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KRAKEN, the Kinematically Roving Autonomously Kontrolled Electro-Nautic, is an
autonomous underwater vehicle (AUV) designed by a team of undergraduate aerospace
engineering students at the University ofColorado at Boulder. The vehicle is designed to
compete in the 11 Annual AUV student competition, which is sponsored by AUVSI (the
Association for Unmanned Vehicle Systems International). The vehicle incorporates Vortex
Ring Thrusters (VRTSs)*, which are bio-inspired thrusters previously designed by Professor
Mohseni and his graduate students at the University of Coloramlat Boulder. The VRTSs,
which mimic the propulsive mechanismof squids,can propel the vehicle laterally and allow
it to execute zereradius yaw rotation while maintaining a low external profile with minimal
drag. While many competitors use boyxshaped designss a result of their inherit advantages
in low speed maneuvering, theevehicles are limited to short duration and distance missins
which require a support ship. KRAKEN is a torpedo-shaped vehiclewithout control
surfacesthat can move at high speeds while still being able to execute precise maneuvers
with the VRTs. This combination of abilities isdesirable in AUV networks as it enables
rapid deployment and precise maneuvering for autonomous missions such as mine finding,
pipeline inspections, and scientific research In addition to the thrusters, the vehicle has a
suite of onboard sensors to determine its relative position, velocity, and attitude.This
information is used in conjunction with a customized image recognition system to
autonomously traverse an underwatercourse designed to exercise the novel technologies and
abilities of the vehicle. An embedded LabVIEW system processes this information and
provides autonomy and closedoop feedback control capabilities. The design phase of this
vehicle was completed irthe fall of 2007. Fabrication and testing are currently underway,
and thecurrent vehicledesignis scheduled to be completeth May 2008.

Nomenclature

AUV = Autonomous Underwater Vehicle

AUVSI = Autonomous Unmanned Vehicles Systems International
CommctRIO = Compact Reconfigurable 1/0

Cu = University of Coloradat Boulder

CVsS = Compact Vision System

HSV = Hue, Saturation, Value

IMU = Inertial Measurement Unit

IR = Image Recognition

LabVIEW = Laboratory Virtual Instrumentation Enginagg Workbench
MATLAB = Matrix Laboratory

NI = National Instruments

PD = Proportional Derivative

PID = Proportional Integral Derivative

RGB = Red, Green, Blue

TRANSDEC = Transducer Evaluation Center

VRT = Vortex Ring Thruster
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I. Introduction

The Kinematically Roving Autonomously Kontrolled Electdautic (KRAKEN) project is an undergraduate
senior capstone project for a team of 10 aerospace engmextudentsat the University of Colorado at Boulder
(CU). The goal oKRAKEN is to design, bild, verify, andtest afully autonomous underwater vehicle capable of
completinga designated mission. The mission, detailed below, is inspired nthelAutonomous Unmanned
Vehicle Systems International (AUVSI) autonomous underwater vehicle (AUMEest competitionhenceforth
referred to agthe competition). The intent is for the vehicl® competen the 11th annual competition to be held
in San Diego, @liforniain July 2008.

CU has a history of designing and building unmanned underwatede®lfi¢UVs) with the development of the
Hydrobuff, RAV?, and CALAMAR-E* vehicles(these were previous senior projectsfach of these vehicles
advanced the technologies of sealing, maneuvering, and propulsion. KRAKEN is the first CU underwater vehicle to
introduce autonomy and closémbp feedback control.

The design of KRAKEN(Figure 1) is

unique in its implemeation of closedoop Forward P
feedback control, autonomousehavior,and Camera \
bio-inspired thrusters developed at CUhe A < \RTs

advantage of this unique combination is
vehicle ofa favorable shape factor (torpedo
shaped) with the ability to accurately

maneuver at low speed This is different

from most torpedehaped vehicles where
control surfaces are used to maneuver, but
low speedsheycannot generate the necessar

(Lateral & Yaw)

/

Vertical Thrusters
(Ascent and Descent)

. S o Downward
forces. This combination of abilities enables Camera Rear Thruster o
KRAKEN to operate for extended periods of (Forward and Reverse)
time, cover large ranges, and perform Figure 1. KRAKEN Design

precision control maneuvers for tasks such ...

tracking and docking.Within the constraints of the mission and course requirements sletbiprtheaerospace
engineeringdepartment, the team has developed a versatile vehiclefthailt as designedTablel1), will meet all

of the requirementsThis manuscript is organized to demonstrate the mission goals, discuss the 3 major subsystems
(mechanical, electrical and software), and finish with conclusions and current prodgfessthe purpose of
maintaining a competitive advantage some elements ofebigrdare left purposely vague in thdiscussion

Table 1. KRAKEN Specifications

Quick Facts

Mass 37.6kg

Length 1.45m

Diameter 0.202 m

L/D 6.04

Thrusters 4-VVRT, 3-Sedotix
Control 5 DOF PD
Central Processor NI cRIO

Image Processor NI CVS

Software LabVIEW
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[I. Mission

In order to meet the scheduling and course constraints of the undergraduate curtfmili@am has adopted a
primary mission to display the novel technologibat is separate from the competition. The planned tasks
inspired by the 1 annualcompetition with the intent of allowing the team to make changes between the end of the
course and the beginning of the™annual competition. These changes would alloes tdam to complete a
majority of the tasks in the competition to be held July 28, 2008 to August 3, 2008 at the TRANSDEC Navel
Weapons Facility in San Diego, Californid:he mission created for the course is displayed bekigu(e 2) with
descriptions oftie major components and how they relate to the competition.

Octagon
15.25cm,
_ g
Gate Buoy /\ Ve,
Lo L “Pipeline” Segments ~

. r

DOCK

Figure 2: Nominal Mission Course

A. Dock Preparation

The vehicle will be prepadefor its 15 minute mission on the dock. In preparatitiarged batteries and ballast
will be installed the electronics moduleill be powered on anéhstalled,and the initialization of th€PU will be
monitored The vehicle will then be assembled as@led. This process must be completed in less than 5 minutes
per a requirement This portion of the mission is designed to demonstrate the ability of rapid deployment from a
ship or dock. Additionally, the 5 minute time requirement meets competiiodards.

B. Deployment

The vehicle will then be placed in the pool with all motors off via a kill switch located on the rear of the vehicle.
Divers in the pool will roll the vehicle in order to flood the VRT ports. This step is not required, but increases
performancé Finally the vehicle will be pointed toward it& @bjective and the kill switch will be deactivated to
allow the vehicle to begin powering its thrustefghis deployment method mimics the deployment of vehicles by
Navy divers at the compigion.

C. Underwater Gate

A gate will be placed underwater such that the cross pdisb&i30cmbelow the surface of the podlrhe
vehicle will use a forward pointing camera to detect and locaté‘itsbective. The vehicle will then propel itself
forward while maintaining a heading through the gate. This task demonstrates theéedbdiey to autonomously
maintain a desired heading through a confined space. This obstacle diffetadrbifi annual competition only in
depth that it is submerged. hit difference exists as a result of the lackeddily available4.9mdeep podi for
testing

D. Underwater Buoy

A red buoy will be placeélcmbelow the surfacef the pool The vehicle will approach the buoy at a low
velocity and strike it gently. Thigsk demonstrates the ability of the vehicle to autonomously dock at slow speeds,
so as to not damage the dock or the vehiclhis mimics a task in tr@mpetitionwith the excepion that the buoy
blinks at a modulated frequency for the competition anddated at a depth df3m The nominal mission differs
as a result of availability of a deep pool and the simplicity of ablimking device.
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E. Under water #APipelineo
Three identical rectangles will be affixed at a deptii.@2mto mimic a pipeline. The vehicle will detect the
shapes using a downward pointing camera and then follolindheegments This task demonstrat
ability to autonomously seardbr and follow a path.Additionally, this task mimics a congiition task of following
6 line segments of the same color and dimensi®milar to the buoy and gate, this task is located at a different
depth than the line segments in the competition.

F. Underwater Target

The vehicle will follow the pipeline to a spéed target. At the target the vehicle will maintain station for a
pre-determinedength oftime to demonstrate its ability to locate and observe a target. This capability is critical in
the demonstration of using autonomous vehicles for remote resaacclobservation. This task mimics the
competitiontask of finding a targeof identical dimension and col@nd deploying anarkerin a bin. This task
differs only in the deployment of the marker. As a result of course constraints the marker depgygteantwas
de-scoped for this year with the intention of developing it in a following year.

G. Surfacing

The vehicle will be able to ascend through a hexagon floating on the water. This hexagon will be identical to
AUVSI standards for the f0annual comptition. The purpose of the task is to demonstrate the ability of an
autonomous vehicle to surface in a specified location for easy retrieVhls objective is identical to the
competition.

lll.  Mechanical Subsystem
The mechanical subsystem is responsibtgfopelling the vehicle, maintaining structural integrity at depths up
to 4.27m, keeping the electronics safe, and providing transparent sections to accommodate the image recognition
system. In addition, it is desirable for the subsystem to minimize, dreximize heat rejection, reduce
manufacturing time, and accommodate rapid deployment. The KRAKEN mechanical design is the result of a 3
month design process that included prototypes and both simple and complex analysis.

A. Hull

One of the first steps in the desigr
processwas determining the basic shape of
the hull. The primary considerations were
easy access, reliable sealing, ease
manufacturing, and hydrodynamicsMany
designs, including creative new ones such ¢
a doughnut shaped vehicle, as well a
previous AUVSI competitor designs were
considered. Because
VRT technology itis possible to use a
streamlined, symmetric shape and still b
capableof zeroradius yaw rotation as well as /
horizontal translation. The resulting body \
shapds a cylindrical design with cubuts for )
the vertical thrusters as well as protrusiols
for the VRTs. The tubks split into three sectionseeFigure3) which can easily be separated to allow access to the
components inside. Hydrodynamic modeling of the vehicle using the Powerflow flow simulator showed that it was
not necessarto incorporate a rounded nosecap; thus, the bow and stern of the subananaele flat because of
the ease of machining as well as the necessity for a forward looking camera.

Figure 3: Hull Sections with Sealing Rings
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B. Sealing

For improved accessibility armsninepomts of enfry thatmus lgerfitetd i o n ,
with removable seals: the front and back endcaps, the interfaces between the three hull sections, the bottom window
for the downward facing camera, and the seals around the four VRTs. Thesesmtombinatiorof gaskets and
o-rings to seal each of these. Between the three hull sectigmsgestyle seals using redundantiags placed in
interrings (shown irFigure 3) effectively seal while enabling the parts to be easily separdted.the face seals
(VRT ports, window, and endcaps) where the seals do not need to be easily removableagaseds In addition
to these seals, waterproof connectors are used frhaty the pressure sensor and kill switch and for the power
linesto the external SeaBotix thrusterélso, several parts of the vehicle (VRT and thru hull ports) were sealed by
welding.

C. Propulsion

KRAKEN will have active control of 5 of the 6 degrees of freedom: motion in X, Y, Z, aatiao in pitch (q)
and yaw (r). Figured shows thed c at i on of t h e ForgaW rotatlorss @swelt als low speed latsral
motion, devices known as Vortex Ring Thrusters (VRTs) will be used. These devices have been developed at the
University of Colorado at Boulder by Professor Kamran Mohseui his graduate student Michaelig¢f. They
can be used for lowpeed maneuvering and docking of torpstaped underwater vehicles. As the device is
contained within the body of the vehicle, the low
drag characteristics of the torpeslbape are
retaired. The VRTs are inspired by the
propulsion methods of cephalopods and jellyfish.
These creatures use a cavity that periodically takes
in fluid and then emits the fluid as a jet. The VRT
thrustproducing technique mimics this method. w,r v
These devices wilbe mounted horizontally on
the four corners of the vehicle, such that if two on
the same side (i.e,® T,4) are fired the vehicle will be able to translate laterally (v), while if thrusters at opposite
corners are fired (i.e.,®& Ts) the vehicle will ke able to rotate in the yaw (r) direction.

For propeller thrusters, the vehicle usesBRdix SBT151 thrusters. For vertical motion, two cylindrical tubes,
called througkhulls, are mounted vertically through the front and back hull sections. The propeller thrasters
attached within these througiulls to allow for vertical propulsion without significantly affecting the forward drag
properties. As the vehicle will be at leash%. positively buoyant, the vertical thrusters will constantly be used to
keep the vehicle submerged unless the vehicle is performing a surfacing maneuveBoxSBT151 thrusteis
alsoused on the back of the vehicle for forward propulsion. Thisstar will be mounted sufficiently far away
from the back plate of the vehicle to allow for steady flow into the propeller. The thruster will also be capable of
reverse operation to allow for backward motion and braking operations.

Figure 4: Thruster Locations as Viewed from Above

IV. Electrical Subsystem
The electrical subsystem is the interface between the software and mechanical subsystems. To meet the goals
of the project the electrical subsysthasto provide the necessary power to operate the various thrasehasto
choose the necessary sestwr gather the information requiréat autonomy and control The desigris drivento
meet the requirements from alle subsystems as well as reduce weightvolume,and cost while maximzing
reliability andease ofntegration The current desigrshown below irFigure5, reflects extensive trade studies and
utilizes donated hardware to meet or exceed all requirements while providing a robust electronios. platfor
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Figure 5: Electronics Diagram Divided By Hull Section

A. Main Processor

The primary processing is handled by the National Instruments CompactRIO (cRIO) shdvigune 6. This
will handle all the high level control including autonomy and motor control.

The CompactRIO is a novel technology in the competitic -
as the majority of teams use nembedded systemsinning
desktop operating systems such as Windows or Linux to con
their vehicles The CompactRIO is more rugged, smaller, ar
designed for the purpose of rdéahe data acquisitianlt also has
the added benefit of running LabVIEW, which is optinfiet
integrating with sensors and actuators.

The CompactRIO has a chassis for National Instruments
series input/output modulesDigital sensor inputs and motor
commungation over iC are handled by digital input/output
module, whereas other sensors such as temperatatdeak
detectorsare read througln analog input module The cRIO also has a serial port for interfacing with-Z82
devices such as thifigital compassand an Ethernet port to communicate with a host computer and other embedded
modules.

Figure 6: Main Processor- National
Instruments CompactRIO

B. Compact Vision Module

The image recognition of theehicleis made possible by the Compact Vision System (C¥S)omponent
donated by National InstrumentsThe C/S uses three IEEE 139&ireWire) ports to connectith up to 16
cameras A reaktime version of LabVIEW quickly processes the video and then sends the results to the
CompactRIO via EthernetA serial port is also available for general digital I/O, endrything is integrated to form
a compact and rugged devic&he CVS allows the current image recognition algorithms to run faster than the
maximum framerates of the connected cameras.

C. Power
To provide ample power t o tttery pagke las lmeknedésgned. oTmpeentleen t s |
mass and size limitations, lithium polymer batteries were chosen. These packs maximize the use of internal space

with eight individual cellghat can be formed into packs with the necessary shape factoiirttw fthe hull of the
6
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vehicle The 10Ah packs can provide as much as a 50A drain rate. Eight cells provide the required 28V. Due to the

unstable nature of this type of battery, monitoring circuitas been implementad protect the batteries from
exces temperature, overcharge, overdischarge, overdrairtpdradancehevoltagein eachcell.

D. Inertial Measurement Unit (IMU)

To measurdinear accelerations and anguleatesin the primary body axes for relative attitude and location

determination, an IM was chosenThe Avidyne IMU was chosen because it was loaned (frgn) to the project
and meets all requirementslt is an aircraft grade IMU thagxceeds accurackequirements,is temperature

compensatedand precalibrated. Alternative sensors @ensor combinations were considered but the zero cost and

quality of the Avidyne IMU made it a natural choice.

The IMU consists of three aircrajtade MEMS angular rate sensors as well as three MEMS accelerometers

An onboard processor within the IMU reads in the sensor data and applies temperature, bias, and scale factor

calibration, and theit outputs the accelerations and angular rates in engineering unisR8&32 serial port.

E. Digital Compass

The magneticcompass will be used to obtain a relative heading and attitude for navigation purposes.

Honeywell HMR3000 compass was chosen becauseassiste use and communicate wiéimdgives pitch and roll

The

in addition to heading. Also, this compass comesrinenclosure with a serial port for easy integration and

mounting. The sensor allows for accuracy better than 0.5° and a wide tilt range4gf°+ This sensor is redundant

in attitude to the IMU andanbe used to confirm data during testing. Additittyy the attitude of the vehiclean
still be determined in the event of a failure in the IMU.

F. Depth Sensor
To evaluate the depth of the vehicle a pressure sensor was chosen. Depth detemaimad@valuatedrom

the bottom of a pool or the top ofetlsurface Mass and cost constraints limited the team to choose a pressure sensor

and evaluate depth below the water surfat@e Honeywell LMBJ has al03 kParange and yields an effective

accuracy of jusbver 5centimeters This gives an accuracy ohe quarter of the hull radius (+0.025 radius
meter$, which is sufficient for even the most critical portions of the mission.

G. Vehicle Safety

Because theehicleis fully autonomous, a safety systdras beemlesigned to increase safety for diversusih
the vehicleand to mitigate possible damage to the internal compandiite safety system detects leakgernal
temperatur e, and an input from a #Akil!/l switch, o
motors when depressed.

The leak sensor is custom built the teamand usethe conductive properties of water to trigger a warniiag
ananalog input The temperature sensor is a simple, low cost LM35 temperati@grated circuit A warning is

triggered when a certain temperature is exceeded for a few secthdtiple leak and temperature sensors are

placed in strategic locations fearliest possible failure detection.

whi

The safety system interfaces directly with thehicled s power distribution, and i

to the entire vehicle Additionally, the power distributio was designed to be waterproof dacprevent interaction
betweenwater and electricity once triggered.

V. Software
The softwaresubsystem is the link between the sensors and the actuators on the vehiulstréceive and
integrate sensor data, use this data to determine the necessary mdt@onaifitle based on the missioinjectives
and control vehicle actuation Additionally, the software shoulticilitate testing log data,andimplement safety
procedures These goals roughly translate to the majamsystem components: a status deteatian system, an
image recognition (IR) system, an autonomy system, and a control system. ShguréY is an overview of the
softwaresystem and its hardwareténfaces.
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A. Programming Language

The KRAKEN software is novel in
both implementation and design. LabVIEW
was selected as the primary implementation
language. The LabVIEW platform was
chosen over an embedded Windows or
Linux distribution (with software written in
C, C++, and/oMATLAB ) because it easily
integrates with the available donated
hardware, has a small learning curve, and
has a sensegriented design. The use of
LabVIEW as the primary programming

language is unique for a vehicle that is
competing in the competition. Figure 7: High Level Software Overview

B. Status Deermination

Status determination is the link between the sensors and the autonomy sofferser datas processed and
combina into a useful status vector, which the autonsygtemw i | | use to determine the v
action based on @ actions and the current stat@he first responsibility of this subsystem is collecting sensor
data; this is accomplished through drivers for each component. Dhagesbeerwritten for all sensors, ranging
from the IMU anddigital compasswhich ug serial adaptors, to the temperature IC and pressure sensor, which
require analog inputs. The second responsibility is sensor mixing. Because the sensors provide redundant
information about the vehicl eds sdndotpeoduceithe mossaccardtey ant ag
information possible For instance, Euler angles are provided by the digital compass and can also be found by
integrating the angular rates from the IMWJ by comparing the accelerometer measurements to the gravity vector
for pitch and roll Several algorithms implementing this sensor blending have been researched, including a Kalman
filter, a weighted sequential least squares algorithm, and a weighted mean algorithm. The final selected design uses
a weighted mean algoritty because it is simple to design and implemefitmore complicated algorithm would
add significant complexity with no useful increase in accuraiye system currently integrates the magnetometer
and | MU to deter mi ne t hendVRetdhdeterinieefpssitian.t Ih total,uhis systermoditputsh e | M
the vehiclebds attitude, position, velocity, accel erati

C. Image Recognition

Another critical part of ftyhte detect &nd ddteening thebsitioncand onal i t
orientation of objects in the pool. The three mission critical objects are: the red buoy, the orange pipelwe, and t
black and white target box.

Theimage recognitioodeis written in LabVIEW anduns on lhe Compact Vision Syste(@VS). Two color
FireWire camera are connected to the CV® recordsimages, which are theprocessed to look for the desired
objects. The processing of each object is unique, but all follow a few basic steps. First, the sniiggnesformed
from a color image to a grayscale image by extracting the most useful layer in the RGB or HSV coloiTggace.
image is then adjusted to further separate the desired object from the background by changing the contrast or
brightness. Threshdding converts the image to a binary form, and a genetat i applied to remove unwadte
noise. More specific filtersare then applied to further differentiate the desired target from false ohles.
orientation, size, and location with respecttie tenter of the camera of the remaining objects are then returned to
the sensor blending cod&.he system is able to provide approximate-watld units based on the current vehicle
depth and the depth of the objecihe frame rate of the camera (H3) limits the image processing speeshown
below(Figure8) areexample of processed imagdor the target box and the pipeline.
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