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Abstract:

This project dealswith the designand
construction of an autonomouscar able
to video map an unknown room. The
main issuesare analysis of the optimal
way to dimensionand map a room, de-
sign and construction of the car, and
designinga cortroller for the car.

The analysis is based on nding the
best suited robot for mapping the
room, and how to optimize the use of
a spy cam in accordanceto making a
complete video map of the room.

The car is designedto weight lessthat
500 g and to be able to estimate the
dimensionsof the room. In the design
ofthe caratilting devicefor the camera
has been made to get full use of the
camerasvertical view angle.

Two conrollers for the car have been
designed. One model-based and one
nonmodel-based. Both use the clas-
sic cortrol theory, but two dier-

ent design methods have been used.
Root-Locus for the model-based and
Ziegler-Nidchols for the nonmodel-based
cortroller.  Their performances have
been compared and the nonmodel-
based cortroller had the best perfor-
mance of the two.

The nonmodel-based cortroller can
only be used for simulations though,
while the model based controller can
be usedfor implementation.







Preface

This report, dealingwith autonomousrobotics, is documertation of the work
of group 1032d,doing a master thesison Intelligent Autonomous Systemin
cortrol engineeringatAalborg University. The report is written as a part
of the Civil Engineereducation (M.Sc.). The project work took place from
Septenber 4th 2006to August 13th 2007, with Anders la Cour-Harbo as
supervisor.

The report is divided in two parts; the main report and the appendix. The
main report has six chapters: Chapter one descriles the project and out-
line the problem formulation. Chapter two analyseour expectationsto the
project and the car, resulting in a speci cation of requiremens and an ac-
cepttest speci cation. Chapter three discusseshe hardware systemand its
componerts. Chapter four discusseghe dewlopmen of a cortroller. Chap-
ter v e and six endsthe main report with a discussionand a conclusionof
the project.

Citations throughout the report are indicated by author, year and optional
pageor chapter, e.g. [Serwey & Beichner, 200Q page194].

The enclosedCD cortains the report in PDF, the Matlab sourcecode, and
datasheetsincludedin the literature list.

Kristian Borup Pedersen Thore Swejgaard Wienike
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Chapter 1

In tro duction

Contents

1.1 Motiv ation . . . .. .. ..

1.2 Project Survey . . ... .. . .. ...

1.2.1 International Aerial Robotics Competition . . . . . 2
1.2.2 Main Topicsin Relatonto IARC . . . . . ... .. 4
1.3 Project Delimitation . ... ... ......... 6
1.3.1 RobotChosen. .. ... ............... 6
1.3.2 Room limitations . . . . .. ... ... ....... 6
1.4 Problem Formulation . . ... ........... 8

In everydaylife, the use of rolots is increasing. Both consumersand the
industry call for this evolution, which also increase the demand for more
advan&d rolots. To meet thesedemands,large investments,in developing
new more advane&d rolots, are made

[The Danish Ministry of Scien@, Technolayy and Develogment, 2004.

The rolots develogd today are, by many, considered to have some sort of
intelligence. For this to be true the rolots will, at least, haveto be autonomous
and havecognitive capabilities.

This project is basel on developingan autonomousrolot. The main purpose
is to make a video map of a room. The rolot develogd is a car, which is
designé and constructed speci ¢ ally for usein this project.



1.1 Motiv ation

What do we do if we want to seeplaceswe cannot, or will not, goto? Places
that may be dangerousfor humansto enter or placeswhere other humans
are causinga threat?

Onething to dois to sendarobot with an on-board camerato Im the place.
This robot can be cortrolled remotely or maybe ewven better, drive around
autonomouslymapping the areain question.

The motivation for this project is basedon thoughts sud as these. More
speci cally an examplescenarioof sud a situation is usedto help de ne the
perspective of the project.

Assciation for Unmanned Vehicle SystemsInternational (AUVSI) has a
competition in creating autonomousvehicles. And for a part of this com-
petition three example missionsare created. One, a hostagerescue,two, a
nuclear power plant melt down, and three, a biological disaster. The compe-
tition is called International Aereal Robots Competiotion (IAR C). The idea
and rules of IARC will be usedin this project.

1.2 Project Survey

This section is divided into two parts, the rst describinglARC, and the
seconddescribingthe main topics of the project in relation to IARC.

1.2.1 International Aerial Rob otics Comp etition

IARC is a competition in designingand constructing autonomousvehicles
that are able to sensethe surrounding ervironmert. It is divided into four
levels of completion. The rst two levels are carried out by en autonomous
helicopter, carrying the car from this project. Level one and the rst part
of level two are illustrated in the left part of Figure 1.1. The helicopter has
to y from its start position to a cluster of buildings. This is a ight of
appraximately three kilometers. When the buildings are located it hasto
nd a specic building marked with the competition logo.

The nal part of level two to prime level three is showvn in the right side
in Figure 1.1. Once the building is found, the car has to be sendinto a
room through a window in the building in order to commenceits mapping
procedure.

For the car to be eligible for the competition there are rules and boundaries
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Level 1

Level 2

Figure 1.1: To complete level one, the autonomous heli-
copterhasto y from the ground station to the town. Within

the town it hasto nd a speci ¢, marked, houseto complete
level two. The last part of level two is sendingthe car into
the house,through a window. Level three is completedwhen
the ertire room is mapped and either video or pictures of the
ertire room is sendbadk to the ground station.



which it will have to comply with. It must

1. befully autonomous.
2. not be independen of the helicopterto completethe competition.

3. belauncdhed through a window from the ground or air under command
of the helicopter.

4. y or be carried the 3 km to the cluster of buildings.
5. be started beforethe helicopter is corverted to automatic cortrol.

6. be ableto map the room in lessthan 15 minutes.

The third level has three di erent scenarios,the rst mission example is
\Hostage Rescue",the secondmission exampleis \Nuclear Disaster”, and
the third and last is \Biological Emergency"! This is the level the car is
participating in. In \Hostage Rescue"the car hasto provide pictures of the
hostagesand their captorsasfast aspossible. The \Nuclear Disaster" mission
is about a nuclearreactor that hasexploded, and pictures of the position of
gaugesand switchesof the main cortrol panelis wanted, to seeif thereis an
explanation on why the reactor exploded. \Biological Emergency"is about
an excavation of a mausoleum,wherethe archaeologistsgot ill and died. To
get cortrol over the epidemicpictures of inscriptions on the walls inside the
mausoleumis wanted.

1.2.2 Main Topics in Relation to IAR C

The main topics of this project are path planning, hardware design and
cortroller design. The cortroller designincludessimulations of the cortroller
and the behavior of the carin a room.

Path Planning

The path planing are part of what makesthe robot autonomous. The path
plan should descrite the wanted behavior of the robot. The actual behavior
will be basedon the robot making a video map of a room in either of the
three scenarios.That is, getting a clear view of the walls and whatewer, and
whoeer are inside the room. To do this the robot will needto learn the size

The competition rules can be found on the homepage:
http://a vdil.gtri.gatech.edu/A UVS/Curren tIAR C/200xCollegiateRules.html
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and shape of the room and usetheseto determinea way to get a video map
of the ertire room.

The only thing known about the room is that it should be an o ce-lik e
room, accordingto IARC. This meansthat, besidesbeing of unknown size
and shape, it can cortain other obstaclesaswell. Thesecan for instancebe
doors, furniture, and stairs leading upwards and/or downwards. Sinceit is
ano ce-lik eroomit is assumedhat the o or is a plain even surface,and the
walls are high enoughfor humansto walk upright. To have a usefulroom it

hasto have a certain size,thereforeit is chosenthat the sizeis not lessthan
2 2 m. Furthermore most roomsare rectangularroomsor the like with 90

open and closedcorners.

Hardw are Design

One of the aspectsin IARC is that the robot is a subvehicle. This means
that it hasto betransported by another autonomousvehicle,an aerial robot.

This calls for considerationsof the robot weight and sizein addition to how
it hasto move around and how it shall make and transmit the video map to

the other vehicle.

As shown in right side of Figure 1.1, the subvehicle is dropped through a
window, which addsconsiderationsof sustaininghitting the ground from the
height of a window. We assumefrom previouswork in the Unmaned Aerial
Vehicle lab that the robot is dropped from a rail under the helicopter, and
canimpact the o orin di erent distancesfrom the wall with the window, as
shawvn in Figure 1.2.

Controller design

The path algorithms are part of what makes the robot autonomous, and
the foundation of the robots movemen. A path using feedba& cortrol will
probably work well becauset enablesfollowing a wall at a certain distance.
This can be usedwhen determining the size and shape of the room. Feed
forward might be usedto avoid obstaclesdueto its simplestructure. Usinga
controller opensup for the possibility to seeif it cancompensatefor the errors
the feedforward algorithms introduces. When the cortroller is designedits
performancewill be simulated, to seehow well it performs, and how it will
react on di erent obstacles.



Figure 1.2: The robot is dropped from the helicoptervia a
rail through the window.

1.3 Project Delimitation

The limitations are split into two parts, the rst concerningthe robot, and
the secondconcerningthe room. There are two typesof limitations in this
project, the kind of robot considered,and of the room the robot is ertering.

1.3.1 Robot Chosen

The chosentype of the subvehicleto completelevel threein IARC isacar.The
car is believed to be the bestway to make a video map with. An alternative
is a hovering robot that needsconstant cortrol to stay at the samepoint.
The picture quality is assumedto be better from a car that stays at the
samepoint, than from an aerial robot that reliesmore on precisemedanics,
electronicsand sensordo keepit stable at all time. A condition for using a
caris that what needsto be Imed canbe Imed from groundheight (up-tilt).

1.3.2 Room limitations

The chosenscenariois \Hostage Rescue®.
According to the rules of IARC the car is to be sendinto a room through a

2The description of the scenarios can be found on the web page:
http://a vdil.gtri.gatech.edu/A UVS/Curren tIAR C/200xCollegiateRules.html
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window. This meansthat the car will land in a random spot on the o or,
pointing in a random direction, and that it is possibleit turns upside down.
The only thing known about the room is that it is in a house.

This has to include the possibleobstaclesthat can appear. To be able to
make a clear distinction betweenthe obstaclesthat can occur in the room
and the room itself, limitations of obstaclesand assumptionsfor the roomis
made. The two issuesmertioned, obstaclesand assumption, are described
in the following two sections.

Room Obstacles

Most furniture that occursin a room has legs of a certain size. The two
obstaclesconsideredare doors and furniture legs.

The doors are consideredto have two positions only, either closedor fully
opened,in which casean open door can be consideredas a gap in the wall
and a closeddoor can be consideredas part of the wall.

Furniture legscan be from tables, chairs, sofasetc., which meansthat there
will always be four or more legsfrom ead pieceof furniture. Moreover, all
legsare consideredto be taller than the height of the car, sothat the car can
drive beneaththe furniture.

Room Assumptions

The roomiswithin ahouseandassud it canonly assumecertain dimensions.
As mertioned earlier it is an o ce-lik e room it is assumedthat the o or is
a plain ewen surface, and the walls are high enough for humans to walk
upright. To have a usefulroom it hasto have a certain size,thereforeit is
chosenthat the sizeis not lessthan 2 2 m. Furthermore most rooms are
rectangularroomsor the like with 90 openand closedcorners. We chosethe
following de nitions for the test ervironment along with the sizesof doors
and obstacles.

Shape: The room will have nothing but 90 corners. These can be both
open and closed.

Walls: All walls are ead betweentwo and six meterslong and the heigh
at least 2250 m, sothat peopleare able to walk around upright.

Furniture legs: The dimensionsof theseare appraximately 5 5 cm and
the height is more than the height of the car.

7



Doors: In Denmark the standard door width is 825 cm, which therefore
will be the width of the doors in the test ervironmert.

In Figure 1.3 someexamplesof di erent rooms are given, all of which the
car should be able to map.

5m 5m 6m
Door
2m
4 m 4 m 4 m
Door
‘ 2m 2m
Door 2m
5m 6m
T
b d -
2m -q |
4 m G = 4 m
L L 5m L

Figure 1.3: The mapping ervironmerts, with an example
of the two typesof obstaclesconsidered,door and table.

1.4 Problem Form ulation

Taking the three aspects in the previous section into consideration, the
project's main problem can be expressed:

- How can we designand construct an autonomouscar ableto senda
video map of an arbitrary room to an autonomoushelicopter, without
the use of imagerecognition and with the extra aspects that the car has
to be light enoughfor the helicopter to carry it and robustenoughin
its physi@l construction to survive the impact with the o or after being
passel throughan open window.
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243 The TestSpecication . ... ............ 38

The analysis starts with putting the project in perspective to IARC and the
delimitations chosen,and from that it de nes the expectations for the project.

Secondly the analysisis written with the perspective of the car and what it
is expected to be ableto do, and what behavior it is expected to showwhile
within the room. In this there will be consideiations on what the hardware
and what the software shoulddo and what the interfaces between the two are.

The requirement speci ¢ ation will be develogd from the considemtions con-
cerning the car. To de ne whethera requirementis met all requirementshave
to be testable.

The project expectations will be re ected in the aacept test speci ¢ ation that
endsthis chapter.
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2.1 Pro ject Exp ectations

The problem formulation states that a car has to be designedand con-
structed, to make a video map of an unknown room. But before we look
at what the car should be able to do, we will look at why the choice of
mapping vehicleis a car.

As this project useslARC level three the type of subvehiclewill have to be
chosen. To do this three principles are analysed,a xed subvehicle, which
could be part of the main vehicle or separate,a ground basedsubvehicle,
which has to be carried by the main vehicle to the room, and an aereal
subvehicle, which may either follow the main vehicle or be carried by it to
the room.

2.1.1 Fixed Position

The rst thing we analyseis the xed subvehicle. That it is xed meansthat

it is unableto move around and it will thereforeeither be at the end of a rail

attached to the helicopter or be dropped in by the helicopter. In both cases
it have to make the video map from the placeit is inserted. This method is

interesting as it is a simple solution, but as this analysiswill shav, doesit

have certain issueswhich can be di cult to overcome.

The essencef the competition is that the subvehicle hasto autonomously
map an unknown room. This meansthat it hasto Im ewerything within it,

that is getting a view good enoughto distinguish personsfrom one another,
in referenceto IARC level three, hostagerescue,descrited in section1.2.1.
Looking at a rectangularroom and a subvehiclewhich is xed to the position
it landedwhensendin by the helicopter, asshownn in the left sideillustration

in Figure 2.1, will the subvehicle be positioned up to 1:5 m from the wall.

The 1:5m is an estimation basedon the ideaof dropping the subvehiclefrom
a rail attachedto the helicopter.

Two questionsrisesto determine whether the method of usinga xed posi-
tioned subvehicleis usable,

- what is the range of the cameraand is a zoom ability needed?
- and canit handle a room of unknown shape?

Consideringthe rst question, it is likely that a zoom ability is needed. As
shawvn in the right sideillustration in Figure 2.1, and consideringthat the
room has unknown width and length, the subvehicle might not be able to
cover the ertire room without the ability to zoom.

11



Figure 2.1: Left: Possiblepositions of the subvehicle that
are unable to move around. Right: an example of a room
wherethe Iming deviceonthe subvehicleneeda zoom ability.

Consideringthe secondquestion,it become<lear after looking at two di er-
ent room shapesthat the subvehicle with xed position cannot map rooms
with one or more open corners. Two examplesof room shapesit is unable
to make a completevideo map of is illustrated in Figure 2.2.

The room to the left in the gure shows two positions of the car. The
one where the light gray conesoriginates from is a position where the car
can make a completevideo map, without having the ability to move around.
The position wherethe darker gray conesoriginatesfrom the car is a position
wherethe car is unable to make a completevideo map of the room.

Extending the room to have two open corners. The car is placedin the

position whereit, in the room with one open corner, was able to make a

completevideo map of the room. The room illustrated on the right in Figure

2.2 shows, by useof the dark gray cones,that the car in the that position is

incapableof making a completevideo map of the room, without having the

ability to move. Taking anotherlook at the illustration on the right, suggests
that the car, in this shape of room, cannothave a xed position and make a

completevideo map at the sametime.

If other obstaclesare considered,sud as furniture legs,will the video map
a ected in the sameway asit would in roomswith open corners. Depending
on wherethe subvehicleis place asrelated to the object, it could be unable
to cover what is behind the object.

2.1.2 A Car

As the subvehicle with xed position proved to be unable to make a video
map of roomswhich are not rectangular, it hasbeenchosenthat this project

12



Figure 2.2: Whether the xed subvehicle can make a com-
plete video map of the room on the left is dependen on its
position. In the room on the right the cannotin any case,as
long asit hasa xed position, make a complete video map
of the room. The light gray conesde nes a position where
the subvehicle can map the room, and the darker gray cones
indicatesthat the room cannot be mapped from that position

ewlvesaround designingand constructing a car, asthe problem formulation
states.

In table 2.1 are the advantagesand disadwantagesof choosinga car instead
of an aerealsubvehicle stated.

Advantages Disadvantages
Simpler Movemen Cortrol Robust Physical Construction Required
Simpler Design Filming From Floor Height

Is Easier Transported

Only distance SensordNeeded

A B|WIN| -

Can Sustain Impacts with the
Surrounding Environment

Table 2.1: The advantagesand disadwantages when choosing to make a
ground basedinstead of an aerealsubvehicle.

- Adv antages:

Simpler Movement Control. To move the subvehicle from onepo-
sition to another is simpler for a car, as there are lessercortrol
and fewer variablesto consider. And when reading the new po-
sition the car is easierto stabiliseasit is on the ground it can be

13



idle, while the aerealsubvehicle hasto have its cortrollers active
all the time.

Simpler Design. Asthe movemert cortrol is simpler for the car, the
designwill be simpler, aslesscomponerts and lesscortrol will be
needed.

Is Easier Transported. Both a car and another aerial subvehicle
would have to be carried by the main aerealvehicle. But consid-
ering a helicopter for the subvehicle,it would be easierto mourt
a car underneaththe main helicopter.

Only Distance Sensors Needed. A carwill only needdistancesen-
sors to orientate, whereasan aereal subvehicle would need for
instancea gyro.

Can sustain Impacts with the Surrounding Environmen t. Asthe
car hasto be able to sustain being dropped into the room by the
main helicopter, it will have some physical robustness. A heli-
copter doesnot have the samephysical robustness,and will crash
if it hits walls or objects, while within the room.

- Disadv antages:

Robust Physical Construction Required. The carwill haveto be
placedon the o orin the room, which for this project meansthat
it is sendthrough the window and dropped to the oor. This
meansthat the car's physical systemswill have to survive hitting
the oor.

Filming Form Floor Height. The car driving on the o or, which
meansthat the Iming will be donefrom o or heigh. This gives
the car a disadwantage when comparedto the aerealsubvehicle.
Whereasthe Iming canread the samevisual hight, the Iming
from the ground will do this with a larger angleand thereforehas
to be further away than the areal subvehicle. This will give a less
clearrecordingat the visual heigh.

The advantages and disadwantageswill be further discussedn section 2.2,
concerningthe expectations of the car.

Having decidedthat the subvehicle will be a car and before analysing pre-
ciselywhat abilities the car should have, an analysisof its wanted behavior
is conducted.

14



2.1.3 Considerations on Car Movements

The car hasto drive around making a video map of the ertire room. For the
car to know whenit hasmapped the ertire room, it hasto learn the sizeand
shape of the room.

To getthe room dimensionstwo methods, basedon di erent capabilities, are
considered.The di erence in the two methods is the range of which the car
is expectedto measurethe distance. In the long rangemeasuringmethod the
car is expectedto be able to measurethe distanceto all walls in the room.
In the short range measuringmethod the car is expectedto have a limited
distancecensoringrangeand to depend on nding an following the walls.

But before consideringhow the car should move around the room, it will
haveto nd out which way is up.

Determining Forw ard Direction

during its fall the car can ip and end up turning upside down. Sofor the
car to drive forwards, Iming in the intended direction, it hasto determine
which sideis up and which is down.

Long Range Measuring

This method usedong rangedistancemeasuring. Wherelong rangeis de ned
as being able to measurethe distanceto all walls, in line of sight, indepen-
dertly of where in the room the car is placed. This does not necessarily
require the car to have distance measuringdevicespointing in all direction,
asit might aswell could have the ability to rotate and thereby get all angles.

If the room hasone or more open cornersthe car may not have all the walls
within line of sigh. To compensatefor this the car will have to make more
than one measuringpoint, asillustrated on the left most room illustrations
in Figure 2.3.

There are no limit de ned for the length of the walls which meansthat the
requiredrange of the measuringdevicesis unknown and canthereforenot be
usedas a designparameteror a testable requiremer.

Short Range Measuring

The other way to nd the room dimensions,whentaking a limited measuring
rangeinto accour, is to nd a wall and drive alongsidethe walls until all
dimensionsarefound. Doing this will requirethat the car cankeepa constart

15



Figure 2.3: The measuring of the size and shape of the
room with a car that can measurethe distanceto all walls
within line of sigh.
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distance to the wall it is driving alongside. This method is illustrated in
Figure 2.4.

Figure 2.4: the carcan nd the room dimensionsby driving
alongsidethe walls.

In handling an unknown sizeroom, the short range measuringmethod may

take longerthan the long range measuringmethod, but this method ensures
that all wall lengthsare covered. The precisionof this method is alsodeemed
higher, asa deviation in anglein the long rangemeasuringmethod may result

in wrong dimensioncalculations.

2.1.4 Making a Video Map

The next thing to consideris how well the short range measuringmethod is
when consideringthat the car hasto make a video map. Figure 2.5 shavs
the coveredareain light gray, while the darker gray indicatesthe rangeand
width of the Iming.

In it self doesthe short range measuringmethod not cover the walls, and
thereby nor personsstanding againstthe wall, very well. and the certer, or
inner parts, of the rooms are not covered either.
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Figure 2.5: While the car is nding the dimensionsof the
room it also makes a video map of part of the room. Here
shown for three di erent room shapes.

18



To analyseexactly what is covered a few de nitions are needed.

Wall Coverage. The covering of the walls is in itself of no greater signi -
cance,but the covering peoplewho is positionedup againstthe walls is.
Thereforea de nition of how the walls are best covered by the Iming
is de ned. To getthe bestview of awall the Iming direction will have
to be perpendicular to the wall.

Minim um Visual Height. The visual heigh is the vertical distancefrom
the o or to the highest point that can be Imed. This upper limit
is found with basisin the averageheigh of a person,or a male, as
the averageheight of males are more than the averageheigh of fe-
males [DanesGrow Taller and Taller, 2003. The height usedis esti-
mated from the heigh of the danish people
[DanesGrow Taller and Taller, 2003. In year 2000the averageheigh
of a danish male was about 180cm. There is furthermore a tendency
which indicates that the heigh is increasingover the years. When
taking this tendency and the fact that it is averageheights, into con-
sideration the minimum Iming heigh is estimatedto be 2 m. At this
height the facesof the peoplein the room can be seen.

Covering Ranges. Theseare the maximum Iming range,which is before
the picture getsblurred due to the resolution, and the minimum Im-
ing range, which is de ned asthe horizontal distancefrom the Iming
deviceto wherethe visual height meatsthe Minimum Visual Heigh.

Thesethree factors de nes the coveragevolume and are illustrated in Figure
2.6

Continuing with the room shapesin Figure 2.5, we look at how the coverage,
during the dimensioningof the room, canbeimproved. There aretwo factors
in mapping the room, covering the walls and covering the inside of the room.

Making Use of Sweeps

While driving alongsidethe walls it canbe di cult to cover the walls, asthe
car will be too closeto the wall it is driving alongsideto get a clear view at
the height wanted. It seemseasierto get a view of the insidesof the room if
the car stopsfrom time to time and makesa sweep. That is arotation of 180
and badk. This sweepshould be performeda number of times depending on
the car's coveragevolume. This behavior is illustrated in Figure 2.7.
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Minimum filming height\\ /

Minimum filming range

Maximum filming range

Figure 2.6: The coveragevolume.

The perceniage wise coverageof thesesweepswill depend on the room size.
Soto cover the certer of larger rooms and the walls an addition to this
method have to be used.

Making Use of Rotation Points

Even with the useof sweepsdoesthe car not cover the walls. Thereforean
additional method is deweloped to do this. This method is basedon making
360 rotations at a distancewherethe car can get an acceptableview of the
walls. This position shall therefore be betweenthe minimum Iming range
and the maximum Iming range.

This method is deweloped to get an acceptablecoverageof the walls, but as
shown in Figure 2.8, canthis method alsobe usedto cover parts of the room
interior aswell.

As the distance measuringrange will probably be lesserthan the minimum
Iming rangethe car will have to drive to the rotation points "blindly." A
way to compensatefor this may be to have the car drive badck to follow the
walls ewvery time it hasmade a rotation point.

Though this method also covers parts of the room interior, it doesnot cover
it all and therefore doesnot ensurethe completevideo map. Thereforethe
method is expandedto have more rotation points added after the rst set,
which were covering the walls. The secondset of rotation point should cover
the interior of the room in question. How many rotation points that will be
needis dependert on the sizeand shape of the room.
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Figure 2.7: Covering the room while nding its dimensions
canbe improved by adding a number of sweepsdependingon
the car's coveragevolume.
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Figure 2.8: Making 360 rotations at certain spots in the
room will ensurethat the walls are covered.
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The Mapping Metho ds Com bined

Two methods have been analysed,the rst wasto Im while nding the
dimensionsof the room by using sweepsinwards in the room, and the other
wasto nd somepoints, whenthe room dimensionsare known, in which the
car shall rotate to geta clearview of the walls. Thesetwo methods combined
is expectedto give a completevideo map of the room. Taking a closerlook
at the intersection of the methods, illustrated in Figure 2.9, revealsthat the
“rotation points” method cortains most of the the "sweeps" method. It is
therefore estimatedthat only one of the methods is needed,and the chosen
method is "rotating points,” asthis coversthe largestarea,the walls, and can
be usedcover all of the interior of the roomswith its secondset of rotation
points.

This meansthat the car will rst follow the walls all the way around the
room to get the dimensions,during this it Ims the areaalongsidethe walls.
Secondlyit will make rotation points to cover the walls. If there is still some
parts of the room that are uncoveredthe car will thirdly make a another set
of rotation points to cover this. This behavior is illustrated for three room
shapesin Figure 2.10.

2.1.5 Obstacles

So far this analysis has looked at mapping a room with no open doors or
obstacles,like furniture. Assuming that the car can handle encourtering
thesetwo sorts of exceptions. Thereforeit has beenconsideredwhether the
handling of theseexceptionscompromiseghe making of the video map.

Open Doors: To avoid having the handling of open doors compromisethe
complete video map, it is expected that the car should return to its
original drive path oncean open door is detected. The expectation for
this behavior is shovn in Figure 2.11.

Objects: It is estimated that objects placed in the drive path or in the
rotation points are the most troublesome,as theserequiresthe car to
deviate from its original driving pattern. But in spite of the deviations
that might beintroduced,the car should,dueto its useof Iming while
rotating, still be able to make the completevideo map. The expected
behavior and how it a ects the video map is shovn in Figure 2.11.
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Figure 2.9: The white areasare the onescovered by both
the "rotating points” and the "sweeps" methods. The light
gray shavs wherethe " sweeps” method is lacking and the
darker gray shovs wherethe "rotation point® method is lack-

ing.

24




Figure 2.10: Using the three stepsdescrited in the text is
expected make a completevideo map of the room.
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Figure 2.11: The handling of opendoorsand objects should
not compromisemaking a completevideo map of the room.
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2.2 Car Analysis

In section2.1, the wanted behavior of the car was analysed,with respect to
making a completevideo map of an arbitrary room in accordanceto IARC.
This section breaks this issueinto smaller, more speci c, issues,with the
aspect of what capabilitiesthe car should posses$o have it shav the wanted
behavior.

2.2.1 Robustness

As stated in 1.4, the problem formulation, the car needsto survive being
sendthrough a window and dropped to the o or. The issuehereis, whether
the car can sustain landing on the o or. For the car to be able to sustain
this, calculationson the energya ecting the car are made.

It is expectedthat the caris droppedvertically, which meansthat the caronly
acceleratesvertically. Upon hitting the o or the kinetic energy expressedn
equation 2.1 [Seney & Beichner, 2000,page194],a ecting the car is depen-
dert onits own massand the velocity it hasreaded right beforehitting the
oor. This is the energya ecting the car suspension system. Figure 2.12
shaws the car and the factors a ecting the fall and hit.

Exin = 05 M V2 (2.1)

Drop distance

Vs, 1t

Figure 2.12: The car hits the o or after a one meter fall.

To nd the kinetic energythe mass,M, of the car hasto be known. The
requiremen for the maximum weight of the car is estimated from what the
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autonomoushelicopter is assumedio be able to carry in addition to its own
weight. We estimate the maximum allowed weight to be 0:5 kg. That is
M = 0:5 kg.

The velocity right before the car hits the ground, v¢, is found by use of
equation 2.2 [Seney & Beidhner, 200Q page 37], where r; and r; are the
initial and nal position of the car in referenceto wherethe car is dropped
from with the direction pointing downwards, v; is the initial velocity, which is
0, and a is equivalernt to the free-fall acceleration[Seney & Beidchner, 200Q
page40], that is a = 9:80 m=2,

Vi = VPt 2 alre 1) (2.2)

Substituting v? in the kinetic energy equation with 2.2 yields an expanded
expressiorof the kinetic energyin equation 2.3, whereall factors are known.

h i
Eviin = 05 M Vi2+ 2 a(rf ri)

Ein 05 0:5kg [0m=+2 9:80m=*(1m Om)]=49J (2.3)

This meansthat the car will have to be able to absorb4:9 J from landing
on the o or.

Another way to descrikethe e ect of the impact whenthe car hits the o or, is

to nd the g-forcea ection. G-forceis the deacceleratiorthe car experiences
whenit from the velocity it hasright beforeit hits the o or to it is brought

to atotal halt right after hitting the o or. In this, it is expectedthat the car
will not bouncebadk, and thereby have the wheellifted from the o or, once
it hit the oor. The car's velocity right beforeit hits the o or is vi from

equation2.2,v; = 4:4 m=, The time of the impact has not beentested, and

as sud is the collision time chosento be 0:01 s, which is consideredfaster,

than what the collision will actually be. As a result of the chosencollision
time, will the deacceleratiorand resulting g-forcea ection canbe found from

equation 2.5.

Vs 44
colision time = 0:01s
deacce¢ration _ 440m=2

g © 9:82m=

deacceération = = 440 m=2 (2.4)

g-force= =45¢
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2.2.2 Video Coverage

As mertioned in section2.1, the car hasa coveragevolume. To ensurethe car
makes a video map of ewerything. This volume is dependert on the Iming
deviceused. There are two rangeswhich are of importance concerningthe
coveragevolume, a minimum and a maximum Iming range. The minimum
Iming rangeis whenthe visual height of the Iming reahes2 m, in accor-
danceto 2.1.4,and the maximum Iming rangeis wherethe imagegetstoo
blurred to distinguish the Imed persons'characteristics.

To ensurethat there is a gain when making the sweepsand to decreasehe
number of rotations points will the maximum Iming range have to be at
least two times the minimum Iming range. Choosingthis relation is based
on having a distance equal to the maximum Iming range between eat
rotation point. The result of choosing this relation is illustrated in Figure
2.13.

Minimum filming height = 2 m\

Minimum filming range

Maximum filming range > 2 x minimum filming range

Figure 2.13: The limit of the short rangeis wherethe visual
height reaches2 m. Furthermore doesthe long rangehave to
be more than twice the short range.

2.2.3 Navigation

The car needsthe ability to navigate through the room without the use
of image recognition. This meansit will have to depend on measuringthe
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distancesto the walls in the room and when driving to a rotation point it
will drive "blindly" through the room.

To avoid this to aspects have to be considered,which side of the car is up?
And what should be the distance measuringrange?

Flo or Detection

As answver to the rst question,which is relatedto the issueof which direction
is forwards mertioned in 2.1.3,the distanceto the o or from the bottom of
the car hasto be measured,and a clear distinction hasto be possible.

Distance Measuring Range

To answver the secondquestion,will the IARC scenario,hostagerescue have
comeinto consideration. Just asthe minimum visual height of the Iming

is de ned from the height of people, and the fact that the car hasto Im

perpendicular to the walls, so doesthe car hasdrive a distanceto the walls
whereit avoid peoplestanding up againstthem.

The minimum distance the car should drive from the wall is therefore de-
ned from the length of the peoplesfeet, which in metric units is 0:3048m
[Seney & Beidhner, 200Q page 12], which is a conversion from the English
unit ft. Taking into considerationthat people have di erent sizefeet and
that they probably will not be standing with their heelsto the wall, changes
the requiremen for the minimum distance the car shall have to the walls,
while driving alongsidethem, to 0:4 m.

2.2.4 Movement

Looking at the generalconceptof a car, it has somebasic abilities when it
comesto movemern. Carsare ableto drive forwards, badkwards, and turn to
either side. Thesefour abilities is likewiseconsideredfor usein this project.

Driv e Forw ards

The forwards speedis only important to the extend that the car can make a
video map of the room within 15 minutes, which is a limit setby IARC.

The precisionof the forwards movemert is of greaterimportance then, asa
deviation from the intended direction propagatesthroughout the mapping.
For instance, if the car deviates5 from the intended direction, then in the
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smallestde ned room, 2 2 m, the car will have deviated appraximately
30 cm, if the only error consideredis whendriving forwards. The issuewith
the deviation is not whether the car can nd the dimensionsof the room, as
the car, still only consideringthe forwards driving, will have driven 361 cm
instead of 360cm. The issueis whether the rst rotation point, to Im the
walls, will be placedin a point wherethe visual heigh is too low to seethe
facesof the personsstanding up againstthe walls.

To nd arealistic maximum deviation allowed, the height of peopleis once
againconsidered.In 2.1.4the visual heigh is de ned to be 2 m derived from
the tendenciesof increasingheights of the Danish people

[DanesGrow Taller and Taller, 2003]. Taking a closerlook at this tendency
and consideringthe range of ageswherethe largestincreaseappear. Table
2.2 shaws the height averageof Danish malesin 1987,1994,and 2000.

Unit | 1987] 1994 2000
[cm] | 178 | 181 | 182

Table 2.2: The averageheight of Danish males. All valuesare estimates
from a diagramin [DanesGrow Taller and Taller, 2003.

The tendencyis not linear, but consideringthe valuesfrom 1994 and 2000
is estimated to give an acceptableestimate of the actual averageheigh at
presen. An increaseof one certimeter over six yearsresult in an average
high at prese of 1:17cm 1 cm. This meansthe averageheigh in year
2007is appraximately 183 cm.

Consideringthe 2 m minimum visual heigt, will the maximum allowed de-
viation from this be 200cm 183cm = 17 cm. The exactrequiremen for
how much the car candeviate from a rotation point onthe o or is dependen
on the Iming angle. This meansthat the requiremen is the result of 2.5.

maximum displacement[cm] = 17 cm tan(f il ming angle) (2.5)
Consideringthe exampleused earlier, with a squareroom with 2 m walls,

the maximum deviation angle, from the intended drive direction, is 2.7 .
increasinglengths of walls decreaseshe maximum allowed deviation angle.

Driv e Backw ards

This is the reverseof driving forwardsand the badkwards movemert therefore
hasthe samerequiremerts for direction stability asthe forwards motion has.
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Turning

The ability to turn will make the car able to follow a non-linear path within
the room. Usually the turn movemeri is an arch of a circle. That is, if the
car needsto turn 90 it hasturning radius de ned by the sharpnessof the
turn and usesits forwards propulsionto make the turn. The turning motion
will be usedwhile the caris nding the dimensionsof the room accordingto
the considerationson the car movemeris in 2.1.3.

Another way for the car to changeits driving direction is by rotating around
its own axis. This ability will the car have to useat the rotation points.

Having the two ways of changing directions, we look at what deviations the
car shouldbe allowedto display while performing theseactions. Both turning
and rotating can have displacemen and angleerror, asillustrated in Figure
2.14.

Turning Rotating
Displacement, d; Displacement, d;
d;
Angle error, a; Angle error, a,
ar
ﬁ ]

Figure 2.14: There are two errors that can occur for both
turning and rotating.

Turns. A displacemen after aturn means,asillustrated in Figure 2.14,that
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the car is not at the intended position and has therefore not made an
arch with a constart radius. The maximum displacemen tolerated is
related to the considerationsin 2.2.4on how much the car may deviate
from its position at the rst grid point. In a four cornerroom will this
mean that the maximum displacemen after a turn is approximately
four certimeters, but only if the car has not deviation while driving
forwards.

As with the displacemety doesthe angleerror alsorelate to the error
introduced while driving forwards. The forwards maximum deviation
angleis 2:7 , at no angelerror during turns. If the car displays an angle
error while turning is this subtracted from the maximum deviation
anglewhile driving forwards.

Rotations. Consideringthe maximum allowed displacemeh whenrotating,

it isassumedhat the carisin the intendedposition. Thereforewill the
maximum displacemen be the horisortal distancethat correspndsto
17cm.
To determine the maximum rotation error allowed a 360 rotation is
consideredasit is in the rotation points the car will make the most use
of rotations. The basicideawith the rotations is that the Iming shall
cover all 360 . This meansthat the maximum rotation angleerror will
be the horisortal Iming angle.

The extend of the errorsis illustrated in Figure 2.15.

2.2.5 Power Supply

The requiremen for the power supply is given by IARC, asthe rules states
that no wired communication of power may take place between the au-
tonomous helicopter and the car. This meansthat the car shall have its
own power supply.

2.3 Specication of Requiremen ts

2.3.1 Robustness

The maximum allowed weight of the car is 0:5 kg.

The car needsto be able to sustain hitting the o or after a fall of 1 m.
The energy required for the car susgensionto absorbis 49 J. The
force of this fall will maximum be 45 g.
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Turning Rotating

Displacement, d; Displacement, d,
di=4 cm
Py ()
Angle error, a; Angle error, a,

a, = horisontal filming
angle

§3t= 2.7°

Figure 2.15: Maximum allowed displacemeh and angleer-
rors while rotating and while turning.

2.3.2 Video Coverage

Visual height at minimum Iming distance: 2 m.

maximum Iming distance 2 minimum Iming distance.

2.3.3 Distance Measuring

A cleardistinction hasto be possibleto determinewhat side of the car
is facing upwards.

The car needsto have a minimum distanceto the walls of 0:4 m. This
means,the car needto have a maximum distance measuringrange of
more than 0:4 m.

2.3.4 Movement

The car hasto be able to follow a linear path while driving alongsidethe
walls. When encourering a wall or an obstacle,the car hasto switch to a
non-linear path.
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Forw ards. The maximum angle of which the car is allowed to deviate from
the linear path is 2.7 .

Backwards. Sameas for the forwards motion.

Turning. Maximum

displacemett 4 cm.

deviation angel: 2.7 .
Rotating. Maximum

displacemett Horizontal distancethat correspndsto 17 cm ver-
tical distance. Depending on the vertical Iming angle.

deviation angel: The horizortal Iming angle.

The deviations and displacemets are basedona2 2 m room. The maxi-
mum allowed errors for larger roomsis smaller.

2.3.5 Power Supply

The car hasto have its own power supply.

2.4 Accepttest Speci cation

The main goal of the project is to have the car make a video map of an
unknown room. In section2.1, Project Expectations, have the desiredabil-
ities of the car beenanalysedand from this analysisa wanted behavior has
beenfound. To determinewhether the car shows the right behavior in both
practical tests and simulations, parametersfor acceptances set out.

The parametersre ects the theoretically designedpath the car should follow
to make a video map of the ertire room. The actual behavior of the car
Is to be basedon autonomousdecisionsand actions. This meansthe car is
expected to decidethe pattern best suited the situations by itself, though
still in accordanceto the wanted behavior.

Before the accepttestis speci ed a normal casescenariowith no obstacles
are outlined.

35



2.4.1 Normal Case Scenario

This scenariotakesthe car from the start point, whereit hasto be activated
and carried by the autonomoushelicopter, to the point wherethe car signals
the helicopter that it has madea completevideo map of the room.

IAR C Level 1 and 2 briey

1.

Activation of the car (This is the only phasewhere human interaction
is allowed).

. Being carried by the helicopterto the town (This is step oneof IARC,

asdescriked in 1.2.1)

. Continuously carried by the helicopter to the room to be investigated

(This is step two of IARC).

. Lead through a window by a rail and dropped inside the room (IARC

step two cortinued).

IAR C Level 3

5.

6.

10.

11.

12.

Landing on the o or, surviving the impact.

Find out whether it hasthe bottom sensorpointing upwards or down-
wards.

. Drive forwardsto nd a wall.
. Drive alongsidethe rst wall found (distance measuringinitiated).

. Getting the dimensionsof the room by driving alongsidethe walls (mea-

suring wall lengths and courting corners).

Determining how many and wherethe rst setof rotations points shall
be (Theseareto Im perpendicularto the walls).

Determining what parts of the room are unmapped and decidingwhere
the secondset of rotation points should be (These have to cover the
rest of the room).

Signalthe helicopter that the mapping is done.
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2.4.2 Acceptance Parameters
The acceptanceparametersare divided into two main groups,

- the parametersconcerningthe car, for instancestart position,

- and the parametersconcerningthe room, for instanceroom shape.

Car Parameters

Robustness. For the car to commencemapping, it rst asto survive hit-
ting the o or after a fall of approximately 1 m. In accordanceto the
speci cation of requirements, this meansthat the car hasto be ableto
sustain a forcea ection of 459

What Side is Up. During the fall the car can ip in the air, and as sud,
the car can land upside-davn. Therefore the car needsa way to tell
whetherit has ipp edin the air, or rather it needsa way to tell whether
its bottom is facing downwards. The result of having ipp ed, so that
the bottom of the car is facing upwards, is that the wheelshave to
rotate the other way around for forwards propulsion.

Start Position and direction. The car will land within 1:5 m of the wall,
pointing in a random horisortal direction. As sud will the car have to
be ableto nd a wall regardlessof start position and direction. This
require the car to be able to drive "blindly" until it readesa wall,
and be able to initiate the room dimensioningpath alongsidethe wall
detected.

Follow a Wall. The distance at which the car hasto drive alongsidethe
walls at is givenin sectionsection2.3, and if the car is forcedto deviate
from the path, either due to a feedforvard hasintroducedan o set or
an obstacleis incourtered, it hasto usea feedbak cortrol to reat the
referencedistance of 40 cm.

Rotation Points. The car needsfeedba& cortrol to drive alongsidethe
walls, but when the room dimensionsare found the car needsto drive
away from the walls to makeits rotation point accordingto the mapping
method found bestin sectionsection2.1.4. How many rotation points
neededdependson the dimensionsof the room.

Done Mapping. When the car has madethe last rotation point it hasto
signal the autonomoushelicopter that is has nished the video map of
the room.
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Room Parameters

Measure Wall Lengths. The wall lengths will be usedto determine the
size of the room. Furthermore will the lengths be usedto determine
where the rotation points should be placedto get a clear view of all
the walls and of the room interior.

Identify Corners. For the carto know whenit hasdimensionedthe ertire
room it needsto court the number of corners. Rooms with only 90
corners, as the roomsin this project is limited to, will have at least
four closedcorners,depending on how many open cornersthere is in
the room. To ensurethe room is dimensionedcorrectly, the car will
likewiseneedto usethe lengthsto determine whenit onceagain has
readed the placeit initiated its dimensioning.

Identify Objects. Within the room there can be di erent kinds of furni-
ture, the shapesand the obstaclestheseimposeshasbeendescritedin
section1.3. Theseobjects will the car have to be able to drive around
without stopping. Objects in front of the car can furthermore be de-
tected like walls, and the car will thereforehave to be ableto determine
whether it hasdetecteda wall or an obstacle.

Identify Open Doors. Besidesfurniture as obstacle,can the room have
open doors. Theseimposean obstacleas, the car is only supposedto
make a video map of the oneroom it is sendinto. This meansdoors
hasto beidenti ed asdoorsand handledlike they are part of the wall
the car last wasdriving alongside.

2.4.3 The Test Specication

As with the acceptanceparameters,the tests should be performedin corre-
spondenceto the normal casescenarioand to the obstaclehandling descrited
under the room parameters. For ead test a correspnding simulation hasto
be made. Eadch test speci cation, will have the following structure:

What is to be tested.
How is the simulation performedand what is the expectedresult.

How is the test performedand what is the expectedresult.
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Test 1: Surviving the Impact with the Flo or

This is atest of the car's physical construction and its robustnesso the force
the car is exposedto whenit makesimpact with the o or.

Simulation: This will not be simulated, asthis is a test of the robustness
of the physical construction.

Test: The test shouldbe performedby dropping the car from a height of one
meter. The car susgensionis expected to absorbthe forcesa ecting
the car.

Test 2: Detecting Whic h Side is Up

The car hasto determine which side of it is facing upwards, as the rotation
direction of the wheelshasto be reversedif the car hasthe bottom facing
upwards.

Simulation: The simulation for this test is not whether the car can detect
which sideis up, but whether it can reversethe motor rotation direc-
tion and still shov the samebehavior and follow the samepath. It is
expectedthat the simulations will show that the car follows the same
path, asit is expectedthat the motors can have the car drive equally
fast both forwards and badkwards.

Test: To test whetherit matters, which sideis up the caris placed rst with
the right sideupwards and afterwardsthe bottom facingupwards. Both
tests are expectedto showv the sameresult.

Test 3: Driv e Forwards and Stop when Encoun tering a Wall

This tests the cars capability to drive forwards and whether it can react to
inputs from the front sensor.

Simulation: Theseshould be donein a generatedrectangular room, with
di erent directions and random starting position. The simulated car is
expectedto drive forwards and stop whena wall is detectedin front of
it.

Test: The room which this test is to be conductedin is of lessimportance,
asthe car should just be placedat di erent distancesto a wall and at
di erent angles.Independen of the distanceand the angleto the wall,
the car is expectedto drive forwards and stop whenit detectsthe wall.
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Test 4: Driv e alongside a wall.

The main purposeof this test is to seewhether the feedba& cortroller func-
tions properly when implemerted on the car. Furthermore, this test will
include the handling of closedand open corners.

Simulation: The simulation neededhereis to give an indication of the con-
troller performance,as sud, the time it takesfor the car to read its
referencalistance,the distanceit shouldbedriving from the wall, when
it hasexperiencedan o set should be recordedand illustrated.

As for the handling of closedand open corners,the car needsto switch
o its cortroller and make a 90 turn. Making this turn, the simulation
hasto display that the car will have a turn displacemen of lessthan
the maximum allowed o set for the cortroller, which is 18 cm.

Test: Firstly the cortroller should be tested without the corner handling.
Secondlythe corner handling should be implemerted as well and the
car shall usethe cortroller to drive alongsidea wall at the reference
distance,detect a wall make the 90 turn and have the cortroller com-
pensatefor any o set introduced during the turn, while cortinuing
alongsidethe next wall. This test should be repeated with an open
corner.

Test 5: Finding the Room Dimensions

From the time, the carreadedthe rst wall andto it isin that position again,
it should have measuredthe room dimensionsand courted the corners,both
open and closed.

Simulation: The three rooms from section2.1.4, should be generatedand
the simulated car should drive alongsidethe walls and stop when it
reades its starting point. The dimensionsand numbers of corners
should then be printed to the screen. The three speci ¢ room shapes
from section 2.1.4 is chosenas these seemlike resonableo ce-ro om,
more open cornersis unlikely for an o ce.

Test: The test is performedlike the simulation, the car hasto drive around
in the rooms. It needsto shonv the samebehavior as the simulation
indicated.
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Test 6: Determining Positions for and Making the Rotation Points

From the room dimensionsthe car hasto be ableto determinewhereto make
its rotations to have Imed the ertire room.

Simulation: When the room dimensionsare found the simulation has to
calculate wherethe rotation points should be and display thesein the
generatedroom. The car henhasto driveto all of theserotation points.

Test: Aswith the simulation, the car hasto stop and calculate,or determine,
whereto placethe rotation points. It then needsto display the same
path asthe simulated car does. This test requiresa room which are
similar to the room simulated.

Test 7. Signal the Helicopter

When the car has mapped the ertire room is hasto transmit a signal indi-
cating it has nished ts task.

Simulation: A wirelessconnectionwill have to be simulated for this test.
When this is done, a signalindicating that the car has nished making
the video map is transmitted through the simulated wirelessconnec-
tion.

Test: Instead of the helicoptera computeris usedto receiw the signalfrom
the car. For this test the car has to make a video map of a room
without any obstaclesand transmits the signal indicating that it has
donethe task, whenit is done.

Test 8: Object Av oidance

The avoidanceof objectsin the drive path shouldnot compromisethe dimen-
sioning of the room, and neither should it compromisemaking the rotation
points. The car should be able to drive around the objects if any is in the
drive path, and it should chosean alternative rotation point if any object is
placedin one of the planedrotation points.

Simulation: To illustrate furniture, obstaclesin the simulation shall be
placedfour at the time in the cornersof a square. This will be usedto
indicate how the car will reactto furniture, asthesearede ned in 1.3.
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Test: The test shall be performedby adding furniture of the stated shapein
the test room where the car made the complete video map according
to the normal casescenario.

Test 9: Handling of Open Doors

The car will needto be ableto detect whether the car is passingthrough an
opendoor or hasmadea turn at an opencorner. If an opendoor is detected,
the car hasto return to the drive direction it had beforeit made the turn
through the door.

Simulation: The simulation should be performedaswith the simulation to
handle open corners. The cortroller should be usedto have the car
move alongsidea wall and when an open corner is detected the 90
turn should be made. The di erence in this test should be that the
open corneris an open door and this should be detectedeither before
the turn is completedor right after, sothat the car canrotate and get
bad to the drive path alongsidethe wall after the door.

Test: The test should be performedin the samemanner as the simulation,
and as sud should the behavior in the test be the sameas in the
simulation. An extra note is that, asthe car needsto court corners,
it hasto make surethat it either doesnot court the door as an open
corner or court down the numbers of open cornerswith one per door
whenit detectsthe door.
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The main purposeof the hardware chapteris to designa car capableof making
a video map of a o ¢ e like room. To do this di er ent types of hardware are
neadal, suchas a camer, sensorsto orientate in the room, and somekind
of enginesto movearound in the room just to mention someof the hardware
designd in this chapter.
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3.1 Video Coverage

The main issueis to make a video map of a room, and therefore a camera
is needed. To meet the requiremens from the 2.3 Speci cation of Require-
merts, the right video camerahas to be found, and the placemen of the
camerahasto be decided.

3.1.1 Requiremen ts

The requiremerts for the video cameraare listed below.

Visual height at minimum Iming distance: 2 m.

Maximum Iming distance 2 minimum Iming distance.

3.1.2 Design Considerations

As the car hasto weigh lessthan 500, this parameterhasto be considered
when choosinghardware. Of the di erent typesof cameraswirelesscameras
are considered. The wirelesscamerashave the advantage that they can be

light weight, and are designedto have a low power consumption. Another

considerationis that the picture quality hasto be good enoughto distinguish

human facesas descrited in 2.1.4 Making a Video Map. Beforethe camera
is chosen,the place for the cameraon the car will be found.

Camera Placement

There are a number of placemers of the cameraon the car, someof them are
illustrated in Figure 3.1. As mertioned in the analysis, the camerashould
be pointing in the driving direction, which meansthat the camerapointing
in other directions will not be considered.

To be ableto Im if ipp edin the air, the cameramust be certered in the
height, sudh that the cameranewer touchesthe ground. This gives three
possibleplacemeits of the cameraon the car, in the front of the car to the
left, certer and right. As the wheelsizeis unknown it would be an advantage
to placethe camerain the certer of the car to get a better view to both sides.
The chosencameraplacemen is illustrated in Figure 3.2.
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I

Figure 3.1. Dierent possiblecameraplacemems on the
car.

Front

I

Figure 3.2: The chosencameraplacemen.
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3.1.3 Video Camera Choice

The camerawas found browsing the Internet for spy cameras,as it is as-
sumedthat thesehasthe functionality, and the light weigh, we need. The
cameradeemedbest, judging from the speci cations given, is the Wireless
CameraGP-811T. The receiwer for this cameraconnectsto the USB-port in
a computer and the camerais on line right after installing the software that
comeswith the cameraon a cd.

To usethe camerain an optimal way, modi cations to its power supply cord
was needed,asit had a connectoralmost the sizeof the cameraitself. Also
the view anglesof the camerahad to be found to de ne how far from the
walls we needto beto Im the facesof peoplein the room. Furthermore, a
devicewas constructedto mourt the cameraon the car.

Transmission Frequency: ISM-2:400 2:483GHz
Mo dulation Type: FM
Bandwidth: 18MHz

Undisturb ed Transmission Range: 100m

Supply Cord

The camerausesan eight voltage supply which is assuredby a transformer,
connectedto the mains. To useit on the car, the supply cord was cut and
connectedto the cars power supply.

Moun ting

To Im the room the car hasa mounted camerapointing forwards. For full

useof the camera’'sscope, a tilting medanismis designedo have the camera
Im aslittle of the o or aspossible,measuredat its operating distance. The
tilt medanismis shavn in Figure 3.3 and its mount on the car is illustrated

in Figure 3.4.

View Angles

The desiredcameracoverageis to be ableto seeapproximately two metersup
at a distanceof two metersfrom the wall. This meansthe camerawill need
to have a vertical view angleof 45 . For the chosencamerathe vertical
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Figure 3.4: The mounted tilt med-

Figure 3.3: The tilt medanism. ;
anism.

view angleis 44, which, by itself, is acceptable. And when taking into
considerationthat the camerais elewated 5 or 5:7 cm depending on which
side of the car faceupwards, the actual view heigh is approximately 1:98 m
at atwo metersdistanceto the wall. The vertical and horizortal view angles
is show in Figures 3.5 and 3.6 respectively.

— | Wall

Wall

198 cm » 61° 237 cm

44°

200cm } 5cm
Floor

Figure 3.5: The vertical view angle
of the camera. Figure 3.6: The horizontal view an-

gle of the camera.

3.1.4 Conclusion

The best placemen of the camerawasfound to be in the certer of the front
of the car, which will be usedfor the camera. The chosenGP-811T wireless
camerareadiesa view heigh of appraximately 1:98 m on a distanceof 2 m,
which is two certimeters short of the requiremen, but it is closeenoughto
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be acceptable.The camerahas a maximum distance of more than 4 m, and
the secondrequiremen for the camerais then maintained.

3.2 Sensors

The car hasto orientate in the room, meaningthat it hasto nd the size
and shape of the room. To do this distance sensorswill be needed. For
determining which side of the car is pointing upwards a sensorto place at
the bottom of the car facing downwards will be found.

3.2.1 Requiremen ts

The requiremens from 2.3 Speci cation of Requiremeits and 3.1 Video Cov-
eragefor navigation are listed below.

Distance: Maximum distance measuringrange of more than 0:4 m.

Up/Do wn: The sensoroutput has to have a signi cant di erence when
pointing from the bottom of the car to the o or and when pointing
upwards.

3.2.2 Design Considerations

There are a needof two di erent typesof sensorsdistancesensorsvhich are
often analogue,and a sensorto tell what side is up/down on the car, this
could be a digital binary sensor.

Sensor Placement

The distance sensorscan be placeddi erent places,but there hasto be one
pointing in the driving direction to prevert collisionwith obstaclesand walls.
And sinceit is wanted to drive alongsidethe walls of the room, a sensorat
one of the sidesof the car is necessary Becausethe car can ip in the air
and thereby turn upsidedown, it is neededto have a sensorat eadh side of
the car. This givesat leastthree distancesensorsas shavn in Figure 3.7.

To get a better view, more sensorscan be added, e.g. more than one front
and sidesensor,and a sensomointing badkwards. But sincethe car candrive
forwards and rotate it is assumedahat the car is not driving badkwards, and
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Front sensor

Left side sensor Right side sensor

Figure 3.7: The car's sensorcon guration.

therefore a sensorpointing badkwards is not necessary This is the reason
that a sensorpointing in this direction is not used.

The front sensoris usedto detect obstaclesand new walls. To detect a new
wall only requiresa single sensor,sinceit is wide and easyto detect, but
to detect an object requiresmore from the sensorsinceit canbe small, and
thereforethe sensorhave to have a wide view angle,that coversat leastthe
width of the car at a given distance,to avoid collision with the object.

It is expectedthat the side sensorsprimarily are usedto follow the walls in

the room, and therefore only usedas feedba& to a cortroller, which means
that a singlesensorat ead sideis enough. To certer the weight, and thereby

stabilize the car, it would be an advantage to placethe sensordn the middle
of the length of the car at ead side.

The wanted sensorcoverageis illustrated in Figure 3.8. The outer circle is
the wanted distancethe sensorsshould be able to sensethe dotted lines are
marking the width the sensorsat least should cover at the given distance.

Figure 3.8: This is anillustration of the wanted view with
the front and side sensors.

During its fall, the car may ip and thereby land upside down. Therefore
it hasto identify which side is up. To do this a sensoris placed facing
downwards, initially , asillustrated in Figure 3.9.
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L
7

Figure 3.9: The sensor,usedto detectthe o or, is initially
facing downward.

The ideais to measurethe distancefrom the bottom of the car to the o or
and thereby determine whether the car has ipp ed. In practice a threshold
is de ned and if the distanceis greater, the car has ipp ed.

3.2.3 Distance Sensors Choice

The chosensensolis a standard IR sensorthat is easyto obtain, light weight

and protected by a plastic casing. The considereddistancesensoris SHARP
GP2D12. It has an internal distance measuringIC and a connector with

supply, ground, and signal pins. It is easymountable with two screws. Its

output is an analoguesignalof 0:6 4:7 V which correspndsto the distance
rangel0 80cm. The weigh of the sensoris 3:6 g. At a distanceof 40 cm

the sensorview width is about 4 cm.[GP2D12.pdf] The sensoris an IR sensor,
and thereforelight sensitive.

If two front sensorsare usedthe required view angleis halved, and if some
sensorsthat have a view angle that covers the width of the car this would
be the optimum placemen of front sensors.This alsoenablesthe camerato
be placedin the certer of the front of the car, which were found to be the
best place for the camerain 3.1 Video Coverage. The found sensorsetup is
illustrated in Figure 3.10.

Figure 3.11 illustrates what the chosensensorscover in respect to the re-
quiremerts.

The range of 0:8 m is consideredsu cient to detect obstaclesin front of
the car, and to keepa constant distanceto the wall that the car is driving
alongside. Furthermore the requiremen of a maximum distance measuring
range greaterthan 0:4 m hasbeenrespected.

To nd the measuringnoise,eigh tests were conducted,and the test results
are shown in Figure 3.12. This is a small samplecase,but it is assumedhat
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Front sensors

. .

Left side sensor Right side sensor

Figure 3.10: The placemen of two front sensorsand two
side sensorspne at eat side.

Figure 3.11: The coloredareasshows the work areaof the
sensors.
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it is enoughto nd the noisewith. The line is the mean value of the eight
tests, and the dots are the actual measuringpoints.

25

Voltage [V]
-
3
T

=
T

0.51

i i i i i i
10 20 30 40 50 60 70 80
Distance [mm]

Figure 3.12: GP2D12 measuringresults.

From the tests the measuremennoiseis calculatedby dividing the standard
deviation with the meanvalue, and to get it in percerage, this fraction is
multiplied with 100. The result is shavn in Table 3.1. At distancesbelow
50 cm lessthan 5% measuringnoiseis maintained, with one exceptionat a
distance of 35 cm. Within this rangethe maximum distancerangerequire-
mernt hasbeenobtained. The graph in Figure 3.12 shows that distancesup
to 60 cm is recognizabledespiteof the high noisepercenage, but at distances
over 60cm it isdicult to distinguishthe di erent distancesdueto the small
di erence in output from the sensorsand the high amourt of noise.

Distance[cm] | 10 | 15 20 25 30 35 40 45
Noise [%] 2.7213.14| 291 | 444 | 294 | 5.09 | 4.98 | 4.65
Distance[cm] | 50 | 55 60 65 70 75 80
Noise [%] 7.00| 9.09| 12.67| 15.83| 25.96| 27.27| 23.80

Table 3.1: Measuremenh noisein perceniage from the GP2D12 sensortest
at di erent distances.
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3.2.4 Up/Do wn Sensor Choice

Of the sensorsavailable, two hasbeenchosento be examinedfurther, SHARP
GP2D15and Optek OPB704. The GP2D15sensorsharacteristicsare shavn
in Figure 3.13and Figure 3.14, and the characteristics of sensorOPB704 is
shavn in Figure 3.15.

25 0 3 40 45 50 ) 100 200 300 400 500
istance [mm] Distance [mm]

Figure 3.13: Characteristics of the Figure  3.14: Full range of the
GP2D15 sensorat low distances. GP2D15 sensor.

The GP2D15is a digital sensorwith high output when an object is closer
than about 25 cm, and low otherwise. But at low distancesunder 2:5 cm
it can not detect objects, and the output then is low. As this might be the
distancefrom the bottom of the car to the o or, this sensoris not usable.

The OPB704sensolis an analoguewith high output whenthere is no objects,
and lower the closeran object becomes.To be sureto distinguish the o or
from the air, the sensorhasto be placedsud that it is 1:5 cm or closerto
the o or whenpointing downwards. This givesan output di erence of about
4:8 3= 1:8V. The OPB704sensoris chosento be the up/down sensor.

OPB704 is an IR sensor,but it consistsonly of a LED and a photo tran-
sistor in a casing. To cortrol the current through the LED, an external
circuit will have to be designed. The distance interval of the OPB704 is
5 20mm. The weigh of the OPB704is 1:4 g, plus any extra componerts
needed.[OPB704-extra.gf]

The neededcircuit is designedin the following.
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Figure 3.15: Characteristicsof the OPB704 sensor.

OPB704 circuit

The circuit used, isillustrated in Figure 3.16. The basicideais to have a low
output whenthe sensoris detecting the o or and high otherwise. Therefore
a resistor connectsthe output with Vcc.

Furthermore there is a needto cortrol the current through the LED. The
current wanted is 20 mA. A resistor is serial connectedfrom Vcc to the
anode on the LED. The voltage drop acrossthe LED is 1.6 V. Resistor
dimensioning:

_ (Uvee Uep) _ 5V 16V
| 20 mA

R 180

The emitter of the photo transistor and the cathode of the LED is both
connectedto ground.

3.2.5 Conclusion

The GP2D12 has an acceptableresolution, and the measuremen range up
to 60 cm is consideredsu cien t. Furthermore the noiseis found to be lower
than 5% when staying closerto the wall than 50 cm. This is enoughto use
this sensoras a distance sensoron the car.

1The circuit wasfound on the Internet, at http://www.rob orugby.org/optical.h tml
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Figure 3.16: OPB704circuit.

The tests of the two up/down sensorswvere conductedto nd the better one
and with the requiremernts stated in the beginning of this section, only one
of the sensorsare usable,the OPB704. Another fact to badk up this choice
is that the OPB704 is the most light weight of the two sensors. The total
weight of the OPB704and circuit is 2:4 g, which is acceptable.The OPB704
sensoris deemedusable.

3.3 Movement

To get the car moving, one or more motors are needed,and the propulsion
is transferredto movemern through the useof wheels.

3.3.1 Requiremen ts

Forw ards. The maximum angle of which the car is allowed to deviate from
the linear path is 2.7 .

Backwards. Sameas for the forwards motion.

Turning. Maximum

displacemett 4 cm.
deviation angel: 2:7 .

Rotating. Maximum

displacement Horizontal distancethat correspndsto 17 cm ver-
tical distance. Dependingon the vertical Iming angle.

deviation angel: The horizontal Iming angle.
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3.3.2 Design Considerations

With the found placemen of sensorsand camera,a four wheelcon guration
ischosen.To nd the right motors, the motor type and the motor placemen
hasto be chosen. Then the sizeand material of the wheelshasto be designed
to protect the rest of the car. After theseconsiderationsthe motor can be
found.

Motor Type

To avoid useof fuel, and thereby the needof a fuel tank, electrical motors
are used. In particular RC -senos are considereddue to their small size
and light weigh. To be able to usethis kind of motors, they have to be
modi ed to turn around like other motors. This is doneby cutting o the
plastic that prevent the full rotation motion inside the motor. To nd the
number of motors, the placemen of the motors are found.

Motor Placement

With the four wheel con guration and the sensorsand cameraon the car,
two possibilities are considered. Thesetwo has a minimum of medanicsto
make the car lighter, but it comesat the expenseof robustness. The two
consideredmotor placemens are illustrated in Figure 3.17. The option on
the left on Figure 3.17 hastwo motors, one at ead side, that are connected
to the wheelsof the sameside. The advantage of this con guration is that
it is lighter than the other con guration, but it is also more vulnerable to
medanical failure when the car hits the ground from its fall through the
window, due to the medanics neededto connectthe motors to the wheels.
The other option is to have an enginefor eat wheelto avoid the useof gears
and drive belts, which could result in medanical failure as a consequence
of the car hitting the oor at the end of its ight. The disadwantage of
this con guration is that it weighs more becauseof the two extra motors
needed.Becauseof the better robustnessthe con guration with four motors
is chosen,despitethat it weights more. Both con gurations are ableto turn,
by setting the left and right side drive opposite directions.

3.3.3 Chosen Wheels

The chosenwheelsare mainly made of foam rubber. To connectthe wheel
to the seno a discis glued on the certer of the wheel,and the wing from the
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Figure 3.17: The two consideredmotor placemen possibil-
ities.

seno is glued on to the disc. The wheelcan be seenin Figure 3.18.

The foam rubber is usedbecauseof the light weight, and that it is not going
to carry a heary weight, which meansthat the foamrubber is strong enough
to carry the car. The diameter of the wheelsare 9 cm.

The total weight of a wheelis measuredto be 4 g.

Figure 3.18: The constructedwheels.

3.3.4 Chosen Motors

The -seno candidateswere found on the internet, from a danish store the
university have used before. Two factors are consideredin the choice of
engine: Weight, and speed.
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Weight, m: Addressingthe weigh factor, no maximum weigh limit is spec-
i ed. Instead, a specic type of motor is chosen. -senoshave the ad-
vantage of low weight and enoughtorque to drive low weight vehicles
and are even usablefor small RC helicopters. Most -senosweighless
than 10g.

Speed, v: Time is a factor, and as sud is the speedof the car a factor as
well. The speedof -senosis typically 58 111rpm.
P ossibilities

Of the -senwos studied, two were consideredto be best suitable for the car.
One, which hasthe lowest weight and one, which hasthe highest speed. In
Table 3.2 the technical data for the two -senosis speci ed.

Data Contraction | Hitec HS-50| Blue Bird BMS-303| Units
Weight m 5 3.4 [a]
Speed v 111 90.9 [rpm]
Torque 0.0586 0.0777 [Nm]

Table 3.2: Best suitable engine choicesfor the car. The lightest and the
fastestof the -senos studied.

Sincethe total weight of the car is unknown at this point, the maximum
weigh the motors have to getin motion is 0:5 kg. Both motors are assumed
to beableto movethe weigh of the car, and with the chosenmotor placemen
four motors are used, which meansthat ead motor hasto move 0:54 =
0:125kg. Despite of the slightly more weight and lesstorque the Hitec HS-
50 is chosenbecauseof its high speed.

A speedof 100 rpm is chosen, becauseit is still faster then the alternate

-seno type, and gives a velocity of the car on 47 cm=s with the chosen
wheelsize. The -senos are testedin Appendix C.3. The test shaws that
this speedcan be uphold with no load applied, but whenthe load of the cars
weight is applied the car driveswith 49 rpm, which correspndsto 23 cm=s
This is due to the low torque of the -seno.

3.3.5 Conclusion

As the four -senwsare ableto obtain the samevelcocity, it is assumedhat
it is possibleto maintain a straight driving path, and the requiremen of the
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maximum angle of which the car is allowed to deviate from the linear path
is 2.7 isfullled, likewisewith the turning and rotation requiremers.

The HS-50 -senos were chosenbecauseit was the fastest, and the test
shaved that it works as wanted for the purposeof this project. With this

-seno the car candrive with a velocity of 23 cm=h, which is about the half
of what was expected, but it is assumedto be su cient for now. Therefore
the conclusionis that the HS-50 -seno is usedin this project as driving
engines.

3.4 Micro Computer

To cortrol the car a micro computer is needed.

3.4.1 Requiremen ts

The requiremernts for the micro computer are listed below.

PWM port to cortrol the -senos
ADC to get data from the analoguesensors

Interfaceto a PC

3.4.2 Design Considerations

The micro computer hasto have a small physical construction, and be able
to mourt on the car, without any looseparts that couldfall o whenthe car
hits the o or. The following micro computer were found on the internet.

3.4.3 Chosen Micro Computer

The chosenmicro computer for this project is a Gumpadk, which contains
two micro computers, a gumstix motherboard and a robostix micro con-
troller. This solution is small in size, and light weight, which is pre ered.
Furthermore this solution hasthe ports neededto interact with the motors
and sensorsPWM and ADC respectively.

The two micro computershave the following speci cations, found at [Gumstix inc., 2007.
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Gumstix connex 200xm

The technical speci cations of the gumstix are shovn below.

Pro cessor: Intel XScalePXA255
CPU speed: 200 MHz
Flash memory: 4 MB

Connections: 60 pin Hirosel/O connector,92-pin bus header

This is an older version of the gumstix, the new version has 16 MB ash
memory instead of 4 MB. The 60 pin Hirosel/O connectoris usedfor basix-
side expansionboard , in this caseto connectto the robostix. The 92-pin
bus headeris usedfor connex-sideexpansionboardslike cfstix.

Rob ostix R341

The technical speci cations of the robostix are shovn below.

Pro cessor. ATMegal28(an Atmel AVR processor)
CPU speed: 16 MHz

Flash memory: 128KB

Connections: 60 pin Hirosel/O connector,2C bus

Other functions: FFUART, ADC, PWM, timers, interrupts

The robostix can run programs as a stand alone micro cortroller, or be
connectedto the gumstix by the 60 pin Hirose /O connectorto maximize
the programming capabilities.

To get data from the sensorsthe ADC pins 0-4 at Port F on the robostix are
used. The sensorsare connecteddirectly to this port, from wherethe they
get their power supply.

The PWM output pins 1A and 1B at Port B areusedto cortrol the -senos.
The -senwos get their power from the power supply, and the signal wire is
connecteddirectly at the port on the robostix.

When the gumstix is mounted on the robostix with the 60 pin Hirose I/O
connector,the FFUART pins canbe usedwith a RS232circuit to connectthe
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gumstix with a PC. To activate this comnunication port, pin 1 is connected
to pin 4, and pin 5 to pin 8 on the UART port on the robostix. The ports
usedare shavn in Figure 3.19.

There are three timers/counters on the robostix. One timer is usedto gen-
erate the PWM output, another is usedto cortrol the input rate from the
sensorsand the last timer is then usablefor the robostix program.

The only circuit that hasto be designedis the RS232circuit. Interrupts are
not usedat this point.

Port B Port F
PWM ADC

Gumstix
connection to
robostix

FFUART UART used
to activate
FFUART

Figure 3.19: The ports usedon the robostix.

MAX232A

As mertioned above the only external circuit neededis for communicating
with a PC. To do this a MAX232A line driver from Maxim is chosendue to
its availability.

RS232 Comm unication

The MAX232A circuit is constructed as the data sheet[MAX238.alf] de-
scribes. Figure 3.20 shows the circuit diagram of MAX232A, with the used
componerts. The circuit is constructedon its own Veroboard, and are con-
nectedto a PC with leadsand a DB9 female connector, and the robostix
with leadsand a four pin connector.
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DB9 female connection Robostix connection nr.

nr. +5V 3
% c
5 GND GND 1
3 ™ ——— ]V Rx 4
2 Rx ———— P Tx 2
= R
16 9 R = 10kQ
MAX232A
1 8 C=0.1yF
e Lgdel T R

Figure 3.20: Diagram of MAX232A circuit.

3.4.4 Conclusion

The gum padk ful lls the requiremerts, and in combination with the RS232A
circuit it canbe useddirectly in this project. The PWM port (1A-B) is used
to cortrol the motors, the ADC port (0-4) is usedto get data from the
sensorsand the FFUART port is usedto commnunicate with a PC through
the RS232Acircuit.

3.5 Power Supply

The circuit for the car'selectricalpower supply is illustrated in Figure 3.21. A
testto nd the currert through ead componerts, The Robostix, the motors,
and the camera,was performed. The generaltest setup is shavn in Figure
3.22and the laboratory equipmern usedwas:

Manufacturer | Model Lab.No.
Power Supply | HAMEG HM7042-3 52755

3.5.1 Robostix, Gumstix, and Sensors

To nd the maximum current through the car systemthe rst test conducted
was for the Robostix, which also functions as supply for the Gumstix and
the sensors.The following v e tests were conducted.
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Figure 3.22: The generaltest setup

_ ~ for the tests of the componerts in the
Figure 3.21: The Power supply cir- supply circuit.

cuit for the car's systems.

When idle: 215mA
With uploadedRobostix driver and idle: 263mA
When data is sendfrom a PC the Gumstix: 325mA
When the Gumstix sendsdata to the Robostix 300mA

When the both the Robosix and Gumstix are active 330mA

3.5.2 Motors

Three test whereperformedon the -senos,whenidle, when active with no
load, and when active and driving on the o or (with load).

When idle: 43 mA

With no load: 400mA

With load: 1450 1550mA

3.5.3 Camera

As the camerais activated from the beginning of the missionand it only has
oneactive state, and only onetest wasneeded.The test of the active camera
showved that the current through it is 125 mA. The cameraneedsto have
8 V and uses125mA, so a resistanceof 8 is inserted in serieswith the
camera.

3.5.4 Discussion

The tests shaved that the maximum total current through the three compo-
nerts is 2005mA. The 6 V supply hasto deliver this charge, while the less
loaded 3V supply hasto deliver a chargeof 125mA.
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The batteries used are Varta N0.4003. Which are AAA batteries with a
voltage supply of 1.5V and a charge of 1200nAh.

This meansthat the 6 V supply can last for 1200 mAh=005 ma = 0:6 h
36 minutes and the 3 V supply can last for 1200 mAh=35 na = 9:6 h =
576 minutes.

With the circuit shovn in Figure 3.21 we encourtered a problem though.
It seemsthe batteriesin the 6 V supply cannot keepthe voltage when the
motors are activated by the Robostix. The voltagedrop to 2:2 V which is not
enoughfor the Robostix to keep active. To accommalate this problem an
extra 6 V voltage supply, consistingof four extra batteries of the samekind,
are addedto the circuit in parallel to the rst 6 V supply. The circuit with
a total of three voltage suppliesis illustrated in Figure 3.23. The maximum
chargesare alsoincluded in this gure.

125 mA

3v—— 80
1880 mA 330 mA

6V—— 6V— [ Motors | [Robostix]

Camera

1550 mA
005 mA

Figure 3.23: The nal power supply circuit.

As with the previous circuit a test were performed on this circuit and the
result was that it is able to keepthe voltage and thereby keepthe system
active. The double 6 V supply can therefore keep the system active for
72 minutes.

3.5.5 Conclusion

The maximum systemcurrent load is 2005mA which is supplied by use of
10 AAA batteries. The ertire systemcan be kept active for 72 minutes.
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3.6 Robustness

With all the hardware designed the total weight of the car is measuredo be
2809g. The weight is usedto calculatethe forcethe car is hitting the ground
from one metersheigh with.

3.6.1 Requiremen ts

There are the following requiremens for the robustnessof the car.

The maximum allowed weight of the car is 0:5 kg.

The car needsto be able to sustain hitting the o or after afall of 1 m.
The energy required for the car suspensionto absorbis 4.9 J. The
force of this fall will maximum be 45 g.

3.6.2 Design Considerations

The wheelswere chosento absorbthe energyfrom the fall. The robustness

was given a low priority, which meansthat light weight hardware was con-

sideredmore important. This resultsin a car that can be thought of as a

rigid body becausat hasno suspertion, a hard aluminium foundation plate.

The wealest link is assumedto be the screwthat holds the wheelson the
-Senos.

3.6.3 Conclusion

As the robustnesshas been given a low priority, the test of dropping the
car from one meters height has not beenconducted. This meansthat it is
uncertainif the car cansustainthe hit with the o or from onemetersheigh.

3.7 Discussion

The chosencamerahalved its weight when the supply cord were cut, and
connectedto the power supply on the car through a resistanceto limit the
currert to the camera,and lower the voltageto 8 V which the cameraneeds.

The two front sensorswvere placedon ead side of the camera,giving a good
view in front of the car to detect obstacles.Through practical tests the side
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sensorshad to be moved becausahe wheelssendshadavs on the sensorsso
that they did not give the expectedvalues.

Testsshowved that the -senos did not have enoughtorque to keepa high
velocity. A possiblesolution is to usethe other -senos consideredbecause
they have about 20% higher torque, which might be enoughto keep the
velocity higher despite of the lower maximum velocity.

The micro computerhasthe neededports for cortrolling -senosand enough
input ports for the distancesensorsand the up/down sensor.The CPU onthe
robostix is powerful enoughto cortrol the car by itself without the gumstix
if necessary

The power supply has a high weight comparedto the other hardware, it
might be possibleto use a battery from a mobile phone or the like to get
a light weight power supply. Despite the weight the power supply works as
expected.

The robustnessof the car got a low priority, and it is therefore unknown
if the car is light enoughand the wheelsare able to absorb the energyto
sustain a fall from a height of one meter.

3.8 Conclusion

The main tasksfor the hardware is to make a video map of the room, drive
alongsidethe walls to nd the dimensionsof the room, and to survive a
impact with the o or wherethe car is dropped from the heigh of a window
(2 m).

The hardware hasthe capabilities of driving, which impliesthat it is possible
to nd the dimensionsof a room. Furthermore with the chosencamerait
is possibleto make a video map of the room the car drivesin. But asthe
impact test has not been conducted, it is uncertain if the car can sustain
hitting the o or from one meters height. From the above statemens the
hardware is consideredsu cient to make a video map of a room, wherethe
dimensionsof the room hasto be found rst.
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This chapter evolvesaround designinga controller for the autonomouscar.

The idea with the controller is to ensue that the car can follow a wall at
the distance givenin the speci ¢ ation of requirements, 2.3. In the designof
the controller we haveconsidered whetherto uselinear or non-linear control.

As such, dees this chapter contain discussionsof di er ent control methals
and of whether the controller should be model basal or not. Furthermore
is the design methal we use discussd and so is the specic requirements
coneerning the controller. Having designé and simulated the controller, it

is discussd howto implementit in software, and whetherthe controller can

function outside the boundaries of the requirements. For instance with a
larger allowed o set.
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4.1 Linear and Non-linear Control

In generalterms, there are two groups of systems,the linear and the non-
linear system. As sud, cortrol methods for both groupshasbeendeweloped,
or is under dewelopmen. The methods for designingnon-linear cortrollers
are newer and are therefore a lessproven eld, whereaswithin the methods
of designinglinear cortrollers there are more thoroughly proven methods. It
is therefore preferableto have a linear system,or to be able to approximate
linear operation areasin the non-linear system.

4.1.1 Non-linear Systems

Before discarding the idea of making a single cortroller for the non-linear
system, we look at one of the most common the possibilities within non-
linear cortrol.

Backstepping is a method wherea virtual feedbag& is introducedto com-
pensatefor non-linearitieswhich can amplify the disturbances. That is
the odd-ordered,besidesrst order, termsin the feedbag&.

4.1.2 Linearise the Non-linear System

The typical method, when dealing with non-linear systemis to linearisethe
systemin oneor more operating points, ead with a de ned operation area.
To illustrate this we look at a rst order di erential equation, givenin equa-
tion 4.1.

dx _ _
= fxu) (4.1)

f (x; u) is a non-linear function and, as sud, we choosean operating point
and an operation area. The operation areais de ned from wherethe function
f (x; u) is approximately linear around the operating point. If the systemat
any given input can move outside the de ned operating area, more than one
operation point is needed,which will require more than one linearisation.

An operating point hasto be chosenand equation 4.1 can be expresseds:

ax _ _
i f(x;0) (4.2)
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The chosenoperating point alongwith the deviation from it, X, is givenin
equation4.3.

%(Y+ X)=f(X+ x;u+ u 4.3)

The right side of equation 4.3 is linearisedusing Taylor Expansion

d (x;0) “«+ d (x;0)

f(x+ x;o+ u)=f(x0+ x a0

(4.4)
The higherordersof the Tailor Developmert is not expressedn equation4.4,

as x israther small, which meansthat x", wheren > 1 is appraximately
0. Inserting equation 4.4 into equation 4.3 and isolating f (X; 0).

%(7+ X) = f(Y;U)er(xu) X+d(§im " |
. dx d x d (x; 1) d (x;T) '
f(x;u) = pr + ot x X + U (4.5)

f (X; U) canthen be substituted in equation4.2, and the linear approximation
of the nonlinear systemis preseted.

dax dx d X d (x; 0) d (x; 0)
- = —+ X+ u ,
dt dt dt dx du
d x _ d((x0) d (x;0)
i - dax T T du (4.6)

As the non-linearsystemcanbelinearisedand there are more proven methods
to designlinear cortrollers, we have chosento make linear cortrol of the
autonomouscar designedin this project.

4.2 Mo del Based Control

A model is usedto mathematical descrite a physical system. A dynamical
linear modelis a setof input, output and state variablesrelated by di erential
equations. If the systemis non linear, a number of work points can be made
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where the model is linear around the point. A dynamical linear model can
be usedto make a state spacerepresetation of the system, that has the
following form for a cortinuoustime-invariant system,

Ax(t) + Bu(t) 4.7)
Cx(t) + Du(t) (4.8)

x(t)
y(t)

where x(t) is the state vector, y(t) is the output vector, u(t) is the input
or the cortrol vector, A is the state matrix, B is the input matrix, C is
the output matrix and D is the feedforvard matrix. The structure of this
approad is illustrated in Figure 4.1. In most casesfeedforvard is not used,
which meansthat D only cortains zerosand D is then discarded.

G

Figure 4.1: The structure of the state spacerepresetation.

Stabilit y

Stability of a systemcan be studied from the eigervaluesof the state matrix
A. The eigervaluesof A yields the polesin the systemstransfer function,
which can be usedto analyzethe systemsstability. The eigervaluesof A are
found through the characteristic polynomial,

det(1 A)=0

where givesthe polesand | is the identity matrix of the samedimensions
as A. If the system has unstable poles, zeroscan be found to cancelout
those. The zerosmust satisfy the following equation,

A zI B
cC D
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where z givesthe zeros. Furthermore to ensurestability the systemhasto
be cortrollable and obsenable.

Controllabilit 'y

A cortinuoustime-invariant state-spacemodel is cortrollable if and only if

Rank[B AB A%B ::: A" 'B]=n

where Rank is the number of linearly independer rows in a matrix, and n
is the number of state variables.
Observ abilit y

A cortinuoustime-invariant state-spacemodel is obsenable if and only if

C
CA
Rank =n

chv

Conclusion

It is an advantage to have model of the systemthat hasto be cortrolled, be-
causeit descrikesthe dynamicsof the system,which opensfor the possibility
of ne tuning the cortroller speci cally for the given system. Furthermore it
is easyto analyzefor stability by nding the polesof the state matrix. Both
model basedcortrollers and classicalcortrollers can be usedoncethe model
is made.

4.3 Classic Control

In this sectionwe look at the classiccortrol for linear systems.More speci -
cally we look at, and discuss,the PID cortroller and its usesfor this project.
The PID cortroller cortains a proportional cortrol, P, an integral cortrol,
I, and an derivative cortrol, D. A standard feedba& cortrol setup is used,
shavn in Figure 4.2.
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reference . error, E D(s) input, U G(s) output

Sensor

measured H(s)

Figure 4.2: The standard feedba& cortrol loop, with a
system, G, a cortroller, D, and a sensor,H.

4.3.1 The Prop ortional Control

The P cortroller is proportional to the systemerror, which givesthe system
a faster responsetime if the cortroller gain, kp, is increased.

Using a P cortroller, will usually causea steady-stateerror on the output,
this will get smaller if the gain s increased. An increasein k, will on the
other hand give result in an increasingovershamt and can as sud make a
higher order systemunstable. The expressionfor the proportional cortrol is
given, in both time and Laplacedomain, in 4.9.

time-domain: u(t) = k, e(t)
U(s) _

Laplace-domaln:@ = D(s) = kp (4.9)

To compensatefor the steady state error an integral cortrol can be added.

4.3.2 The Integral Control

The integral control sumsthe error over time, which givesan accunulated
o set this meansthat a systemwith an integral cortrol only, will always
experienceovershat and the integral cortrol will not stop changing until
the input is zero.

The integral cortrol will eliminate the steady state error introduced by the
proportional cortrol and make the responsetime faster with an increasein
the integral gain, k;. But aswith the ky, will the overshat increasewith an
increasein ki and sowill the time the systemtakesto settle. In 4.10are the
expressiondor the integral cortroller in time and Laplace-domainggiven.

VA t
time-domain: u = k; e( )d

to
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. U(s) _ _ ki
Laplace-domaln.@ =D(s) = < (4.10)

Both the proportional and the integral cortrol gave an increasein overshamt
if the gainswereincreasedthe derivative cortrol canbe addedto compensate
for this.

4.3.3 The Deriv ativ e Control

The derivative cortrol add the changein error over time. The changeis
multiplied with the derivative gain, ky. By adding the derivative term to the
cortroller, the changein cortroller output is sloved, which meansthat the
overshat is decreasednd, assud, the stability is improved. Di erentiating
the error meansthat the noiseis ampli ed, which leadsto a high sensitivity
to noisewhenadding the derivative cortrol. The expressiorfor the derivative
cortrol is given, in both time and Laplacedomain, in 4.11.

time-domain: u = Ky %
. U(s) _ _
Laplace-domain: E(s) D(s)=kq s (4.11)

Dependingon the requiremens setup for the cortroller eat term, P, I, and
D, can be dimensioned.

4.3.4 PID Controller

the three terms are summedin the cortroller, as shavn in Figure 4.3. The
expressionfor the PID cortroller is givenin 4.12, both in the time-domain
and in the Laplace-domain.

z t
time-domain: u(t) = k, e(t) + k; e( )d + Kkq %
to
. U(s) _ _ Ki
Laplace-domaln.@ D(s) = k, + S + Ky S (4.12)
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Figure 4.3: The three terms, P, |, and D, of the cortroller
is summedfor the cortroller output.

4.4 The System

To easethe simulation of the system,it hasbeenbuild in Matlab Simulink.
This furthermore hasthe advantage of being a graphical illustration of the
system. But beforethe systemis build in Simulink we make somegeneral
systemconsiderationsof the systemsinputs and outputs and what the limi-
tations of the systemare.

4.4.1 Simulink Mo del of the Car's Propulsion

The main purposeof the cortroller is to make sure the car drives at least
40 cm from the wall it is driving alongside,as stated in 2.3, Speci cations
of Requiremens. The 40 cm is the minimum referencedistance for the
controller, but to designthe cortroller from the method descriked in 4.6,
this requiremen hasto be speci ed along with other requiremens needed
for the cortroller design.
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Reference Distance

To make surethis requiremen is met, it hasto be correctedto for the purpose
of the cortroller. The sensorausedhasa measuringnoiseat 40cmof 5 %,
which corresppndsto 2 cm. To make sure taht the car is 40 cm from the
wall, the referencedistancefor the cortroller is setto42 cm.

Maxim um O set

The sensorsused have a distance measuringrange of 10 80 cm. Taking
the result of the tests of the sensoranto considerations,the e ective range
of the sensorsis 10 60 cm. This meansthat the maximum distance the
car can have to the wall, and still expect the cortroller to work is 60 cm and
the minimum distanceis 10 cm. In the designof the cortroller a symmetric
maximum o set is chosen,and the asymmetric o set is consideredagain in
the discussionof the cortroller. The maximum o set the cortroller should
be ableto handleis60cm 42cm= 18cm.

Car behavior

The car ahsto be able to move to the referencedistance, from the maxi-
mum o set, without detecting objects, which would not have beenin the
drive path, wherethe car driving at the referencedistance. This behavior is
illustrated in Figure 4.4.

Drive path

——————————————————————————————————— Car |-— ~———————Reference distance—— —————-
Sensor view >> Offset

Object

Sensor range
42 cm

Wall

Figure 4.4: The car should usea turning motion to get to
the referencedistance,whenit experiencesan o set.

To getthe carto display the wanted behavior, the propulsionin the direction
perpendicularto the wall hasto be cortrolled. This canbedoneby increasing
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the angle betweenthe carsdriving direction and the wall. the angleis not
directly cortrollable though, unlessthe car stpsto rotate and thereby cortrols
the angle.

The cortrollable parametersare the averageforward speedand the di erence
between the speedsof the left side wheelswith respect to the right side
wheels,or vice versa. If the averegeforward speedis kept constart, the only
controlable input will be the di erence in wheelspeeds. The car's speedin

rpmis 49rpm, chosenin 3.3, and the maximum speedis 55r pm. This means
that the maximum the wheelscan di er from the averageforward speedis
6 rpm, which is half the limit of the di rence in wheelspeeds,if both sides
takesreferenceto the averageforward speed. Keeping the averageforward
speed constart also meansthat the systemhas only one cortrolable input,

the di erence in speedof the wheels,in the model called"T urn."

Forward
49

+ RPM
left

>
T +
urn 6 L RPM
D—> 7~L J>+ right

-6

Figure 4.5: If the averageforward speedis kept konstart
the only cortrolable input is the di erence in wheel speed,
“Turn."

From the Two inputs in rpm, "Forward" and "Turn" can the averagespeed
in m= and the angular velocity of the car e calculated. This is donein a
Matlab function with two inputs and two outputs:
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function r = car(u)
WheelRadius = 0.045;

RMP_Left= u(l);
RMP_Right= u(2);

WheelSpeedLeft = RPM_Left/ 60 * 2 * pi * WheelRadius;
WheelSpeedRight= RPM_Right/ 60 * 2 * pi * WheelRadius;

% The forwards speed of the car
Speed = (WheelSpeedLeft + WheelSpeedRight) / 2;

% The angular velocity of the wheels
AngularVelocityLeft = - (RPM_Left* 2 * pi) / 60;
AngularVelocityRight = - (RPM_Right* 2 * pi) / 60;

% The angular velocity of the car
AngularVelocity = AngularVelocityLeft + AngularVelocityRight;

r = [Speed; AngularVelocity];

How the two outputs, "Speed"and "AngularV elccity,” relatesto the propul-
sion of the car is shovn in Figure 4.6.

car AngularVelocity
Speed

Figure 4.6: The realtion betweenthe calculated speedand
angular velocity of the car and the cars physical motion.

When the car has no angular velocity, that is the "Turn" input is zero, the
only direction a ected by the input is that parallel to the wall the car has
to drive alongside.The position perpendicular to the wall is the sameas its
initial distance. The Simulink model is expandedto expressthis, as shovn
in Figure 4.7.

When the input "Turn"” 6 O the angular velocity also a ects the ouput.
Besidesthe position alongthe axis parallel to the wall the position alongthe
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Figure 4.7: As"Turn" is zero, "Forward" only a ects the
output which descrikesthe position on the axis parallel to the
wall, "X Pos".

axis perpendicular to the wall is an output, "Y Pos." The value of "T urn"
a ects both outputs as shavn in Figure 4.8. The Simulink model indicates
that the propulsion canbe cortrolled directly by usingthe "T urn™ ascortrol
signal. The problem with this cortrol is that at high cortroller gainsit may
not stabalise,asthe changesin y-direction will be fasterthan the systemcan
respond to. As low cortroller will however make slow the performanceof the
system. As sud, another way to stabalisethe systemis sough.

Forward X start

[+ | RPM
left Speed
- | MATLAB L] ] |

- function p Xspeed | 1 | AXposition Q
T + 1
AN o |+ 77 :
+

right velocity

B
©
Y
¥

X Pos

Y speed 1 AY position
e »

o
7
Yy
v vl

sin(u
Angle ) —

Figure 4.8: The complete Simulink model of the car, with
four inputs and two outputs. The only cortrollable input is
"Turn."

The ideawasto cortrol the y-position by regulating the anglethe car hasto
the wall. This is not directly possibleasmentioned earlier. Instead of having
the angleasan input, the Simulink model can presen it an output, asshown
in Figure 4.8. This that given a referenceanglewill make it possibleto have
a feedbak& from the angleto the di erens in wheelspeed. This feedbak is
illustrated in Figure 4.9.

The"Y Pos" output waswherethe feedba& whereinted to comefrom, asthe
angleis not measurableand the "Y Pos" descrikesthe perpendiculardistance
to the wall. The two outputs has a common characteristic in their wanted
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E—> Forward

Control signal

XPos ————»

p Turn

YPos ——p

@—> X start
| 0 >————» Ystart

Angle

Controller

Angle reference

Figure 4.9: The control signal is generatedby a feedbak
from the angle which is found within the Simulink model.

responseto an o set. Both outputs needsto be increasedor decreasedo
compensatefor an o set, depending on whether the the o set brings the car
closerto or further away fromt the wall.

As there is a cortroller betweenthe output "Angle” and the input "Turn,”
the relation between the distance to the wall and the angle of the car is
proportional. The magnitude of the proportional gain is proportioned from
considerationon the maximum values of the angle and the distance. The
angleis in radians, which meansit will have a maximum of 1.5 rad, which
corespndsto an angleof 90 . The distance hasa maximum of lessthan
two meters,which is in the samerangeathe angle. As sud, the proportional
gain is chosento be 1. The feedbak is illustrated in Figure 4.10.

4.4.2 Simulink Mo del of the Car's Sensors

The "Y Pos" output from the car's propulsion model is the perpendicular
distanceto the wall, the real distance measuredby the sensoris found as a
function, f (YPos;Angle). Thereforeis a simulink model of teh sensorused
fore cortrol purposesmade. In the modelis the 5 % noiseof the sensoradded
to the output, and asthe sensoronly is reliable within the rangel0 60cma
rate limiter is addedaswell. The model and the basicideawith the function
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p Turn

| 0 > Xstart
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Controller
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4
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Figure 4.10: Two cortrollers are implemerted in teh
Simulink model, onefor certrolling the input "Turn" and one
giving a referenceto the angle of the

f isillustrated in Figure 4.11.

Y Pos Band-limited
MATLAB white noice
D—> function
Y Pos 0.6
Angle ™ cos(Angle) @—> ﬁ; — Y Direction

Figure 4.11: The real distancemeasuredby the sensoris a
function, f (YPos;Angle). further more noiseand the limits
of the sensoris addedto the model.

4.5 Mo deling

To explore the opetunities of using model basedcortrol for the car, a part
of the systemis seperated and a model of that part is made. The part used
is the Simulink model of the car propulsion, found in 4.4.1. This is a an
unstable non-linear system. Thereforethe systemhasto be linerised. The
linearisation is donein Matlab with the commandl inmod, which hasthe A,
B, C, and D matrix of the equivalent state spacemodel asoutput. The state
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vector, X, and output vector, y, are the same:[X pos,Y pos,Angle]". The
input to the original Simulink model is the di erence in rpm that a ects the
angular velocity of the car. The model usesan angleasinput, asthis would
be more logic to cortrol, asit in practice are easierto relate an angle than
a di erence in rpm to how much the car needsto turn. As the propulsion
system is proportioned, is the corversion from rpm to an anglel : 1, as
any di erece likely is proportional and therefor can be implemerted in a
cortroller. The state spacemodel is expessedas:

0 0
0.47 X+ 0 u
0 0.21

X = [*X pof% poLAngle®iT (4.13)

P

I
ooo
ooo

The A matrix re ects that only the anglea ects the "Y pos"-state. The B
matrix, which is the input matrix, only hasan e ect on the "Angle"-state,
which correspnds to the fact that the cortrol signal for the systemis an

R

The C matrix is the Identity matrix, as the output and state vectors are
equivalert. The D matrix cortains only zeros,as there are no feedforvards
from the input to any the outputs. The only output usedto designthe
cortroller is"Y pos," which is the secondrow in the output vector. Therefore
the secondrow of the C and D matrixes are isolated. This meansthat the
systemis a SingleInput Single Output (SISO) system. The systemtransfer
function is found by useof Matlab and is expressedn equation4.14.

(ool
ol Nel
OO

G(s) = 08—21 (4.14)

4.6 Design Metho d

Two designmethods are consideredyoot locuswhich is basedon the transfer
function of the feedba& system,and Ziegler-Nidolstuning of PID regulators
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is basedon the step responseof the systemthat hasto be cortrolled. The
advantage of root locusis that it is possibleto visually seethe responseof the
systemwhen zerosand polesare tted. The disadwantage is that it needsa
model. The advantage of Ziegler-Nichols method is that with a stepresponse
of the systemthe parametersfor the PID cortroller is calculated. The dis-
advantage of this method is that the cortroller is allowed an overshat. The
theory usedin the following two sectionsare basedon [Franklin et al., 2003.

4.6.1 Ziegler-Nic hols Tuning of PID Regulators

Ziegler and Nichols gave two methods for tuning the PID cortroller for a
systemthat hasa reaction curve when a step is applied as shovn in Figure
4.12. The method consideredis the tuning by decyg ratio of 0:25 method.
This meansthat the transient decg/sto a quarter of its value after oneperiod
of oscillation.

yt) A

;’/\SlopeR=A/r

Lotk >t

Figure 4.12: Reaction curve behavior neededfor Ziegler-
Nichols tuning by decyg ratio of 0:25 method

The tangernt with the highest slope of the curve is called the reaction rate
and is de ned asR = A=, and if the tangert is followed down to the time
axis the time delay L = tq isidentied. The PID cortroller can be written
in the following form,

1
D(s)=k, 1+ — + Tps
(=ky 1+ 1o+ To

where Ziegler and Nichols suggestghe following parameters
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k, = =—Z= 4.15
> = AL (4.15)
T = 2L
Tp = 05L
ki = ﬁ
T
kd = K pTD

4.6.2 Root Locus

Root locus is basedon the closedloop transfer function of the feedba&
systemshown in Figure 4.13which can be descrited asin equation4.16,

Controller Plant

R D(s) G(s) Y

Sensor

H(s)

Figure 4.13: Block diagram of the ideal feedba& system.

_Y(s) _ D(s)G(s)
T = Rie) = 1+ D(SGEOH(E

wherethe characteristic equationfor the polescanbe descrited asin equation
4.17.

(4.16)

1+ D(s)G(S)H(s) = O (4.17)

To be able to study the e ects of altering a parameter, equation 4.17is put
in polynomial form, and the parameter of interest is chosenand namedK .
It is assumedthat it is possibleto de ne componert polynomials a(s) and
h(s) sud that the characteristic polynomial canbe descritedasa(s) + K xs).
The transfer function L(s) = b(s)=a(s) is de ned sud that the characteristic
equation can be written as

1+ KL(s)= 0 (4.18)
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To nd the bestvaluesof K the locus of all possibleroots of equation 4.18
are plotted as K variesfrom zeroto in nit y, and the resulting plot is then
usedto selectthe bestvaluesof K. The plot canalsobe usedto analyzethe
e ect of adding zerosand polesin D(s) as compensationin the loop. This
can be usedboth to selecta speci c parameter and designingthe dynamic
compensation. The graph of all possibleroots of equation 4.18 relative to
the parameterK is called the root locus.

The roots of b(s) = 0 are the zerosof L(s) and the roots of a(s) = 0 are the
polesof L(s). The roots of the characteristic equationr; are found from the
factored form

a(s)+ Kh(s)=(s ry)(s ryp):::i(s ryp) (4.19)

Equation 4.18 can be written in equivalert ways which hasthe sameroots.
Theseare called root-locusform and are shovn in equation 4.20.

1+ KL(s) =0 (4.20)
bs) _ .
1+ K@ =0
a(s) + Kh(s) = 0;
L(s) = Ki

The root locusis the set of valuesof s for which equation4.20hold for some
positive real value of k.

The SISO DesignTool in Matlab is able to draw the root locus, and makes
it possibleto t polesand zerosfor a singleinput single output system.

4.7 Requiremen ts for the Controller

4.7.1 Rise Time

When the car experiencesan o set it hasto move toward the referencedis-
tance. It hasto reat the referencedistance in time to avoid detecting
obstaclesthat would otherwisenot have beendetectedby the front sensors.
That is obstaclesthat are placein the drive path if the car wasdriving the
42 cm from the wall. The maximum measuringrange chosenfor the sensors
is 60 cm, this meansthe car hasto have reated the referencedistancewhen
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whenit hasdriven 60 cm. The meaningof this is furthermore illustrated in
Figure 4.14. The speedof the car is de ned in 3.3, Movemen, to be 23 cm=;,
The rise time is derived from the distance the car maximum should useto
read the referencedistance,and the speedof the car, in equation4.21.

7777777777777777 Car I-—~-——————Reference distance -~ - ————-
Sensor view } Offset
S
g

Wall

Figure 4.14: The wanted behavior of the car, with the con-
troller implemerted.

tr = 0:8 =21s (4.21)

4.7.2 Settling Time

The settling time, ts, of the cortroller is de ned to be when the car comes
within two certimeter, which will assurethat the requiremen for minimum
referencedistanceis met.

4.7.3 Maxim um Overshoot

The presenceof an overshat, M, is unwanted. Evenso,a maximum allowed
overshmt is de ned as 2 cm, which correspndsto the maximum deviation
allowed when the cortroller has settled. The maximum allowed overshaot,
in percenage, is derived in equation4.22

2cm
18 cm

M, = 100 = 11% (4.22)

From thesefacts the wanted behavior of the car with the cortroller is illus-
trated in Figure 4.15.
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Figure 4.15: The wanted behavior of the cortroller.

4.7.4 Phase Margin

For a cortroller to be stable a minimum phasemargin PM of 45 is needed.

4.8 Controller Design

4.8.1 Ziegler-Nic hols Tuning of PID Regulators

As the systemis unstable, a proportional cortroller is inserted to stabilize
the system. For this cortroller the unity feedba& is used. This conbined
systemis added a step, to get a step response, and the result is shown in
Figure 4.16. The amplitude of the stepis A = 1, and from the tangert both
L = 1:21and = 5:26 werefound. Now R can be calculated, and then the
cortroller parameterscan be calculatedtoo.

A 1

R = = —=019
5:26
1:2 1:2
K = RL ~ 019 1:21 52
T, = 2L=2 1.21= 242

Tp = 05L =05 1.21= 061

T, and Tp are corverted into integral gain k; and derivative gain kq respec-
tively in equation 4.24.

k, = 52 (4.23)
k 5.2

kk = £=—"=21

! T, 242 >

ki = K,Tp =52 0:61= 3:17
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Figure 4.16: Step responseof the system with a propor-
tional cortroller and unity feedbag&.

A PID cortroller wereappliedto the systemwith the parametersfrom equa-
tion 4.24,and the result is shovn in Figure 4.17.

The bladk curvein Figure 4.17is the systemresponse,and the broken curve
is the Ziegler-Nidols PID cortroller. The PID cortroller reactsas expected,
but falls under the referenceafter a small overshamt of about 5%. This fall
is not optimum, therefore the cortroller is hand tuned. The result of the
hand tuned Ziegler-Nidols PID cortroller is shavn in Figure 4.18, and the
parametersfound are listed in equation 4.24.

k, = 52 (4.24)
ki = 0215
kg = 317

The hand tuned Ziegler-Nidhols cortroller has a bit slower rise time and a
bit higher overshot, but nothing to mertion. The fall after the overshat
is neglected,which is consideredmore important than the changein the rise
time and oversht. This meansthat the hand tuned cortroller is used,and
tested on the systemwith the real sensormeasuremets, meaningthat the
car doesnot drive perpendicular to the wall when driving to the reference
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Figure 4.17: Step responsewith the Ziegler-Nidols PID

cortroller.
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Figure 4.18: The step responseof the systemis the black
curve, Ziegler-Nidols PID cortroller is the broken curve, and
the hand tuned Ziegler-Nidols PID cortroller is the dotted

curve.
91



distanceto the wall. The result of this simulation is shavn in Figure 4.19,
and is how the cortroller is expectedto perform in a practical test.

Step response
14

1.2r

Distance [m]
o
[oe]

g
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0.4
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0 5 10 15 20 25 30 35 40 45 50
Time [s]

Figure 4.19: Step responseof the systemwith sensordy-
namics, wherethe bladk curve is the cortroller with the real
distanceto the wall, and the brokenline is the cortroller with
the expected sensormeasuremets.

Figure 4.19shows that the hand tuned Ziegler-Nidols cortroller is expected
to perform well in a practical test, but the step size hasto be scaledto a
distance the sensorsare able to detect, which has an maximum of 18 cm
from the referenceof 42 cm. In other words as the sensorscan not measure
distancesabove 60 cm, this is the referenceplus 18 cm.

4.8.2 Root Locus

The model from 4.5 Modeling is imported in the SISO Toolbox, and a zerois
insertedwhich is illustrated in Figure 4.20. The compensationC(s) is found
with ain nit y gain margin, and a phasemargin of 76:8 which is above 45
and the systemis thereby stable.

C(s)
Kp

3:5(1+ 3:55) = 3.5+ 3:55) (4.25)
35
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kg = 35 35=1225

Figure 4.20: Root locusof the linearized car model.

Equation 4.25 shows that with root locusa PD controller is sucient. The
step responseof the systemwith the cortroller from equation 4.25is shavn
in Figure 4.21.

4.9 Discussion

The cortroller chapter had three primary objectives, the rst wasto get a
reasonablemodel imported in Simulink, the secom was to test the models
performanceincluding for realizability, and the third wasto test the found
cortrollers for the model, and decidewhich wasthe best.

49.1 The Simulink Mo del

The found Simulink model was nonlinear, which meart that it had to be
linearized. This was done with the Matlab function LINMOD, but in the
linearization somedynamics were lost, that meart that the model was not
accurateenough. Furthermore the model wasunstable,thereforea non model
basedfeedba& were introduced to stabilize the model. Thesetwo factors
in uences on the model basedcortrollers performance.
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Figure 4.21: Step responseof the systemwhere the black
curve is the Ziegler-Nidols cortroller, and the broken curve
is the root locus cortroller.
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4.9.2 Car Mo del Veri cation

A weaknes®f the chosencar modelis that the angle is usedin the feedbag,

asit is not obsenable with the sensoramounted on the car. This meansthat

the cortroller usedis not directly realizabl, but if another sensoris mounted

on the sideof the car, the anglecould be calculated. Another possibility is to

mount a compason the car, but both solutionsare basedon extra hardware,
which will increasethe weight of the car, that is pre ered aslow aspossible
to make the car more robust to the surroundings. A third option is to use
an obsener that calculatesthe anglefrom the turn input to the system.

4.9.3 Controller Choise

The two controllers designedin this chapter, the root locusand the Ziegler-
Nichols tuned PID cortrollers perfomancesare comparedin Figure 4.21.

As Figure 4.21shaws, the Ziegler-Nidholshandtuned PID cortroller performs
best, which is becauseit does not use a linearized model with the loss of
systemdynamics. If the cortroller is wanted to be implemerted on the real
system, the cortroller hasto be able to handle the real sensordata, which
can be descriked asin Figure 4.22.

Y Pos W Band-limited
MATLAB white noice
D—> function
Y Pos 06 N
- 7~L — Y Direction
Angle cos(Angle) 01

Figure 4.22: Modi cation of the sensormodel.

4.10 Conclusion

As mertioned in the 4.9 Discussionthe Ziegler-Nidols hand tuned cortroller
performsbest, and are now comparedto the cortroller requiremerns.
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4.10.1 Rise Time

The required rise time from equation (4.21) were found to be t, = 2.1 s.
Figure 4.21 shows that the system has a rise time of t, = 4:25 s, which
violates the requiremer.

4.10.2 Maxim um Overshoot

The overshat of the systemcanlike the risetime be found from Figure 4.21.
The maximum overshamt from equation4.22is Mp = 11 %. The overshat
is found to be Mp = 4 %, then the requiremen is respected.

4.10.3 Phase Margin

To have a stable system, it hasto have a phasemargin of at least 45, but
asthe systemis simulated to be stable, the phasemargin is not found.

From the preserted fact it is concludedthat the overall performanceof the
cortroller is acceptable.
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Chapter 5

Discussion

Contents

5.1 Hardw are
5.2 Controller
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The motivation for the project is to construct and designan autonomouscar,
able to make a video map of an unknown room. This motivation spavned
from the increasingautonomity we are surrounded by today. The subject
arti cial intelligence,which autonomity is a part of, hashigh enoughpriority
in this agethat it is on the agendaof the Ministries of Science.

This interest and the introduction to IARC brought up thoughts on how to
make an autonomousrobot car, which is light enoughto be carried by another
autonomousrobot, a helicopter, robust enoughto sustainimpact with a o or
after being dropped from one meters height, and intelligent enoughto nd

the dimensionsand make a visual map of the room it is sendinto.

The car's main purposeis to make a video map of a room with unknown
dimensionsand an unknown quartity of obstacle,sud as furniture. Other
typesof robots wereconsidered.For instance,another aerealvehicle,but this
would intro duceother issuessut asa more complexposition and movemert
cortrol, which would have to be active during the ertire operation. The
advantage of the car in accordanceto the movemen cortrol, is that the car
can be given an referenceposition and upon reading this position it can
erter a idle mode. If the aerealsubvehiclewereto erter idle mode, it would
simply fall to the ground and most likely not survive the impact with the
o or.

Finding the dimensionsand ensuringthat the ertire room hasbeenmappedis
wherethe car's autonomity and intelligencehasto prove its worth. Though
the task of nding the room dimensionsis ended at a prede ned trigger,
basedon the numbersof cornersin the room, the car hasenoughautonomity
to determine whether the room dimensionsmakes sense. After nding the
room dimensions,the rest of the mapping is performed basedon the car's
gatheredinformation, on the lengths of the walls and the positions of the
corners.

During the mapping the car can encourter both open doors and furniture.
Theseare the two sorts of obstacleswe have analysed,as these cover most
of what the car hasa chanceto encourter, whenit is sendinto an o ce, as
in accordanceto IARC, hostagerescue. The handling of these obstaclesis
introducedwith feedforvards, which naturally introducessomeuncertairties
regarding the precisionof the car movemerts. To compensatefor these ob-
stacle while driving alongsidea wall it is preferablethat the cortroller can
compensatefor theseuncertairties.
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5.1 Hardw are

The main purposewith the hardware chapter is to designand construct a

car capableof making a video map of a o ce like room. To make the video

map, a wirelessspy cam was found on the internet. The advantage of the

chosencamerais that it is light weight and that it hasa compactsize. To

have the car display the right behavior, in accordanceo the analysis,sensors
and -senoswerefound, to make the car able to sensats surroundingsand

move around.

With the electronicson the car sud as the camera, -senos and micro
computer a power supply is needed. A power supply were designedthat
could keep the car active for about 72 minutes, which is expected to be
enoughto map aroom. The disadwantage of the power supply is the weigh.
It might be possibleto designa more light weight supply. For instance, a
cell phonebattery is usedinstead.

Another subject consideredin the hardware chapter is the robustnessof the
car. The car hasto be able to sustain hitting the o or from the height of a
window, which is assumedo be a one meter fall. The robustnessof the car
was limited to nd light weight componerts, to lessenthe impact force. No
suspensionwere addedto the car, and no tests were conductedto nd out if
the car actually could sustain the impact on the o or.

5.2 Controller

In the cortroller chapter the methods for making cortrollers for the car was
discussed. The rst thing discussedwas whether to use non-linear cortrol
if the car systemis non-linear, but asthere are few proven methods, this is
not the preferableway to designa cortroller. The systemis non-linear and
unstable,to cope with the rst issue,the non-linearity, it wasdescrited how
to linearisea systemin an operating point.

The discussionof whetherto usemodel or non-madel basedcortrol are initi-
ated by an descriptionand a discussionof what a model is and why it may be
preferredto have a model of the systemrather than making nonmadel-based
control. Someof the advantages of a model is that it is easierto analyse
for stability, and it givesthe designera larger selectionof cortroller design
methods.

Regardlessof whether the cortrol is model-basedor not, the classiccortrol
can be used. For the purposeof this project the classicPID cortrol hasbeen
chosen,asit is expectedto be usablefor the regulation neededand as this
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is a simple form of cortroller basedon linear systems.

For the cortroller to compensatefor an o set, which is deviations along an
axis perpendicularto the wall the car is driving alongside,it will have to give
the car propulsiontowards the referencedistance. This propulsion cannotbe
applied directly in the wanted direction, but can be increasedby increasing
the anglethe car hasto the wall. The model was madein Matlab Simulink
and descrikesthe relation betweenthe wheelsspeedsand the position in both
the x and y direction, aswell asthe anglethe car hasto the axis parallel to
the wall.

We choseto make both a modeland anonmaodel basedcortroller and compare
the results to seewhich is the better for our system. Both cortroller are
PID's, but two di erent cortroller designmethods are used.

The model basedcortroller is designedusing Root-Locuson the state space
model, found using Matlab. The controller designedis a PD cortroller.

For the designof the nonmaodel basedcortroller the systemhad to be made
stable rst. This meart making a feedba& loop. The rst feedba& made
wasfrom the angleto the input describingthe turn speed. This stabilisedthe
system, but the initial ideawasto have the position along the axis perpen-
dicular to the wall in the feedba&, asthis descrikesthe referencedistance.
But asthe initial ideawasto regulatethe distanceto the wall by useof the
angle, the wanted characteristic for both the angle and the distanceto the
wall was analysed. The result was a proportional gain betweenthe two out-
puts. This meart that the position is usedto nd the referencefor the angle.
This setupis not without issueshough. The angleis a calculatedparameter
and is not measuredlike the distanceto the wall is. To compensatefor this
an extra sensorhasto be implemerted, a placewhereit can give an reading
on the car'sangleto the wall. Another way to doit is by adding an obsener,
but this would require the making of a model, ascortroller canonly be used
with cortrollers. The designmethod usedfor the nonmadel-basedcoriroller
is Ziegler-Nidhols' tuning by decg ratio of 0.25. The cortroller designedis
a PID cortroller.

The two cortrollers have beenheld up againstead other and the nonmadel-
basedcortroller shovedthe bestperformance.A reasonfor this might be that
the model-basedcortroller is basedon a linearized model of the nonlinear
system. Looking at the nonmadel basedcorroller and comparing this to
the requiremerts, it is deemedacceptable though the rise time for it is more
than twice aslarge asthe required, doesit have a nice trajectory and shavs
little overshaot.

Putting the qualities of the cortroller in perspective of the car driving along-
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sidethe wall. The slower rise time will at this perspective result in that the
car will detect objects, which would not be in its drive path, wereit driving
at the referencedistance. As a result of this the car will have to erter more
feedforvards along the way around in the room. This is unwanted, as the
most precisedimensioningof the room will be conductedif the car candrive
betweenthe corners, using the feedba& all the way. The reasonthat the
controller is deemedto display an acceptableperformanceanyway, is that
the furniture legswhich in this casewould be the causeof the extra feed-
forwards might aswell be placedabout 42 cm from the walls asthe can be
placecloserto the walls.
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Chapter 6

Conclusion

The problemformulation statesthat a car hasto be designedand constructed
sothat it, when put into an unknown shaped room, can make a complete
visual map of the room.

This holds three major challenges:To designand construct a car which can
sensand Im its surrounding. Find its way in an unknown room and making
the dimensionsof the room known. And whenthe room dimensionsis known
making a completevideo map of the room.

As a frame for the project IAR C hasbeenchosen,asthis competition allows
us to make somereasonableassumptionson the room in question. In brief,
the assumptionis that the room is an o ce and is for instance, limited to
having 90 corners.

The parametersa ecting the car construction, aswell asthosea ecting the
behavior of the car, hasbeenanalysed. Concerningthe car designand con-
struction, the analysis has divided the mapping procedure into tasks and
capabilities the car needsto possedor it to be able to move around in the
room. The wanted capabilities of the car hasthen beenusedto analysehow
the car make its way around in the room to make sureit getsthe bestvideo
coverageof the room walls, interior, and personswithin it.

Eadh task the car should be able to perform has beenanalysed,asto why
it hasto perform the task, and how performing the task a ects the overall
performanceof the car. The tasks hasfurthermore beenanalysedasto how
thesecan be simulated, and tested whether the car is capableof performing
the task and what the criteria for the car to succeed.Thesetestsis speci ed
as accepttests.

None of the accepttestshas beenperformed, neither the simulation part nor
the test part. Though, a cortroller hasbeendesignedand simulated with the
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carsphysicallimitation, sud asthe forwards speedof the car. This cortroller
can be usedfor the simulations of the accepttests,but will require further
dewelopmen of the car or the cortroller, if it shouldbeimplemertable in the
car's physical system.

With the cortroller implemerted, either in simulation, test or both, the car
can perform someof the tasks and gain someof the capabilities required of
it to completethe mapping procedure.

The way the car is to dimensionthe unknown room is by driving alongside
the walls until it readesits initial position. For this to be performed with

only small deviancesin the measuringof the lengths of the walls the car
will needthe cortroller to keepa constart distanceto the walls, and thereby

make it easierto estimate the room dimensions.

This leadsto the conclusionthat the cortroller cannot be used, without
further dewelopmen, by the physical car to perform the neededtasks to
dimensionand Im an unknown o ce-lik e room, but in simulations the con-
troller can be implemerted in the car and help improve the performanceof
the car, which meansthat it indirectly improvesthe mapping procedure.
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A.1 Intro duction

During its fall, the car may ip and thereby land upside down. Therefore
it hasto identify which side is up. To do this a sensoris placed facing
downwards, initially , asillustrated in Figure A.1.

Foundation plate

EJ 35 mm
17

Floor

Figure A.l. The sensor,usedto detectthe o or, isinitially
facing downward.

The ideais to measurethe distancefrom the bottom of the car to the o or
and thereby determine whether the car has ipp ed. In practice a threshold
is de ned and if the distanceis greater, the car has ipp ed.

A.2 Requiremen t Speci cation

Distance measuring: From the bottom of the car to the o or is an es-
timated 35 mm due to the wheel diameter. The di erence in sensor
output, depending on distance,hasto be distinct.

Weight: As with the designof the rest of the car, the sensorhasto be light
weigh.

A.3 Possibilities

Of the sensorsavailable, two hasbeenchosen. Theseare tested with respect
to the two requiremerts.

SHARP GP2D15. This is an IR sensor.It hasan internal distance mea-
suring IC and a connector,with supply, ground, and output signalpins.
Thesefeatureseaseghe integration with other hardware componerts.
The output is digital, which meansthat the output, while closerthan
a prede ned distance, is high and low, when not.
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The distanceinterval of the GP2D15is 10 80cm.
The weight of the GP2D15is 3.6 g.

Optek OPB704. This is alsoan IR sensor,but it consistsonly of a LED
and a photo transistor in a casing. To cortrol the currernt through the
LED, an external circuit will have to be designed.
The distanceinterval of the OPB704is5 20 mm.
The weigh ofthe OPB704is 1:4 g, plus any extra componerts needed.[OPB704-extra.gf]

A.4 Test of a GP2D15

The test of the GP2D15is conductedto determinewhether, or how, suitable
it is for the purposeof detecting whether the car is turning upside down.

The following is usedfor the test:

Manufacturer | Model Lab.No.
Power Supply | HAMEG HM7042-3 52755
Oscilloscog | Agilent 54621D 52772

GP2D15 circuit: According to the data sheet,the GP2D15 needsa pull
up resistorof 12k . The circuit is illustrated in Figure A.2.

= v Chipboard Power(}Sl;pply
cc +

= & o
12.1 KW

N Signal out epaps | [ e

w\€|7 o Signal
Gnd Table top Oscilloscope
Figure A.2: GP2D15circuit. Figure A.3: GP2D15test set-up.

A.4.1 Test Set-up

The test was conductedby connectingthe GP2D15, supply and ground, to
the power supply and the GP2D15, signal and ground, to the oscilloscoe.
The sensorwas then placedon a table with the detection direction parallel
to the table. A chipboard was usedto act asa o or and was placedat 16
di erent distancesfrom the sensor,starting with 0 mm and increasedwith

107



a 50 mm interval. The test was performedthree times at di erent times in
the day, at 9am, 1pm, and 4pm. Figure A.3 illustrates the test set-up.

The test wasexpectedto shav that above athreshold, 240mm, the output
signalis low and below the threshold the output signalis high.

A.4.2 Results

Voltage [V]

1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Distance [mm]

Figure A.4. Testofthe GP2D15IR digital distancesensor.

A.4.3 Discussion

The test result, illustrated in Figure A.4, shows that the sensoracts as ex-
pectedwithin its range of operation, 10 80 cm. Furthermore the sensoris
working acceptableconsisten at varying light e ects. At 0 cm the GP2D15
sensordetectsno object though, just asit would if an object wasat a distance
above the threshold. Thereforean additional test were performedwherethe
chipboard started at 0 mm and moved away from the sensorl0 times, with

an interval of 5 mm. The test results from this is shovn in Figure A.5.
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5 10 15 20 25 30 35
Distance [mm]

A.5: Result of the additional test
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The results of the additional test shavs that the output signal is low at
25mm, which is the sameasat maximum distance(35 mm minus the sensor
height) and thereforethe GP2D15 sensoris deemednot usable.

A5 Test of a OPB704

This test wereconductedto nd the variation in the output signaldepending
on distance.

The following test equipmen were used:

Manufacturer | Model Lab.No.
Power Supply | HAMEG HM7042-3 52755
Oscilloscog | Agilent 54621D 52772

OPB704 circuit: To gain a useful output from the sensoran external cir-
cuit is needed.The circuit used,is illustrated in Figure A.6*. The basic
ideais to have a low output whenthe sensoris detectingthe o or and
high otherwise. Therefore a resistor connectsthe output with Vcc.

Furthermore there is a needto cortrol the currernt through the LED.
The currernt wanted is 20 mA. A resistor is serial connectedfrom Vcc
to the anode on the LED. The voltage drop acrossthe LED is 1.6 V.
Resistordimensioning:

(UVCC ULE D) — 5V 16V
I 20mA

The emitter of the photo transistor and the cathode of the LED is both
connectedto ground.

R = 180

A5.1 Test Set-up

The test was conductedby connectingthe power supply and the oscilloscoe
to the circuit. The sensorwas then placed on a table with the detection
direction parallel to the table. A chipboard was usedto act asa o or, as
seenin Figure A.7, and was placedat 11 di erent distancesfrom the sensor,
starting with 0 mm and increasedwith a 5 mm interval.

The test wasexpectedto show that above a threshold, 15 mm, the output
signalis high and below the threshold the output signalis low.

1The circuit was found on the Internet, at http://www.rob orugby.org/optical.h tml

110



—~ Power Supply

Chipboard
1800 47¢Q + Gnd
o o)
Output
g sv /L'OPB704 v
. wgi o Signal
N
Table top Oscilloscope
Figure A.6: OPB704circuit. Figure A.7: OPB704test set-up.
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A.5.2 Results

Voltage [V]

0 5 10 15 20 25 30 35 40 45 50
Distance [mm]

0 i I I I I

Figure A.8: Testresultsfrom OPB704.

A.5.3 Discussion

The test results, illustrated in Figure A.8, show that there is a di erence in
the signal output dependingon whether the distanceis 15 mm or morethan
20 mm. The dierence is not asdistinct as preferred. This meansthat the
sensomwill have to be lowered5 10 mm from the bottom of the car.

The total weight of the OPB704 and circuit is 2:4 g, which is acceptable.

The OPB704 sensoris deemedusable.

A.6 Conclusion

The tests of the two sensorswvere conductedto nd the better oneand with
the requiremens stated in the beginning of this appendix, only one of the
sensorsare usable,the OPB704. Another fact to bad up this choiceis that
the OPB704is the most light weight of the two sensors.
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To nd its way in the room, the car hasfour distancesensoranournted. Two
pointing forwards and one pointing to either side,as shown in Figure B.1.

Distance

Figure B.1l: The sensorsare neededfor the car to idertify
doors, objects, and corners.

The side sensorswill furthermore be usedfor feedba& cortrol to have the
car drive alongsidethe walls.

B.1 Requiremen ts

Distance: The sensohaveto beablemeasuredistancesup to at least50cm.
This will give the car time to respond to what the sensoraneasures.

Weight The distancesensorshasto be light weight aswith the rest of the
componerts of the car.

B.2 Possibilities

SHARP GP2D12. This is an IR sensor.It hasan internal distance mea-
suring IC and a connectorwith supply, ground, and signal pins. It is
easymountable with two screws. Its output is an analoguesignal of
0:6 4.7V which correspndsto the distancerangel0 80cm.[GP2D12.pdf]
The weight of the sensoris 3:6 g.

Other typesof sensorshas beenlooked into, but asthe GP2D12 shouldlive
up to the requiremens and it is available, it was chosento be used.
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B.3 Test of the GP2D12

The sensortype wasalready estimatedusablefor this project, sowhat needed
testing is the exactrelationship betweenthe distanceand the output voltage.
The car four sensorsmounted and ead of these were tested individually
while mounted. The sensorsusedthe power supply from the Robostix, as
they were already mounted on the car.

To read the output voltage a multimeter were used:

Manufacturer | Model | Lab.No.
Multimeter | UNIGOT A43 08097

B.3.1 Test Set-up

The GP2D12was connectedto the Robostix and the multimeter to the out-
put and ground. the car wasplacedon the o or with the sensorbeingtested
10 cm from the wall. The car wasthe moved v e certimeters at the time to
a distanceof 80 cm.

This was repeatedtwice for ead sensorto ensurethe reliability of the test.

The expectedresult wasthat the output would decreasehe further away the
sensorgot from the wall and that the di erence in output voltage would be
signi cantly enough,depending on distance,to have a resolution of at least
Vv e certimeters.

B.3.2 Results

B.3.3 Discussion

The minimum measuringdistancefor all four sensorgs 10 cm, asFigure B.2

implies. The two front sensordhasa di erence in output voltage at distances
up to 70 cm, as seenfrom the two top graphsin Figure B.2. The two side
sensorshave a lesserrange of up to 60 cm. This di erence might be caused
by interruptions from the wheels,which are placelessthan a certimeter from

the side sensors.None that the sensordlive up to the 80 cm stated in the

data sheet,which can be the causeof other light conditions, and a di erent

surfaceof the object, to which the distanceis measured.

For this project the most used sensorrangeswill be about 10 50 cm.
Therefore does the lack of 10 20 cm maximum measuring distance not
interfere with the car performing its tasks depending on the sensors.
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Figure B.2: The graphsshaws the averageof the two test

conductedfor ead sensor.
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B.3.4 Conclusion

The test of the GP2D12 shawved that they all live up to the requiremen of
having a maximum range of more than 50 cm, asit hasa measuringrange
of 10 60cm. The weight is 3:6 g per sensor,which is deemedan acceptable
low weight.
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The electric propulsion of the car is chosento be provided by seno motors,
andin particular -senosdueto the light weight and small size. The -seno
candidateswerefound on the internet, from a danishstorethe university have
usedbefore.

C.1 Intro duction

Weight is an issuein the designof the car, which meansthat the power-to-
weight ratio considerationsare of high importance. The car hasto sustain
a fall and, as sudh, it is deemednecessaryto minimize the medanics in
the designof the car. As a result of this, the car will have an enginefor
eat wheelto avoid the use of gearsand drive belts, which could result in
medanical failure asa consequencef the car hitting the o or at the end of
its ight. Choosingto usefour motors has the disadwvantage of making the
car heavier. The motor set-upis illustrated in gure C.1.

] [ |
Motors

Figure C.1: The four motor set-up is chosento lessenthe
useof medanical componerts.

Two factors is consideredin the choice of engine: Weight, and speed.

Weight, m: Addressingthe weigh factor, no maximum weigh limit is spec-
i ed. Instead, a specic type of motor is chosen. -senoshave the ad-
vantage of low weight and enoughtorque to drive low weight vehicles
and are even usablefor small RC helicopters. Most -senosweigh less
than 10g.
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Speed, v: Time is a factor, and as sud is the speedof the car a factor as
well. The speedof -senosis typically 58 111rpm.

C.2 Possibilities

Of the -senwosstudied, two were consideredto be best suitable for the car.
One, which hasthe lowest weight and one, which hasthe highest speed. In
Table C.1 the technical data for the two -senosis speci ed.

Data Contraction | Hitec HS-50| Blue Bird BMS-303| Units
Weight m 5 3.4 [a]
Speed % 111 90.9 [rpm]
Torque 0.0586 0.0777 [Nm]

Table C.1: Best suitable enginechoicesfor the car. The lightest and the
fastestof the -senos studied.

The Hitec HS-50has beenchosen,asit is faster, and becausefour engines
are usedthe torque is assumedo be high enoughto drag the car.

C.3 Test

The test is doneby giving the -seno a PWM signal, and measurethe rpm
of the wheel. To measurethe rpm a digital tachometeris used,which detects
re ecting light. Tore ect the light on the wheeltwo re ectors are put on the
wheel opposedto ead other to make the measuremen more reliable. The
test setup is shavn in Figure C.2, and the test equipmert is listed in the
following Table.

Tachometer

Figure C.2: Testsetupfor calibrating the pulsewidth with
a speedof 100 rpm.
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Manufacturer | Model Lab.No.
Tadhometer | Shimpo DT-205 | 40158703

One -seno was tested at a rpm of 100 without load, and the pulse width
of the signalrequiredto read this were found. The frequencyusedis 50H z
which is commonfor seno's. The results are shovn in Table C.2.

-seno nr. | RPM | Clockwise[s ] | Counter Clockwise[ s ]
1 100 2745 370

Table C.2: Resultsfrom PWM test of one -seno, with a frequency of
S50Hz.

When testing another of the four -senosit did not give the samerpm, which
indicate that the referencepoint for the -senwsareplacedat di erent places.
The PWM signalwere found for eady -seno to read exactly 100rpm. The
results can be seenin Table C.3.

-seno nr. | RPM | Clockwise[s ] | Counter Clockwise[ s ]
1 100 2745 370
2 100 2775 350
3 100 2700 350
4 100 2780 350

Table C.3: Theresultsfrom PWM test of all four -senos,with afrequency
of 50H z.

The 100 rpm is chosen,becauseit is still faster then the alternate -seno
type, and givesa velocity of the car on 1:68 km=h, which is su cient to map
a room of the given size. Furthermore it givesthe possibility to calibrate
the velocity of one side of the car up and down, if for somereasonone side
doesnot drive asfast asthe other one,and thereby still obtain a velocity of
the car on 1:68 km=h which correspndsto 47 cm=s The test shaws that
this speedcan be uphold with no load applied, but whenthe load of the cars
weight is applied the car driveswith 49rpm, which correspndsto 23 cm=s
This is dueto the low torque of the -seno.

C.4 Discussion

The test shovedthat the HS-50 -senosthat have beenchosenhave di erent
referencepoints, and therefore neededto be calibrated separately It also
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shaved that the -senwscanhold a rpm of 100aswanted, and thereby keep
a velocity of 1:68 km=h of the car with the chosenwheels,but the test were
conductedwithout load. The test with the load of the car shaved that the
velocity of the car dropped to 23 cm=s which is a su cien t decreaseand is
due to the low torque.

C.5 Conclusion

The HS-50 -senos were chosenbecauseit was the fastest, and the test
showved that it works aswanted for the purposeof this project. With this -
seno the car candrive with a velocity of 23 cm=h, which is assumedsu cien t
for now. Thereforethe conclusionis that the HS-50 -seno is usedin this
project asdriving engines.
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The on board camerawas found browsing the Internet for spy cameras,as
we assumedthesehasthe functionality, and the light weight, we need. The
cameradeemedbest, judging from the speci cations given, is the Wireless
CameraGP-811T. The receiwr for this cameraconnectsto the USB-port in
a computer and the camerais online right after installing the software that
comeswith the cameraon a cd.

To usethe camerain an optimal way we had to make modi cations to its
power supply cord, asit had a connectoralmost the sizeof the cameraitself.
Also the view anglesof the camerahad to be found to de ne how far from
the walls we needto beto Im the facesof peoplein the room. Furthermore,
a devicewas constructedto mount the cameraon the car.

D.1 Transmission

Transmission Frequency: ISM-2:400 2:483GHz
Mo dulation Type: FM
Bandwidth: 18MHz

Undisturb ed Transmission Range: 100m

D.2 Supply Cord

The camerausesan eight voltage supply which is assuredby a transformer,
connectedto the mains. To useit on the car, the supply cord was cut and
connectedto the car batteries instead. The connectionis shovn in Figure
D.1.

D.3 View Angles

The desiredcameracoverageis to be able to seeappraximately two meters
up at a distance of two metersfrom the wall. This meansthe camerawill
needto have a horizortal view angleof 45 . For the chosencamerathe
horizortal view angleis 44, which, by itself, is acceptable. And when
taking into considerationthat the camerais elewated 5 or 5:7 cm depending
onwhich sideof the car faceupwards, the actual view height is appraximately
1:98 m at a two metersdistanceto the wall. The vertical and horizortal view
anglesis shaw in FiguresD.2 and D.3 respectively.
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D.4 Moun ting

To Im the room the car hasa mounted camerapointing forwards. For full
useof the camera’'sscofe, a tilting medanismis designedo have the camera
Im aslittle of the o or aspossible,measuredat its operating distance. The
tilt medanismis shovn in Figure D.4 and its mount on the car is illustrated

in Figure D.5.

Figure D.5: The mourted tilt med-

Figure D.4: The tilt medanism. ’
anism.
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App endix E

Software Design

This is a workshet directly copied from the old/previousreport. The only
section not included is Mapping Considemtion as theseare included in the
newreprt in an updated version.

Structured Softwale Developmentbrie y:

Structured Program Development(SPD) is a metha develoged for software
developmenand is originally directed at software develogrs and project lead-
ers. In this project it will be usal for full systemanalysis, asthe methal leads
to a testableway of making a speci ¢ ation of requirements.

The analysis takes the perspective of the car, as there is no in uence from
any user, once the car is activated. That is a viewon howthe car will interact
with its surroundingsand how it needs to communicate with the helicopter.

The methal usal to analyseis baseal on the SPD methal to nd the function-
ality requirements.
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E.1 General Description

E.1.1 System Description

The systemis the autonomouscar. An overview of the systemis given in
the deploymert diagram in Figure E.1. With this in mind, the componerts
of the systemwill be descriked.

Sensors

Motors H Controller H CommUur:}ltcatlon }
Seperate

Communications to

the helicopter
Camera

Figure E.1: Deployment diagram of the system.

Controller

This componert cortrols the timing of the inputs and outputs, regulates
the speed of the motors, calculatesthe path, and has a signal sendto the
helicopter, when the mapping is done.

The only componert the cortroller doesnot interact with is the camera,as
it transmits its pictures independen of the rest of the system.

Motors

The motors of the car are usedsolely for the car propulsion. That is, there
are no motor cortrolled movable parts mounted on the car except for the

wheels.

Sensors

There are four obstaclesthe car can encourier. To detect these, the car
has four sensoranounted; two sensorgpointing forward and one pointing to
either side.
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Furthermore there is a needfor the car to know whether it hasthe bottom
of it facingthe o or, asit can ip over during the ight through the window.
Due to this a sensoris placedfacing downwards.

Comm unication Unit

The car cortrol is activated from the beginning of the IARC mission. The
only communication necessaryfrom the helicopter to the car is a start sig-
nal. The comnunication neededfor the car is to senda signal when it has
completedmapping.

Camera

The camerais working independertly of the restof the system. It is activated,
along with the rest of the system, at the beginning of the IARC mission.
The only comnunication the cameraperformsis cortinuously transmitting
pictures to the helicopter.

E.1.2 Functionalit y

The car has somemain functionalities, like a motor cortrol to handle the
communication to the motors. The main functionalities are shown in Figure
E.2. Also in this gure the directions of comnunication betweenthem are
outlined.

The car hasto drive in a straight line forward, following the walls. To do
this the measuremets from the side sensorsare used. The car will have to
take measuremets from the side sensorswith a suitable frequency which is
chosento be ewery v e certimeters, asit assumableleaves enoughtime for
the motor driver functionality to compute the responseto changes.

The Motor Control shouldtake careof all the basicfunctionalities, like drive
forwards, drive badkwards, rotate, and stop. While the Certral Control
should take care of the more advancedissues,like whereto go next, when
encourtering an object. The Certral Control has furthermore beendivided
into two extra functionalities, the Object Identi er and the Comnmunication
Unit, to point out the importance of these.

The Object Identi er is usedwhen an object is detected,for instancea wall
or a pieceof furniture, to identify what sort of object it is to help the certral
cortrol determine how to react.

The car acts on its own, without inuence from the helicopter or other
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Left Motors ‘ ‘ Right Motors ‘ ‘ Side Sensors ‘ ‘ Front Sensors ‘ ‘Upldown Sensor

Data Collector
Motor con“°l

Central Control
Object Identifier

Communication Unit

Helicopter

Figure E.2: The main functionalities and commnunications
internally.

external device, during the mapping process. This means,the only data-
communication taking placeis a transmissionfrom the helicopter to the car
when the mapping should start and a transmissionfrom the car to the heli-
copter when the mapping is complete. This functionality is provided by the
Communication Unit.

E.1.3 Limitations
The car is deweloped in order to handle:
- Roomswith 90 .
- Cornersand no holesin the o or, e.g. stairs down.

- Doorsthat are 825 cm wide, which is one of the commonly useddoor
width i Denmark [SWEDOOR-KILSGAARD, 2007.

E.2 Specic Requiremen ts
The rst part of this chapter is basedon nding the requiremers for the
functionalities in Figure E.2. The secondpart is illustrating these. This is

madeby useof timing diagrams.
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E.2.1 Functionally Requiremen ts

Motor Control. This functionality cortrols the four motorsusedfor propul-
sion. The commnunications of the motor cortrol functionality is illus-
trated in Figure E.3. An option is to implemert somecognitive capa-
bilities, and thereby make it able to drive adapting the motors speeds.

Left Motor \ \ Right Motor

Drive Signals

Motor Control

Drive Commands

Object Identifier Central Control

Figure E.3: The Motor Corntrol usesfeedba& from the side
sensordo drive straight. The drive commandfrom the Cen-
tral Control overwrites the feedba& cortrol.

Averaged Side Sensor Data

Data Collector

Input: Three inputs are given to this functionality, an averageof the
side sensormeasuremets and drive commands,which are given
from both the Certral Control and the Object Identi er.

Side sensor averages: The input from the data collectoris read
ewery 0:1 s, and hasvaluesranging from 10 60.

Driv e commands: Thesehave a numberfrom O 5to represen
the action required.

Function: With the motors chosen,the motor cortrol's update rate
is 10 H z, which correspndsto the 5 cm side sensorupdate rate
stated in E.1.2. The input from the Data Collector will be used
asfeedba&k to the update algorithm for the front left motor. This
feedba& shall ensurethe car's ability to drive alongsidethe walls.
The feedba& will only directly act on one motor to simplify the
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cortrol algorithm. The way this should be doneis by having the
bad left motor dependent on the front left motor and have the
two right motorsdriving at constart speeds.The feedba& cortrol
shall not be in e ect, when a new drive commandis given by the
certral cortrol, and shouldin generalonly be active, whenthe car
is driving either forwards or badkwards.

Output: There are four outputs from this functionality, one for eat
motor.

Front left motor: This isthe only motor directly a ected by the
feedba& from the Data Collector.

Front right motor: This hasthree speeds,100,0,and 100rpm.

Back left motor: The update algorithm for this motor shall be
dependert on the updated algorithm of the front left motor,
which meansthat, indirectly, this oneis alsoa ected by the
feedbak cortrol.

Back right motor: As with the front right motor this one has
three speeds,100,0, and 100rpm.

Data Collection. The purposeof this functionality is to collectsensomea-
suremem data, verify them, and make them usablefor the motor con-
trol and certral cortrol functionalities. A diagram of this functionality
is shawn in Figure E.4. An option is to have this functionality usefault
detection or sensorinformation fusion.

Input: This functionality has v e inputs, from two side sensors two
front sensors,and a sensorpointing downwards. The distance
range and digital resolution for the sideand front sensorsare the
same,and will henceforthbe referredto asthe distancesensors.
Distance range: 10 60cm
Digital resolution: 6 bit (1 cm resolution)
The sensomounted at the bottom of the car is usedto detectthe
o or. As sud, its distancerangeis indicating the low and high
output rangeused.
Distance range: Low: 0:5 1:5cm, high: 1.5+ cm
Digital resolution: 1 bit (low:0, high:1)

Function: For eat of the distancesensorghe moving averagewill be

computed,and for this two ring bu ers are used,onewith the real
data and onewith the average. The sensorat the bottom of the
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‘ Front Sensors ‘

Side Sensors ‘ ‘ Up/down Sensor

Sensor Data
Averaged Side Sensor Data ¢

Motor Control Data Collector
Filtered Data
Central Control Object Identifier

Figure E.4: The Data Collector functionality taking inputs
from the sensorsand Itering them for the motor cortrol and
certral cortrol.

car will only be usedoncein the mapping process,and the data
usedwill be the averageof ten measuremets.

Output:  This functionality hasthree outputs, oneto the motor con-
trol, oneto the certral cortrol, and oneto the Object Iderti er.

Motor control: The averageddata from the side sensorsare
madeavailable for the motor cortrol. The motor cortrol runs
with 10 Hz and will therefore have a sensorupdate every
O1ls.

Central control and Object Identier: All averageddataare
sendstored and thereby the certral cortrol can useit. The
ring bu er with the averagesensordata will bein a block of
memory accessibleéby the certral cortrol.

Central Control. This is the functionality, which cortrols the mapping
process.It estimatesand courts the number of corners,estimateshow
much of the room has beenmapped, determineswhat actionsto take
whenencourering an object in the drive path, and makessurea signal
is sendwhen the mapping is done. This functionality is illustrated in
the diagramin Figure E.5.

135



Data Collector

Motor Control

Drive Commands

Filtered Data

Status

Communication
Central Control Unit

Start Signal

Object Encountered

Object Type

Object Identifier

Figure E.5: Diagram of the system'sCertral Cortrol.

Input: The Certral Control has three inputs, Filtered Data, Start
Signal, and Object Type.

Filtered Data: Thisisthe ltered datafrom all the sensors.Val-
uesfrom the distance sensorsare ranging from 10 to 60 and
the data from the bottom sensorhave a rangeof 0 to 1.

Start Signal: The signal from the helicopterto the car to com-
mencemapping.

Object Type: This shall indicate what sort of object the car has
encouriered. Depending on how many types of object that
can be encourtered this should be ranging from 0-9.

Function: The Cerral Control takescommandof the carwhenan ab-
normality is encourtered. That is, whenthe front sensorsdetect
an object closerthan 30 cm, or on the right side sensormeasure-
mert hasan incremen of morethan 10cm.

In both casesthe Certral Control will senda stop commandto
the Motor Control and call upon the Object Identi er to identify
the type of abnormality. The Object Identi er can give one of
four replies,wall, object, door, or no door.

Wall: If the car hasencounered a wall it is detectedby the front
sensors.The right side sensoris then read, and if it measures
lessthan 60cm it is estimatedto be a corner,and the Certral
Control calculatesa command sequenceor the Motor Con-
trol. The processof dealingwith a closedcorneris shown in
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Figure E.6.

A

Figure E.7: When encounering an
Figure E.6: When the car encoun-object, the car drivesleft around it.
ters a closedcorner it makesa sweep

to Im inwardsin the room.

Object: In this casethe Certral Control nds a command se-
guencetaking the car to the left side of the object, and when
the object is no longer detectedby the right side sensor,the
Motor Control's feedba& cortrol takesover again. An illus-
tration of how the car passesan object is illustrated in Figure
E.7.

No door: This reply meansthere is an open corner on the car's
right and the Certral Control sendsthe commandto the Mo-
tor Cortrol.

Door: If a door is detectedthe car is in the doorway, and the
Certral Control makesthe car rotate left until the front sen-
sors are pointing at the door frame. Then Central Control
givesthe commandto Object Iderti er, asif an object is in
the drive path.

When the mapping is done the Central Corntrol passesa done
signalto the Communication Unit.

Output: The Certral Control hasthree outputs, drive commandsto
the Motor Cortrol, statusto the CommunicationsUnit, and object
encourtered to the Object Iderti er.

Driv e Commands: Theserangefrom 0-5and contains the basic
drive functionalities, stop, forwards, badkwards, rotate left,
and rotate right.

Status: This cortains an error and a nished mapping signal.

Object Encountered: With this the Object Identi er function-
ality is called.
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Object Identier. This functionality is called every time an abnormality
is encounered by the car. There aretwo possibleabnormalities consid-
ered,whenthe front sensormeasuremets decrease$o lessthan 20cm,
and whenthe side sensommeasuremets shov an increaseof more than
10 cm. A diagram of the Object Identi er's interactions with other
functionalities is shavn in Figure E.8.

Central Control

Object Encountered

Object Type
Motor Control J yp

Drive Commands

Object Identifier Filtered Data

Data Collector

Figure E.8: When the Object Identi er functionality is
called, it can give drive commandsto the Motor Control.

Input: The inputs for this functionality are object encourtered from
the Certral Control andthe Itered data from the Data Collector.

Object Encountered: The input cancortain oneof two values,
lor?2.

Filtered Data: Thisisthe ltered datafrom all the sensors.Val-
uesfrom the distance sensorsare ranging from 10 to 60 and
the data from the bottom sensorhave a rangeof 0 to 1.

Function: If the input is 1, the car hasmet either a wall or an object
in front of it. To determine which, the Object Identi er sendsa
rotate left commandto the Motor Control and readsthe change
in the front distance measuremets. If, during the rotation, one
of the front sensorsshows signi cantly more than the other, and
more than the initial distance,the car hasencourered an object.
Otherwiseit isawall. In both caseghe information is sert to the
Certral Cortrol.

If the input is 2, the car has either a door or an open corner on
the car'sright. To determine which, the Object Identi er should
nd a command sequencehat brings the car drive around the
open corner, or through the door way, and at the sametime poll
on the left sidesensor.If there is a reaction on the left sidesensor
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a door is identi ed. If there is no reaction on the left side sensor
within a certain time, a open corneris detested.In both caseghe
information is ser to the Certral Control. The door encourier is

shavn in Figure E.10.

Figure E.10: When encourering a
door, the carrotatesleft until the front

Figure E.9: The carencourtering an S€nsorsarepointing on the door frame,

open corner. and runs the Object Iderti er.

Output: The Object Identi er hastwo outputs.

Object Type: This is a number, sendto the Certral Control,
in the range 0-9 sendto the Certral Control, which indicates
which type of abnormality the car has encounered.

Driv e Command: Aswith the drive commandfrom the Certral
Control to the Motor Driver. It rangesfrom 0-5 and has a
basicdrive functionality assaiated with ead of the numbers.

Comm unication Unit. The purposeof this functionality is to receiwe the
start signal from the helicopter and sendthe done mapping signal to

the helicopter when done.

Status Helicopter

Start Signal

Status Communication Unit

Start Signal

Central Control

Figure E.11: The Commnunication Unit corrols the trans-
missionsand data receptionto and from the helicopter.

Input: There are two inputs, one from the helicopter and one from
the Certral Cortrol functionality.
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Status: This is the donesignal from the Certral Control.
Start: This signalis sendfrom the helicopterto the car.

Function: The WLAN comrunication getsactivated whenthe system
starts up. Upon receiving the start signal from the helicopter,
the Comnunication Unit have to shut down the WLAN to avoid
interruption from elemeits outside the system. When the car is
donemapping the Comnunication Unit shall activate the WLAN
again and start transmitting the done mapping signal.

Outputs: The outputs area donesignalto the helicopter, transmitted
via WLAN, and a start signalto the Certral Control.

Initialize. This functionality shall not interact with the rest of the func-
tionalities and, as sud, doesnot have any inputs or outputs. As the
nameimplies it is the start up functionality.

Figure E.12: Initialize is responsible for the system start
up.

Function: To start up the system, activate the WLAN, the motor
driver and the sensors.

E.2.2 Timing Diagrams

Initialize: When the systemis rst activated the Initialize functionality
starts up the Motor Control and the Certral Control. The Motor Con-
trol starts looping and is initially setto stop. The Certral Control
calls the Communication Unit, which starts pending for a start signal
to passto the Central Control. The initialization processis shavn in
the timing diagramin gure E.13.

Closed Corner Handling: The car drivesalongsidea wall using feedba&
cortrol. Measuremets from the front sensorf lessthan 30cm, passed
from the Data Collector to the Certral Control, meansthat the car
has encourtered either a wall or an object. The Certral Cortrol will
take over, senda stop signal to the Motor Control, and call upon the
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Communication Unit | v (3) Rotate Left

Central Control 4—* —% — Send

Data Collector % T, 1, (fd) Filtered Data

Motor Control 0}* A—TJ ﬁ/

Central Control J/—WO
Object Identifier H (3) Rotate Left
Data Collector % % % % — Send

3
Motor Control H—* —

1 Start Signal

‘//—* (0) Stop

(1) Forwards
(2) Backards

(4) Rotate Right
New Period

—— Receive
fd fd fd —>» Jump

—o

» Time

F——01s—H

Figure E.13: Timing diagram for the initialization process.

Object Identi er to determine which kind of abnormality the car has
encourered.

The Object Identi er sendsa rotate left signal to the Motor Cortrol.
The information, that it is a wall, is passedto the Cenral cortrol
and computesa command sequencewhich is sendwith 1 Hz to the
Motor Control. The given command sequencemakes the car rotate
left to point in its former driving direction and 90 bad, pointing in a
new direction along the new wall encourtered. When donethe cortrol
is onceagain given to the Motor Control and the feedba& cortrol is
resumed. This routine is illustrated in Figure E.14.

(0) Stop
(1) Forwards

oo
PN
e_n

(2) Backards

(4) Rotate Right
fd fd fd fd —— New Period

—— Receive
a 1 > Jump
‘ | ‘ (fd) Filtered Data

» Time

Figure E.14: The timing diagram for handling a closed
corner.

Object Handling: As with the closedcorner handling, an abnormality is

encournered in front of the car and, the feedba& cortrol in the Motor
Control stops,the Certral Control takesover, and the cortrol is passed
further onto the Object Identi er. The Object Identi er sendsarotate
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left signalto the Motor Cortrol. The information, that it is an object,
is passedto the Certral Control, which then computesa command
sequenceto take the car to the left side of the object. Once on the
side of the object the cortrol is given bad to the Motor Control and
the feedba& cortrol is resumed. The timing diagram for this routine
is showvn in Figure E.15.

Central Control J/—WO i ! i ! l (0) Stop
(1) Forwards
(2) Backards
Obiject Identifier 3%—4 (3) Rotate Left
(4) Rotate Right
fd fd fd fd New Period
Data Collector % % % % — Send
—— Receive
1 3 3 3 —> Jump
Motor Control }—H — } A : } A ﬁ/ | } A | (fd) Filtered Data

» Time

Figure E.15: The timing diagram for handling an object
blocking the drive path.

Open Corner and Door Handling: The car drivesalongsidea wall and

the data from the side sensorssent to the Certral Control indicatesa
more than 10 cm incremen. The Certral Control sendsa drive com-
mand to the Motor Controller and notatesthat a corneris encourtered.
Furthermore data from the left side sensoris read, to distinguish an
open corner from a door. The timing diagram for when encourering
a door or an open corneris much alike, as with the object and closed
cornertiming diagrams,and assud, only onetiming diagram covering
both are made. This is illustrated in Figure E.16.

Central Control J/—WO l ! (0) Stop
(1) Forwards
(2) Backards
Object Identifier %ﬁu (3) Rotate Left
(4) Rotate Right
fd fd fd New Period
Data Collector % % % — Send
—— Receive
1 1 1 1 —> Jump
Moror Control }—H 4—0—‘—* % : } A } (fd) Filtered Data

b——01s —

» Time

Figure E.16: Timing diagramfor encourtering an opencor-

ner or a door.
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Mapping Done: When the last corneris readed, a signalneedsto be sen.
The Certral Control sendsa stop commandto the Motor Control and
callsthe Communication Unit and it sendsthe donesignal. After that
is donethe cortrol is given bad to the Certral Control. This routine
is illustrated in Figure E.17.

Done Signal

Communication Unit (0) Stop
(1) Forwards
(2) Backards
Central Control 3* | | (3) Rotate Left
(4) Rotate Right
fd fd fd —}— New Period
Data Collector % % % —> Send
—— Receive
4 0 0 0 —> Jump
Motor Control H : } A } A : } (fd) Filtered Data

» Time

——01s—H

Figure E.17: Timing diagramfor whenthe caris donemap-
ping.

E.3 Accepttest Specication

The main goal of the project is to have the car make a video map of an
arbitrary room. This task is divided into smallertasks. Each of thesetasks
is descriked from a test point of view, which meansthat eadt task will have
to be testable. The tasks can furthermore be divided into two groups

- the tasks concerningthe car variables, for instancestart position,

- and the tasks concerningthe room variables, for instanceroom shape.

When both thesegroupsare tested, a test including both is performed.
In all teststhe car is expectedto map the room and stop whenit is done.

E.3.1 Test Setup: Car Variables

The test setupfor tasks concerningthe car variablesis shovn in Figure E.18.
In this line of tests the room hasconstart dimension,4 m 6 m. There are
no objects in the room and there are only closeddoors.

The car variablesare:

Start position: Wherein the room doesthe car land.
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o\ Lo
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Figure E.19: Cameracoveragefrom

Figure E.18: Room test setup. the cornersin test one

Start direction: In which direction doesthe camerapoint.

Up/do wn: Which side of the car is up.

Test 1: All Fixed

This is a test of whetherthe car can map the room starting from the position
and with the direction shavn in Figure E.19. The top of the car is facing
upwards. The expectedresult is to have a video map of the ertire room, and
what is not covered by the rotational movemern in the corners,is covered
whendriving betweenthe corners.

Test 2: Random Start Position

Di erent start positions are randomly generatedto test whether the car car
start at a random start position. Thesepositions are shavn in Figure E.20.
The start direction is the samefor all three positions. and the top of the car
is facing upwards.

Test 3: Random Start Direction

Here the random start direction is tested by randomly generatingdi erent
directions, as shavn in Figure E.21. The start position is xed. The top of
the car is facing upwards.

Test 4: Random Side Up

The bottom of the car is facing upwards, which meansthe motors will have
to run badkwards to move the car forwards. The start position and direction
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Figure E.20: Test setup for test 2. Figure E.21: Test setup for test 3.
Three di erent start positions. Three di erent start directions.

is predeterminedto be the sameasin test 1. Figure E.22 showvs how the car
turns.

4 m

Figure E.22: Test setup for test 4.

Turning the car upside-davn. Figure E.23: Test of whether the

three previoustasks can be performed
simultaneously

Test 5: All Random

To round up the rst line of test, a test is made where start position and
direction is random and which side of the car is upwards is random. The
speci ¢ test setupis illustrated in Figure E.23.

E.3.2 Test Setup: Room Variables

For this line of tests the car starts in the sameposition asin test one, with
the samedirection and the sameside up.

The room variablesare:
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Room shape: The number of cornersand length of the walls.

Do ors: Doors placedwherethe car should detect a wall.

Objects: The objects placed on the o or, speci cally in the drive path of
the car.

Test 6: Random Shape

This is a test of the car's ability to map regardlessof the number and kind
of cornersand regardlessof the lengths of the walls. The test setupis a wall
wherethe car will rst encourter a closedcorner, then an open corner and
lastly another closedcorner.

Test 7: Door

An opendoor is introducedin this test. The door is placedin a wall and will
appear to the simulated car after one closedcorner encourter.

Test 8: Object in Driv e Path

An object is placedin the drive path of the car. The object's dimensions
are: Width= 10 mm, depth= 10 mm, and height= 200 mm. The speci c
test setup is a ten meter wall with 3 objects placedin the drive path.

Test 9: All Random

To round up this secondline of tests, the mapping processis performedwith
the length of the walls varying from 4 m to 6 m, one open door, two objects
of the samesizeasin test 8 and 9, one placedin the drive path and onein
a grid point. The speci ¢ test setupis illustrated in Figure E.24.

Door
6m 6m
17— g
. O
Door *™ Dboor, | e

Figure E.24: A test of all the room variablesconbined.
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