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Executive Summary

The University of Southampton Autonomous Underwatérhicle Team have improved and
developed the AUV, Delphin, which competed at tH#0& Student Autonomous Underwater
Challenge — Europe. With the knowledge and expeei@ained from previous competitions, this year
the team focused on developing reliable and acedoat level control algorithms, mission planning
and integrating new components and systems to ieetnew competition challenges. These
developments include: enhanced depth control atetca50mm; four movable semi-balanced skeg
control surfaces which provide a high speed manwegivcapability, new vision processing
algorithms and integration of a [insert type]sorEre autonomous control system uses a mini-ITX
computer running Windows XP. The control algorithane developed within the MATLAB/Simulink
environment, which communicates with the vehiclesssr suite and manoeuvring hardware. The
sensor suite comprises a digital compass with 3i@lacometer, a pressure sensor, a forward looking
colour CCD camera, a downward looking Fire-I caraerd an imaging sonar. Forwards propulsion is
achieved through the use of a rear mounted duategejer, while manoeuvring at slow speed is
achieved using four through body tunnel thrustéwsy vertical and two horizontal, high sped
manoeuvres are implemented using Four stern mowatetiol surfaces in a cruciform arrangement.
An extensive series of tests have been conducted ascombination of lake trials and tank tests.
Delphin was also used to help trial a new undemvaiehanrge/data transfer dock gate.

Newly constructed pressure vessel

1. Introduction arrangement to enable operation to
depths greater than 10m;

In 2006 and 2007, the University of - Lead acid battery pack providing long

Southampton AUV Team designed and built testing and mission duration

SotonAUV, see Figure 1, for entry into SAUC- capabilities;

E [1, 2]. SotonAUV achieved a creditable third - Propulsion and manoeuvring options

place finish in 2006 and won the competition throughout the entire speed range

in 2007, also taking the prize for innovation in provided by a combination of thrusters

autonomy. For SAUC-E 2008 the University and control surfaces:

of Southampton AUV team decided to design
and build a new AUV, Delphin, and this AUV
has been developed over the past year to cope
with the new challenges. The associated
objective of developing Delphin was to
provide a developmental research platform to
study long range AUVs that can also ‘hover’
Delphin has the following key design
features:

Figure 1: SotonAUV at SAUC-E 2006



High quality sensor suite including
CCD wide angle waterproof camera,
imaging sonar and digital compass;
High power computer processor
facilitating high speed image
processing;

Newly developed autonomy software
using the Matlab Simulink
environment.

1.1 Competition Requirements

The following is a summary of the missions
for the 2009 competition [3]:

Move from launch/release point and

submerge.

Pass through the validation gate.

Pass through three aligned gates: the
validation gate, and two more gates
(gate two and gate three) aligned with
the first gate in a single operation,

without contacting any part of the

‘structures’.

Gate two will be equipped lights

mounted centrally on the structure. For
additional points gate two may be

avoided (obstacle avoidance) by the
route indicated by the colour of the

lights.
Colour Route
Red Pass right of the gatd
(gate on vehicle’s port
Green Pass left of the gate|
((gate on vehicle’s
starboard)
Return through all gates. This
challenge has to be undertaken

immediately after the previous task.

Locate a circular target situated on the
bottom of the tank. This will be a
minimum size of 1 metre diameter. At
its centre will be an acoustically
‘bright’ ball. The objective is to
position your vehicle less than 0.3m
above the target.

Locate a moving mid-water target and
maintain a stand off position between
Im and 5m for a duration of 30
seconds. The target will be a soft

reflective object (both acoustically and
optically) and will be a minimum size
of 0.3m x 0.3m x 0.3m. The target will
be of a distinctive colour and
approximately spherical in shape and
travelling at a speed between 0.1m/s
and 0.3m/s.

Survey a wall.

Dock into a box. The box will be 1m x
1m x 2m internally open at one end
(opening 1m x 1m) the open end will
have an optically bright 1m surround.
There will be a light mounted centrally
on the internal back wall.

Each team will produce a detailed log
file of the mission.

Position and orientation of objects other than
the gates are given as an example. They could

be changed daily.
Wall to be survey
Gate 3 l\ Docking box i\
Mid column moving target I\ ﬁ \
Gate 2 |\ Q
Validation Gate }\%—

Hovering target I\ x
y
Jr: é

Reference Frame z downwarI

Figure 2: Competition course

Since the vehicle must be fully autonomous
during the missions, no external
communication of any type is allowed. The
vehicle must be powered by batteries and must
be designed with an emphasis on safe
operation. Moreover, the vehicle must be no
heavier than 70kg in air and point bonuses are
awarded for lighter vehicles. The maximum
dimensions are 2m x 1m x 1m. The vehicle
must have a labelled and easily accessible kill-
switch, which cuts the power to all parts of the
vehicle when activated. Furthermore, there
must be a minimum of two clearly labelled
lifting points.

2. Mechanical System Overview

This section details the mechanical systems
onboard Delphin, including the design and



construction choices made. These systems
include the hull, pressure vessels, internal
frame structure, marker droppers and
manoeuvring systems.

2.1 Hull

The hull is a scaled version of the National
Oceanography Centre’'s Autosub 6000, see
Figure 3 [4]. The coordinates were scaled
down to satisfy two main criteria, namely:

- to provide enough space to house the
equipment needed to undertake the
required missions, and,
to not exceed the maximum allowed
dimensions for the competition.

The length of the fairing designed for the hull
is 1750mm of the propulsion unit is 200mm,
resulting in a length overall of 1950mm. The
hull is split into three sections — an elliptical
nose, tapered tail and a cylindrical parallel
midbody.

Figure 3: Autosub 6000

The nose and tail hull fairings are floodable
and are not considered as structural
components as they are only subjected to
relatively small  hydrodynamic  forces.

Therefore the strength of the fairing was not a
key consideration when selecting the
construction method. The two construction
materials considered were a glass fibre

composite  and a vacuum  formed
thermoplastic. As strength is not a key
requirement the cheaper and less time

consuming option of vacuum forming was
chosen. The finished hull form is shown in
Figure 4.

Figure 4: Outer Fairing of Delphin AUV

Numerical simulations to predict the

hydrodynamic resistance of the hull were
performed using an inhouse potential flow
code, Palisupan [5]. The results are shown in
Figure 5 and compare well with empirical data
[6]. These results were also used to aid the

design of the propulsion system.
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Figure 5: Hull Resistance (including appendages)

2.2 Pressure Vessels

The cylindrical parallel midbody also acts as
the main pressure vessel with piston sealed end
caps. Two aims of the design were for it to be
easy to construct and to provide sufficient
space to house the electronics and batteries.
The nose and tail sections are attached directly
to the pressure vessel end caps. The electronic
components in the pressure vessel are mounted
onto shelves attached to the end caps.

The pressure vessel was built from plastics to
avoid corrosion in salt water. Plastics have
good degradation properties and low density.
Delrin was chosen for the end caps and Acrylic
for the cylindrical tube. Delrin is a strong and

rigid material, is easily machined and has low
water absorbency. Acrylic is also strong and
has low water absorbency. Furthermore,
Acrylic is transparent which allows the



downward looking camera to be mounted
inside the pressure vessel. A summary of the
properties of Delrin and Acrylic is given in
Table 1.

Table 1 — Material Properties [7]

Material Delrin Acrylic
Density (g.cm-3) 141 1.22
Tensile Strength 70 70

(MPa)
Water Absorbency  0.25 0.03
(% in 24 hours)
Light n/a 92
Transmittance (%)

The pressure vessel is designed with two end
caps as shown in Figure 6. These end caps
have O-ring seals seals and are secured by four
longitudinal supporting rods. The total length
of the pressure vessel unit is 650mm with an
outer diameter of 250mm.

The end caps are fitted with underwater
connectors from Seacon [8] which provide
watertight connections between the electronics
and batteries inside the pressure vessel and the
components outside.

Figure 6: Pressure Vessel Design

2.3 Internal Frame Structure

The internal frame was designed taking the
following into consideration: the environment,
structural integrity, weight cost and ease of
manufacture. To minimise weight the team
decided to use a plastic construction. Extruded
square section bars of Delrin were selected as
the basis for construction due to the properties
detailed above and the ease of constructing a
framework. The frame is joined together using

dowel reinforced butt joints. Delrin is also
easily machined, which was important for the
drilling of mounting holes for components, is
widely available and relatively cheap.

2.5 Manoeuvring Systems

To achieve the maximum manoeuvrability for
the vehicle a combination of a stern propulsion
unit, vertical and horizontal tunnel thrusters
and stern mounted control surfaces have been
employed. This combination provides control
over the surge, sway, heave, pitch and yaw
motions throughout the vehicle speed range.
More specifically a combination of the stern
propulsion unit and tunnel thrusters facilitates
low speed control and the stern propulsion unit
and control surfaces facilitate high speed
control. The components used are described in
the following sections.

2.5.1 Stern Propulsion Unit

Two possible solutions for the stern propulsion
unit were considered. The options were a rim
driven off-the-shelf thruster unit and a shaft
driven ducted propeller. The rim driven
thruster, with a weight of 1.25kg, would have
created an undesirable pitching moment that
would have had to be compensated for,
consequently the decision was made to
manufacture a shaft driven system due to the
relative simplicity of the design and ease of
mounting.

A model aero-plane pusher propeller was
obtained and coupled to a Maxon motor and
gearbox. The propeller was selected on the
basis of pitch ratio, chord distribution and
maximum chord/length ratio. The motor and
gearbox were then matched to the propeller.
This ensures that the motor can produce the
required torque to rotate the shaft at the
required speed to generate sufficient thrust
whilst working in a high efficiency region. The
required thrust was determined from the
vehicle resistance estimates.

During initial tests, it was found that the

original 4:1 reduction gearbox was found to
not be suitable for our propeller, since under
stall conditions the motor drew excessive
currents. Calculations were made to determine
the best gear ratio for the system using model



aircraft propeller data and motor data from the
manufacture. These calculations determined
that a 14:1 gearbox was required to avoid the
motor drawing too high a current.

A non ducted 12in propeller was used during
testing but in regard to rules and for the safety
of divers, a duct and smaller propeller has been
installed for the competition. Once the
propeller and motor had been selected a unit
was designed which allowed all the
components to be assembled into a watertight
casing and is attached to the framework of the
vehicle. The final design of the propeller drive
system consists of a series of components
connected in-line in the following order:
motor, gearbox, shaft-coupling, propeller shaft
(stern tube) and propeller. The propeller is then
mounted into a cylindrical duct constructed
from Acrylic tube. The duct is attached to the
main body of the vehicle using four faired
angled struts to minimise the impact on the
propeller inflow.

The system was tested in the open water
condition to evaluate its performance and
ensure its suitability for the vehicle.

2.5.2 Tunnel Thrusters

To allow the vehicle to operate at low speed
thruster units are required as the control
surfaces will no longer provide sufficient
forces for control [9]. Thruster units can be
rigidly mounted to provide thrust in one plane
or can be actuated so that the direction of
thrust can be varied allowing manoeuvrability
to be maximised and reducing the number of
thrusters required. However, the team chose to
adopt the simpler approach, mounting four
thrusters, two vertically and two horizontally
in fixed through body tunnels to retain the
hydrodynamic efficiency of the vehicle. This
layout also facilitates the control of the
positive buoyancy by commanding the vertical
thrusters to provide a downward force with the
balance of fore and aft thruster demands used
to control pitch. Sway and yaw motions can be
controlled by using the transverse thrusters
fore and aft working together (for sway) or in
opposite directions (for yaw).

The chosen thrusters are 70mm diameter 50N
tip driven thrusters, see Figure 10, kindly lent
to the project by the manufacturers, TSL

Technology Ltd [10]. They are mounted into
the frame with Acrylic tubes for the tunnels.

Figure 7: Rim Driven Thruster

2.5.3 Actuated Control Surfaces

The efficiency of lateral tunnel thrusters
reduces rapidly with increasing forward speed.
Therefore to facilitate manoeuvring at higher
forward speeds the vehicle has four movable
control surfaces mounted onto the frame. The
control surfaces have a NACAO0015 section
shape with a leading edge slope of 12° and are
composed of a fixed part and a flap both
manufactured from high density foam and then
covered in a layer of glass and epoxy to
provide strength.

These control surfaces are operated in pairs but
can also be operated individually: two
vertically mounted rudders to control yaw,
while two horizontally mounted sternplanes
control pitch. They are mounted in cruciform
arrangement but the design of the mounting
system facilitates an X arrangement for future
experiments. The control surfaces are moved
using four HITEC low profile servos which
have been waterproofed to prevent ingress of
water [11] and are mounted inside the hull
controlling the flaps using metal shafts as
illustrated on Figure 11.



Figure 8: New control surfaces

2.6 Mass Distribution

One of the main objectives of the competition
is to produce a lightweight vehicle. A
lightweight vehicle generally requires less
power for propulsion and control making it
more efficient which is an important feature of
autonomous vehicle design. To attempt to
minimise weight the vehicle is designed to be
free-flooding meaning that only those
components which need to operate in air are
sealed into pressure vessels. The pressure
vessels are made from lightweight materials
such as Delrin and Acrylic where possible. The
internal frame structure of the vehicle is made
from Delrin which is lightweight but has good
stiffness and strength properties to form the
required rigid framework. The total mass (in
air) is just under 33kg.

3. Electronic System Overview

The main electronics are mounted in the main
pressure vessel. The electronics comprise the
Kontron PC, a six channel TSL motor
controller board, the navigation system (digital
compass and depth sensor), a downward
looking camera and a PAL image capture box
for the analogue front camera. Figure 9 (at end
of document) also shows the optional
components for the vehicle in dashed boxes i.e.
GPS receiver (will not be attached to the
vehicle during the competition), router
connection, upwards Fire-l camera.

3.1 Delphin Battery Pack

The AUV battery consists of two 12V 12A.hr
lead acid batteries [12] arranged in serial, the

nominal voltage for the pack is 24V. The TSL
motor controller board requires an input
voltage of between 20-40V as standard, hence
ideally, the battery voltage would be increased,
however this is not possible as the M2-ATX
power supply board has a maximum input
voltage of 24V with clamping occurring
between 25-27V. The battery pack will allow
for submerged operation durations of over 1
hour, the long battery life makes the vehicle
more useful for further experimentation
outside of the competition.

3.2 Mini ITX Computer

The Delphin AUV uses a Kontron 986LCD
Mini-ITX motherboard with 2GB of RAM
with a processor upgraded to a 2.4GHz Core 2
Duo. This board, processor and RAM were
kindly donated to the team by Kontron. The
Kontron Mini-ITX board has many advantages
for this AUV. It has a small 17cm x 17cm form
factor, allows the team to run standard
Windows software and has multiple
connections for peripherals. These connections
include four serial (RS232) port devices, eight
USB ports, two firewire ports and an eight
channel GPIO port. This connectivity allows
all the components to be connected directly to
the motherboard without the need for extra
interfacing. The Kontron board is powered by
an M2-ATX power supply board and uses a
60GB Hitachi TravelStar 5K120 disc drive for
data storage. Wifi is provided by a mini PCI-
Express board installed on the motherboard.

3.3 Motor and Servo Controller

Delphin is designed to use a combination of a
main propulsion motor, four rim driven

thrusters and four rear control surfaces to
manoeuvre the vehicle. To enable control of
these actuators a combination of controllers is
required. The control surfaces are coupled to
standard radio controlled servos which are
controlled by a Parallax USB servo driver
board. The rim driven thrusters are controlled
by a newly developed six-channel motor driver
board lent to the team by TSL Technology
[10]. Unfortunately the brushless DC Maxon
motor used in the main propulsion system runs
at too high RPM to be controlled by the TSL
motor driver board, so it is controlled by a
Barracuda 80 Electronic Speed Controller



(ESC) [14] coupled to the Parallax servo driver
board.

All of the thrusters could be controlled by
Barracuda 80 ESCs however there are
advantages to using the TSL driver board.
These are that it provides improved control
over the motors and feeds back the motor rpm
and current. The communication between TSL
board and the main PC is through two RS232
serial ports. Although the board has a number
of advantages, there are also some issues with
it in this application. These are:

The TSL rim driven thrusters and
motor driver board are poorly matched
to the vehicle as they are too powerful.
The driver board is capable of
delivering 250W to each thruster at
24V, hence could attempt to draw
~40A from the power. To overcome
this problem the power output from
each motor is capped in the software.

The TSL motor driver board has a
minimum working voltage of 18V,
once the voltage drops below this level
the vertical tunnel thrusters required to
maintain depth are turned off.

3.4 Imaging System

Two wide-angle cameras are fitted to Delphin,
one forward looking and one downward
looking. There is also an option to install a
third upward looking camera on the vehicle.
The original design used USB webcams;
however a number of problems were
encountered, namely: a narrow viewing angle,
difficulties in capturing images from multiple
cameras simultaneously, and, a need to build
underwater housings.

To overcome these issues a Kongsberg
Maritime OE14-110 CCD underwater camera,
kindly donated by Kongsberg Maritime [15],
was used as the forward looking camera. This
camera has a 7angle of view in water and is
contained within its own waterproof housing.
The camera is connected to a DFG video-to-
USB frame grabber to capture the analogue
output produced by the camera.

The downward looking, and optional upward
looking, cameras are Unibrain Fire-l cameras

supplied by Scorpion Vision UK. These
firewire cameras are fitted with an“8&ngle of
view lenses and are mounted inside the Acrylic
electronics housing thus negating the need for
their own pressure housing. The advantage of
using the firewire cameras is that there are no
issues in capturing images from multiple
cameras simultaneously.

3.5 Navigational Sensor

The navigational sensors comprise a tilt
compensated digital compass, a pressure
sensor and a scanning sonar system. The
compass used on the AUV is an OceanServer
0OS5500 digital compass. This consists of a
three axis MEMS magnetometer, a three axis
MEMS accelerometer and a 24bit A/D
contained on a 1” square PCB. The compass is
connected to the vehicle’'s pressure sensor and
is configured to output the vehicle’s tilt
compensated head, roll, pitch, yaw and depth
via USB. The compass has a heading
resolution of 0.1° and provides a simple,
compact depth and heading measurement unit.
The pressure sensor used on Delphin is a
Sensortechnics CTE 9005AY7. This pressure
transducer is compatible with corrosive media
as it is made of stainless steel and therefore
allows the vehicle to be operated in saltwater.
It provides a pressure range from O to 5bar
absolute and thus can measure depths up to
5m.

3.6 Sonar

The Delphin AUV uses a Tritech Micron DST
sonar (Figure 10) for obstacle avoidance and
target detection. This 675kHz mechanically
scanned sonar is normally used for small
ROVs. The sonar is interfaced to the main
control pc via an RS232 port and commands
are sent to and received from the sonar using
an instance of Matlab. The control logic is
created in Stateflow, with the interfacing code
to the sonar created as an S-Function in
Simulink. The data gathered in the sonar
instance of Matlab is sent to the the main
mission control Matlab instance using the UDP
protocol.



Figure 10: The Tritech Micron DST sonar
installed on the Delphin AUV

The sonar has three basic behaviours, namely:
position detection, obstacle avoidance, and
target surveying. These behaviours are
described below :

Position detectionThis behaviour attempts to
determine the location of the AUV in the tank
by detecting the range to two of the walls of
the tank. The orientation of the sonar pulse is
calculated by and a-priori knowledge of the
angle of the tank wall coupled to the heading
determined by the compass module.

Obstacle avoidance This behaviour
continuously scans at 10 different angles
around the sub biased towards the forward
aspect of the vehicle. The ranges to targets are
then calculated and sent over UDP to the
mission control code.

Target scanning This function performs a
scan between a start and end sonar head angle
and returns the target ranges between these two
locations. This scan is triggered from the main
control instance of Matlab.

l

[ Position } !

[search==1]
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Figure 11: Stateflow chart of the sonar
behaviour

[search==1]

The control of the sonar behaviour is shown in
Figure 11. The position detection and obstacle
avoidance behaviour by default run continually
alternating between each other sending data
back to the main mission control. The target
scanning behaviour is triggered by a command
from the main control, indicating a search
requirement. This search behaviour sweeps a
specified arc using a specified number of
pings. The results of this search are then sent
back to the main mission control software for
processing.

The sonar returns a range to the nearest target
for each sonar ping. This range calculated
from the sonar return as illustrated in Figure
12.

Blanking Range

s Valid Return Region
|

—— . TargetRange

Intensity Threshold
1

s i
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Sonar Bins

Figure 12 — Typical plot of a sonar return
showing the blanking interval and threshold
level.

The first portion of the sonar return is ignored

due to ringing in the transducer, this is shown
by the blanking range in the diagram. The

remaining data are then analysed to see if the
returns from the individual bins are above an

intensity threshold, as illustrated in Fig. 12.

Finally to reduce the chance of spurious noise
giving a false return a sequence of three or
more contiguous returns above the threshold
are required to give a target return. The sonar
then outputs the range to the first target that
matches these three criteria this is illustrated
by the three black dots and target return on the
diagram.

3.7 LED Lightboard

Since no communication is permitted with the
vehicle during the missions the vehicle has
been equipped with a LED light board
consisting of nine LEDs one indicating power



on and eight operated by the motherboards
GPIO ports. These LEDS illustrate the current
battery voltage and the current mission stage
undertaken by the vehicle.

4. Control Software and Autonomy

A simple and accessible approach to the
development of the control software was
desired and a result it was decided to run
Windows XP and use readily available
commercial software. Matlab was selected as
the chosen package as it facilitates rapid
software development. The code was
developed in the Simulink environment, as this
implicitly provides the multi-tasking required

by the vehicle.

Within Simulink the software is divided into
two parts: code used for the low-level control
of the vehicle was implemented in the native
Simulink environment; whilst code associated
with mission planning and execution order was
coded in the Stateflow extension to Simulink.
This approach provides a simple and quick
way of developing, testing and debugging the
control software.

The final parts of the software framework are
external to Matlab and relate to the interfacing
with the camera and the sonar systems. These
systems provide processed data to the
Stateflow code which is used in mission
planning and decision making. These systems
are described in full in Sections 4.2 and
3.6.The following sections describe the
implementation of the autonomy and control
system.

4.1 The Autonomy and Control
Implementation

The control of Delphin is based on the
Intelligent Task-Oriented Control Architecture
(ITOCA) outlined in [18]. The ITOCA
scheme is a hybrid control architecture,
illustrated in Figure 13, and divides the control
into the following three layers:

Planning Layer provides high-level
control of the vehicle during the
mission and is responsible for the
mission planning, execution and
supervision.

Control Layer is responsible for the
low-level control of the vehicle
behaviour.

Execution Layercomprises the sensor
and actuator groups within the vehicle

and relates to the electronics and
interfacing
Planning Task 7, Contral | "1,/ Execution Qsors 7
Layer e Layer Layer
Task 7, _4:2' Actuptort

Figure 13: Hybrid Control Architecture

4.1.1 Planning Layer Implementation

The Planning Layer of the control system
contains three different modes. These are a
constant value layer, used for testing and
development of the low level control, a
joystick operation layer, used when the vehicle
is under remote human control via a joystick,
and an autonomous layer, used for carrying out
the missions required for the competition. The
autonomous layer is designed for use in the
competition and is implemented in the
Stateflow environment within Simulink.

The Stateflow environment, see Figure 14, has
been programmed with a series of basic
building block tasks from which the required

missions are constructed. These building
blocks include a command to move forwards, a
command to hover, a command to change
heading, etc. This simple structure of building
blocks allows more complex missions to be
constructed in a rapid manner alongside the
development of the low level control.

The Stateflow environment undertakes a series
of programmed housekeeping tasks. These
include the provision of emergency procedures
and the monitoring the completion of tasks

using a Task Scheduler. The emergency
procedures account for occurrences of
hardware interface failure, out of defined depth

range and obstacle detection.

Within Stateflow a mission is decomposed into
a number of sub-tasks. The sub-task modules
consist of the basic building blocks of the
Planning Layer. This means that each sub-task



module is designed to perform a well defined
operation with clear goals and procedures.
The execution of the missions is monitored by
a Task Scheduler. An example of this is the
gate mission. |Initially the vehicle is in hover
mode and then starts a search sequence using
the camera to locate the gate. The search
sequence consists of changing heading whilst
monitoring the camera images. Once the gate
has been identified the vehicle returns to hover
mode, checks the alignment of the vehicle with
the gate with respect to heading and depth, and
then proceeds to travel forwards through the
gate. Once the vehicle has successfully passed
through the gate a flag is raised in the Task
Scheduler to signal completion of the task and
to ensure this mission is not re-run. Once the
mission is complete the vehicle returns to
hover mode and then the Task Scheduler
directs the vehicle to move onto the next task.
This process is repeated until all defined
missions have been attempted.

When the AUV is running the Planning Layer

takes inputs from navigational sensors, sonar
and cameras and then the active sub-task
module uses this information to update the
demands sent to the low-level control layer.

4.1.2Control Layer Implementation

The control layer is implemented within the
native Simulink environment and contains the
low-level controllers for the vehicle. The low-
level controllers include a forward speed
controller, a depth controller and a heading
controller. The forward speed controller takes
an input from the Planning Layer and selects
one of a series of preset demand values for the
rear thruster to define the direction and speed
of surge motion.

The depth and heading controllers take inputs
in the form of the outputs from the set of basic
functions defined in the Planning Layer.
These comprise a desired depth, a desired pitch
angle, a desired heading angle and a desired
sway distance. The depth and heading
controllers convert these commands into
demands for the chosen actuators. The chosen
actuators are selected depending upon the
forward speed of the vehicle. For low speed
control the tunnel thrusters are used and at
high speeds the control surfaces are used.

The low speed depth controller is a PI
controller which assigns demands to the
forward and aft vertical tunnel thrusters with
the vehicle pitch controlled by a differential
between the demands. However the high
speed depth controller sends a demand to the
sternplanes to set a pitch angle for the vehicle
to overcome the positive buoyancy using the
hydrodynamic forces generated by the hull
form. Thus at high speeds the pitch angle is
set by the depth controller and not controlled
by the Planning Layer.

The low speed heading controller is a
proportional controller based on the heading
error and sends equal but opposite demands to
the forward and aft horizontal tunnel thrusters.
A sway demand results in identical commands
being sent to both thrusters. The high speed
heading controller is a proportional controller
based on the heading error and sends a demand
deflection angle to the rudders.

The low level controllers send demands to the
Execution Layer which interfaces with the
required actuators.

4.1.3 Execution Layer Implementation

The Execution Layer comprises the
communication between the main electronic
hardware for the sensors and actuators and the
software. The interfacing between the
hardware and the main PC has been described
fully in the Section 3.

4.2 Image Processing

As well as intelligent control logic, image
processing and computer vision techniques are
required in order for the vehicle to successfully
complete the following tasks:

Detecting the colour of the mounted
light on gate two and avoiding the
second gate accordingly.

Realigning with the third gate after
avoiding gate two and after turning
18C to return though all gates.
Detecting and tracking the moving
mid-water target.

Detecting the bottom target.
Detecting and aligning with
entrance to the docking box.

the



The computer vision system has been designed

to act independently of the Simulink mission
control, processing inputs from both cameras
and sending the positions and sizes of all
identified objects to Simulink. This reduces
the computational expense of two way
communication whilst optimising the AUV’s
behaviour, allowing it to attempt the tasks in
the order in which it identifies the relevant
targets. This should mean that more time can

be spent attempting the tasks as opposed to

searching the tank for a specific target.

The vision system is implemented using
Scorpion Vision, [17], a high-level computer
vision package, developed by Tordivel AS,
containing many customisable frameworks for
tools such as edge detectors and colour
matchers. To create a vision system for

Delphin, these tools have been adapted and

combined in order to detect features in images
such as colour and shape. A Python script then
classifies combinations of these features as
specific task related objects.

For example, in order to detect and classify the
moving mid-water target, see Figure 15, areas
matching the predefined colour of the target
are extracted from the camera images using
Scorpion’s ColorAnalyzer tool. This tool
divides each image into a grid and compares
the hue, saturation and intensity values of the
pixels in each grid cell to a set of specified
colour samples. If a large enough percentage
of these pixels are within a set margin of the
predefined colour sample, the grid cell is
considered to be of the same colour.
ColorAnalyzer uses a grid to speed up the
processing time required for each image, but a
large grid size can mean that the result of this
tool is of a low resolution and does not
maintain the original shape of the object.
Consequently, without greatly increasing
processing times by increasing the resolution
of the grid, it is difficult to use the result dfis

tool alone for accurately estimating the shape
of the coloured object. Instead, the system
smoothes the result of ColorAnalyzer creating
a contour. The shape of this contour can be
checked against constraints such as circularity
and size in order to correctly classify the
target.

(note reflected image in free surface)t

The outputs from the vision system are
identical for all objects and consist of:

A target ID specifying which target
has been identified.

A camera ID specifying which camera
identified the target.

A horizontal position of the target
within the image.

A vertical position of the target within
the image.

An approximate size of the target
which can be used to determine the
relative distance between the vehicle
and the object.

The Simulink control system can then convert
the horizontal and vertical positions of the
target within an image to a heading and depth
demand for the vehicle. These values can then
be used by the Stateflow control logic to either
align with or avoid a target, depending on the
currently active task.

5. Lake and towing tank testing

An extensive testing regime has been
implemented over the last 10 months. Initial

tests were performed in the University of

Southampton Lamont tank, and the acoustic
tank at the National Oceanography Centre,
Southampton, to tune the slow speed depth
controllers. After these initial tests, some lake
trials were performed in order to test the GPS
and the steering with the previous version of
the rudders and also steering with the tunnel



thrusters. The turning circle of the AUV were
determined from the GPS data (Figure 16).
High speed depth control testing took place in
the Solent University towing tank.
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Figure 16: Example GPS data for turning circle
manoeuvre

Figure 17: Sonar Trials, NOC acoustic tank

Subsequent to development of the low level
control algorithms, testing was performed on
the sonar system, Figures 17 & 18, and further
trials were then performed simulating various
missions from the competition.

6. Financial Summary

A financial summary is presented in Table 3.
the costs are divided into legacy costs from
previous competitions and this years spending.

Figure 18: Sonar Testing (colours inverted)

Table 3 — Financial Summary

Item Cost (£)
Legacy 2008-2009

Electronics

Micron DST scanning sonar 3859.88

Hard-drive 36.41

Mini PCI-Express wifi card x2 46.98

Wifi antenna and chassis socket 30

OceanServer compass 352.82

Pressure sensor 160

Firewire cameras and lenses x2 230.3

Video capture box 152.75

Parallax servo driver board 41.13

Game controller 18.79

BuckPuck LED driver & Luxeon K2 LED x 2 49.96

LED Board 20

Connectors 50

Battery

Lead Acid Batter x6 185.94

Pressure Vessel

End caps 150

Inner acrylic tube 190.2

O-ring seals 72.82

Rods 19.34

Frame

16x16mm Delrin bar 34.14

Bonding compound 8.7

Modifications 20

Main Propulsion System

Electric motor + Gearbox 160

Propeller shaft 31.93

Propeller 10

Manoeuvring System

Servos x6 107.94

Bearings 23.75

Materials for Foils 35

Servo Connections 36

Rudder Stock 8.25

Tiller Arms x4 19.84

Total Expenses 5296.15 866.72

7. Innovation

The Delphin AUV is a custom designed and
built vehicle for SAUC-E 2009. The key
innovations in the design of the vehicle are:

The innovative integrated rim driven
thruster developed at the University of
Southampton was kindly donated and
has offered significant performance
benefits. In particular, as it is a



directional device the control load is
reduced. The rim driven thruster uses
magnets mounted on a rim attached to
the blades with the stator coils located
within the thruster.

The vehicle is constructed almost
entirely from engineering plastics

leading to a lightweight but strong

construction. The use of plastics
avoids the corrosion problems

associated with saltwater.

The vehicle has been designed to
facilitate future development by

undergraduate = and  postgraduate

students and has been designed as a

research tool for investigations into the
control of AUVs throughout the entire
speed range, and especially the
transition between high and low speed
operation and as a tool for validating
computational fluid dynamics
simulations of AUV manoeuvres.
Integration of the sonar and vision
systems allow for both visual
identification of the object and
calculation of a range and bearing to

the pressure vessels are Oring sealed
wet-mateable connectors.

Power Management - Batteries are
sealed within individual pressure
vessel with independent and easily
identifiable connectors for power
transmission and charging circuits. An
easily identifiable kill switch is located
on the top of the vehicle. It operates
via a reed switch to allow power to be
stopped easily by removing connecting
magnet.

Pressure Vessel Collapse - Pressure
vessels designed using appropriate
materials for operation at greater than
maximum tank depth (10m). Main
electronics and battery pressure
vessels further protected by end caps
and supporting rods.

Sharp Edges - All edges are shaped to
reduce sharp edges to avoid possibility

of severing cables or damaging
components.
Testing Procedures - All testing

performed in dry areas away from
water where possible. Water based

the target using the sonar system. testing uses sealed pressure vessels
and underwater connectors for all
connections.

Vehicle failure - Vehicle is ballasted to
be positively buoyant (<1% weight in
air) to ensure vehicle rises to surface in
case of failure. Positive buoyancy set
to minimum achievable steady state
thrust from vertical thrusters to ensure

control is maintained. No other

8. Risk Assessment

Safe operation of the vehicle is vital. The
following risks have been identified and where
possible reduced to as low as reasonably
practical.

High Speed Propeller Rotation -

Propellers are enclosed within fixed
ducts with stators or control surfaces
to prevent entry into ducts of large

chemical or biological risks have been
identified. No compressed air is used
on the vehicle.

objects/cables/hands.

Use of Electrical Components in Water
- Low voltage components used
(<25V). Sealed pressure vessels used
for batteries and main electronics. All
external electrical connections are
isolated to avoid contact with water.
Pressure Vessel Seal Failure - Pressure
vessels are constructed from 6mm
Acrylic tube with Delrin end caps. One
end cap is fixed and sealed with
epoxy. The other end cap is removable
with an O-ring seal rated to at least
maximum tank depth. Connectors into

9. Conclusions

Delphin is a custom designed and built AUV
for entry into SAUC-E 2009. The vehicle is of
lightweight construction predominantly using
engineering plastics and features single
pressure vessel containing the main electronics
and batteries. The vehicle has a main stern
propulsion unit, four tunnel thrusters and stern
mounted actuated control surfaces. The
autonomy and control software has been
developed in Matlab Simulink combining data
from cameras, a digital compass, a pressure
sensor and an imaging sonar with the
navigation being undertaken using image



processing techniques. The resulting vehicle is
lightweight with high levels of slow speed
manoeuvrability suited to completing the
challenges of SAUC-E 2009.
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Figure 9: Overview of electronic systems



Figure 14: Stateflow, Mission Controller



