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ABSTRACT

This paper describes the University of Glasgow'sryeimto the Defence Science and Technology
Laboratories (DSTL) first Student Autonomous Undeew Challenge — Europe (SAUC-E). The
objective of this challenge is to design and baifdAutonomous Underwater Vehicle (AUV) that can
complete a series of underwater tasks. The AUV dedign the University of Glasgow uses an
innovative hybrid propulsion system based on a d¢oation of a biomimetic fish tail for forward
propulsion and horizontal manoeuvring and converdlgropellers for depth control. An overview of
the mission strategy is discussed and how the leekidl accomplish each underwater task. The
vehicle, named the Submersible Hybrid AutonomougsmRoraft (SHARC) is equipped with a number
of onboard systems including motors, motor driveuifs, Lithium-Polymer battery system, sensors,
cameras and a Linux based PC104 single board comjuteéhe main control system. Each of these
systems are discussed in some detail along witkdésayn and construction of the various mechanical
systems within the SHARC such as the tail propulsiechanism, custom thrusters and hull.

1.INTRODUCTION Upon hearing of this challenge in November 2005 a

team of enthusiastic and dedicated students fran th
The Student Autonomous Underwater Challenge Eaculty of Engineering within the University of

Europe (SAUC-E), organised by the Defence Sc'en(fflasgow was assembled to design and build an AUV

and Technology Laboratories (DSTL) in associatio . " i "
with Heriot-Watt University and the The National?or the Universities entry to the SAUC-E competitio

Oceanography Centre, is the first event of its kimd The SAUC-E challenge comprises four underwater
Europe. The challenge, based on the ‘spirit’ of Wl tasks which the vehicle must complete - pass throug
AUVSI competition [AUVSI (2006)], is to design and a validation gate, drop a marker onto a targettica
construct an Autonomous Underwater Vehicle (AUV)nid-water target and surface in a surfacing zone.
that can complete a series of underwater taskssegt a Points are awarded for the AUV design and
time. performance of the vehicle in the challenge.

This paper will provide a discussion of the vehicle

s -
Corresponding Author, developed for the 2006 SAUC-E challenge at the

e-mail: c.watts@elec.gla.ac.uk



University of Glasgow. Firstly, the paper gives art is due to the above reasons that the University
overview of the vehicle followed by the strateggtth Glasgow vehicle was designed to utilize a biomimeti
will be employed for the competition tasks. Thepropulsion system for forward propulsion.

vehicle is then discussed in some detail giving.

descriptions of each of the vehicle systems and t somimetic propulsion of the SHARC vehicle is

rationale behind a number of the design choices provideq by a mechanical tai modglled on the tail
' propulsion method used by real fish and sharks.

Within the area of fish propulsion there are selvera
2.SHARC OVERVIEW different methods used by various aquatic speaes t
ropel and manoeuvre themselves. The propulsion

The vehicle developed by the University of Glasgo echni - -

) X ) gues can be grouped into two broad categeries
team is named the Submersible Hybrid Autonomo - - ;
Rover Craft or SHARC for short. The vehicle, baseugOdy and caudal fin (BCF propulsion) and median and

; . . ired fins (MPF propulsion) [Colgate & Lynch
roughly on the shape and dimensions of a Tiger Sh . ' :
[Heithaus (2001)], has an innovative ‘hybrid?( 04). The majority of fish species use BCF

Isi tem based biomimeti t fropulsion and it is this method that is used yrish
propu'sion system based on blomimetic CONCepLS 14d,;q technique for forward propulsion involves

?)assing a propulsive wave along a length of their
body. The propulsive wave starts from the antesfor
The area of Biomimetics (or Bionics or Biomimicry)the body and travels towards the caudal fin. this
involves the study and application of methods andndulatory motion that produces a net forward thrus
concepts found in nature to solve engineerinf/ideler (1993), Alexander (2003)]. Fish classifiad
problems [Bar-Cohen (2005)]. In recent years thBCF swimmers can be further categorized by how
development of robotic fish and their biomimeticmuch of their body is used to produce this propelsi
propulsion systems have generated significantéster wave. Fish that use approximately half of theirgkn

in the field of Autonomous Underwater Vehiclesto produce the propulsive wave are classified as
(AUVs) [Mclssac & Ostrowski (2003), Sfakiotakits carrangiform [Moyle & Cech (2004)]. As the
al (1999)]. This interest is due to the potential figme mechanical shark tail used on the vehicle is
of biomimetic  propulsion techniques overapproximately half the length of the overall veaicl
conventional methods. Benefits such as greatéte SHARC is modelled on this carrangiform
propulsive efficiency can be achieved as shown kgwimming mode.

MIT in tests with their RoboTuna [Triantafyllou &
Triantafyllou (1995)]. MIT’s work on their RoboTuna
showed that they could achieve higher than 86
efficiency when certain hydrodynamic parameter
were within a required range. This compares tg
efficiencies of around 40% for small propellers dise
on underwater vehicles.

conventional thrusters for depth control.

Due to the SAUC-E rules concerning buoyancy
J}wusters are required for controlling the vehicles
depth. These thrusters are mounted in the SHARC
ectoral fins and were custom made to fit withie th

n assembly. A model of the SHARC AUV is shown
in Figure 1 below.

Another benefit that may be possible with biomimeti
propulsion systems is greater agility anc
manoeuvrability. Certain species of fish can ugedra
turning manoeuvres to alter heading by around &80
less than one body length in a very short period ¢
time [Wolfgang et al (1999)]. Due to mechanical
limitations of current biomimetic vehicles, thisllfu
turning potential may be difficult to realize, hovee,
improvements in manoeuvrability may be possibli
over conventional underwater vehicles. A studyhef t Q
turning performance of a robotic fish at Esse: ¥/
University showed that good turning performance we \
achieved but the turning velocity was still lesarth
that of a real fish [Liu & Hu (2005)]. This was due t
the limitations of the mechanics and kinematicshef
robot fish in being an approximation to a real fish

Figure 1: SHARC Vehicle

These potential benefits of biomimetic propulsion

systems could lead to future AUV's with increased®verall control of the SHARC is achieved through th
mission duration and with the ability to operate ifMmpPlementation of the control algorithm on a Linux

enclosed environments. These benefits, and therreadt®sed single board computer. Task identification is
for mimicking fish propulsion, stem from the fabat achieved using a combination of a vision system and
the propulsion technique used by fish has beetfnSOrs.

optimised by millions of years of biological evaarn.



2.2. SAUC-E Mission Strategy 2.2.4 Ground Target

In order to successfully complete the tasks outlime The ground target will be located on the floor of th
the SAUC-E challenge rules [DSTL (2006)] antank. It will consist of a circle, one metre in wheter,
appropriate mission strategy is required that willvith a contrasting cross in the centre and a light
factor in the each of the mission objectives, viehic beacon located in the middle. The task is to lottate
hardware and the performance of the vehicle. Tharget and drop a marker onto it. The closer thekarar
overall strategy selected is discussed in theviollg s to the target the greater the points awarded.

igfrtllpolgteaelggg in\évil\t/rildug;etastl?ctlcs implemented toI'he approa_ch to this task will be to use the cameras

' detect the light from the beacon to locate and hiome
on the target. For this the central camera will be
angled down.
Prior to the start of each competition run the SKHAR o
will be programmed with a set run order in which iTW
will attempt to complete the tasks after succefsful
navigating the validation gate.

2.2.1 Overall Strategy

nce the target has been identified and the vehicle
ill be propelled towards it. As the SHARC passes
over the target and the front cameras lose siglit, of
the vehicle will glide and the three markers wi# b

At the start of each allocated competition run adropped using a grapeshot approach (all released at
onboard timer will be started that will count thesame time).

amount of time taken for each task. In order to

maximize points, if one task is taking too longrthe 2.2.5 Surfacing Zone

the task will be aborted and the next task undertak
The amount of time allowed for each task will b
proportional to the points available for that task.

The surfacing zone is a 3m octagon constructed from
$vc pipe located on the surface. An acoustic beacon
is located on the bottom of the tank directly benea
2 2 2 Validation Gate the centre of the octagon.

o . ' The SHARC will use two acoustic sensors and the
The validation gate is the first task that the AUMsh vision system to detect and home in on the acoustic

negotiate. The purpose of the validation gate is tlgeacon. As the SHARC nears the beacon. forward

show that the vehicle can progress in a controlle ropulsion will cease and full power applied to the

manne, in a straight I|_ne z_and ata set_depthuFe_iﬂo vertical thrusters to raise the SHARC to the sw@fac
pass through the validation gate will result in the

termination of the AUV’'s current run. Therefore,
significant effort has been expended by the team & THE SHARC
ensure that the SHARC can successfully pass throu

the gate Qne following section gives a brief description dif a

the mechanical and electrical systems presenten th
Two cameras connected to the main control board WBHARC. Each section discusses briefly the reason
be used to detect the upright pipes of the vabdati behind the methods utilized.

gate. Detecting these will allow the SHARC to

position itself between the two vertical pipes bét 3.1 Power System

gate and travel through it without touching theesid
The horizontal pipes of the validation gate will b
detected using simple sonar transducers.

ue to the design of the SHARC the power system

as to provide power to number of varied electrical
systems such as motors and integrated circuitd) eac
with differing power requirements.

he battery system for the SHARC is required to
5eliver the appropriate current and voltage,
continuously for a length of time equal to at leasé
competition run. As space within the SHARC'’s main
hull is severely limited, the size and weight ofyan
To do this task a third camera will be set to detect batteries is an issue. Therefore, the power system
orange shape. The camera will return the location ¢fie SHARC is based on one 14.8V 12Ah Lithium
the orange area within the current field of vievneT polymer (referred to as Li-ion’s) battery. This leagt
camera will be in a front facing position whileigt chemistry was chosen as it offers the best weigkt/s
looking for the target. On detection of the tardet to energy density ratio of the battery chemistries
SHARC will move towards it and contact it with itscommercially available today, [Bachmann (2001)].
nose. If the target is not within the current fiedl The current and voltage ratings also exceed what is
view of the SHARC a search pattern will be executedrequired.

2.2.3 Mid Water Target

The competition rules state that the mid water targ
will be an orange object approximately spherical i
shape. On detection the SHARC is to travel tow#rds
and touch it.

The power system of the SHARC can be seen in
Figure 2.
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Figure 2: SHARC Power System

The first stage of the power system after the batter

the cut off switch. When the switch is toggled itlw

cut all power to the SHARC instantaneously. From th
cut off switch there is the battery managementesyst

(BMS) which is on loan from Reap Systems. Thi
BMS is designed to manage Li-lon batteries durin
usage and charging. If any problems with the battel
(such as under voltage of a cell or high tempeejtur
occur while the SHARC is operating the BMS will cut
the power to the SHARC. This is designed to saee th

battery and all other SHARC systems and elimina . . . . .
the risk of any other problems. If the BMS cuts thtﬁ] the interest of keeping the solution simple ésito

power while operating a hard reset is required Thr%e constructed, where possible, from readily alsbgla
BMS will also handle the charging of the batter aterials and components. The design for the all i

which will involve the removal of the battery and ased ~around the single degree-of-freedom
BMS from the SHARC. manipulation of five separate lengths of rigid filas

piping. Each segment acts as a central spine tohwhic
The power to the motors will be supplied, through alectrical and mechanical components can be atdache
protection circuit, directly from the battery. Theas well as structural components for the shapéef t
supply for the lower voltage electronics will betail. The pipe used for the spine segments is 4ci8 AB
isolated from the motors through an isolated svirtgh piping, easily available from DIY stores. The only
regulator. This switching regulator will step themodification to the pipe itself is a 6mm hole drilat
voltage down from 14.8V to 5.1V. A switching the centre to house a structural aluminium rod.

regula_tor was se_Iected due to the eﬁ|C|enc_y the joining of the pipe segments is based around
switching topologies compared to that of linear

. S . - . compact, interlocking polymer hinges. The bespoke
regulation circuits. To fully achieve the isolatitime hinggs are machinedgfr?)myNylonGGQa material chposen
communication between the electronics and the mot ’

driver circuits will be via opto-counlers B its self-lubricating properties. To preserve
P pIers. simplicity, the nylon hinge sections are machined t

insert into the pipe segments with an interference
press fit. The joint transmits torque from the drive
Before design commenced on the biomimetisegment via a steel shaft pinned to the driven segm
propulsion system extensive research was undertakhe shaft has flats ground on each end, one for-grub
into possible methods for realising the tail motionscrew connection to a gear and the other for a
The research entailed investigating other biomimetigotentiometer. A diagram of the bespoke hinge used
propulsion systems and robotic fish that have bedf join each tail segment is shown in Figure 4.
developed by other academic institutions around

Figure 3: Tail segments

3.2 Biomimetic Propulsion System

rque is provided via a 300mNm, 12V DC motor

the
world. From this research the ”.‘OSt. S“'t?b'e methoﬁﬁsitioned on the underside of each segment (except
appears to be having a central tail spine withralrer segment 1 where it is on the top side). A 45° bevel

of segments individually actuated by DC motors. Th ear is held to the motor output shaft via a biassh
design methodology behind the selected design ovasg d grub-screw. The gear set-up transmits torque
crga'te a reliable and robyst system ’capgble 8rectly to the shaft. The bevel gears are hardriwga
mimicking the undulatory motion of a shark’s tail. acetal copolymer, with a ratio of 1:1 (note, therge

. . may be changed to similarly dimensioned steel gears
3.2.1 Mechanical Design after extensive testing).
At the outset it was decided that the tail wasdosist

of five independently-powered skeletal segments,

based around which would be a flexible exterioflshe

Thus, the main decisions to be made were the methods



Figure 4: Bespoke tail joint Figure 6: Segment 1 plug

The motor is held to its relative segment via a twg®0ds are inserted into the bulbous piece and agiea
section housing (see Figure 5 for illustration).eThof flexible rubber sheeting held between them to
gearbox (125:1) of the motor has three threaddfnitate the caudal fin.

mounting points which are screwed onto a 90° lengify order for the tail to appear shark like, thimnmded
of angle-section aluminium. The angle-section igjcks of latex coated Styrofoam are attached oh ea

mounted on an ABS block shaped to fit the curvaturg,gment to add bulk to the tail assembly. To proside
of the pipe. The ABS block is solvent welded to thggyipje waterproof skin for the tail a sleeve

pipe. manufactured from liquid latex is used.
The completed tail assembly, shown without latex

covering and bulking material for clarity, is shown
Figure 7.

Figure 5: Tail segment motor housing Figure 7: Completed tail assembly

Segment 1 of the tail is connected to the bodyi@ect 3-2.2 Kinematic Based Motor Ratings

with a large laminated plug as shown in Figurelée T | order to specify the motors for each segmerihef
plug is made from four solvent welded circular fmeetail, the tail is regarded as a six degree of foeed

of ABS with gussets on the tail side to supportfit®  ohot manipulator [Niku (2001)]. This allows the
segment. The pipe segment is extended with a sohgrque and speed of the motors to be determined
section of nylon which runs through the body plugihrough considering the kinematics baskxtobian
This allows enough space for the first motor t0 bgjrstly, the kinematic relationship between the
mounted on the segment itself, although it must bggments of the tail can be represented using the
mounted on the top due to the supporting gusset.  penavit-Hartenberg Representation for Forward
The final segment differs from the first four in thiae ~ Kinematics. ~ This representation can be used to
driven joint section is machined directly from adetermine the speed and torque distribution through
greater diameter piece of Nylon, forming a bu|bougje derlvat_lon of the qssomatgd Jacobian. These ar
end to which a fin will be attached. Two self-lantgi  discussed in the following sections.



The Denavit-Hartenberg (DH) representation is baséithk lengths between successive joints agdis the
on associating each joint with an appropriateiength of the caudal fin end segment.

oriented x-z axis. The SHARC tail can be represknt

by the configuration shown in Figure 8 (i.e. 5 rieve
with the fin represented by a static prismatic fpand

the associated joint variables.

St follows that the total transformation relationship for
the fin to the main body of the SHARC is:

BN T =A1A2A3A4A5A

—85S) 23451 a5C1 2345

~S12345 0 C12345 | @4C1234183C123
+apCpp+tagCy

_ 85C123451 85512345 (7)
Ci12345 0 Si2345 | 8451234183523
+taySpptaS
0 1 O 0
| 0 0 o0 1 |

The Jacobianis a representation of the geometry of

Figure 8: Tail Representation and DH Variables  the elements of a robot in time. It can be used to

convert the differential motions/velocities of

By considering each joint axes pair and thengjvidual joints to differential motions/velociteof a
corresponding variables, the transformation madriC§articular point of interest. As it defines the

for each joint are defined thus:

C -5 0aG
S G 0aS
0 01 o0
0 00 1
'C2 =S, 0 3,C,
S, C 0aS;
0 01 O
0 00 1

[C3 ~S3 0 a3C3
_|Ss C3 0asS
0 01 0
|0 00 1
[Cy -S4 0 a4Cy
Sy Cyq 0asS,
1o 01 0
0 00 1

_C5—S5035C5
S Cs 0 asSs
0O 01 O
0 00 1

(0010
100 ag
0100
1000 1

Ay
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Here the abbreviationS, stands for sing, and
abbreviationC, stands forcosf,. Also, a; 5 are the

1)

()

®3)

(4)

(5)

(6)

individual motions of joints, it can be used toatel
these motions to the overall motion of the robot in
question. In this case it is used to determinesthtic
forces and torques for the SHARC tail.

It has been found that it is simpler to calculdte t
Jacobian relative to the last frame, i.e. thm.
Therefore, the force relationship can be writtarsth

[Fint <[ Fim )] ®

Here ™ represents the fin's forces and torques in six
degrees of freedom,tT represents the joint
forces/torques and™"J is the Jacobian of the fin's
reference frame. This expression can be writtettién
following way:

Fin fx FinJll Fin Jip Fin\]16 n
Fin fy FinJZl Fin‘]22 FinJ26 Iy
Fin ¢, _ FinJ31 FinJ32 Fin\]36 []T3
Fin mx FinJ4l Fin‘]42 FinJ46 Iy
Finmy FinJ51 FinJ52 Fin\]56 Is
FinmZ I FinJ61 Fin‘]62 Fin‘]66_ Tg

(9)

In order to calculate the force and speed requingsne
of the joints in the tail, the inverse Jacobian
relationship is required. In the case of the force
calculation shown in Equation (8), the force vedtor
the joints,t, can be determined for a given force and
moment configuration for the fini"f, using the
following relationship:

[T]:[FinJ]_l[Finf] (10)

However, due to the nature of the Jacobian matsx,
inverse is simply the transposed matrix i.e.



_[Fin HFin ] Table 1: Motor Specifications
[T] [ J f (11) Joint Motor Torquel Speed

This relationship is used to determine the torque 1 | Crouzet 12V Geared 3.9\ 0.5Nm _ 45rpm

requirements of the tail's actuators. In ordeetsure 2 | Trident I1G33, 12V Geared 0.3Nm | 29rpm

that the SHARC generated the correct propulsive 3 | Trident IG33, 12V Geared 0.3Nm__ 29rgm

force, the required force and moments at the Fin ar 4 | Trident IG33, 12V Geared 0.3N _ 29rgm

taken to be: 5 | TridentIG33, 12V Geared 0.3Nin_ 29rgm
Finf=[07 0 02015 0] (12)

3.2.3 Tail Electronics & Motor Control
This gives the following torque specifications &ach

of the tail motors: The biomimetic tail propulsion system has two level

of control, firstly the control of the motion of &a
r:[0.5 03 03 02 02 O]T (13) segment and then the control of the overall tail
motion. Control of each of the five tail segmergs i
In a similar way to the force distribution calcidatin achieved using a motor feedback potentiometer, a
Equation (8), the joint speed distribution can b&IC16F88 microcontroller and an L6202 motor drive
determined using the application of differentialcircuit. During operation each segment receives an
kinematics to the Jacobian. This results in thi@struction from the main tail controller via a

following relationship: Controller Area Network (CAN) bus containing the
- - angle that particular segment should be at thag.tim
l '”dJ=[ '”Jldg] (14) The PIC16F88 translates this desired angle into a

Fin , i . .. . voltage and utilizes a proportional control algamitto
Here™d represents the fin’s differential motion in siX,,,ove the motor accordingly until the desired vaitag
degrees of freedom antth represents the differential js optained from the motor feedback potentiometer.
motion of each joint. As with the force calculation The speed at which messages are sent from the main
this expression can be written in the following way  tajl controller determines the overall speed of thie

movements.

i Findx_ [ Fin I Fin Jpp - Fin 316__d91_
Fingy| | Fing,, Fing,, ... Fing | d&, Overall control of the tail movement is the
cin b2t et responsibility of the tail controller. This contier
dz|_| "Mz "MJgp - " Jge | U3 (15) receives desired heading and speed information from

Finge| | FiNgyy T3,y - FiNg e | 6y the higher level Guidance and Navigation Control
Fin@ Finy ~ Finj_ .. Fing d6s System (GNCS) and translates it into a sequence of
Fin Ein °1 Fin 52 Fin 56 movements of each tail segment. The sequence of
x J Jao «-- J dég . . )
L JL 61 62 66 L6 movements is communicated to each segment via the
CAN bus.

This allows small motions in the fin to be calcatht
for the associated small motions in each of thet$oi 3.3 Main Body/Hull
SThe SHARC body is comprised of two hulls, an inner
and outer hull. The outer hull is constructed from
[d ]_[Fin ]T[Fi”d] 16 22cm diameter, 0.8cm thick, PVC pipe. Attached to
ol=[ Y (16) this hull are two pectoral and one dorsal fin, Itfilng
points, a belly section and the mechanical taigplu

Similarly the speed calculation for the joints i
achieved using the Jacobian’s transpose:

For this application the required speeds at theakén
taken to be:

Fin4=[40 00 1.0 00 1000 00]" (17)

and the last 3 are in rpm. This gives the follayvin
speed specifications, in rpm, for each of the tal
motors:

It should be noted that the first 3 elements areis <

dg=[20 20 20 20 20 0" (18)

Figure 9: SHARC Diagram

The combination of the torque and speed ratings for _ _
Equations (13) and (18) provided the specification§he inner hull is also manufactured from PVC pipe o
for the motors used the biomimetic tail propulsionslightly smaller diameter that the pipe used fog th

system. The operational specifications for thes@lct outer hull. A removable waterproof bulkhead is
motors used are given in Table 1. attached onto the rear of the inner hull. All eliect
through hull connections are made using suitable



waterproof connectors and as an additional premautione vertically-mounted dorsal fin. This configioat
a latex seal is used wherever possible. Within thgas selected as it is in keeping with the appearafic
inner hull there is a removable tray on which thea Tiger shark, on which the SHARC is based.
electronic control boards and batteries are located

SAUC-E rules require that entries be negatively
allow for easy removal.

buoyant, and so the purpose of the pectoral firte is
generate a downwards force as the vehicle travels
through the water. Thrusters are also mounted in
The head section is manufactured from transparetfitese fins in order to control pitch and so modethée
Perspex. This will allow cameras to be mountedurface/dive rate of the vehicle. The purposehef t
within the head and have a clear field of visiom. |1 dorsal fin (which is also fixed) is to provide roll
order to reduce distortion, the locations withire th stability control.

Perspex where the cameras view though are designed

to be flat. The shape of the head is a compromige4.1 Design

between the shape required by the cameras and
shape of a real tiger shark. Fabrication of thesjpet
head was achieved using a vacuum forming proce
and a carved wooden mould.

3.3.1 Head section

Wﬁen considering the profiles of control surfaces,
ggrticular attention must be paid to the important
aerodynamic ratio that is the Reynolds Number.sThi
is defined as the ratio of inertial forces to visso
forces within the fluid flow. When cruising, the
SHARC will be in the Reynolds Number region of
In order to complete the task which requires a miarkaround 4.5x10  The NACA 0015 aerofoil is
to be dropped onto a target a suitable marker amdrticularly suitable for use in this low Reynold’s
marker release system is required. It was decidat t number region [Galbraith &Coton (2006)]. The
to limit the number of through hull connectionsttha cambered NACA 4415 is also gives good
magnetic release system should be used. This methagiformance, [Galbraith &oton (2006)], however,
requires that the marker is magnetic and is hetd onthe camber makes this more difficult to fabricated
the underside of the hull by another powerful magnso the NACA 0015 (see Figure 11 below) was
which can be moved. To move the magnet within theelected for all three fins for the SHARC.

hull a magnet will be attached to a spring compagty o . sters were to be fitted at the thickest pér
return solenoid. Once the magnet within the huf ha[he fin. On the NACA 0015, this is at approximstel

been moved away from the marker the force holdin ;
the marker to the hull will be reduced and so th§/3 of the chord measured from the leading edge.

marker will fall.

The markers to be released by the SHARC a
constructed from a 3.5cm model submarine bra: T
propeller, an egg cup, a small bag of lead shotand
magnet to attach it to the hull. A diagram of the |
marker is shown in Figure 10. Once released tt
propeller should ensure the marker has a smoa
trajectory to the tank floor. On impact the badesfd

shot should deform to absorb the impact and S0 sti s, e

Airfoil Meme : M.A.C.A. 0015

the marker from moving or rolling. izfoil Info.  Gopulcd
Shaft

Propeter~__ «— Figure 11: NACA 0015 Aerofoil

Egg cup

3.3.2 Marker Design & Release System

@

In order to generate downforce, the selected NACA
40mm 0015 fins had to be set at a small negative argllee
oncoming (freestream) flow. Clearly, the fastee th
Lead Sh vehicle velocity the greater the force that is et
for a given inclination. Bernoulli’s force equatiavas
«—» used to estimate the amount of downforce genemited
35mm various angles of incidence. At this stage, thisang
speed of the SHARC was assumed to be 1.5 ms

Figure 10: Marker design The simple analysis carried out provided estimates
] rather than exact force values. Timeuster fixed in
3.4 Fins each fin will modify the flow over this portion dfie
The SHARC design specifies three stabilising finscontrol surface, and allowances must be made for a
composed of two pectoral fins which are inclinededuction in the forces produced due to taperingnfr
downwards at an angle of 36 the horizontal, and oot to tip, and from tip vortex effects.



In nature these fins are flexible, controlled byseies point for the motor and the LED array and inserted
to provide a fluid motion in order to accuratelyntol and glued into place. A Perspex window was also
the movement of the creature. As it would be toconstructed to cover the LED array and also glued i
complicated to build fins with these exactplace. A rubber edge is cut and glued around tige ed
characteristics in the first revision of the SHAR®@ir of the fin to ensure a watertight connection. There
function had to be replicated as closely as possibifin was then coated with fiberglass to maximize
For simplicity it was decided that the pectoralsfin strength and finally coated with Latex to ensure a
would be rigid, with the small vertical thrustems t proper watertight seal and to match the rest of the
control roll and to provide depth control. The ddrs craft. A similar process is repeated for the dofsal

fin would simply be a rigid fin with correct but with no thruster assembly. All three fins are
hydrodynamic properties to maximize stability. attached to the outer hull using bolts.

The leading edge of all three fins must have aou
finish, in order to promote transition to turbuldiotw, 5.4.3 Thruster Assembly

as laminar fluid flow is prone to flow separation aDue to the size and shape of the pectoral finshen t
these low Reynolds Numbers. Flow separation woulBHARC vehicle it was difficult to source appropeiat
result in a substantial increase in drag and thHeff the shelf’ thrusters that could be used fopite
performance of the vehicle would be compromisedontrol. Therefore, custom thrusters have been
Roughness is also applied at the join of the mailyb designed and constructed which fit into the space

section with the head piece. available in the pectoral fins. Six blade 7cm ditane
_ model submarine propellers mounted vertically ia th
3.4.2 Construction fins are connected via a universal joint and anster

The fins are mounted onto the main body dube to a high speed DC motor housed within the fin
approximately 3D and the thruster crevice is angledThe shaft is supported by two aluminium rods that
appropriately to give direct vertical thrust. Thiasf hold a small bearing in the centre. This assembly i
also feature a high-power LED array housed insidepused inside a PVC tube and glued into the thruste
small Perspex case along the front edge for lov&revice. The DC motor and drive circuitry has been
visibility situations. The whole fin is attached toe Waterproofed as an added precaution.

main body by an aluminium flange that runs around

the edge of the fin. The flange has holes wherésboBB-5 Sensors

can be located to attach the fin to the outer Aitie 14 gjlow the SHARC to successfully complete the
inside of the fin, where the motor assembly is leolis challenge a number of sensors are required.

can then be accessed in case of problems. A rubber _ _ ) .
edge around the fin will ensure a water tight seal. ~ For basic obstacle avoidance and ranging a sefies o

ultrasonic sonar transducers are positioned arthmd
hull. Simple 40 kHz waterproof transducers are used
to produce bursts of sound which will reflect oflid
object underwater. As the speed of sound in water i
known the time between transmission and reception o
the reflected signal will allow the range of anetijto

be determined (see Figure 13 for illustration). The
SHARC AUV has five banks of these ultrasonic

\J rangers, one facing directly forward and four

[ % positioned around the head angled slightly off ent
———— The ultrasonic rangers are used for to detect gyearb

l”‘_) . 9 Y

objects for obstacle avoidance purposes. They will
also allow for detection of the upper and lower
Pictofial Fin plan elevation horizontal bars of the validation gate.

Figure 12: CAD Drawing of complete fin A pressure sensor is utilized to determine theerurr
depth of the vehicle. The sensor, positioned in the
To increase buoyancy the fins are made from hidbelly of the SHARC, produces depth measurements
density blue Styrofoam. The main fin forms were cuivhich are passed to the main control system via the
using hot wires and sanded down to give a smootAN bus.
shape. The thruster and the LED slot were cut had t
thruster assembly was inserted and glued in plEue.
aluminium flange was then produced and glued in
place. To increase the strength of the fins and
prepare them for the strengthening fiberglass fitie
are coated with U-POL, a polyfiller type producher
inside of the fins can be partially hollowed outfzis

The SHARC will also be fitted with a solid state
ccelerometer and rate gyroscope. These will allow
%e forward velocity and yaw of the vehicle to be
measured. These parameters will be fed to the main
control system and along with the vision system are
vital elements for the control strategy implemented



The CMUcams are positioned such that they detect th

Square wave I)rlver.l

uprights of the validation gate. This method is
40khz R = ' 1)) necessary due to the dimensions of the validataia g
e and the field of view of the single camera. The

PRSI distance to the validation gate can also be obdadse
Filter the dimensions of the gate are known; the apparent
- Amplifier [~ Q \! size of the target can be related to the distarma f
Becotver the object. The CMUcam will be able to determine th
- . centre coordinates of the detected uprights by
Temparabuge searching for orange ‘blobs’. The cameras can be
b aligned so that the images ‘meet’ and a larged fidl
Objoct Bistagsa view can be created, as demonstrated by Figure 15.
The breadth of the target (in pixels) is calculatad
Spsion Bus related to the 3m’s, creating a photo scale. Thént
= allows for the distance D1 to be calculated. Ughngy
distances D1 and D2 and utilising simple trigonasnet
Figure 13: Ultrasonic obstacle avoidance the heading angle to the target can be found.

3.6 Head & Vision System

The aim of the vision system is to successfully
identify the underwater targets and provide pathef
necessary navigation information to the control
algorithms within the main control system.

The vehicle is equipped with one USB and two

Centre of the
two images

P @ ooccccccene

CMUcam2+ cameras. By utilising the CMUcam2+ we

can take advantage of the on board image processin Centre of
abilities and reduce the processing strain on the gate
embedded Linux single board computer. The captured

and processed images will provide heading va

information relating the vehicle’s present heading Range| ® / D3- Figure 2
(vehicle based frame of reference) to the acquired D2 9 Slant

target i.e. the validation gate. In order to reldtss Rang
heading angle to an Earth based frame of refertmece

information will have to be combined with data from Heading

the on board rate gyros. \ Angle

The cameras will be housed at the front of thealehi
contained within a perspex head and arranged in t

configuration shown in Figure 14.

3m

2.5m

VALIDATION GATE

CMUcam 1 CMUcam 2
USBcam

Figure 14: Positioning of cameras
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Figure 15: Combination of camera views

t}%e image processing algorithms will be developed
within a C programming environment. Preliminary

research and development was carried out using
MATLAB. However due to restrictions on the

portability of MATLAB standalone applications

within an embedded system this possibility was
rejected.

The USB camera will use servos to position the
camera +90° from the forward looking position. This

system will be used to locate the contrasting cross
situated at the bottom of the tank. Using the USB
camera provides a higher resolution image and a
greater likelihood of detecting the target. The

CMUcams both draw 200mA’s each. When not in use
the cameras will be put into a ‘sleep mode’ to save
power.

The surfacing gate will be detected by positiortime
USB cam to the +90° position. Information relatiog
the octagonal target will be derived from the webca
image while being fused with information from the
acoustic beacon associated with the target.



3.7 Guidance and Navigation Control System

The GNCS controls the manoeuvring capability of th
SHARC. The control of the motion in heading an

depth, as well as regulating the speed of the lehi
achieved through 3 single input, single output (BIS
control loops, as shown in Figure 16.

Vision
System

4h

n
e v |

rd

Depth
Control

.>

Thruster
Control

Thruster‘>

S
)

Control

Heading

SHARC

Propul.
Logic

Speed
Control

Undulation Displacement SegmerfUDS).  For
forward motion the area of the UDS on each side of

0Fne central line of the SHARC is the same.

In order to ensure that the SHARC is moving at the
desired forward osurge speed (), the actual speed
of the vehicle () is measured and compared with the
desired propulsion rate. This produces an ergnadi
(4u = uq4 — u) which is used by the speed controller to
drive the actual speed towards the desired spegd an
thus minimise the error. The speed controller
generates a commanded beat frequency for thdjail (
and the structure of the controller is based oimals
PID controller [Frankinet al (1991), Duttonet al
(2997)]:

ddu

fu =K ppdu+Kp [ dudtK g S22 (19)

With suitable values chosen for the controller gain
this control scheme is able to control the freqyenic
undulation of the tail and thus regulate the surge
velocity of the vehicle. The frequency of undwati

is used by the tail controller to determine the ioot

of each motor in the tail.

3.7.2 Heading Control

Figure 16: Guidance and Navigation Control SystenThe heading control system regulates the manoegvrin
Diagram

The three loops control the heading and speed ghroudiscussed

capability of the SHARC by manipulating the
deflection of the tail while it is undulating. As
in Section 3.7.1, the undulating tail

the force produced by the tailY and the depth produces an UDS that generates the propulsivetthrus

through the resultant thrusters’ force)( Each of for the vehicle.

these is discussed in the following sections.

3.7.1 Propulsion Control

If this UDS is deflected awayrfro
the centre line of the vehicle, then the forceseanh
side of the SHARC are unbalanced. This resuli in
turning moment that can be used to manoeuvre the
vehicle and thus change its heading. The amount tha

The propulsion or speed control system determines ty, yps is deflected from the balanced centre line
beat frequency of the SHARC's tail

(2003)].

It follows that if the frequency is highen
the undulation of the tail will be fast. This réisun a

greater propulsive force. For constant forwardiamt 4cfiaction on the yawing moment of the SHARC.
in surge the tail will displace an equal amounivater

[Alexanderyetermines the amount of turning that the tail can

generate. Port and Starboard manoeuvres are

illustrated in Figure 18, showing the effect of thBS

on eaqh side of_|ts body (see F|gur.e 17 for Al this casedd is the deflection of the UDS and it is
illustration). This _ balanced deflection ensure%enerated by the heading controller as shown in
constant forward motion. Figure 16. The heading controller produces this

resultant deflection based on the comparison of the desired

populsion  heading angle () and the actual heading of the
= force vehicle ). The comparison generates the heading
//,/// error Ay = yy — ) which is used in the heading
- -/;// controller calculation as shown in Equation (20)
C'{EL'E ________ N . =)  below.
“ “———\\1\;\\ AH=KpAz/J+KiIA¢dt+Kdﬂ (20)
AN
uDs ~

With the selection of appropriate gains for thiDPI
structure, the controller generates a deflection
command that minimises the heading error and thus
drives the actual heading toward the desired hgadin
This provides the necessary manoeuvring capaldlity
The resulting undulation creates a wedge of movémethe SHARC.

around the tail. This wedge is referred to the

Figure 17: Forward Motion Using Undulation
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resultant

4. CONCLUSIONS

resultant /,// prig?clzlm The SHARC vehicle has been designed to be a
%2";'}22( ///]/ v functional craft constructed from low cost, readily
/7 P W available materials that proves the viability of
__:::;((\ = 16 biomimetic propulsion systems for AUV’s. Whilst
<" ----- S being constructed primarily for the first DSTL SAUC
Ry e— eS| E competition, the modular design of the mechanical
\w /‘ and electronic systems within the craft allow fasg
Ubs upgrades and modifications. It is intended to be a

platform which can be used to investigate and
optimize all aspects of fish-tail biomimetic AUV'’s
including propulsion, navigation and guidance and
control. Imitation of a shark at a length of around
1.75m provides sufficient capacity for a largerlpag
than most robotic fish prototypes developed to .date
This increases the versatility and adaptabilitythoeé
SHARC.

UDS

Overall, the development of the SHARC has provided
the team at the University of Glasgow with the
experience and a knowledge-base that gives a solid
foundation for future work on AUV’s, both
biomimetic and conventional, which can also be
applied to participation in future SAUC-E challesge

resultant \
yawing \

NN\
mo ment \\\\ resultant

\y\/ propulsior
force

(b) Port Yawing Manoeuvre

Figure 18: UDS Deflection for Yawing Manoeuvres ACKNOWLEDGEMENTS
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