrusters

All of the snake robots mentioned above are developed for different
purposes. The underwater snake robot with thrusters studied in this
thesis, has the purpose of inspection and maintenance of subsea in-
stallations. Hence cameras are added to the robot and there is a
possibility to mount different equipment on the front link. While in-
specting the subsea installation, the underwater snake robot needs to
be in station keeping. Thus thrusters are needed. By adding thrusters,
the maneuverability, flexibility and hovering capabilities are improved.
Figure 2.8 represents the model of the underwater snake robot with

thrusters.
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CAMERA SWIVEL MODULE

TETHERMODULE "

FORWARD THRUSTER MODULE

LATERAL THRUSTER MODULE

PAYLOAD CAPABILITIES
Grabber
Torque tool
CP probe

4 .. Cleaning tool
Sonar
Etc

JOINT MODULE

CAMERA AND LIGHTS

Figure 2.8: Model of the underwater swimming robot with thrusters. Found

in Eelume (2017)
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Chapter 3

USR with Added Effectors

The underwater snake robot studied in this thesis is an underwater
snake robot with thrusters. Because of the thrusters, the underwater
snake robot is acting like a manipulator. The robot consists of N rigid
links which are interconnected by N —1 joints. The links are numbered
from ¢ = 1 to ¢ = N from tail to head. Each link has a length of 21;,
mass m; and moment of inertia J; = %mzlf The mass of each link is
uniformly distributed, thus the center of mass (CM) is located at the
midpoint. The sum of the mass of all of the links is given as the total

mass, m; = LN m;.

In the following sections, the kinematics, dynamics, hydrodynamic
model and the equations of motion for the underwater snake robot
moving in the virtual horizontal plane will be represented. The vectors
and matrices shown in Appendix A are used in the following sections.
Figure 3.1 shows the kinematics of the underwater snake robot, while

the forces and torques acting on each link are shown in figure 3.2.

This chapter is mainly based on Kelasidi et al. (2017), and uses the

same notations.

17
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link,3

(65.3)
Body frame

global

y
T global
X

(x,v) Inertial frame
1V s

Figure 3.1: Kinematic parameters of the USR moving in the horizontal

plane found in Kelasidi (2015). In this figure, n is the number of links

(Xi11)

global
X

Figure 3.2: Forces and torques acting on each link of the USR moving in

the horizontal plane taken from Kelasidi (2015)
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3.1 Kinematics of Underwater Snake Robot

The underwater snake robot has N + 2 degrees of freedom (NN link
angles and the planar position of the center of mass of the robot).
The link angle of each link ¢ € {1,..., N} of the robot, denoted as
0; € IR, describes the orientation of a link with respect to the global
x-axis, while the joint angle of joint i € {1,..., N — 1} is the difference
between the link angles of two neighboring links, and is given by ¢; =
0; — 0;11. 0; and ¢; are grouped in vectors @ = [, ...0yx]" € RY and
¢ = [¢1,...,6n-1]7 € RV, respectively.

The heading of the underwater snake robot is denoted as # € IR

and is described as the average of all of the link angles:

|
0 = szilei. (3.1)

The local coordinate system of each link of the underwater snake
robot is centered in the CM of the link with the x-axis positioned
alongside the tangential axis of the robot, while the y-axis is posi-
tioned normal to the link. When all the link angles are zero, the local
coordinate axis will be aligned with the global coordinate axis. The
rotation matrix from the global frame to the frame of each link ¢ is

given as

ekt T sin(6;)  cos(6;)

The global frame position p.,, of the CM of the robot is given by

1 yN
a:] _ [m_tzizlmimi

1 \WN
g Sim MY

Jlobal _ [cos(e» —smwo] | 3.9

- 1 |eTMX (3.3)
Pcm = » = I MY .

where X = [z1,..,2n5]7 € RY and Y = [yi,...,yn]" € RY. The
vector e and matrix M can be found in Appendix A.
The connection between link 7 and link ¢4 1 at joint ¢ € {1, ..., N —

my

1} must comply with the two holonomic constraints:
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DX + ALcos(0) =0, DY + ALsin(0) =0 (3.4)

where D, A and L are found in Appendix A.
By combining (3.3) and (3.4), the position of the individual links
as a function of the CM position and the link angles of the robot are

found:

X = —K7cosb + ep,, Y = —K"sinf + ep, (3.5)

where K is found in Appendix A.
The linear velocities are found by differentiating (3.5) with respect

to time, and are given by

X = K7S40 + ep,, Y = —K7Cyb + ep, (3.6)

where Sy and Cy are given in Appendix A.

By differentiating (3.6), the accelerations are found as

X = K7(Co0" + Spb) + efps, V = KT(Se6” — Cob) + ejy, (3.7)

where 62 is found in Appendix A.

3.2 Hydrodynamic Modeling

As shown in Kelasidi et al. (2014b), Sverdrup-Thygeson et al. (2016b)
and Kelasidi et al. (2017), the fluid forces on all links can be expressed

fm .fAm fé fII
= = ® @ 3.8
d H H * [féj * [féz] &)

as
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where ff, and f{)y represent the effect from the linear drag forces,
while fgz and fgy represent the effect from the nonlinear drag forces.
The vectors fa, and fa, represent the effect from the added mass in
the z- and y-direction. The linear and nonlinear drag forces are given
by (3.9) and (3.10), respectively.

.| _
féy crSe ¢cnCy

i V.| [Va.?
=" sgn ) (3.10)
ny ‘/;“y_ ‘/;“y
where er = diag(cra, ..., crN) € RY*N and ey = diag(cn g, ...,cNN) €
]];{NXN

crCy —cnSo

_V;m
_Vry] (3.9)

CTC9 —CNSQ

crSe cnCo

represent the drag parameters due to the two sides of the body
in the tangent and normal direction of each link. V;., and V, are the

relative velocities in the body frame and are given by

V.. Cy Sol |X-V,
Vv, —Sy Col| |Y -V,
The vectors V%.) = [V(?)l,...,V(_Q)N] eRY, v, = Vids., Van] €

RY and V, = [V, 1, ..., V,v] € RY are the ocean current velocities.

(3.11)

By differentiating (3.11), the relative accelerations of the links in

the body frame are found:

Vi, X

. . |+
Vi, Y
Using he procedure from Kelasidi (2015), Kelasidi et al. (2014b)

and Sverdrup-Thygeson et al. (2016b), the effects from the added mass

are found and presented as

Co So
Se Co

—So  Cp
—Cy —So

diag() 0 ] [X -V,

0 diag(9)| |Y -V,

Co - /,
Tac| _ €0 =501 |0 01\ Ve, (3.13)
fa, Se Co | |0 p| |V,
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where p = diag(uy, ..., un) € RN, The parameter u; is the added
mass of each link. Since it is assumed that the underwater snake
robot operates deeply submerged below the wave zone (assuming wave
frequency going to zero), the added mass is assumed to have constant

values.

The fluid torques on the links are given by Sverdrup-Thygeson et al.
(2016b):

where Ay = diag(Ai 1, ..., \iv) € RN Ay = diag(Ma1, .. dan) €
RY*N and Az = diag(As 1, ..., A3.N) € RY*Y The coefficient \; rep-
resents the added mass parameter, while Ay and A3 represent the non-

linear and linear drag torque parameters, respectively.

In Kelasidi et al. (2014b) hydrodynamic parameters are given for
the robot with identical links. The parameters are adjusted for an
underwater snake robot with different links in Kelasidi et al. (2017).
The cylindrical links have major diameter 2ey;, minor diameter 2es;
and length of each link 2/;,. The hydrodynamic related parameters are

then given as

1 ey 1
cri = —pﬁC’fM%, cni = =pCp2ey;2l;,
) 2 2 ’ 2
1
i = ﬂWCAe%izlu A1, i= EPWCM((%‘ - e%i)zl?7

1 . 1
)\Q,i = épﬁCf(eu -+ 62i)l?, )\3,i = gﬂ?TCf(@li + egi)l?

where Cf and Cp are the drag coeflicients in the x and y direction,
Cy is the added mass coefficient, C); is the added inertia coefficient
and p is the density of the fluid.
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3.3 Forces from Added Effectors

The forces from added effectors along the snake robot are represented
in Sverdrup-Thygeson et al. (2016b) and Kelasidi et al. (2017) as

fiz = B,' fi € RV, B,(b,) ¢ RV (3.15a)
fiy = B,  fi € RY, B,(b,) € RV (3.15b)

where b, = [cos(0, + (i), c08(0k, + Ciy)s ooy c0s(0r, + Ci)]T and
by = [sin(Ok, + Ck,), sin(Oky + Chp)s -ovy SiN(Ok, + i, )]T are the x and
y components of the added effector forces of link ¢. The parameter (;
represents the direction of the added effector in the local frame, while
r describes the total number of additional effectors, k; € (1, N). The
force vectors fi, and f, are given in the global frame.
The magnitude of the forces from the added effectors will be de-
creased as soon as the thrust losses are added. How the forces from

the thrust losses are calculated is shown in Chapter 4.

3.4 Equations of Motion

The equations of motion are given in (3.16) and are found by using
force balance using figure 3.2, as shown in Sverdrup-Thygeson et al.
(2016b), Streomsgyen (2015) and Kelasidi et al. (2017).

MX =D"hy + fo+ fre, MY =D"hy+ f,+fy, (3.16)

where h,, and h,, are given by (3.20).
The acceleration of the CM of the robot is given by Sverdrup-
Thygeson et al. (2016b), Stromsgyen (2015), Kelasidi et al. (2017):
]ax o i eT 0 fw + ftw
Dy my |0 el

3.17
fy+fty ( )
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By inserting (3.8), (3.11), (3.12), (3.6) and (3.7) into (3.17), the
following equation for the acceleration of the CM of the robot is ob-

tained.

e ‘d. 0 0 e
i) [T® 0 ]
0 diag(0) Dy

_diag(é) 0 |
PP 0 diag(0)

K7 (Cy0° + Sob)

K7 (840" — Cyb)

.fDm +,ftw
ny +fty

K7Sy6 -V, ]

~K"Cy0 -V,
(3.18)

b~p

+ M,E"

The matrices M, Ny, and E are given in Appendix A.

The torque balance equation is given by

J6 =D"u— SyLATh, + CoLA"h, + 1+ 7, (3.19)

where J is given in Appendix A, u € IRV represents the control
input, 7 is given by (3.14) and 7 represents the fluid torques given
by the added effectors.

By multiplying (3.16) by D and solving for h, and h,, the joint

constraint forces are obtained as

»=(DD")'D(MX — fy — fiz) (3.20a)

h
hy = (DD")"'D(MY — f, — fu,) (3.20b)

Inserting (3.20), (3.7) and (3.8) into (3.19), gives
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(J + SeV1Se) + CoViColl — (—SeV1Coy + CoV;.8p)6”
= D"u — SyVaji, + CoVa, + SeV fa, — CoV fa, (3.21)
+ SoV (fp. + ftz) — CoV (fp, + fry) + T+ 72
where Vi, Vo, and V' are found in Appendix A. The vectors fp, =
fhe + Fby and fp, = fL, + f}, represents the drag forces in the z-
and y-direction, respectively.
Finally, by inserting (3.13), (3.14) and (3.21) into (3.21), the ro-

tational equation of motion of the underwater snake robot are repre-

sented as

Mob + Wy0? + V,, 46 + Ny 4(ep. — Vi) + P, 4(ep, — V)
+ I{m(fDm + ft.’v) + Ky(ny + fty) — Tt — DT’U,

where Mg, Wo, Vi 45, Ny 9, Vi, Vyy, K and K are found in Appendix
A.

(3.22)
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Chapter 4

Propellers and Thrusters

The underwater snake robot with thrusters consists of two main pro-
pellers and tunnel thrusters along the body of the snake robot. All of
these thrusters are the same type and are called T200 Thrusters. In
this section, equations of nominal and actual thrust, torque and power
will be recalled, as well as an explanation of the T200 Thrusters. The
thruster dynamics will be explained, as well as different thrust losses

and thruster controllers.

This chapter is primary based on Galta (2017), apart from Section
4.4.6.

4.1 Propeller Characteristics

The relationship between the actual propeller thrust (7,), the actual
propeller torque (Q,), the actual propeller power consumption (FP,),

shaft speed (n), diameter (D) and density of water (p) is given by

27
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Carlton (2007):

T, = sign(n) KppD*n? (4.1a)
Qo = sign(n)KopD’n? (4.1b)
P, = 2mnQ, = sign(n)2rKgpD°n® (4.1c)

where K7 and K¢ are strictly positive non-dimensional thrust and
torque coefficients that accounts for the effects of thrust and torque
losses. The expressions of these coefficients are found by open water
tests. As described in Sgrensen (2013), open water tests are usually
performed in a cavitation tunnel or a towing tank. The actual thrust,
actual torque and actual power shown above are affected by in-line
velocity fluctuations only.

During open water tests, the relationship between the advance ratio
Jo, and the coefficients Kr and K¢ are found. This relationship is
called open water characteristics. An example is shown in figure 4.1.
According to Carlton (2007), open water characteristics relate to the
description of the forces and moments acting on the propeller when
operating in a uniform fluid stream which is parallel to the shaft center
line.

The 1-quadrant model, covering positive shaft speeds and positive
advance velocities, is being focused on in this text. To include nega-
tive advance ratios as well, the open-water characteristics should be
extended to the 2" quadrant. In a complete 4-quadrant model, both
positive and negative shaft speeds and advance ratios are covered.

The coefficients Kr, Ko and J, are defined as follows (Sgrensen
(2013), Carlton (2007), Lehn (1992)):

T,
Kr = W (42)
@ (4.3)
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0.8

oz 04 o6 o5 1 12
Advance ratio ]
Figure 4.1: Example of open water characeristics found in Sgrensen (2013).

K7 is given by a solid line and 10 - Kg by a dashed line

Va

J, =
nD

(4.4)

where V is the inflow velocity to the propeller and is given by Sgrensen
(2013):

Vo =U(1 = (wy +wp +w,)) =U(1 —w). (4.5)

The parameter U is the body speed and w is the wake fraction
number. The wake fraction number accounts for the effect of the wake,
which is the difference between the body speed U and the inflow ve-
locity to the propeller V,. w,, is the wake fraction caused by the wave
motion of the water particles, w, is the wake fraction caused by so
called potential effects for a hull advancing forward in an ideal fluid
and w, is the wake fraction caused by viscous effects due to the effect of
boundary layers. For ships, w is usually in the range of 0 < w < 0.4.
Deeply submerged underwater vehicles are not subjected to waves,

hence w is assumed to be in the range of 0 < w < 0.1.

A simplification of the 1% quadrant propeller characteristics used
in Blanke (1981), Blanke et al. (2000) and Fossen and Blanke (2000)
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is shown below:

Kr = Kro — ariJ, (4.6a)
Ko =Kqo — agi/a (4.6D)
To=Twun|n|-Tw|n|V, (4.6¢)
Qo =Quan [ 1| =Quv | n |V, (4.6d)

where Ko, Kqo, a1 and ag; are constant coefficients for V, = 0 and

Tnn = PD4KT0 Tm) = ngaTl
an = pDSKQO Qm} = PD4OKQ1

This approximation is only for the 15 quadrant. Kro and Kgo
are the nominal thrust and torque coefficients for a deeply submerged
propeller with V, = 0 and no thrust losses. The corresponding nominal

thrust, torque and power are expressed by:

T, = sign(n)KropD'n? (4.7a)
Q. = sign(n)KgopD’n? (4.7b)
P, = 2mnQ,, = sign(n)2rKgopD"n® (4.7¢)

The actual propeller thrust and torque are T, and (),, while the
desired thrust and torque are T,, and @),, and are used as input in
thruster controllers. Ideally they should be equal, but that is not

realistic.

4.2 BlueRobotics T200 Thrusters

Both the main propellers and the thrusters along the snake body are
BlueRobotics T200 Thrusters. The thrusters are shown in figure 4.2.
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Figure 4.2: T2 Thrusters from BlueRobotics

Information about the dimensions and the performance of the thrusters
are found in BlueRobotics (2017a) and BlueRobotics (2017h), and are

shown in table 4.1.

Max thrust forward at 16 [V] | 5.1 [kgf] = 50.01 [N]
Max thrust reverse at 16 [V| | 4.1 [kgf] = 40.21 |N]
Max thrust forward at 12 [V] | 3.55 [kgf] = 34.81 |N]
Max thrust reverse at 12 [V| | 3.0 [kgf] = 29.42 |N]

Max rotational speed 3800 [RPM] = 63.33 [RPS]
Duct diameter 100 [mm]
Propeller diameter 76 [mm)]

Table 4.1: Performance of the T200 Thrusters

4.3 Thruster Dynamics

Both the actuators and the drive system affect the thrust response.
This leads to reduced actual thrust compared to desired thrust. When
the frequency increases, the amplitude of the thrust decreases. The
actual thrust will also be affected by disturbances in water inflow to

the thruster blades by thruster-thruster interactions, thruster-hull in-
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teractions, thruster-nearby structure interactions and ventilation, as
well as current and vessel velocity. The thruster dynamics for each
thruster is given by Sgrensen (2013):

1

T, = —(Ta+Ty) (4.8)

where T is the time constant, 7, is the actual thrust and 7,, is the
nominal or desired thrust.
Solution of (4.8) follows from a standard ODE. For such a model, a

solution of a proper time constant T for varying steps should be done.

4.4 Thrust Losses

In ideal conditions, a propeller would produce thrust and torque ac-
cording to the nominal models. Any deviation of the nominal thrust
and torque will in this thesis be defined as thrust losses.

This section focuses on six different thrust losses that will affect the
underwater vehicle; in-line velocity fluctuations, transverse velocity
fluctuations, thruster-thruster interactions, thruster-hull interactions,
thruster-nearby structure interactions and ventilation. Losses from
ventilation will only appear in the surface of the water. In-line veloc-
ity fluctuations and transverse velocity fluctuations will be simulated
in MATLAB, while thruster-thruster interactions, thruster-hull inter-
actions, thruster-nearby structure interactions and ventilation will be
tested by a full scale model of the Eelume Underwater Snake Robot.

Results from simulations and full scale testing are found in Chapter 5.

4.4.1 In-Line Velocity Fluctuations

Waves, currents and the vessel motion will induce a time-varying ve-
locity field around the propeller. This can be decomposed in an in-
line component and a transverse component as explained in Sgrensen

(2013). The in-line component will be affected by the current and
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vessel motion in surge, sway and yaw, while the transverse component
will be affected by the current and vessel motion in heave, roll and
pitch.

The in-line, also called axial, component will give a change in the
inflow velocity V,, which also changes the advance ratio J, as shown
in (4.4). When J, varies by time, the propeller operating point will
move on the Kp- and Kq-curves (see figure 4.1 for an example). This
induces fluctuations in thrust, torque and power as shown in (4.1a),
(4.1b) and (4.1c), respectively.

The thrust and torque loss factors, Br., and Bg ., for a deeply
submerged propeller, are given by Sgrensen (2013) and Smogeli (2006):

o KT(Ja)

BT,aa: - KT() (49)
_ Kq(Ja)

Boar =~ (4.10)

where K7y and Kgo are the nominal thrust and torque coefficients
when V, = 0.

4.4.2 Transverse Velocity Fluctuations

When the thruster operates in a current perpendicular to the propeller
axis, a force in the direction of the current will be introduced to the
thruster as explained in Lehn (1992). This force is due to the de-
flection of the propeller slipstream in the direction of the current and
is called "cross-coupling drag". The force induce transverse velocity
fluctuations.

For open and ducted propellers the force is given by Sgrensen
(2013)

F, = KoeD\/pToVir (4.11)
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where K.. is a cross-coupling drag factor and Vj, is the transverse
velocity component. According to Sgrensen (2013), the cross-coupling
drag factor is usually set to 0.25 for ducted propellers and 0.31 for

open propellers. The thrust loss factor fr,, is given by

F\? K..D\VoToVir \ 2 V2
Brir =1-— (Tt) =1- (%) = 1—pKch2%. (4.12)

a

4.4.3 Thruster-Thruster Interactions

Thruster-thruster interactions occur when a thruster operates in a
propeller slipstream of another thruster as explained in Lehn (1992).
The source thruster develops a wake behind the propeller which gives
an additional velocity to the inflow velocity of the affected propeller
as shown in figure 4.3. This is described further in Faltinsen (2005),
Carlton (2007), Schlichting (1979), Molland et al. (2011) and Steen
(2014). The spread of the wake increases as the distance between the
source propeller and the affected propeller becomes smaller. Accord-
ing to Steen (2014), momentum theory can be used to calculate the

induced velocity of the wake.

Figure 4.3: The parameter pg is the pressure far away, V' is the robot’s
velocity, p1 is the pressure right in front of the propeller, po is the pressure
right behind the propeller, V), is the velocity at the propeller and Uy is the
induced velocity given by the wake. Found in Steen (2014)

Thruster-thruster interactions can lead to considerable reduction

of available thrust and propeller torque. Depending on the angle of the
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propeller race relative to the thrust direction of the affected thruster,
the propeller race may influence the neighboring thruster in several
ways. Both in-line and transverse water inflow will be altered.

This thrust loss will occur when the snake robot is in a position
where the thrusters are angled at each other, for example if the robot

moves with lateral undulation.

4.4.4 Thruster-Hull Interactions

Thruster-hull interactions occur when the hull of the snake robot is
located in the area of a propeller slipstream. The most important
effect on the hull is the Coanda effect. This is when the propeller
slip stream is attracted by the hull. When explaining the Coanda
effect in Faltinsen (1990), the propeller slip stream is represented by
a circular jet where the water is entrained from outside the jet. When
a boundary (the hull) is present, there will be a resultant force from
the jet towards the hull due to the pressure difference between the jet
(high velocity, low pressure) and the hull (low velocity, high pressure).
This force will attract the jet towards the hull as seen in figure 4.4.

=b6h

LISSLS SIS IS S SIS SIS S S f?/ 7

Higher velocities than
h upt'posnle side of
&

THRUS

Jet flow

Centrifugal
THRUSTER ferce balanced
by pressure forces

Figure 4.4: The Coanda effect from Faltinsen (1990).

This will affect the effects from the trust, and the movements of
the snake body. The thrust will get a larger resistance than from the
open water. Hence the thrust will give a larger effect to its link and
move the link in a larger distance away from the hull it is affected by.
The snake body will also be affected. The thrust will move the hull
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further away from the thruster which may not be optimal.
This thrust loss can for example occur if the snake robot is formed
as a circle in open water, or during transit when the main propellers

are not located at the tail.

4.4.5 Thruster-Nearby Structure Interactions

Thruster-nearby structure interactions occur when a foreign structure
is located in the area of a propeller slipstream. The thruster is affected
approximately in the same way as in thruster-hull interactions, while
the snake body is otherwise not affected. Low pressure will occur at
the thruster because of high speed. It is assumed that the structure
is at rest which leads to high pressure. A pressure difference between
the thruster and the structure will occur which leads to a suction force
that will attract the thruster to the hull.

If the nearby structure is fastened in some way, the thrust from the
snake robot may lead to wear and tear of the structure. If the nearby
structure is mobile, the thrust from the snake robot may both lead
to wear and tear, as well as move the structure away from the snake
robot.

This thrust loss can for example occur if the snake robot is near

another structure to do investigation.

4.4.6 Ventilation

Ventilation is a phenomenon that may occur when the propeller is
operating in the proximity of the free surface. According to Bernoulli’s
principle, the pressure at the propeller decreases when the velocity of
the propeller increases. If the pressure at the propeller is lower than
the atmospheric pressure, a suction might be created that sucks fluid
from the region with high pressure (the air at the water surface) to the

region with low pressure (where the propeller is located). This suction
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looks like a funnel (or like the vortex that appear when you empty a
sink or bathtub) which draws air from the free surface and through the
propeller blade. The lower the pressure at the propeller is, the more
likely it is that ventilation occurs. Ventilation is described in Sgrensen
(2013), Steen (2014), Faltinsen (1990) and Smogeli (2006). The loss
is detectable due to sudden loss of thrust and increase of shaft speed
and will lead to serious loss of propeller thrust and torque, and may
damage the system.

Ventilation will not occur when the underwater snake robot oper-
ates deeply submerged in water. It will only occur when the underwa-

ter snake robot is near the water surface.

4.5 Thruster Control

A control system for the underwater snake robot is shown in figure 4.5.
To control the thrusters of the USR, both a thruster controller and
a thruster allocation are needed. The thruster controller is used to
control the thrust to a desired value. Three controllers are described
in the following: shaft speed controller, torque controller and power
controller. Shaft speed controller or torque controller is usually used
for underwater vehicles. The thruster allocation is needed to distribute
the thrust wanted in each direction to each thruster. After the thruster
allocation, the propeller characteristics such as losses are included and
are given as inputs to the robot. The underwater snake robot moves
and give data to the controller and so on. Normal conditions are

assumed in the following sections.

4.5.1 Thruster Allocation

The thruster allocation receives the desired thrust in each direction
T = [Ta, Ty, T2, Tg, To, Ty)* and determines how much thrust each thruster

of the vessel needs to produce.
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o Thruster Allocation »  Propeller Characteristics ~

- Controller + Snake Robot —

Figure 4.5: A control system of the underwater snake robot

As shown in Sgrensen (2013), Fossen (2011), Sverdrup-Thygeson
et al. (2016a) and Sverdrup-Thygeson et al. (2016b), the relation-
ship between the control vector 7 and the produced thrust from the r
thrusters T'; is defined by

T=T(a)T;=T(a)K uy (4.13)

where a = [ay, ..., a,]T € IR" is a vector containing the azimuth angles
and T'(a) € IR**" is the thrust configuration matrix. The parameter
s is the number of degrees of freedom (DOF) to be controlled and r is
the number of thrusters. The thrust allocation matrix has one column
vector for each actuator. The matrix K. is a matrix consisting of
the thrust losses. If there are no thrust losses, the matrix will be
the identity matrix. For a marine craft equipped with r actuators for
operation in s DOFs, the thrust configuration matrix describes the
geometry or locations of the actuators.

Thruster allocation for articulated structures is a complex dynamic
problem, not only due to the dynamic response of the effectors, but

also because the point of attack and line of action of the effector forces
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change when the geometry of the USR is changed. The allocation
matrix will thus be a function of the link angles. When the geometry
of the USR is changed, the relative position and orientation of the
thruster with respect to the base frame is also changed, which in turn
changes the thruster configuration matrix. The configuration matrix
will thus be a function of the joint angles.

When r = s, the USR is fully actuated and has the same amount
of independent control inputs as degrees of freedom. When r > s, the
USR is overactuated and have more actuators than degrees of free-
dom. Thus the thruster configuration is redundant, and secondary
objectives can be included in the thruster allocation algorithm. Fi-
nally, when r < s, the USR is underactuated. This leads to the
matrix becoming singular and non-invertible, and the thruster config-
uration matrix becomes rank deficient. Several marine applications

are overactuated in order to ensure reliability.

4.5.2 Truster Controllers
Shaft Speed Control

A shaft speed controller is used when the shaft speed n is controlled to
be equal to a desired speed ngy. A higher level controller has computed
a desired thrust which is mapped to the corresponding revolution speed
based on a thruster model. A PID controller is usually used with a

shaft speed error e = ny — n, and gives the commanded torque as
shown below (Smogeli (2006))

t
an = er + Kz/ B(T)dT + Kde (414)
0

where K, > 0, K; > 0 and K4 > 0. The coefficient K is often given as
K; = K,,/T; where T; is the integral time constant. To avoid integral
windup, the integral term in the PID controller should be limited to

some maximum (),,.., such as
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|K; /te(T)dTl < Qimaz (4.15)
0

Torque Control

A torque controller is used when it is desired to keep the motor torque
constant. In the torque control strategy the outer speed control loop is
removed, and the thruster is controlled by its inner torque control loop
with a commanded torque ()., as set-point. The commanded motor
torque is set equal to the reference torque (Smogeli (2006)):

A _ Koc
ch — Qr - KTC

where Koo and Krpe are the control torque and thrust coefficients

DT, (4.16)

respectively.

Power Control

A power controller is used when the power consumption of the thruster
motor is controlled. The inner loop from torque control is maintained,
and the commanded torque @), is calculated from the reference power
P, using feedback from the measured shaft speed n according to Smo-
geli (2006):

P Koo sign(T)|T.*?
2n|n|  /pDKY n

Qep n#0 (4.17)

(4.18)



Chapter 5

Simulations

In this chapter different thrust losses will be tested to verify which
ones will give a distinct impact on the underwater snake robot’s per-
formance. In-line and transverse velocity fluctuations will be tested
by simulations in MATLAB and are shown in Section 5.1. Thruster-
thruster interactions, thruster-hull interactions, thruster-nearby struc-
ture interactions and ventilation will be tested by full scale testing of
the model as seen in Section 5.2. The results will be discussed in
Section 5.3.

The underwater snake robot will give the thrust calculated in (4.7a)
in the ideal case where there are no thrust losses present. In reality
there will always be a certain amount of thrust losses that affect the

robot’s performance. The actual thrust given from a thruster is

Ta = Bilﬁtrﬁttﬁthﬁtnsﬁan (51)

were 3y € (0, 1) is the factor that describes the impact on from the
in-line velocity fluctuations, g, € (0, 1) is the factor from transverse
velocity fluctuations, Sy € (0,1) is the factor from thruster-thruster
interactions, [y, € (0,1) is the factor given by the thruster-hull in-
teractions, [y, € (0,1) is the factor from thruster-nearby structure

interactions and 3, € (0,1) is the factor from ventilation. If the fac-

41
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tors have no impact, they will be equal to one. Thus in the ideal case

with no thrust losses, T, = T,,.

5.1 Simulations in MATLAB

To study the effects from in-line velocity fluctuations and transverse
velocity fluctuations, simulations are done to compare the cases with
thrust losses to the nominal case in Section 5.1.1. The effect of different
Krp-values are studied in Section 5.1.2, while current is added to the

model in Section 5.1.3.

The underwater snake robot is straight in all of the following cases.
Since this thesis is restricted for the robot to move in the horizontal
2D space, the vertical tunnel thrusters are neglected. A description
of the input data is given in Appendix B and the MATLAB code is
added in Appendix C. Five plots are given in each case; the path, the
velocity in 2- and y direction, the magnitude of the speed and the
heading. All of these results are given for the global CM. Both low
and high shaft speeds are tested. A shaft speed of 10[RPS)] is added
in the low speed cases, while the maximum shaft speed, 63[RPS], is
added in the high speed cases. The advance ratio is assumed to be
J, = 0.4 in both cases. Both a small model and the actual model are
tested. The small model uses the dimensions of the model originally
used in the software code. This is a scaled model of the underwater
snake robot without thrusters called Mamba, which is shown in figure
2.7. The actual model is the full size underwater snake robot with
thrusters which is given in figure 2.8. The dimensions of the models

are shown in table 5.1.



5.1. SIMULATIONS IN MATLAB 43

Model type Weight per link | Length per link
Small model | 0.6597[kg] 70[mm]
Actual model | 6[kg] 300[mm]

Table 5.1: Dimensions of the small and the actual model

5.1.1 Comparing Nominal Thrust, In-Line Velocity Flucu-
tations, and In-Line and Transverse Velocity Fluctua-

tions

Four cases are studied in the following. Each case adds the thrust
on different links and with different angles of attack. The figures
compare how the underwater snake robot acts with nominal thrust,
thrust with in-line velocity fluctuations and thrust with both in-line

velocity fluctuations and transverse velocity fluctuations.

Case 1

The first case tests how the underwater snake robot responds to thrust

given from the main propellers, which gives the robot forward speed.

Low speed

The shaft speed and angle of attack given from each thruster in case
1 with low speed are shown in table 5.2. Results from this simulation
are shown in figure 5.1. The results from the small model are given
on the left, while the results from the actual model are given on the

right.
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Link 1 2 3 4 )
Amplitude | 0 [RPS] | 0 [RPS] | 10 [RPS] | 0 [RPS] | 0 [RPS]
Direction | 0 [deg] | 0 [deg] | 0 [deg] 0 [deg] | O [deg]

Table 5.2: Shaft speed and angle of attack for each thruster on the under-

water snake robot when testing low speeds in case 1
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Figure 5.1: Tests done with low speed for case 1

High speed

The shaft speed and angle of attack given from each thruster in case

1 with high speed are shown in table 5.3. Results from this simulation

are shown in figure 5.2. The results from the small model are given

on the left, while the results from the actual model are given on the

right.
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Link 1 2 3 4 )
Amplitude | 0 [RPS] | 0 [RPS] | 63 [RPS] | 0 [RPS] | 0 [RPS]
Direction | 0 [deg] | 0 [deg] | 0 [deg] 0 [deg] | O [deg]

Table 5.3: Shaft speed and angle of attack for each thruster on the under-

water snake robot when testing high speeds in case 1
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model model
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Figure 5.2: Tests done with high speed for case 1

Case 2

The second case tests how the underwater snake robot responds to
thrust given from one of the tunnel thrusters, which gives the robot

sideways speed and will make the robot turn in circle.

Low speed

The shaft speed and angle of attack given from each thruster in case
2 with low speed are shown in table 5.4. Results from this simulation
are shown in figure 5.3. The results from the small model are given

on the left, while the results from the actual model are given on the
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right.

Link 1 2 3 4 5
Amplitude | 0 [RPS] | 10 [RPS] | 0 [RPS] | 0 [RPS] | 0 [RPS]
Direction | 0 [deg] | 90 [deg] | O [deg|] | O [deg] | O [deg]

Table 5.4: Shaft speed and angle of attack for each thruster on the under-

water snake robot when testing low speeds in case 2
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Figure 5.3: Tests done with low speed for case 2
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High speed

The shaft speed and angle of attack given from each thruster in case
2 with high speed are shown in table 5.5. Results from this simulation
are shown in figure 5.4. The results from the small model are given

on the left, while the results from the actual model are given on the

right.

Link 1 2 3 4 )
Amplitude | 0 [RPS| | 63 [RPS] | 0 [RPS| | 0 [RPS] | 0 [RPS]
Direction | 0 [deg] | 90 [deg] | O [deg] | O [deg] | O [deg]

Table 5.5: Shaft speed and angle of attack for each thruster on the under-

water snake robot when testing high speeds in case 2
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Figure 5.4: Tests done with high speed for case 2
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Case 3

The third case tests how the underwater snake robot responds to thrust
given from both the main propellers and one of the tunnel thrusters,

which will make the robot turn while giving a forward speed as well.

Low speed

The shaft speed and angle of attack given from each thruster in case
3 with low speed are shown in table 5.6. Results from this simulation
are shown in figure 5.5. The results from the small model are given
on the left, while the results from the actual model are given on the

right.

Link 1 2 3 4 5]
Amplitude | 0 [RPS| | 10 [RPS] | 10 [RPS] | 0 [RPS]| | 0 [RPS]
Direction | 0 [deg] | 90 [deg] | O [deg] 0 [deg] | O [deg]

Table 5.6: Shaft speed and angle of attack for each thruster on the under-

water snake robot when testing low speeds in case 3
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Figure 5.5: Tests done with low speed for case 3

High speed

The shaft speed and angle of attack given from each thruster in case
3 with high speed are shown in table 5.7. Results from this simulation
are shown in figure 5.6. The results from the small model are given

on the left, while the results from the actual model are given on the

right.

Link 1 2 3 4 5]
Amplitude | 0 [RPS| | 63 [RPS] | 63 [RPS] | 0 [RPS| | 0 [RPS]
Direction | 0 [deg] | 90 [deg] | O [deg] 0 [deg] | O [deg]

Table 5.7: Shaft speed and angle of attack for each thruster on the under-

water snake robot when testing high speeds in case 3
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Figure 5.6: Tests done with high speed for case 3

Case 4

The fourth case tests how the underwater snake robot responds to

thrust given from the thruster in link 3 with an angle of 15°.

Low speed

The shaft speed and angle of attack given from each thruster in case
4 with low speed are shown in table 5.8. Results from this simulation
are shown in figure 5.7. The results from the small model are given

on the left, while the results from the actual model are given on the

right.
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Link 1 2 3 4 )
Amplitude | 0 [RPS] | 0 [RPS] | 10 [RPS] | 0 [RPS] | 0 [RPS]
Direction | 0 [deg|] | 0 [deg] | 15 [deg| | 0 [deg] | O [deg]

Table 5.8: Shaft speed and angle of attack for each thruster on the under-

water snake robot when testing low speeds in case 4
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Figure 5.7: Tests done with low speed for case 4

High speed

The shaft speed and angle of attack given from each thruster in case

4 with high speed are shown in table 5.9. Results from this simulation

are shown in figure 5.8. The results from the small model are given

on the left, while the results from the actual model are given on the

right.
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Link 1 2 3 4 )
Amplitude | 0 [RPS] | 0 [RPS] | 63 [RPS] | 0 [RPS] | 0 [RPS]
Direction | 0 [deg|] | 0 [deg] | 15 [deg| | 0 [deg] | O [deg]

Table 5.9: Shaft speed and angle of attack for each thruster on the under-

water snake robot when testing high speeds in case 4
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Figure 5.8: Tests done with high speed for case 4

5.1.2 The Influence of K

In this section the influence of Kr is studied by testing different Kp-
values. Using (B.3a), the Kp-values are calculated by using different

values for J, as shown in table 5.10.

1 0 1 2 3 4
Jai |0 0.2 0.4 0.6 0.8
Kr; | 0.4000 | 0.3440 | 0.2760 | 0.1960 | 0.1040

Table 5.10: Different Kp-values for each J,-value
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In the following simulations, thrust in both the main propellers and
in one tunnel thruster is added. The results from the small model are
given on the left, while the results from the actual model are given on
the right. The figures compare how the underwater snake robot acts

with different Kp-values.

Low Speed

The shaft speed and angle of attack given from each thruster are
shown in table 5.11. Results from this simulation are shown in figure
5.9. The results from the small model are given on the left, while the

results from the actual model are given on the right.

Link 1 2 3 4 5
Amplitude | 0 [RPS] | 10 [RPS] | 10 [RPS] | 0 [RPS] | 0 [RPS]
Direction | 0 [deg] | 90 [deg] | 0 [deg] 0 [deg] | O [deg]

Table 5.11: Shaft speed and angle of attack for each thruster when testing

Kp-values with low speed
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Figure 5.9: Tests done to test the influence of K7 in low speeds

High Speed

The shaft speed and angle of attack given from each thruster are
shown in table 5.12. Results from this simulation are shown in figure

5.10. The results from the small model are given on the left, while the

results from the actual model are given on the right.

Link 1 2 3 4 5]
Amplitude | 0 [RPS| | 63 [RPS] | 63 [RPS] | 0 [RPS| | 0 [RPS]
Direction | 0 [deg] | 90 [deg] | O [deg] 0 [deg] | O [deg]

Table 5.12: Shaft speed and angle of attack for each thruster when testing

Krp-values with high speed
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Figure 5.10: Tests done to test the influence of K7 in high speeds

5.1.3 Adding Current

In this section, current is added to the model to test if the thrust-loss
model added by the author corresponds with the current. A current of
0.1[m/s] is given in the global x-direction, while a current of —0.1[m/s]
is given in the global y-direction. Thrust is given from the tunnel

thruster in link two.

Low Speed
The shaft speed and angle of attack given from each thruster are

shown in table 5.13. Results from this simulation are shown in figure
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5.11. The results from the small model are given on the left, while the

results from the actual model are given on the right.

Link 1 2 3 4 )
Amplitude | 0 [RPS| | 10 [RPS] | 0 [RPS]| | 0 [RPS] | 0 [RPS]
Direction | 0 [deg] | 90 [deg] | O [deg] | O [deg] | O [deg]

Table 5.13: Shaft speed and angle of attack for each thruster when testing

the underwater snake robot on low speeds in current
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Figure 5.11: Tests done to study the performance of the underwater snake

robot with low speeds in current
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High Speed

The shaft speed and angle of attack given from each thruster are
shown in table 5.14. Results from this simulation are shown in figure
5.12. The results from the small model are given on the left, while the

results from the actual model are given on the right.

Link 1 2 3 4 5
Amplitude | 0 [RPS] | 63 [RPS] | 0 [RPS] | 0 [RPS] | 0 [RPS]
Direction | 0 [deg] | 90 [deg] | 0 [deg| | 0 [deg] | O [deg]

Table 5.14: Shaft speed and angle of attack for each thruster when testing

the underwater snake robot on high speeds in current
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Figure 5.12: Tests done to study the performance of the underwater snake

robot, with high speeds in current
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5.2 Visual Observations from Full-Scale Tests of

Eelume Underwater Snake Robot in a Basin

To study thruster-thruster interactions, thruster-hull interactions, thruster-
nearby structure interactions and ventilation, full scale testing is done
at Eelume. The pool used to test the underwater snake robot in is
shown in figure 5.13. Figure 5.14 shows the underwater snake robot’s
thrusters. Observations are done for each of the thrust losses to study
how they affect the performance of the underwater snake robot. The
video from this experiment is attached to the folder delivered with this

thesis.

Figure 5.13: Pool with underwater snake robot at Eelume

5.2.1 Thruster-Thruster Interactions

To test the thruster-thruster interactions on the model, the config-
uration of the underwater snake robot should be formed such that
the losses can interfere with the robot’s performance. To encourage
thruster-thruster interactions, the tunnel thrusters on link two and
link four will be positioned as close to each other such that the pro-

peller slip stream from one thruster will reach the other. Hence joint
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(a) Tunnel thruster (b) The Underwater  (c) Main propeller
Snake  Robot  with

Thrusters

Figure 5.14: The configuration of the underwater snake robot with thrusters

used in full scale testing at Eelume

number two and three are set to approximately 90°, which is the max-

imum joint angle.

As seen in the video attached, the thruster-thruster interactions

have low effect when the speed is low.

5.2.2 Thruster-Hull Interactions

To encourage the thruster-hull interactions to interfere, it is desirable
that the thruster on link three gives a thrust that affects the hull on
link two or four. Joint two and three are therefore set to approximately
90°. This is the same position as in Section 5.2.1, thus these tests are

done at the same time.

As seen in the video, joint two and three sometimes gets a bigger

angle.
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5.2.3 Thruster-Nearby Structure Interactions

To encourage thruster-nearby structure interactions, the underwater
snake robot is positioned right beside the wall of the pool while the
tunnel thrusters use high speed to try and push the underwater snake
robot away from the wall. High speed is believed to give a bigger
suction.

As seen in the video, the snake robot does not seem to be affected
by the wall. The suction mentioned in Section 4.4.5 seems to be neg-

ligible.

5.2.4 Ventilation

Ventilation is promoted by placing the underwater snake robot close
to the surface and activate the vertical tunnel thrusters. As seen in the
video it is clearly present and will give a big impact when the robot is

in the presence of the surface.

5.3 Discussion

5.3.1 Simulations in MATLAB

The equations used for Kr and K given in (B.3a) and (B.3b) re-
spectively, are made by quadratic formulas to resemble figure 4.1 as
well as possible. To implement accurate values for Kp and Kg, a
propeller open water test need to be done in a towing tank or in a
cavitation tunnel. Equations (B.3a) and (B.3b) are only valid for the
1! quadrant, and will need to be changed if the user wants to expand
the open water characteristics to a 4-quadrant model with both pos-
itive and negative shaft speeds. The ratio P/D is assumed to equal
one because of lack of information about the propeller pitch. When
executing the simulations in Sections 5.1.1 and 5.1.3, a value of the

inflow velocity, J, = 0.4, is assumed. K7 is then found by using J,
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and figure B.2. If the assumed values for J,, K7 and P/D are wrong,
that may have lead to errors in the simulations done in this chapter.

The software code only includes the thrust affected by the thrust
losses, and not the torque. To obtain more precised simulations, the
torque should also have been included.

The full sized model of the underwater snake robot used by Eelume,
is in total 3.4[m] long and weigh 70[kg|, where every link is approxi-
mately 300[mm] long and weigh approximately 6[kg| in air. The model
used in MATLAB are neglecting the size and the weight of the joints,
hence 1.9[m] of the length and 40[kg] of the weight of the total model
are neglected. This leads to assuming a model that is too small and
too light-weighted. Thus the simulation results will not be entirely
correct because of less resistance from the model.

All of the simulations are done in 60[s]. A longer simulation time
could have been chosen to study the underwater snake robot’s perfor-

mance for a longer time span.

Case 1

The underwater snake robot’s responses from thrust in its tangential
direction are tested in figures 5.1 and 5.2. As seen in both figures, there
are no change in the velocity in the y-direction and the heading. This
is the behavior expected when no thrust is given in the y-direction. It
is also seen that the underwater snake robot’s performance with in-line
velocity fluctuations is equal to the performance with in-line velocity
fluctuations and transverse velocity fluctuations. Since the transverse
velocity fluctuations only appear if the thrust has a perpendicular
component, there are no such losses in case 1. As seen in figures 5.1c,
5.1d, 5.1g and 5.1h, only the velocity in the x-direction affects the
robot and moves it forward in the x-direction as given in figures 5.1a
and 5.1b.

When comparing figures 5.1 and 5.2, it is clear that the bigger
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the shaft speed is, the bigger the outcome of the underwater snake
robot becomes. The size of the robot is also important for how much
the robot responds to the thrust given and for how much the robot
is affected by the losses. By looking at the figures, it is clear that
the small model have bigger movements when applying the same shaft
speed as applied to the actual model. The small model also gets greater
deflections from the transverse velocity fluctuations. This is because

higher shaft speed gives higher thrust, which leads to greater losses.

Case 2

In case 2, the underwater snake robot’s responses from thrust given in
the normal direction are studied. When the underwater snake robot is
formed as a straight line, the CM is placed in the middle of link three.
The thrust in this case is applied to link two, which gives the thrust a
momentum that will lead to the snake rotating as seen from the paths
in figures 5.3a, 5.3b, 5.4a and 5.4b. As shown in figures 5.3 and 5.4,
the performance of the robot with in-line velocity fluctuations is equal
to the performance of the robot with both in-line velocity fluctuations
and transverse velocity fluctuations. This is due to the velocity near
the thruster always being in the same direction as the thruster itself.
Hence no local transverse component is present.

The global velocity in the x- and y-direction oscillates at the small
model with both low and high speed, as shown in figures 5.3c, 5.3¢e, 5.4c
and 5.4e. This is because the snake is turning due to the momentum
from the thruster to the CM. Locally the velocity is constant in the
y-direction and zero in the x-direction. Figures 5.3g and 5.4g show
clearly that the magnitude of the speed is constant.

By comparing the velocities of the real model with low and high
speed in figures 5.3d, 5.3f, 5.3h, 5.4d, 5.4f and 5.4h, it is found that
there is an obvious difference of the performance with the low and the

high speed. With low speed, the velocity in the x-direction is slowly
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increasing, while the velocity in the y-direction is slowly decreasing.
The reason why it doesn’t look like they are oscillating is because
actual model is too heavy too move that quickly with only 10[RPS]. If
the simulation time had been longer, the oscillations would be present
on the graphs.

The heading for both the small model and the actual model in the
low speed and high speed cases is constantly decreasing as shown in
figures 5.3, 5.3j, 5.4i and 5.4j. This is as assumed since constant shaft

speed is given.

Case 3

In case 3, thrust is given in both the normal direction from link two and
in the tangential direction from link three. Figures 5.5a, 5.5b, 5.6a and
5.6b show that this leads to the underwater snake robot to turn while
moving forward in its direction. In figures 5.5a, 5.6a and 5.6b it is
seen that the path with in-line velocity fluctuations is no longer equal
to the path with in-line velocity fluctuations and transverse velocity
fluctuations. This is because the velocity near the thrusters is now
dependent on two thrusters with different angles of attack. This leads
to a transverse component on the thruster on link two because of the
influence from the thruster on link three, and a transverse component
on the thruster on link three because of the influence from the thruster
on link two. This is not seen in figure 5.5b because the actual model
is too big compared to the low shaft speed given.

As seen in figures 5.5¢c, 5.5e, 5.6¢, 5.6d, 5.6e and 5.6f the velocity
in the x- and y-direction oscillates. It is also seen that the velocity
from the in-line velocity fluctuations and transverse velocity fluctua-
tions is delayed compared to in-line velocity fluctuations. The delay
is present because the affect from the transverse velocity fluctuations
will slow down the underwater snake robot’s movements. Both of the

losses have the same magnitude in their velocities in the x- and y-
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directions. Locally, the magnitude of the velocities with the in-line
velocity fluctuations and transverse velocity fluctuations will be lower
than the velocities with only in-line velocity fluctuations. Globally,
the magnitude will be the same due to the delay. The figures 5.5g,
5.6g and 5.6h show a constant magnitude of speed with no difference
between the two losses. This is because as long as the magnitude of
the velocities in the x- and y-direction is equal, the sum will also be
equal.

When the actual model is affected by the low shaft speed, there is
no visible difference between the velocity affected by in-line velocity
fluctuations and the velocity affected by in-line velocity fluctuations
and transverse velocity fluctuations. This is shown in figures 5.5d, 5.5f
and 5.5h. The shaft speed is too slow compared to the size and weight
of the model. The size and weight of the model will contribute with
increased resistance from the underwater snake robot, which leads to
the robot being less affected by the thrust. As shown in figures 5.5g,
5.5h, 5.6g and 5.6h the heading is decreasing constantly as in the
previous case. Due to the added thruster in link three the heading

decreases faser in this case than the previous case.

Case 4

In case 4, a thruster is added on link three with an angle of 15°. This
thruster does not exist on the underwater snake robot studied in this
thesis, but the author wanted to study what effects it would have had.
Figures 5.7a, 5.7b, 5.8a and 5.8b show that the robot moves forward
while it turns, which is the path expected. The difference between
the velocity given in the x- and y-direction with in-line velocity fluc-
tuations and the velocity given in the x- and y-direction with in-line
velocity fluctuations and transverse velocity fluctuations is to small to
be visible on figures 5.7¢, 5.7d, 5.7e, 5.7f, 5.7g, 5.7h, 5.8d, 5.8f and
5.8h. In the case of the small model with the high speed, the results
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are different. As shown in figures 5.8¢c, 5.8e and 5.8g, the delay of the
in-line velocity fluctuations and transverse velocity fluctuations are
present. Thus the smaller the model, and the larger the shaft speed,
the larger the differences become between the two losses. It is also
assumed that the greater the angle of attack becomes, the larger the
differences become. The heading is, as expected, constantly decreasing

as seen in figures 5.7, 5.7j, 5.8i and 5.8].

The Influence of Kp

The influence of the value of K is studied in figures 5.9 and 5.10. The
larger J, is, the smaller K7 becomes. As seen in the figures, a smaller
K7 gives less performance in both velocity and heading which leads
to a shorter and less accurate path. The differences are bigger in the
small model than in the actual model, and they get bigger with higher
shaft speed. Hence, the larger K7, the smaller model and the higher

speed, give the largest influence.

Adding Current

The model proposed in Kelasidi et al. (2017) takes into account the
current effects. Based on this model, simulation results for thrust
losses under the influence of ocean currents are obtained in this thesis.
Current is already implemented in the software code used in Kelasidi
et al. (2017). When adding the current to the code added in this thesis,
the underwater snake robot’s reaction to current can be studied. The
tunnel thruster on link two is activated during the tests. By using the
low shaft speed, both the small model and the actual model moves
approximately in a straight line as seen in figures 5.11a and 5.11b. By
using the high shaft speed, both the small model and the actual model
moves in the same direction as before and oscillates in circles at the

same time as shown in figures 5.12a and 5.12b.
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The influence of the current is clearly shown by comparing figures
5.11 and 5.12 with 5.3 and 5.4 since both cases gives the same thrust.
It is seen that the current affects the performance of the underwater
snake robot. The positive current given in the x-direction increases the
global velocity in the x-direction, while the negative current given in
the y-direction decreases the global velocity in the y-direction. It can
also be seen that the magnitude of the velocity with current oscillates
around a higher speed than in the case with no current, as seen in
figures 5.11g and 5.3g respectively. By applying high speed to the
small model, the velocities oscillates with a higher frequency as shown
in figures 5.12c, 5.12e and 5.12g. Compared to figures 5.3c, 5.3e and
5.3g, the velocity in the x-direction gets higher by adding current,
while the velocity in the y-direction becomes lower by adding current.
This is because of the direction of the current added. The magnitude
of velocity is constant without current, while it oscillates when current
is added. This is due to the rotation of the robot.

By studying the performance of the actual model, it is given that
the velocity in the x-direction have increased by adding current and
that the velocity in the y-direction have decreased by adding current,
as given in figures 5.11d and 5.11f respectively. The magnitude of the
speed has increased in figure 5.12h compared to figure 5.3h. This is
because the low speed is too low to make a great impact on the actual
model, while by adding the current, the model gets the push it needs
to move the distance. There is no oscillations when adding 10[RPS],
while when adding 63[RPS], oscillations are present. The oscillations
are shown in figures 5.12d, 5.12f and 5.12h. By comparison with figures
5.4d, 5.4f and 5.4h, it is shown that the x-velocity increases by adding

current and that the y-velocity decreases by adding current.

In all of the figures for the underwater snake robot with current it is
found that the the cases with in-line velocity fluctuations and the cases

with in-line velocity fluctuations and transverse velocity fluctuations
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are approximately equal. The exception is for the small model with
high velocities, where there is a small difference between the two losses.
It is believed that with higher angle of attack there would have been
a more defined difference between the losses from the in-line velocity
fluctuations and the losses from the in-line velocity fluctuations and
transverse velocity fluctuations. The heading in figures 5.11i, 5.11j,
5.12i and 5.12j is decreasing constantly because of the constant thrust
added.

5.3.2 Full Scale Testing

When testing the thruster-thruster interactions, the expected conse-
quence is for the inflow velocity to the affected thruster to be changed
by the propeller slip stream from the source thruster. This is not vis-
ible in the video attached. It is believed that the velocity from the
wake from the source thruster has decreased so much when it reaches
the affected thruster, that it is negligible. This is due to the large dis-
tance between the two links with the tunnel thrusters. The larger the
distance is, the more the wake from the source thruster will decrease.
As long as the underwater snake robot do not have tunnel thrusters on
neighboring links, the length of the links doesn’t change and the joints
can’t bend more than 90°, the thruster-thruster interactions will not
be of significance on the underwater snake robot. With higher velocity
the thrust loss may give a bigger effect.

The thruster-hull interactions are encouraged by trying to activate
the thrust given from the main propellers to interfere with the neigh-
boring links. It is expected that the second or third joint’s angle will
increase. As shown in the video, this happens. This can both be be-
cause of the thruster-hull interactions and because of the drag. Drag
affects the snake in a large amount, and can therefore be assumed
to be the main reason for this movement. Due to the snake robot’s

slender body, the Coanda effect is assumed to be negligible.
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The thruster-nearby structure interactions are negligible as shown
in the video. Even at 2[min| in the video, where the tunnel thruster is
as close to the wall as possible, no suction is present to the naked eye.
Suction is probably there, but the observations show that it is not big
enough to give a great impact on underwater snake robot. By using a
smaller model or higher speed the suction may have been visible.

According to the observations, ventilation is present when the un-
derwater snake robot is near the surface. The funnels mentioned in
Section 4.4.6 are visible and the thruster is attracting a lot of air.
This may lead to wear and tear. The funnels are only visible when the
robot is at the surface, and not when it is deeply submerged. Thus
it is assumed that this loss will not be of big importance since the
underwater snake robot operates at deeply submerged water. Since
this is only an observation and no thrust losses are measured in any
way, it is not known for sure how this phenomenon affects the overall

motion of the robot.

5.3.3 Control System

The control system given in figure 4.5 is a rough overview of how the
final control system may look like. The results from the simulations
show that the thrust losses leads to a weaker performance than the
desired (nominal) one. This problem is solved in the controller in
the control system. The controller will receive the actual thrust, and
compare this to the desired one. An error, e = Ty — T,, will be
made and the controller will use an algorithm to minimize the error.
Hence the controller will make up for the thrust losses affecting the
underwater snake robot.

The control system should also account for forbidden sectors. For-
bidden sectors are sectors where the underwater snake robot is in an
unfortunate position. It can be that the thruster-thruster interactions

or the thruster-hull interactions are causing thrust losses or that the
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underwater snake robot is too close to another structure. When pass-
ing through forbidden sectors the thrusters are allowed to produce
thrust, but they will pass the forbidden sectors as fast as possible as
explained in Ruth (2008). While passing forbidden sectors, the under-
water snake robot can be commanded to reduce its thrust magnitude.

This will reduce the magnitude of the thrust losses.
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Chapter 6

Concluding Remarks

6.1 Conclusions

The aim of this thesis was to study thrust losses that affect the under-
water snake robot while moving with constant positive shaft speeds.
Two of the thrust losses, in-line velocity fluctuations and transverse
velocity fluctuations, were studied by simulating several cases in MAT-
LAB. The simulations showed that the software code works well due to
expected results. The smaller the model was and the larger the shaft
speeds were, the bigger the thrust losses became. Since Eelume’s un-
derwater snake robot is primary used in operations done in station
keeping, these thrust losses will be small. When the robot moves in
transit, the in-line velocity fluctuations will give a greater impact than
the transverse velocity fluctuations.

The Kp value in the open water characteristics had a big influence
on the performance of the underwater snake robot. Smaller Kp-value
gave greater thrust losses. When current was added to the software
code, the underwater snake robot responded to the current as ex-
pected.

The last four of the thrust losses, thruster-thruster interactions,

thruster-hull interactions, thruster-nearby structure interactions and
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ventilation, were studied by full scale testing at Eelume. These tests
showed that as long as the thrusters were positioned the way they are
now and the joints couldn’t bend more than 90°, the impacts from
thruster-thruster interactions, thruster-hull interactions and thruster-
nearby structure interactions seemed to be negligible. Thrust losses
from ventilation seemed to be present when the underwater snake

robot was near the surface of the water.

6.2 Further Work

Exact values for K and K¢ should be determined in further work.
This can be done by propeller open water tests in either a cavita-
tion tunnel or a towing tank. An accurate relationship between the
constants K7/ Kq and J, will be obtained. The open water character-
istics in figure B.2 could also be expanded to a 4-quadrant model to
include negative shaft speeds as well. Adding a precise propeller open
water characteristics and including negative shaft speeds, will ensure
the future simulations to be more accurate.

The torque should also be included in the model. So far it is
assumed to be zero. Using (4.1b) and K¢ found by the open water
tests, the exact torque can be found.

To improve the simulations further, thruster-thruster interactions,
thurster-hull interactions, thruster-nearby structure interactions and
ventilation should be implemented in the software code even though
they are small. It is recommended to do tests in a lab to develop and
employ mathematical models for these thrust losses. Using the tests,
verification of thrust loss models could be done.

A control system should be applied. The controller in the control
system will make up for the error between the desired and the actual
thrust. Hence the controller will add more thrust until the actual

thrust becomes equal to the desired thrust. A shaft speed controller
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works well for slow speeds. Since the snake robot will act mostly in
station keeping, a shaft speed controller would probably work best.
Forbidden sectors should also be implemented in the control system
to prevent the robot of getting in unfortunate positions. Finally, in-
puts for the K;,.-matrix in the thruster allocation should be included.
When all of the mentioned improvements are done, different configu-
rations of the thrusters can be tested to see if any other configuration

works better.
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Appendix A

Basic Notation
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APPENDIX A. BASIC NOTATION

Sp = diag(sin@) € RY*N
T N
cos(0) = [cos(@l), . cos(@N)} ceR
Co = diag(cosO) € RY*N
T N
sgn(6) = [sgn(&l), . sgn(@N)} cRR
. . . T
6% — [93, e?v} e RY
M = diag([my, ..., my]) € RV
L = diag([ly, ..., Iy]) € RV*N
J = diag([j1, ..., jn]) € RN
K=LA" (DM 'D")"'DM™!
V =LA"(DD")"'D
Vi=VMKT

Vo=V >Me

my + €T Sp’ue  —eTSyCope |
—e'SyCope m; +e"Co’pe
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e’'SeCou  €''So’p
N, = g . (A.19)
—e'Co ' —e" SgCops
T8> —e’'SyC
L,= € g M € 020H (A.20)
—eTSQCg,U, eTC'g jv
Mg = J + So‘/vlSQ + CeVng — SgVAl + CBVA4 (A 21)

+ KsK1KT'Sy — Ks Ko KTCy+ Kg K K Cy + Ay

Wy = +8SgViCy — CoViSg — SgV Ay + CoV A5+ Ks K1 KT Cy

+ Ks Ko KT'Sg+ Ke K3 K'Cyp — Kg K, KT S
(A.22)

Voo = —SoVdiag(0)As + CoVdiag(0)Ag — K5 Kodiag(0) K Sy

— K5 K, diag(0) K" Cy + KK diag(0)K''Sy

— K¢Ksdiag(0)K"Cy + Ay + Asdiag(|6))
(A.23)

Ny = (SeV SpCop+CoVCo’pu— K5 Ky + KoK y)diag(0) (A.24)

P, 5= (SeVSe’+ CoV SpCop+ K5 K1 + KeK3)diag(8) (A.25)
Kw = —SQV — KsmneT - KﬁmgleT (A26)
Ky = CQV — K5m12€T — K6m22€T (AQ?)

A1 = —SQZMKTSQ — Sng[_LKTCQ (A28)
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A, = —SQ2MKTCQ -+ SgCg,U,KTSg

Az = —SgCg[,l,KTSg + S@Q/J,KTCQ

Ay = SgCg[,LKTSQ + C@Q[J,KTCQ

A5 = SgC@[J,KTCQ — CgQ[,l,KTSQ

AG = CQQIJ/KTSQ — SQCOIJ/KTCQ

K, = m11€TSB2M - mueTSgng,

Ky = —my1e" SeCop + mize’ Co’p

K3 = maie’ S’ — maze” SgCopt

K,y = m21€T50C0M - m22€TC¢92#

K5 = —Se‘/z — 59V592u6 — CQVSQCQMB

K¢ = CoVa + SgV SeCopue + CoVCo’pre
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(A.39)



Appendix B

Input Data

The underwater snake robot used in this chapter has five links and
four joints. Two main propellers which are used for forward velocity
are added in link number three, while tunnel thrusters are added in
link two and four to help with sideways and vertical movement. Since
this thesis is restricted for the underwater snake robot to move in the
horizontal 2D space, the vertical tunnel thrusters are neglected.

The model used in the simulations in MATLAB is given in figure
B.1. In the figure, the placements of the links are shown, and the local
and global coordinate systems are given. Between each of the links,
the joints are placed. The angular deflection of the joints is 90° at the
maximum.

The software code used for the simulations in MATLAB consists
of several scripts working together. The script added by the author
calculates the values for f;, and f;, and include them in (3.22). This
script is shown in Appendix C.

The user needs to give two inputs to the code: the shaft speed at
each thruster and the angle of attack for each thruster. Shaft speed is
given as shown in (B.1) where the shaft speed for the thruster at link
one is given in column one, shaft speed of link two is given in column

two and so on. If there are no thrusters on the link, the RPS will be

E
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[
o

Global coordinate system X

Figure B.1: The model of the Underwater Snake Robot with thrusters used
in MATLAB

Zero.

RPS = [RPS1 RPS, .. RPSy (B.1)

The vector for the angles of attack is shown in (B.2) where the
angle of attack for the thruster on the first link is given in the first
column and so on. The angle of attack is given in local coordinates

and is shown in figure B.1. The (-values are given in radians.

zeta = |zeta; zetas ... zetay (B.2)

In the model of the forces from the added effectors given in Section
3.3, the number of thrusters, £, is a scalar from one to N. This means
that the model used in this thesis can have maximum one thruster
for each link. To add more thrusters, either a new model has to be
made, or the angle of attack and magnitude of the shaft speed has to

be calculated by the user before implementing the values.



B.1. IN-LINE VELOCITY FLUCTUATIONS G

B.1 In-Line Velocity Fluctuations

Equations (4.1a) and (4.1b) are used to calculate the thrust and torque
due to the losses from in-line velocity fluctuations. Parameters needed
to calculate the thrust and torque are Kp, Kg, p, D and n. The
parameters p and D are constants, n is set by the user and K; and
K¢ can vary by time. The coefficients K7 and K¢ are found by using
the open water characteristics as in figure 4.1. The constants are
dependent on J,, which is given in (4.4). It is assumed that Kr and
K¢ can be calculated by (B.3a) and (B.3b), which are second degree
equations that are inspired by the open water characteristics found
in Sgrensen (2013) where P/D = 1. The open water characteristics
found by using (B.3a) and (B.3b) are shown in figure B.2.

Kr;=—0.15J7; = 0.25J,; + 0.4 (B.3a)
Kqi-10=—0.2J7;, = 0.3J,; + 0.6 (B.3b)
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Figure B.2: Propeller open water characteristics used in the simulations in

this thesis
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The torque is assumed to equal zero, thus K¢ is not used in this

thesis

B.2 Transverse Velocity Fluctuations

The equations used to calculate the transverse velocity fluctuations
are (4.11) and (4.12). The parameters needed for these equations are
p, Keey D, Vi and Ty. The coefficient K.. = 0.25 is a given con-
stant for ducted propellers found in Sgrensen (2013) and Lehn (1992).
The parameter V;, is the transverse velocity component, and can be

calculated as

Vies = \/ (Vicos())? + (Xisin(G:))? (B.4)
The parameter Tj; is the thrust due to in-line velocity fluctuations
found in Section B.1. The coefficient 3, is then calculated using (4.12).

The given thrust due to both the in-line and the transverse velocity

fluctuations is then given by

Ta = BtrﬁilTN = 5trﬂl (BB)

where By = 1, By, = 1 andfBy,s = 1 from (5.1).
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Appendix C

MATLAB Code

% Calculation of the thruster forces
function |[ftx, fty| = calculate f thrusters(theta,
z_dot)

global n ro

% Diameter of propeller
d— 0.076:

% Cross—coupling drag factor
K ce = 0.25;

% Shaft speed given by each thruster on each link
RPS = [0;0;0;0;0];

% Angle of attack

zeta = [deg2rad (0);deg2rad(0);deg2rad (0);deg2rad
(0);deg2rad (0) |;

% Checks if the input is correct

I
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J APPENDIX C. MATLAB CODE

if length (RPS) =n
disp ( 'TERROR: Dimensions of the shaft speed
should be equal to the number of links’);
elseif length(zeta) =n
disp ( 'TERROR: Dimensions of zeta should be
equal to the number of links’);

end

% The thrusters direction

bx = [cos(theta(1)+zeta(l));cos(theta(2)+zeta(2));
cos (theta (3)+zeta(3));cos(theta(4)+zeta(4));cos
(theta (5)+zeta(5))];

by = [sin(theta(1)+zeta(1));sin(theta(2)+zeta(2));
sin (theta (3)4zeta(3));sin(theta(4)+zeta(4));sin
(theta (5)+zeta(5))];

Bx = diag(bx);
By = diag(by);

%% In—line velocity fluctuations

% Nominal

K T0=—- 0.15x0.0"2 — 0.25%x0.0 + 0.4;

% Actual (in—line)

KTl =—- 0.15%0.2"2 — 0.25%0.2 + ;
K T2 =—- 0.15%x0.4"2 — 0.25%x0.4 + 0.4;
KT3=—- 0.15x0.6"2 — 0.25%x0.6 + ;
K T4=—- 0.15%0.8"2 — 0.25%0.8 + ;

% Calculates the thrust due to in—line velocity
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T x = zeros(n,1);

for

end

fluctuations by using the
% shaft speed (RPS)

1=1:n

T x(i) = sign (RPS(i))«K TOxroxd 4«xRPS(i) "~2;

%% Transverse velocity fluctuations

R = calculate R joint global diag(theta);

z _dot lokal =
x dot_ lokal =
y _dot_ lokal =

% Transverse

Rxz dot;
z_dot_lokal(1:n,1);
z_dot_lokal (n+1:2%n,1) ;

V_tr=zeros(n,1l);

for

end

i=1:n

V tr(i) =

% Thrust loss

beta tr = zeros(n,1);

for

end

i=1:n

sqrt ((y_dot_lokal(i)xcos(zeta(i)))
“2+(x_dot lokal(i)*sin(zeta(i))) "2);

velocity component

factor

if T x(i)=—

div =

else

0;

div = (V_tr(i)"2) /(T _x(i));

end
beta tr(i)

1 — roxK_cc™2xd"2xdiv;
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% In—line and transverse velocity fluctuations
T a = diag(beta tr)«T x;

% Forces from the thrusters, global frame
ftx = Bx.’xT a;

fty = By. T a;

end
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