Development of a Low Level Autonomous Machine

A Thesis Submitted to the College of
Graduate Studies and Research
In Partial Fulfillment of the Requirements
For the Degree of Master of Sciences
In the Department of Agricultural and Bioresource Engineering
University of Saskatchewan

Saskatoon

By

Jason Griffith

Keywords: autonomous machine, tractor controller, vehicle navigation

[0 Copyright Jason Griffith, August, 2008. All rights reserved.



Permission to Use

In presenting this thesis in partial fulfilmenttbie requirements for a Postgraduate degree from
the University of Saskatchewan, | agree that thedries of this University may make it freely
available for inspection. | further agree thatmpission for copying of this thesis in any manner,
in whole or in part, for scholarly purposes maydgoanted by the professor or professors who
supervised my thesis work or, in their absencahbyHead of the Department or the Dean of the
College in which my thesis work was done. It islewrstood that any copying or publication or
use of this thesis or parts thereof for financiaingshall not be allowed without my written
permission. It is also understood that due re¢agnshall be given to me and to the University
of Saskatchewan in any scholarly use which may agenof any material in my thesis.

Requests for permission to copy or to make otkerai material in this thesis in whole or

part should be addressed to:

Head of the Department of Agricultural and Bionese Engineering
University of Saskatchewan

Saskatoon, Saskatchewan S7N 5A9



ABSTRACT

An autonomous machine is a machine that can navitabugh its environment without
human interactions. These machines use senssenge the environment and have computing
abilities for receiving and interpreting the sewnsatata as well as for controlling their
displacement. At the University of Saskatchewasskatoon, Canada), a low level autonomous
machine was developed. This low level machine th@ssensor system for an autonomous
machine. The machine was capable of sensing thieoement and carrying out actions based
on commands sent to it. This machine provided resisg and control layer, but the path
planning (decision making) part of the autonomoasimme was not developed.

This autonomous machine was developed on a GaBXI34H tractor with the purpose of
providing a machine for testing software and sensora true agricultural environment. The
tractor was equipped with sensors capable of sgribim speed and heading of the tractor. A
control architecture was developed that receiv@dititcommands from a human or computer in
the form of a target heading and speed. The coatohitecture then adjusted controls on the
tractor to make the tractor reach and maintairtahget heading and speed until a new command
was provided. The tractor was capable of beingl useall kinds of weather, although some
minor issues arose when testing in rain and snole sensor platform developed was found to
be insufficient for proper control. The controfustture appeared to work correctly, but was

hindered by the poor sensor platform performance.
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CHAPTER 1 INTRODUCTION

1.1 Topiclntroduction

Agricultural machinery has played an ever importasie in modern agriculture for many
years. With growing populations and increased nigaion the demand for larger and more
efficient agricultural machines has grown (Noguehial. 2002). Agricultural machines have
become increasingly comfortable for the operatoethice operator strain and allow operators to
manage the machine for longer periods of time. imiprove efficiency and reduce operator
strain many systems such as Trimble Autosteer, laeddnanagement and steering assist are
available on the market. These systems provideoffexrator with more feedback and less
required input which reduces the driver strain.e§énsystems also allow for more accuracy over
the day, which reduces misses and overlap incrgdbim efficiency and reducing application
costs.

A common cause of inefficient field practices dgrem application is human mistakes (Ollis
and Stentz 1997). These mistakes are often cdnspdor operator feedback, driver fatigue or
low visibility due to factors such as dust, darlsvaed fog. Autosteer and headland management
systems reduce these human mistakes by providiyygeeof semi-autonomous machine in which
periodic operator input is still required. Withnseautonomous machines being recognized
through the use of autosteer and headland managethemext step forward is to have fully
autonomous machines.

The idea of having autonomous agricultural machieasot a new one (Wilson 2000). For
many years people have been attempting to cre&d@@uaous machines in one form or another.

As machines improved many attempts at autonomonisatdias been made with some attempts



being successful, while others were not. In regggdrs, improvements in technology have
greatly enhanced sensors available for use on amtous machines. Many of the sensors that
are now available are very precise and can be tesqumovide accurate information about a
machine’s current state. Coupling these sensdfstive greatly improved computing ability of
modern day computers has made it possible to chelffeautonomous machines.

The study and development of autonomous machinasrapidly growing area of research
(Reid et al 2000). Large amounts of research astihy has been put into autonomous machine
development because it has many advantages ovearhaperated machines. An autonomous
machine does not require human interaction, whigama it can operate for many hours at a
time without making mistakes or failures. An awinrmous machine can be used to perform very
precise actions which can be repeated at rates mach rapidly than if a human were doing
them.

The challenge of developing a fully autonomous nregls that it must be able to sense its
surroundings and use sensory inputs to determirat @attions should be carried out (Brooks
1986). An example of this is when an autonomoushing traveling across a field encounters
an obstacle. The machine must sense the obstatldetermine if it is capable of continuing on
its current path or if it should travel around thiestacle. The machine must then carry out the
actions. If the vehicle traveled around the oletait must correct its course and continue to
where it was traveling. These actions are secatdr@ to human operators, but developing
them into a machine can be very challenging.

Because the actions an autonomous machine mugtatgrare quite often similar to those of
a human, the structure of an autonomous machinéearewed similar to that of a human. In a

human you have the five main senses that recoadfdan the person’s surroundings. This data



is then processed and analyzed in a human’s biEune. brain makes a decision on what actions
should be carried out and sends the commands telesuto carry out the actions. In an
autonomous machine there are sensors that sensevinenment, a computer that analyzes the
data to make necessary decisions and actuatorsotmrsnthat are sent commands on what
actions they should carry out (Gat 1998).

Often the sensors, actuators and computing poofi@m autonomous machine can be divided
into the high and low levels. The high level imigar to the machine’s brain because there is a
computer which has path planning and object avaeasoftware. The high level makes
decisions to be carried out based on sensor ddte.low level is the actuators and sensors. This
low level has relatively little computing and witlitoa high level software the low level is not
capable of performing very many tasks. The loveles necessary for providing the high level a

scheme to interact with the machine and its enwiemt.

1.2 Project Introduction

For this project, the low level design for an awmous machine was developed and tested.
The development of this low level design includedsor development, analysis of data from the
sensors, translation of decision commands into macltommands and converting the
commands into movements. The developed designimgiemented and tested on a Case IH
Farmall DX-34H tractor.

The overall design of the autonomous machine ctatsisf a low level controller and a high
level navigation/path planning software applicatiofihe high level software was developed at
the Université de Sherbrooke in the Department kdctlical Engineering and Computer
Engineering. The developer was Patrick Frenetteleu the supervision of Dr. Francois

Michaud. The high level software was only parjialhplemented on the machine. The low



level design included software necessary to recgata from sensors, convert data into a usable
form, determine the machine attitude from data pask that to high level software. The low
level was also capable of accepting control comreaimdthe form of speed and heading
corrections from high level software. These comasawere then translated and used to make
appropriate adjustments to the machine. The lowlldesign did not include any path planning

or object detection.



CHAPTER 2: LITERATURE REVIEW

2.1 PreviousAgricultural Autonomous Machines

The 20" century saw more rapid agricultural machine dgwalent than any other historical
time period (Britannica 2007). In the early 190@gricultural machinery quickly advanced
following the invention of the internal combustiengine. Agricultural machines have
continued to advance, improving production andcadiral efficiency. One of the ideas being
developed on agricultural machinery is the ideaudbnomous machines. Although this concept
is currently being developed and some forms ofrét jast recently reaching the market, the
concept behind it is not a new one. As early & 1820’'s a patent for a tractor capable of
following furrows based on mechanical linkages &xds(Reid et al 1998). Crude attempts at
autonomous agricultural machines continued to besnted, but few of these were very
successful.

In the 1950’s and 1960’s automatic control begagrtw within the process control industry
(Wilson 2000). The potential of automatic contoplickly began to be realized in other
industrial areas and agriculture was no exceptitinvas quickly realized that the concepts of
automatic control had a wide scope of uses, edpesiace at this time feedback control was
becoming more refined (Wilson 2000). Until the @%7the majority of the attempts at
autonomous agricultural machines used mechanit@bse During this time a system that used
wires to carry current throughout the field for aahine to follow was invented (Reid et al
1998). Later in the 1980’s a beacon system wad uséelds for autosteering systems (Wilson

2000).



In the 1980’s with improvements in imagery analyamisl sensors it became possible to have
vision based guidance systems on machines. Tlosnee a popular method for guidance and
research groups began developing agricultural mashthat were guided based on vision
sensors (Reid et al 1998). During this same timeision based guidance was improving, other
methods of vehicle sensing became applicable. Ud®e of wheel position sensors, ground
tracking and feelers became useful to add cormest@md improved vehicle estimations (Wilson
2000).

In the 1990’s Carnegie Melon University developedsion based autonomous harvester for
alfalfa (Ollis et al 1997). This harvester wad joise of many autonomous agricultural machines
at this time. It used traditional row followingcteniques based on machine vision to efficiently
cut the alfalfa. Ollis et al (1997) also explotde idea of using differentially corrected GPS,
which was becoming available at this time. It wiegided GPS had too many failures at this
time to be applicable, but later when GPS was iwguidhe harvester was modified to become a
combination of vision based row following and GRigation (Pilarski 2002).

There are many examples of autonomous agricultonathines that utilize GPS and an
assortment of other sensors. Some examples areo#ia tractor developed by Noguchi et al.
(2002) and a tractor guided by differential GPSII(B800). Vision based guidance is still being
explored, but there are some critics of it sayimaf it is too vulnerable to light levels, dust and

other factors that may influence its effectiven@¥dson 2000).

2.2  Sensorson Autonomous M achines

For the development of autonomous machines a felsdnsor platform is one of the most
important components. A sensor platform must hmalke of providing accurate and reliable

information at high data rates (Payton 1986). Véi#tth machine being designed for different



tasks, a different set of sensors is required. r& e a wide array of sensors that can be used
depending on the type of environment, type of tdekise carried out, allowable budget and the
overall goals of the machine. A machine that dgsrat high speeds or in small spaces requires
sensors that are more accurate and have higheteuradas (Payton 1986). Machines operating
in larger spaces at lower speeds can often opefigetively with lower accuracies and slower
update rates.

Some of the most common navigation sensors usedutomomous machines is a digital
compass, Global Positioning System (GPS), Diffeagrdlobal Positioning Systems (DGPS),
and Inertial Measurement Unit (IMU). All of thesensors are available from a variety of
manufacturers and all come with different charasties. There are also many object avoidance
sensors that are being used on machines. Somkeobliject avoidance sensors are laser
scanners, ultrasonic devices, infra red devicaspter vision and feelers.

GPS is perhaps one of the most common navigatiosose used today. It has uses in many
different applications and one of its uses is felnicle navigation, which makes it very useful on
autonomous machines. GPS is a constellation o$a2dllites orbiting the earth transmitting
information that can be received by GPS receiv@rawWford 2005). The first GPS satellite was
launched in 1977. Originally it was only for mality use, but in 1984 GPS was made available
to the general public (Arnold et al 2000). A GRfeaiver must locate a minimum of four
satellites and determine the distance betweerf el each of these satellites. The distance
between a receiver and satellites is determineahdgsuring the time that a signal takes to travel

between the satellite and receiver. The recelven uses trilateratidrio determine its location

! Trilateration is similar to triangulation exceptises distances to find a location instead of
angles



on earth (Kaplan 1996). Once the position is deiteed, this data can be used for calculating
other parameters such as speed and heading.

GPS has been used for previous agricultural machawvegation. At Stanford, researchers
were able to develop a tractor that used only a (@P#s navigational data and was capable of
traveling along spirals, arcs and arbitrary curveBhe tractor was also tested along steeply
sloped terrain (Bell 2000). Using only a GPS isaee case for autonomous machines, and
normally other sensors are included to make thehmamavigate more effectively. One of the
downfalls with GPS is the low refresh rate (Wil2000). Current GPS receivers have increased
the GPS refresh rate, making GPS more useful itralcepplications. One of the highest refresh
rates found on a GPS receiver is 20Hz becauseediigh amount of signal processing and data
configuration required (Farrell et al 1998). UsiG@PS receivers in combination with other
sensors that have higher update rates is anothetowaore effectively utilize GPS.

An IMU is a sensor that is capable of measuringtiplel degrees of freedom by combining
accelerometers and gyroscopes into one packageharacteristic that makes an IMU useful is
that it is self-contained and only relies on phgkiaws of motion. This makes an IMU more
robust to interference than most navigational senggarrell et al 1998). One of the largest
drawbacks to using an IMU is the amount of err@ytaccumulate in short periods of time. The
error is caused by accelerometer and gyroscop¢ and the amount of drift the sensor
experiences relies largely on the quality of thesse (Crawford 2005).

Due to inherent problems with using only an IMUeyhare often coupled with a GPS to
provide improved results for both sensors. A Gélies on line of sight operation, which means
that a GPS is not capable of receiving a signahibbject such as a building or tree is between

the receiver and satellite (Braasch et al. 199y this reason a GPS may experience outages in



which it can not provide navigational data. An IMd the other hand is capable of continually
providing data at high rates, but it requires sdamel of correctional device such as a GPS.
When these two sensors are used in tandem the @Ri8lgs a correction for the IMU and the
IMU can replace the GPS for short periods of time&h as if a signal failure temporarily occurs.
The IMU can also be used to provide data betwee8 f&feshes. This is possible because an
IMU can have an update rate of 100 Hz (Bevly 2004ile a GPS commonly only has a 20 Hz
or less update rate (Farrell et al 1998).

There are many examples where these two sensoesbieean used on agricultural machines.
One such example involved using a GPS and IMU fusilgorithm to control a tractor for
tillage, planting, cultivating and spraying on segh fields (Noguchi 2002). Each of the tests
also involved the tractor transferring itself beénea storage shed and the field where the work
was to be performed. These tests were based viopséy developed maps. A large amount of
effort has gone into the problem of examining ifoav cost IMU and GPS are capable of
performing better than one high cost GPS. Lins@a§2) applied this to a tractor and found
that using a Kalman filter to combine the GPS akid) Idata resulted in reduced errors from
when only an expensive GPS was used.

Another sensor that can be used to complement asgB83VIU is a digital compass. Digital
compasses are an extension of traditional compdbs¢suses the earth’s magnetic north to
determine what the machine’s current heading is.igit®d compasses have no moving
components which make them robust and they arebtajed providing more accurate heading
estimates than traditional compasses (Farrell £098).

A compass is useful in replacing a GPS at veryspeeds or when the machine is stationary.

Because a GPS uses it's location to calculate ggasrmeters such as heading and speed it can



not know what its current heading is without somavement (Witte and Wilson 2004). This

means that the GPS is not transmitting headingoeed data when there is no motion. For this
reason a digital compass is useful for finding Heading when stationary or moving very
slowly.

The main drawback with a compass is the unknownabig errors caused by external
magnetic interference (Crawford 2005). This maignetterference can be caused by ferrous
materials in the surroundings, nearby electricalimgent or engines operating within close
proximity. For this reason a digital compass nhesmounted in an isolated area, usually above
all other materials and away from excessive vibrati Newer digital compasses are capable of

being calibrated for their surroundings to accdonsome of the hard-iron effeéts

2.3 Control Architecturesfor Autonomous Machines

With any autonomous vehicle no matter what the psgps there must be a clear interface
between components to structure the system aloadfldhv of information from sensors to
effectors (Bicho and Schoner 1997). This flowmfbrmation can be structured in many ways,
but the main objective is to separate each madiasie into clear and distinct layers. The way
that each layer is broken up and how they perfdrair tasks is often set up to try and optimize
certain parameters. With some systems the pararfa@tesed on is reduced computational
power, others focus on simplicity of software, wehdthers will focus on the speed at which
decisions can be determined. “A common way ofidgalith highly complex systems is via
hierarchical decomposition of activities to be peried by the autonomous vehicle, and

consequently the introduction of a hierarchy oftoanand decision layers.” (Frazzoli 1999) A

2 Hard iron is the errors caused by permanent ntagmeéron in close proximity to the compass.
Hard-iron effects are not varying and can be catdx for.
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few common methods for decomposing autonomous hshiover the years will be briefly
discussed.

Common control architectures for autonomous maechifiem the early 1980’s usually
developed three layers (Gat 1998). The vehicle bvaken into a low, high and middle layer.
The low layer software carried out direct commuticzawith vehicle controls. It was said to be
the stability and control center. It was oftenkéd with mechanisms that could control
components on the vehicle, such as steering ordspeEhe middle layer was the mode
transitioning stage. It was basically for coniral communication between the high layer and
low level layers. It directed information and delied it to appropriate locations. The high level
layer was considered a situation and reactive lajtanterpreted sensory data to determine what
actions should be carried out and communicated thighow level, through the middle layer, to
carry out required actions.

Shortly after the initial three layer approach watsoduced, a similar architecture called the
Sense-Plan-Act (SPA) approach was introduced (G88)L Similar to the previous three layer
approach, the breakdown was to have an executiannipg and sensing layer. The execution
layer was similar to the low level and it was naeeg for taking a plan developed by the other
two layers and generating actions to reach theépoal. The planning stage took a model and
goal developed by the sensing level and develogadrato achieve this goal. The sensing level
translated sensor data into a real world modelused this to generate a goal.

SPA was a simple method for monitoring the flowcohtrol between components. The flow
was always unidirectional and linear, which madedkecution much faster and easier to follow.
For developers this approach was also very easyoiix with conceptually because it was

similar to the execution of a computer program (G2®8). Having a set flow of control did
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have its drawbacks. The system was tightly coupleth meant the process of modifying the
system became more involved. Making a change coftdsh require completely recoding parts
of the software.

SPA was a slow design which generally worked thihoagen loop control. The approach
relied on models of its environments which had éoifputted by the user before the vehicle
could navigate. For this reason SPA was not capabéxecuting in an unknown environment
because it was difficult to determine accurate weald models very quickly (Gat 1998).

Later, in the mid-1980’s, development of the substiom architecture (Brooks 1986)
“touched off a firestorm of interest in autonomawbots” (Gat 1998). Subsumption was
considered to be a much needed diversion from SlPAttempted to move away from the open
ended control and became considered the first tireaplanner” (Gat 1998). Subsumption was
sometimes viewed as a radical departure from SR¥enweally it attempted to make SPA more
efficient by applying task-dependent constraintsh® layers. The major shift from SPA was
that the layers were composed of networks of fisigge machines (Brooks 1990). The downfall
of Subsumption was that it was not at all modulad & was quite unreliable in unknown
environments due to its reliance on models.

There were many different reactive planners, eashgovery similar overall, but with many
differences at the core of their development. wiBenh layers were relative feedback control
mechanisms which acted as verification to ensurta daas being delivered to proper
components. The layers often, but not alwaysedetin past data. This was also often used with
current data to make future predictions. Using pasa to estimate future predictions affected

how the vehicle made decisions. This effectivelsdm for a slow, deliberate planner that
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reacted well to usual environmental changes, butveoy well to very drastic changes (Gat
1998).

The architectures developed in the 1980’s wereidered classical approaches. They relied
on a world model, which limited the tasks that cbbk carried out. Later in the 1980's the
classical approach became somewhat more reactidestoping models based on sensor input.
“The general idea was to sense the world, buildodeh plan actions with respect to goals, and
then execute the plan via motor controller commar(®a 2004) These architectures proved to
be inefficient and ineffective in unknown or chamgienvironments because of their reliance on
real world models.

Early in the 1990’s, and still continuing todayth® development of reactive planners, which
react to sensor data. Reactive planners do ngtamlmodels, but instead react directly to
sensors, which allow them to operate in unknownrenments (Yu 2004). Reactive planners
are believed to be more advanced than classicatoapipes because they account for a
continually changing environment.

One such example of a reactive planner is Frazzbiibrid controller. A hybrid controller is
based on the idea of breaking the control into layers that are discrete in nature. The layer
closest to the actual machine is used for intewactith the machine through mechanical
connections and sensing the environment througbosen This layer has a high bandwidth, to
the extent of being able to be considered contisuetime for design purposes. The other layer
is used for making logical decisions based on ctld data. This layer has a lower bandwidth
and operates as a discrete time system. The catidnrof discrete and continuous dynamics is

what forms the concept of a hybrid controller (@i 1999). The concept of a hybrid
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controller developed from other hierarchical apphas. A hybrid controller is designed to meet
certain operating parameters and for this reasere thre different kinds of hybrid controllers.

Quite often the layers of a system are distribaesr multiple computers. Having distributed
computing allows each computer to focus on one iBpetask and perform that task as
efficiently as possible. Each layer can also be-dgivided to operate on multiple computers.
Having this approach maximizes the computing cdpials, but it often does not use the
computers to their full efficiency. When too mangmputers are introduced the slowest
component of the system is the data transfer betweeputers (Goos 1998). For this reason
the number of computers should be minimized.

To combine all the computers into one large prodbsscomputers must be capable of
communicating with one another. Data must be ooally passed from one computer to
another to provide updates. This can be done gifrquractices such as socket connections,
serial connections or with middleware software.ck&b connections can be slow and it means
some sort of communication protocol must be dewsdop If a computer or component is
changed the communication protocol must also benptemented. Serial connections are
generally much too slow and require a communicagiostocol to be developed. High speed
serial connections can be purchased, but theyageexpensive and are subject to higher levels
of errors than most communication methods. Middiewis a type of software program
designed to allow for an easily configurable comioation protocol between components.
Middleware software is often developed for use wdistributed computing for computers with
different programming languages and operating syste Middleware encourages the sharing
and reuse of code, to speed up the developmeneégsd€oté et al 2004). Some examples of

middleware software are MARIE and CORBA. MARIE (Mie Autonomous Robot Integrated
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Environment) was developed by Francois Michaud laisdresearch group at the Université de
Sherbrooke. CORBA (Common Object Request Brokechiecture) is opensource object
oriented software developed by many developers.

To date there have been many partially autonomgtisudtural machines that have focused
on different areas of autonomy. Each individualaaof autonomy (such as the sensor platform,
controlling platform, path planning and object alance) has seen advancements, but currently
there are very few machines that successfully pmate all the systems that are required for an
autonomous vehicle. This project aims at providangensor and control platform that is
successful at maneuvering a tractor. By providhmse two platforms it becomes possible for
other researchers to develop the path planningr lapd to continue to develop the object
avoidance layer. By incrementally building eacyelaand thoroughly testing them it should be

possible to develop a successful, fully autononmoashine.
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CHAPTER 3: OBJECTIVES

The goal of this project was to design an agricalteractor that could maneuver through
previously programmed tests carried out in a fglthout human interaction. The end result
was a low level autonomous machine that could leel @s a test bed for high level software.
The overall objective was therefore to develop aumdluate a low level control system for an
autonomous tractor. More specific objectives were:

* To develop and evaluate a system capable of detemgnvehicle attitude based
on feedback from sensors.

 To develop and evaluate an actuator control systapable of controlling the
machines heading and speed.

* To evaluate the low level control system perforneaincterms of vehicle response

to sensor input.
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CHAPTER 4: SYSTEM DESCRIPTION

To implement the partially autonomous machine atdérawas used. The tractor had to be
modified to incorporate all required sensors, d@cttisaand controllers. The sensors and actuators
for the machine were previously purchased so agddsad to be developed to incorporate these
devices into the machine. The motor controllers tvabe researched and purchased. Once they
were purchased their mounting and power requiresniead to be incorporated. Aside from the
physical components a software package had to e ageed for collecting data and performing
tractor control. A computer, along with some maonotrollers was installed on the tractor for
implementing the software. This chapter discussedinal components on the tractor and how
they were incorporated. The component specificatend requirements are discussed and some

of the component capabilities are also discussed.

4.1 System Components

= (Case IH Farmall DX-34H tractor (Section 4.2)
This was the tractor used for implementing theesyisbn
= Novatel DK-Flexpak SSII 5Hz GPS receiver developnk@n(Section 4.3.1)
This was used for collecting position data, spasatiteeading
= PNI Corporation TCM 2.6 digital compass (SectioB. 2)
The compass was used for determining the tradeésling
= Crossbow Inertial Systems IMU300CC (Section 4.3.3)
The IMU was used for measuring pitch, roll, yawmetal (forward) acceleration,

horizontal (side) acceleration and vertical acegien
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The IMU was installed and used for data collectiout, was not incorporated into the
control system

SICK LMS-221 laser scanner (Section 4.3.4)

The laser was used for detecting objects withiB@P tange in front of the tractor

The laser was installed and used for data collectimt was not used for tractor
control

Custom made speed sensor (Section 4.3.5)

The speed sensor was developed to determine ttitertsaspeed

Control System (Section 4.4)

The control system controlled the tractor by ussegsor data to calculate changes
and then sending these changes to actuators fostamj the tractor. The actuators
provided a means to translate the voltages prodbgetthe motor controller into a
mechanical method for physically moving compon@mtshe tractor.

Software (Section 4.5)

Software was developed for testing and tuning tis¢esn. This software provided a
simple method of interacting with the tractor. Mlelware software was also

developed to allow path planning software to intevath the control system.

4.2 Mechanical System and Instrumentation

To implement the system a Case IH Farmall DX-34&ttor was used (Figure 4.1). The

tractor had a hydrostatic drivetrain with three rgealections and a hydraulic steering system.

The tractor was capable of operating in either tmeeel drive or four wheel drive. For this

project it was used in two wheel drive to mainteamsistency between tests. Using four wheel

drive may have been beneficial when operating & lud and snow, but it may also have
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affected steering in dry conditions. A compari@tween operating in two wheel drive versus
four wheel drive was not performed. To be ablanstall all necessary components a few
modifications had to be made to the tractor. Terator seat was removed to provide adequate
space for installing a DC linear actuator for colitng the hydrostatic lever as shown in Figure
4.2. The steering wheel and steering column hadetoemoved and were replaced by a DC
rotary actuator with a worm gear reduction systemiricreasing the motor torque and reducing
the motor’s rotational speed. An adapter had teanbeufactured to adapt the motor to fit into
the tractor’'s steering pump spleens (Figure 4.3his adapter was necessary for the rotary

actuator to be able to drive the tractor’s steemagor.

. «—Compass

! GPS

Speed
Sensor

Figure 4.1: The Case IH Farmall DX-34H tractorhngensor locations
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Figure 4.2: The tractor with the seat removedthechydrostatic DC
actuator installed

Worm Gear
Reducer

Steering
Motor Mount

Figure 4.3: The steering apparatus installed ertrdctor
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If required, an actuator could have been placed tm¢ gear shift to allow the computer to
shift the tractor or to allow the tractor to befsdd remotely. The actuator was not installed on
the tractor because for this project it was noeseary. For the tests that were carried out it was
possible to place the tractor in a chosen gearleack it there for the entire test. The ignition
also could have been modified to be operated byctmeputer or remotely, but this was not a
necessity. A remote shutdown was designed andlliedtto disable the tractor if a malfunction
occurred. This shutdown was a remote switch thest wired into a preexisting safety switch.
The switch was activated from a remote control ptret was carried whenever the tractor was
operating.

For mounting the computer and other electronicséatfggm was manufactured to mount on
the front-end loader mounts. This situated the mmments in a position that made it simple to
work on. The top three-point hitch linkage was oeed, as well as the slow moving vehicle
sign to install another mount for the IMU and cosga The compass and IMU were mounted
onto a weight that was on top of isolators. Tkator weight reduced vibrations experienced
by the sensors, which improved their data. TheKSESer mount was modified so the mounting
holes would line up with holes that were alreadytloan front-end loader frame. The top half of
the tractor’s roll hoop was removed because it wesle of steel, which caused magnetic
interference for the compass.

A deep cycle battery was added to supplement #Hutotr's battery. This was added because
during engine cranking, the starter drew high anewih current from the battery, reducing the
amount of voltage available for the autonomousesyst This would cause the autonomous
system to reset. Adding a second battery providedrance that the system would not have

electrical failures during engine cranking. Theothatteries were connected in parallel with a
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diode installed to allow the tractor’'s alternatorcharge both batteries. This configuration also
allowed the tractor’'s starter to draw current framly one battery (Figure 4.4). With this
configuration the autonomous system could receimeegp from both batteries and when the

alternator was operating it was possible for battdries to charge simultaneously.

Added Battery

Autonomous +‘ |~
Systems ‘ |
I__‘ ]
Tractor +| |~ lf
Systems | [

™

=
Tractor Battery

Figure 4.4: Wiring layout for the tractor’s bates

4.3 Sensing System
4.3.1 Global Positioning System (GPS)

The tractor’'s sensor platform was necessary torm@te the tractor's heading and speed.
There were multiple methods for determining theammeters and as such multiple methods
were used. The most used sensor on the tractorawdsvatel DK-Flexpak SSIl 5Hz GPS
receiver development kit. The GPS receiver waslgigpof operating using the Wide Area
Augmentation System (WAAS) differential correcti@md provided accuracy to within 1.5
meters. The GPS reported data in either Nationatir Electronics Association (NMEA)
format or binary over an RS232 connection. Only Bformat was used in this architecture.
The receiver was designed for on vehicles, whicamhés power input could be from 6 V to 18

V and the receiver had an internal fuse as well asse in the power chord. The data that was
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used from the GPS receiver was geographic posisipeed estimation and heading estimation.
Other data was available from the GPS, but it vedsutilized.

The GPS receiver was a development kit, purchdseady installed in a mounting case. The
receiver was installed under the computer and pdaeit came directly from the 12 volt
batteries. The antenna for the GPS had to begisds possible to prevent other objects from
obstructing the signal. When the tractor Roll OfAotection (ROP) was removed a small
platform was created on top of the lower portioriref ROP. The antenna had a magnetic base
So it sat directly on top of this platform. Thengmass was still higher than the GPS antenna, but

it was small enough that it did not interfere W@RS signals.

4.3.2 Compass

To complement the GPS, a TCM 2.6 digital compassuiaetured by PNI Corporation was
used. This compass was a tilt compensated comyash means it was capable of providing a
heading, even when tilted to an angle up to 70he Tompass also had accelerometers for
measuring roll and pitch, and a thermometer forsueag temperature. The mount built for the
compass caused large movements of the compasd) imlicduced errors into the pitch and roll
measurements. For this reason the pitch and edisorements were not used. All data was sent
from the compass over an RS232 cable in ASCII forma

When the compass was received it was not in a gireéecasing so a case was built that
incorporated a mount into it. The compass was realpnto a plastic tube that was 122 cm
long, which put the compass 55 cm above any méfacts. The plastic tube was mounted on
top of a 50 pound weight that had dampeners undéo reduce vibrations. The power

requirement for the compass was 5 V so a 5 volileegr was prepared to protect the compass
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from receiving too much voltage. The compass pdwmer also had a fuse installed to prevent
power surges.

When the compass was installed on the vibrationgied mount it still received errors due to
vibrations. To reduce errors the compass intefiltaling algorithm was used. The internal
filter applied a time constant to the raw data befine heading was calculated. The filtering
provided a more stable reading, but made the dapaisition slower. The damping rate was set

to 16.

4.3.3 Inertial Measurement Unit (IMU)

The IMU that was used was an IMU300CC manufactbge@rossbow Inertial Systems. The
IMU measured six degrees of freedom as shown iurBig.5 and could also measure
temperature. The IMU used three bulk micro-madhinératory Micro-ElectroMechanical
SystemgMEMS) sensors for measuring angular rate and thmeeo-machined silicon MEMS
devices for its accelerometers. Because all tihsose were MEMS based sensors the IMU
could experience 30 meters of drift error in apprately 20 seconds (Crawford 2005). The

IMU also had a digital signal processor to attetoptompensate for deterministic error sources.

Vertical
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Figure 4.5: The IMU coordinate system showingadlDOF
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The voltage requirement for the IMU was 9-30 V Be power connection that was installed
was a line from the battery with a switch and fustalled. The IMU was mounted on the same
dampening mount that the compass stand was ors Wds necessary because with the engine
operating and tractor stationary, the vibrationgesMeigh enough to saturate the IMU sensors.
This meant that when the tractor started movingettveas no way to extract any useful data
because the accelerometers were saturated.

By installing the IMU on a dampening mount the waift’ns were reduced, but the forces
could still be measured. When performing prelimynizsts it was found that the accelerations
experienced by the tractor were so small that emothin the signal saturated the sampled data.
Figure 4.6 shows two graphs of collected data wdéypical test path was traveled. Both data
sets are from the same test where the speeds e®vedn 0 and 1.2m/s and the tractor turned to
travel at multiple headings. From the figure inhdae seen that the lateral acceleration was
extremely small and it was saturated by engineenaisl field vibrations. The yaw rate was also
quite noisy, but it was possible to detect whenttaetor turned. Because of time constraints the
IMU was not incorporated into the sensing platfortiiviU data was still collected for each test

with the goal of incorporating the IMU into the serg platform in the future.
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Figure 4.6: Lateral acceleration for speeds betvieand 1.5m/s and yaw
rate when traveling at different headings

434 Laser Obstacle Detection

The laser used on the tractor for obstacle detectvas a SICK LMS-221 (Laser

Measurement System). The LMS-221 is an outdoer st scans an 180° range and can be set
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for 1, 0.5 or 0.25" angular resolution. The laseuld scan up to 80 meters and had a 10 mm
resolution. The data interface was an RS232 cdiumecThe laser's power requirement was 24
V with a current draw of 6 Amperes. For this reasm external power supply capable of
providing 24 V was installed on the tractor. Theumt for the laser was modified so it would
bolt onto the tractor’s front-end loader mountshisTput the laser at a height of 55 cm off the
ground, in front of the tractor with no obstructiogstacles. A shield to protect the laser from
obstacles and to allow for a sun shield to be llestavas also constructed. The laser was not
used for object avoidance in this project, but dats collected to be used in the future

development of obstacle avoidance algorithms.

435 Speed Sensor

To provide a second speed reference a speed seasaleveloped. The sensor consisted of a
drop wheel with a 48 tooth sprocket and a digitall HEffect sensor. The drop wheel was
mounted to the drawbar of the tractor and every tingear tooth passed the Hall Effect sensor a
digital pulse was sent to a counting board. Tliartd counted the pulses and every 200 ms
outputted the number of pulses to a computer ondR&232 connection. To convert the pulses
into a speed (m/s), equation 4.1 was used. Indhismtion the pulses were multiplied by four
because each number of pulses was over a 250 rasdumation. It was then divided by 48
because there were 48 teeth on the sprocket. Theelwdiameter was 17.7 cm so the
circumference of the drop wheel was 0.558 m. Tesnt the equation then had to be multiplied
by 0.558 m. This conversion was carried out indbiware. The Hall Effect sensor required 12

V and the counting board required 5 V to power them
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*
4* pulses,

velocity= 0.558 (4.2)

The reason this type of speed sensor was chosethatais was a low cost, simple sensor. It
was a very simple method for performing a seconeedpmeasurement. After preliminary
testing of the speed sensor it was found that ¢hea reported a speed that was lower than the
actual speed. The wheel that was used for thisosdrad a low mass and when traveling at low
speeds the wheel did not turn smoothly. The rextie wheel not turning smoothly was a low
speed reading. The wheel did not rotate as we#naih became covered in mud and straw.
Another problem caused by the wheel having a lowsweas at higher speeds, when the wheel
hit a bump it could bounce off the ground and maotawely slow down. The result of this was
once again a low speed reading. For this reaswrast found that the speed sensor was only
reliable at speeds less than circa 0.3 m/s. Ldieing the testing period the speed sensor

became even less reliable because it was damaged.

4.4 Control System

The tractor’s control architecture was broken iwo separate systems. One control system
was for controlling the steering while the othersviar hydrostatic control. These systems were
treated as completely decoupled systems. In atdaglthese two systems could be considered
to be coupled because the tractor’s rate of turmingnges as speed changes. An optimal
steering controller should take into account bdité tequired heading change and the vehicle
speed, but for simplicity only the required headsitange was accounted for in the steering

controller.
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Both control systems consisted of similar composienthere were sensors to measure the
parameters being manipulated, a computer that seegor data and determined any required
changes, a motor controller that received contigiads from the computer and converted the
signals into required pulse widths, and actuatbed tontrolled the mechanical system. The
same computer and motor controller were used ih eaatrol system but the controllers were
still separate. On the computer two separate clderts were operating simultaneously and the
motor controller had two separate channels, byt oné PID controller.

The motor controller that was used was a RobotexeinAX2550. This motor controller
was capable of controlling two motors on separdtannels. The motor controller had two
inputs, one for each channel, and two outputs,foneach actuator. The inputs for the motor
controller were unit less values between £127. fwotor controller could be setup for either
speed control or position control. When the matontroller was in speed control the values
between £127 signified a target speed for the &mtia move. When it was in position control
the values represented a position that the actsatould be held at. The motor controller was
used in position control for this project.

When the motor controller received a control inpralue between +127) it converted that
input into a pulse that was outputted by its puséth modulator. The output of the motor
controller was +12 V and the current could reachhigh as 120 Amperes. To control the
actuator direction the motor controller switched tutput voltage polarity.

The motor controller had two analog channels faergng actuator feedback. When the
motor controller was used with feedback it utilizax internal PID controller for maintaining
proper settings. A PID controller is a closed l@omtroller where the Proportional function (P)

is used for determining the amount of change thasdtrbe made based only on the calculated
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controller error and preset gain. The proportiaaitrol affects the time taken to reach steady
state (rise time), but it also affects the systestémady state error and the system overshoot. The
Integral component of the controller () is used rfimaking small changes to the system to get it
closer to the setpoint. The Integral control isreducing the amount of steady state error. The
final component is the Derivative component (D),ichhis used for controlling the amount of
overshoot that occurs, or simply how aggressivetydontroller approaches the setpoint.

The same PID controller was used for each chamhieh meant that the PID had to be tuned
to try and achieve adequate control of both chann€&b get the PID controller set to a level that
could provide satisfactory control of both the stag and hydrostatic systems, manual tuning
was used. The manual tuning method used wasatréakerror. This method sets the integral and
derivative functions to zero while the proportioriahction was set as high as possible. The
proportional function was reduced until the twoteyss became stable. Integral and derivative
controls were then introduced to try and reduceotrershoot and oscillation.

For the steering controller, the computer contbliee heading by sending commands to the
motor controller for adjusting the front wheel anglData from the compass was used by the
computer if the tractor speed was below 0.7 mighd tractor was traveling faster than 0.7 m/s
the computer used GPS data to determine the cuhreatling. The computer also used
potentiometer feedback to determine the tractanisent front wheel angle with respect to the
tractor's chassis. To measure the front wheeleaagbotentiometer was mounted on the right
side front wheel’s kingpin axis. This provided @tage feedback that corresponded to a wheel
angle. From these inputs the controller could mieitee how the front wheels should be adjusted

to achieve the target heading.

30



The steering controller on the computer was a PRrobber. Originally it was designed as a
PID controller, but there was little performanceiaton between using a PID or PD controller
so a PD controller was used. The controller reszbia target heading and compared that to the
tractor’'s current heading. Based on this, the rodlet determined the heading error which was
then used to determine which way the tractor hadtate to have the correct heading.

This controller could not calculate an error terynusing a simple target heading minus the
current heading because this problem was a cirqriablem instead of linear. In a typical
controller when calculating a controller changethié setpoint is larger than the current plant
setting the plant setting must be increased tohr¢lae setpoint. If the sepoint is less than the
current plant setting the plant setting should berelased. In the steering controller the plant
setpoint was the target heading and the plantngetttas the current heading. With this
controller the target and current headings couldabg value between 0° and 360°. When
calculating the required change the tractor mayehauurn either to the left or the right to reach
the target heading in the least amount of timer this reason a coordinate system such as the

one in Figure 4.7 was setup to be used for calagldhe error.
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Figure 4.7: Coordinate setup for calculating hegdihanges
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The way the coordinate system in Figure 4.7 wasl usss that the tractor’s current heading
was used to determine what quadrant the tractorizvas’he quadrant that the target heading
was in had to also be determined. The controlfaduthis to determine which direction the
tractor should turn and what the error term wasislerror term was then used in the PID
controller. Some pseudo code examples of findimg quadrants and using the quadrants to

calculate error terms can be found in Oand a btbagram of the error calculation is shown in

Figure 4.8.
Find Find Apply rule Read Use PID Send
tractor's | | target | | settogetthe|—pp/ current |—Pp to —Jp»| command
current heading error term & wheel calculate to motor
quadrant guadrant to find which angle from required controller
direction to POT change
turn

Figure 4.8: Block diagram of the steering contmothn the embedded computer

Once the error term was known a basic PD contrelies used. For the PD controller the
current wheel angle had to be known. To find Wieel angle the potentiometer mounted on the
front wheel was read. This was read by using aognto digital converter within the motor
controller. With the error term and current whaaehgle known the PD calculations could be
performed to determine what the new control sigimaluld be. This control signal was a value
between £127 and was applied to the motor controlle

The motor controller used its internal PID coneolwith the potentiometer feedback to
determine what voltage had to be applied to moeentheel to its required angle. The voltage
was outputted by the motor controller and appl®é trotational actuator that was installed in
such a way to replace the steering wheel. Thmsuéited the hydraulic steering system which

caused the wheels to turn to the target angle. hEa€ing controller on the embedded computer
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was updated every 200 ms and the PID controlldrimihe motor controller was updated every
16 ms (Roboteq 2005).

The speed controller had the same structure asstiering controller, but the speed
controller’s error calculation was much simpler ahd controller used was a PID controller
instead of a PD controller. A PD controller wasdidecause it was found that the Integral
portion of the controller was not required to remadlre steady state error. The steady state error
was quite small. By not including the integral pamtslightly decreased the time to calculate a
controller change. To calculate the error, thettnds current speed as well as the hydrostatic
actuator position was used. The tractor’'s curspetied was measured using the speed sensor if
the speed was below 0.3 m/s and if the speed wmwea0.3 m/s the controller used the GPS
speed. The hydrostatic actuator position was mmedsfrom a potentiometer built into the
actuator.

Calculation of the hydrostatic error term was gfinaiforward. If the current speed was less
than the target speed the actuator had to be eedeswl error was positive. If the current speed
was greater than the target speed the actuataiohae withdrawn and error was negative. Once
the error was calculated and the current actuatsitipn was read through the motor controller’s
analog to digital converter, the PID control coblel applied. The result of this was the new
actuator position which could then be sent to thetom controller. The motor controller
calculated the required voltage and output thatagel to an actuator that was attached to a
hydrostatic lever. This actuator pushed or puttesl hydrostatic lever as required, causing the

tractor’'s speed to increase or decrease.
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45 Software Overview

Two software packages had to be developed for phigect. The first package (ALV
Analyzer) was used for development and testing haf vehicle. Once this was working
appropriately its user interface and other unnesgssomponents were removed to make it a
skeleton package. It was then transformed intackgge (ALV Middleware) that could receive
commands and send information to and from higheellsoftware. Both ALV Analyzer and

ALV Middleware are discussed here.

45.1 Testing Software

The software package developed for implementingrdetor and testing the algorithms was
called ALV Analyzer. ALV Analyzer was required fahe development and testing of the
tractor's autonomous system. The software wasraily developed for use on a custom built
autonomous land machine, but because the softwasedesigned for use on multiple machines
it was easily adapted to the tractor. The softwactuded a layer for communicating with
sensors, a layer for providing vehicle control anddata logging layer that was all made
accessible through a GUIL. The software was deeelopith the ability to be operated on the
tractor's embedded computer or it could be operated client/server type setup.

When operated as a client/server system, the seéperated on the tractor's embedded
computer while the client operated on a remote aderp The client and server operated over a
wireless network and allowed for remote controklod vehicle as well as remote data logging
and viewing of data while the tractor was operatirigpr the remote capabilities, Java Remote
Method Invocation (RMI) was utilized. A generaleoview of the software package can be seen
in Figure 4.9. The package was broken into twactional units being the server (embedded

computer) and the client (remote computer).
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Figure 4.9: Overview of ALV Analyzer software pagje

45.1.1 Onboard software

The onboard software was designed to operate onethigedded computer in a Linux
environment with kernel version 2.6.8. The maimpage of the server was to collect sensor
information to transfer to the client as well aseiging control commands from the client and
carrying out the commands. All sensor communicati@s over an RS232 connection so the
server had to setup the communication port for eacisor and begin communicating with it. To
control the RS232 ports the RXTX 2.1.7 native Ifgravas used. This library provided Java
with the ability to communicate with, obtain ownggs of and setup the RS232 communication
ports.

To make it simpler to add and remove sensors, sagbor had its own Java package. These

packages retrieved the required RS232 communicgimm settings, used this to establish
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communication with the sensors, received data flteensensors and formatted the sensor data.
Each package then made the data available for wieenlient requested it. For setting up the
RS232 ports each package contained a propertees Tihis file stored all RS232 port settings
and any other information that was necessary fos@ecommunication. By using a properties
file it made it simple to modify port settings Ife sensor was attached to a different port oreif th
communication protocol changed.

Each sensor package was developed in Java exaetitefdMU package. A driver for the
IMU developed by the Canadian Space Agency locate8t-Hubert, Québec (Canada) was
made available. This driver was developed in Gosmake the driver usable in Java, the Java
Native Interface (JNI) was used. JNI is a resotineg is built into Java to facilitate using native
libraries within Java. By converting the IMU drivimto a native library it made it possible to
incorporate it into the Java server, which allowedo operate similar to the other sensor
packages.

Each of the sensors that had Java packages detidiopé operated over interrupt service
routines. In this way the sensor’s package sat uditii a new data packet was received. The
data packet was read and stored in memory in visfoamat. Storing data in its raw format
reduced the time required to receive the data packehis was advantageous because many of
the sensor packages were receiving data at a hrgheethan what it was being used by other
parts of the program. Data that was not used byréist of the program did not have to be
converted so any conversion time would have beestada When other parts of the program
required new information it would make a call te $ensor package that converted the data into
a usable form and then returned it. Whenever nata @as received the old data was removed

from memory and the new data was stored in memory.

36



To provide tractor control, the server had bothdimeg and speed controllers. Each of these
controllers was developed into a control packafjee way the control architecture worked was
by having a thread that looped from the headindrotiar to the speed controller. The loop was
carried out every 200ms and each time the loopategdethe front wheel angle and hydrostatic
actuator positions were updated. The thread coatinto loop until the test was completed.
Once the test was completed the tractor was brawoghtstop, all data files were closed and the

thread was terminated. Figure 4.10 shows a fl@agrdim of the control loop.

—NYES Test Complels N
¥ ¥
) Do Heading
Stop Tractor Change
¥ ¥
. . Do Velocity
Stop Dala Logging Change
¥ ¥
S1op Thread Wkt 200ms

Figure 4.10: A flowchart of the control system

When performing the control loop shown in Figuré®the heading and speed controllers
were each developed into their own class. Wherh#daling controller was initially started a
properties file containing the heading PID constaa¢ well as the steering properties was
loaded. The required parameters were stored inaneand the file closed. From then on each

subsequent call was to one function that determthedcurrent and target quadrant and then
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performed the PID calculations to find the targearges to be made. The newly calculated
change was then sent to the motor controller packagpdate the motor controller settings.

The speed controller operated in a similar fashi®hen the control loop thread was first
started a speed controller object was created. nUggect creation the properties file was
opened, all required information extracted froroibe stored and the file was then closed. Each
call to update the speed controller was then domeugh one function call. The function
determined the speed error based on the currentaaget speed. Using the PID constants the
controller calculated the required change and deted what the new actuator setting should
be. This setting was then passed to the motoratsrtpackage to update the motor controller.

When the heading and speed controllers update gbtings they pass the updates to a motor
controller package that was used for communicasetjings with the motor controller. The
motor controller package handled all communicatiamth the motor controller. The motor
controller communicated with the computer throughR5232 communication port. A class
similar to the sensor packages was establishednitbating communication with the motor
controller as well as sending and receiving insioms between the motor controller and
computer. This class read the port settings frgarogerties file, established communication and
then sent and received commands as required. nftieniation sent to the motor controller was
the target hydrostatic lever position and targettfiwvheel angle. The information received from
the motor controller was the potentiometer voltagas determining the hydrostatic lever
position and the front wheel angles. This infororatwas used in the heading and speed
controllers.

To incorporate the server into a RMI applicatiorhad to have an interface as well as an

implementation. The interface was used to makdoast available for remote invocation. The
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implementation was used for implementing the meshtbéhit could be remotely invocated, as
well as for implementing other necessary methodbe interface provided the ability to call
methods for retrieving sensor information, startsgnsor communications, remotely operating

the tractor, performing autonomous tests, changimgram settings and stopping the server.

45.1.2 External software

The external software portion of the applicationswaimarily a graphical user interface
(GUI) that allowed a user to interact with the sgrgither remotely or from the same computer.
The external software was developed for use onddeBarge kernel version 2.6.8 or Windows
XP and was developed completely in Java using Ne®.0. The client had seven separate
windows that were each accessible by tabbed pareach window provided a function
necessary for testing or tuning the tractor sensomd controllers. The external software
windows are discussed in detail in Appendix B.

When the program started a main window was displdlgat allowed the user to connect to
the server. Before the user connected to the sgm@s not possible to perform any other tasks.
When connecting to the server the user could ettheose from two preset servers to connect to
or connect to a new server. The preset servers feerthe tractor and a previously developed
ALV, while the new server option was used whenaltisty the system on a new vehicle. Once
connected, the main window began displaying thetdralatitude and longitude, X and Y
coordinates, heading and speed. The user cowdatap the data logger and begin logging data
into user defined files.

A sensor window was available for displaying datais window always showed the tractor’s

distance traveled in the East/West distance (X dinate) and North/South distance(Y
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coordinate). This distance was displayed in meteith respect to the starting position of the
test. The screen also showed the current traegadihg in degrees and the tractor’s speed in
meters per second (m/s). A drop-down selectoravadable for choosing which sensor to show
data from and another drop-down menu allowed fanging the refresh rate. The only sensor
that was not available for viewing was the SICKelalsecause there were too many data points
to have any visual significance. Analog feedbacknfthe front wheel angle potentiometer and
hydrostatic potentiometer was also available orsdresor window.

It was possible to drive the tractor from a remmienputer using the controller window. This
window had two slider bars for adjusting the stegrand hydrostatic commands or these
parameters could be adjusted by using the keybaewlv keys. A display of the current
hydrostatic and steering commands was present b@ewslider bars. Another display showing
a list of all commands sent to the motor controlle&s also present. When this window was
open if the ‘Enter’ key was pressed the hydrostatier would immediately return to its neutral
position. Similarly if the Shift key was pressétt ttractor’'s front wheels would turn to their
straight position.

The move window was used for tuning the heading speked controllers. This window
allowed for each controller to be tuned indepengenftthe other. Three options were available
on this window. The first option was a distanc& tghich set the wheels to straight and made
the vehicle travel in a straight line for a tardetance with the hydrostatic lever set at a carista
position. This test was used as the first auton@mest, but no further testing on this was
performed. This test relied only on the GPS ferdata and no heading or speed control was
performed. The second option was to travel inraight line while using the speed controller.

This set the front wheels straight and attemptedetch and maintain the target speed. A
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distance was entered and when this distance wabeédhe tractor stopped. This option was
used for manually tuning the speed controller. Tihal option on this window was a heading
controller test. This set the hydrostatic leveatoonstant position and made the tractor turn to a
target heading and follow that heading. This lest to be stopped manually when it completed.
This option was used for manual tuning of the hegadntroller.

Also on the move window was the speed controlléings and heading controller settings.
These values were read in from a properties fild this section could be used for changing the
values in the file. The values were saved sowmen the program was shutdown it maintained
the correct PID parameters. These values werethés®ID settings used in the autonomous
control so when these controllers were tuned ibmatically tuned the autonomous PID
controllers.

The dynamic tests window was the window used fetirig the system when it was all put
together. This window used the previously tunedrbstatic and speed controllers to control the
tractor. Inputs for the controllers were read rionf a file with each line containing a time,
heading and speed. The heading and speed wowpdied to the controllers while the time
was used for determining the time duration of easkruction. Once this time was surpassed a
new line containing a new time, heading and speasinetrieved from the file. When the end of
the file was reached the tractor was brought ttop and all data logging files were stopped.
This window used the file input to mimic receivimgtructions from a path planning software.

Screenshots of ALV Analyzer can be seen in AppeBdand the sourcecode for the software
package is included on an attached CD. Ois a ghpegoes into more detail of ALV Analyzer
as it was being developed for use on the previdué. AThis paper is a non-peer reviewed paper

that was developed for a class project.

41



By using this software structure the autonomousesysvas developed and tested. All data
used in the analysis was collected using this soltvand all control of the tractor during testing

was done through this software.

45.2 Middleware Software

Once the system was developed and tested using AhaAlyzer it was transformed into a
more basic software package to make it possiblep&ih planning and obstacle avoidance
software to interact with it. The path plannindts@are that was to be used with this system was
developed in C++ so some type of communicationgmathad to be developed. For this the
client was removed and the server was put into sacbiarm. All sensor packages and the
controller package were used, but the interface iamglementation were redeveloped. The
interface to the software was redeveloped to afloeket connections so that programs written in
other software languages could still use the seasdrcontroller packages. The interface was
modified to have reduced method calls that onlgvedid for receiving heading and speed as well
as sending heading and speed commands. A methatftping the server was also included.
The implementation was similar to the ALV Analyzeplementation except it had reduced
capabilities as well.

There is no direct link to communicate between Jawh C++. For this reason a C++ client
was developed for providing methods for calling lasa methods in the server interface. For
the server and client to communicate a communicgpimtocol had to be developed because
RMI is only used for applications with both theecit and server in Java. For this a socket
connection was used between the server and cligm. server would open a port and wait for a
connection from the C++ client. The client woulilept to contact the server and the two

would create a connection. Once the two were atedesending and receiving of data could
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begin. All data was sent in an ASCII format witlegefined characters used for calling the
methods. The socket connection was a handshake istywhich all messages had to be
acknowledged by the receiver to ensure that thenttland server would not enter into a
deadlock.

The C++ client was developed with only a few methed anybody that developed software
they wished to test on the tractor could use tlstesy by creating method calls to these methods
within the client. This approach was successfulsed to perform some basic tests and
maneuvers of a path planning software developdateatyniversité de Sherbrooke, Department
of Electrical Engineering and Computer EngineefiygPatrick Frenette, under the supervision

of Dr. Franois Michaud.
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CHAPTER 5: SYSTEM TESTING

5.1 Preiminary Testing

When developing the system, basic testing had tpdsormed to ensure the sensors and
controllers were working close to what was expectédese tests were performed from June 25,
2006 until August 30, 2006 on the University of l@d#shewan campus in Saskatoon,
Saskatchewan (Canada). The testing location weistoghe engineering building and can be

seen in Figure 5.1. The testing area was a lbaetl packed area with short grass.

W
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Figure 5.1: Location of the preliminary testste U of S (adapted from Google E&@h

These tests were considered as part of the develugonocess. Basic visual analysis of these

tests was performed and based on the tests anyreeéqadjustments to the sensors and
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controllers were made. These tests consistedabibsary tests and mobile tests carried out
under Remote Control (RC) control, then remote asep control and finally some basic
autonomous testing. During these tests the semgnes adjusted and mounts were modified to
improve the system. These tests were also usei@gting the controllers. The result of these
tests was the completed system that was transptwrtadield where more space was available
for more in depth system testing.

The first tests performed were carried out underd@@trol. This was useful to determine if
the mechanical components added to the tractor fwectioning correctly and if they needed
any adjustment. It also proved useful in deterngrthe restrictions of the tractor while under
electronic control. During this testing a remateiteff switch was developed. The switch was
developed so that if a problem occurred, a switchhe RC panel could cause the steering to be

deactivated and the engine to shutoff.
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Figure 5.2: Circuit for the tractor's safety shugovitch

Once the system was operating correctly under R@r@lat was tested with remote computer

control. For these tests all instructions werespdsto the tractor from the laptop that was
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mounted on the tractor. The laptop received tharsands via a wireless communication link
with a remote laptop. The wireless communicaticas warried out over a wireless local area
network (WLAN) using a Trendnet 54Mbps wirelessdbter and compatible wireless network
cards. These tests were useful for determininghd software was sending appropriate
commands to the actuators and ensuring that thevaef was functioning correctly. During
these tests the remote shutoff switch previousbcdieed was used, as well as a timer watchdog
(see 0).

The timer watchdog was a timer that was implementigain the software. This timer noted
each time an instruction was received and keptktraic the time duration since the last
instruction. If the time crossed a set threshbiltimer signaled the program to stop the tractor
and set its steering wheels to a straight positibhis was required because it was possible for
the wireless communication to lose connection whekant no instructions could be received.
In this case the tractor was safely stopped befaeuld travel too far. The user always had the

option of halting the tractor sooner by using theote shutoff switch.

5.2 Field Testing
521 Test Field Description

The field where all final testing was completed waSase New Holland (CNH) testing field
located north of Saskatoon at the intersection Bf $treet and Millar Avenue. All tests
performed were between September 29, 2006 and €rci@h 2006. The field consisted of small
rolling hills and the tractor was traveling on sataw stubble. The test conditions varied from
dry soil to rainy weather where the soil was sligpand muddy. One day of testing was
performed on a day with a light drizzle and anotiey of testing was performed in a mild snow

storm.
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Figure 5.3: Location of the test field with the&tion of each test (adapted from Google
Eartho)

5.2.2 Stationary Sensor Tests

Stationary tests were the first tests performeldese tests were used as a last check to ensure
the sensors were operating correctly and to bersoffteng was damaged during transport. The
test also provided a method to see if it would bssjble to collect better sensor data when away
from the city. When testing on the university camphere were many buildings and obstacles

to interfere with sensor readings. This field wade open and there were no obstacles that

could interfere with the data.
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When performing these tests the tractor was sat¥° heading and the sensors ran for 30
seconds. This test was repeated five times andttieetest was carried out five times at a 180°

heading. The tractor remained stationary withethgine operating at 1500 RPM.

5.3 Human Driven Linear Tests

Human driven linear tests involved having the wackriven along a straight line at different
speeds while collecting data. The direction ofetavas approximately 90° and 270° and the
three speeds used were 0.5 m/s, 1 m/s and 1.5 Thksse speeds were chosen because 1.5 m/s
was close to the maximum safe operating speedrendther two were at equal intervals below
this. The distance traveled was 100 m for then@$ test and then 50 m for the 1 m/s and 1.5
m/s tests. The distance was shortened to 50 mth#e0.5 m/s tests were performed because it
was found that it was difficult for the operatordocurately drive the tractor and perform other
necessary tasks consistently for such a long dista®y shortening the distance there was less
chance of the test becoming corrupted and havingetperformed again. The most common
cause of the test failing was losing connectionr dlie wireless network connection. Five tests
for each speed, in each direction were carried out.

For this test the tractor started from a standatill accelerated until the target test speed was
reached, it then traveled along a straight linéak& were driven into the ground to mark the
required path. A stake was used to indicate whentiming of the test was to begin. At this
stake the tractor would have to be at the targeedp The tractor would travel along the straight
path until a stake marking 100 m was reached atlwpoint the timing would stop. This stake
was later moved to 50 m instead of 100 m. Oncedtake was reached, the tractor was halted

and turned around to repeat the test. The bagiuiaf the test is shown in Figure 5.4. Each of
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these tests was timed with a chronometer and e Wwas recorded. This time was later used to
provide an estimate of the tractor’s average speed.

For this test the tractor was driven by a persolking behind or beside it. The driving was
done from a laptop with a wireless connection. Ppheson used the speed sensor as the speed
reference and the GPS for a heading reference. lilbemarked out was measured and the
direction was estimated from a hand held GPS. ift@ant the line direction was not exact and

the exact heading was unknown.

Start Start timing, Stop timing, Position to pegln
Position tractor must be up decelerate to next testin
to speed a stop 0_ppo§|te
(Om) (50 or 100 m) direction

Figure 5.4: A visual display of the linear tests

This test was used for characterizing the sensta. dd was used to observe if the sensors
were producing correct data, which sensors werdymiag the best data and how reliable the
sensors were. This was useful during the anabfsiests where the computer was performing
the control because it could then be determinéukeiferrors were caused by the sensor data or the

controllers themselves.

54 Computer Driven Linear Tests

The computer driven linear tests were performea similar manner to the human driven
linear tests as shown in Figure 5.4. The tracrdled the same line using the same stakes to

mark the start and end points. The same headimysgeeds were used, but for this test only 50
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m distances were used. In the human driven litests a distance of 100 m was used for the 0.5
m/s tests, but to stay consistent with all othststéhis was changed to 50 m. Again, five tests
were carried out for each speed in each directiOnce again a chronometer was used to time
the test and the times were recorded. These hastsa computer controlling the heading and
speed. To control the heading and speed an iflput/ds created that had the required heading,
speed and estimated time it would take for thedrao travel the distance.
The data from this test was used to determine af dbntrollers were operating correctly.

When errors in the tractor control were found tinedr tests were used to determine what was

causing these errors and where the errors occurred.

5.5 Autonomous Tests

The autonomous tests had the tractor follow a pggammed course that included multiple
headings and speeds (see Figure 5.5). The trapenated with no human input. The input
commands were received from a file and instructiese carried out sequentially based on a
timer. The tests included seven instructions aedatal test time was six minutes. To start each
test the tractor was driven to a position that foadt stakes marking the precise position where
the tractor was supposed to start. This put thetiisg) position in the same location for each test
so that each test could be compared. The userstheted the test and the tractor carried out the
remainder of the test by itself. At the end of tést the tractor came to a stop and closed al dat

files. This test was carried out five times.
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Figure 5.5: Planned path for the autonomous tests

During the tests all sensor data was logged as agltlata from the heading and speed
controllers. A function was also created that @ted the GPS latitude and longitude into a 2-D

projection to make it easier to perform positioaaalysis on the tests.
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CHAPTER 6: RESULTSAND DISCUSSION

6.1 Preliminary Experiments
6.1.1 Remote Controlled Tests

The RC controlled tests were the first tests perémt. These tests generally included taking
the tractor out and driving it to see if any of eded components failed. During these tests the
majority of the problems were with the steeringteys Early in the testing, a set screw holding
the steering shaft connecting the motor to the dwyldr pump came close enough to the motor
mount that current could arc between the two piec®¢hen this happened the LoveJby
coupler in the steering shaft would melt from tleathand the steering fuse would blow. After
performing some tests it was found that the stgemotor was grounding through the metal
chassis. To prevent the motor from grounding atfgasolating pad was mounted between the
motor and the motor mount. This prevented the mivton grounding and causing the fuse to
blow.

After many hours of testing the steering fuse bdgawing again. This was due to a failure
in the LoveJo}™ steering shaft coupler. A LoveJ8Yycoupler is a jaw-type coupler used for
coupling two shafts. This specific coupler coretisof two sides, each having two jaws. The
jaws from one side of the coupler mated with jawdhe other side of the coupler. Between the
jaws was a rubber disc that acted to provide cuétgoduring shock forces and it allowed for
slight misalignment of the shafts.

It was found that the rubber used in the LovéJogonnector was too soft so if the force
required to turn the steering wheels was high,rthber would contract to the point where the

metal jaws could touch. When this happened theentiagain arced and caused the Lov&3oy
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rubber to melt. To prevent this, a new steeringftsivas made where the Love38ycoupler
was replaced with a solid Lex&h piece that acted as the coupler. This preventgdnsetal
components from coming in contact and so the stgemotor could not incorrectly ground.
After this there were no more problems with theestey motor grounding. The final steering

motor mount and isolator is shown in Figure 6.1.

Plastic
isolator\ L
Lexan™ Steering
steering «—— Mmotor mount
shaft

Splined
connector

Figure 6.1: Final steering motor mount and isalato

Another problem was that when the front wheelsedrall the way to one side they would
reach the end of their rotation and stop. Eveerdfte wheels reached the end of their turning
abilities the steering motor would continue to toyturn them. This would cause the fuse to
blow and it would not be possible to turn the wkeelTo prevent this limit switches were

installed on the front wheels to prevent the wh&els turning too far.
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6.1.2 RemoteLaptop Controlled Tests

Remote laptop was the second set of tests. Duhiese tests it was fount that the wireless
connection was poor. This was due to the largeh@asl with RMI, which is further described
in 0. One workaround to this was to use realVN@etootely log into the onboard computer and
operate it from there. It was decided to contitoue/ork with RMI.

During remote laptop testing it was found that soohe¢he data files were not storing as
target, so they were modified so that they wereirgjocorrectly. Data was logged and
adjustments made until it was determined that kbafging was working properly. It was during
the remote laptop testing that the poor compass Was noticed. Once this was noticed the
compass was remounted as described in Secion 4.3.2.

When testing with a remote laptop the onboard cderpwrould sometimes freeze and stop
operating. As time went on this problem becameseorit was finally decided that the problem
was due to vibrations, which were causing the fabtard drive to skip. To resolve this issue the
computer case was mounted atop four dampeners. daimgeners removed enough vibration
that the computer operated correctly.

The final problem was to have the software opegdbiefore the tractor engine was operating.
If a setting was changed on the laptop that catlsednotor controller to turn the front wheels,
damage was often the result. In simple casestdweziisg fuse was blown, but there were also
times when damage was done to the steering motants.o To prevent this from occurring, a
relay was installed onto the tractor’s ignition ®ki When the ignition was turned on the
steering was able to turn. When the ignition swit@s in the OFF position, the relay prevented
any current from going to the steering motor, whithurn prevented the tractor’s steering from

operating. The circuit for this is displayed img&ie 5.2.
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6.1.3 Computer Controlled Tests

By the time computer controlled tests started mainthe mechanical components had been
thoroughly tested. The main adjustments made guhese tests were to the controllers. The
controller constants were adjusted to make theadrgerform as close to the laptop control as
possible.

During this testing data was collected and reviewiedvas found that below 0.3 m/s the GPS
did not return speeds as accurately as the droglwhEhis is because the GPS calculates its
speed from position changes. The GPS has a lomestefrate (5 Hz) and is susceptible to
positional errors. The combination of the low esfr rate and positional errors is the cause of
the poor speed calculations at low speeds. Itdeagded that the speed sensor’s data would be
used at speeds below 0.3 m/s and after that thew@Rtl be used. For the heading controller it
was decided that the compass data would be ussggkatls below 0.7 m/s and after that the GPS
data would be used. The compass was the moshbleehi@ading sensor, because it did not rely
on satellites or other outside data sources likeGRS. It also had a higher refresh rate. The
problem with the compass at higher speeds wastklgatmount was constructed to put the
compass above the tractor to avoid magnetic im@Emfe. Because the compass mount was long
and high above the tractor, when the tractor teavek higher speeds the rough terrain caused the
compass to experience large amounts of movemehis movement introduced errors into the
compass data. During this testing many errorshe) heading controller were found due to
miscalculating error in different cases. These weneected, but there were still four times that
error was miscalculated and this became more obwlouing the field testing. This is described

in more detail in Section 6.3.1.
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6.2 Field Testing
6.2.1 Stationary Sensor Tests

The stationary tests showed that the compass hadexage standard deviation of 0.21° when
facing 90° (East) and 0.27° when facing 180° (Souflhese standard deviations support the idea
that the compass mount was successfully reducingt wibrations that could deteriorate the
compass’ data. The average heading when facingv89°90.15° and the average heading when
facing 180° was 179.82°. When performing testsdihections of the tractor were observed and
the distance between the two directions was vargecto 90°. This shows that the compass was
not receiving magnetic interference that could eaiiso saturate in one area. To be sure that
there was no interference with the compass, tlototiravas driven in a slow circle. The compass
measured a data point at each heading at a statglyshowing again that the compass was not
saturating in any one area.

When performing the stationary test the GPS wascaptble of providing a heading to
compare with the compass. It was however benéficimbserve the GPS positional data to
determine the amount of drift that was occurringor this the latitude and longitude were
converted into the UTM coordinate system which @éae a 2-D projection of the latitude and
longitude. At the start of the test the North &bt positions were set to zero so that all data
collected after the start time were relative t® ghoint on the 2-D projection. Using this method
it was possible to observe how far the GPS driftetthe North/South and East/West directions.

When facing 90° the GPS drift remained between @nd -0.75 m in the North/South
direction and it was between 0.1 m and -0.85 mhan East\West direction (Figure 6.2). The
North/South standard deviation was 0.17 m and th&t/®est standard deviation was 0.30 m.
When facing 180° the North/South drift was betwdée8 m and -0.45 m with a standard

deviation of 0.39 m. The drift was between 0.5amd -0.1 m with a standard deviation of 0.18

56



m in the East/West direction. GPS receivers witldd\VArea Augmentation System (WAAS)
capabilities are required to be within 7.6 m ottdre®5% of the time, but often they are within 1
m (Crawford 2005). From the stationary tests it ba seen that the GPS stays within this region

so the GPS must be correctly using WAAS to impritvelata.
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Figure 6.2: Average GPS drift during stationastitey at 90° and 180°
Figure D.1 shows the average heading measuredebgdimpass for each of the stationary

tests. Figure D.2 displays the measured compdasndeen the tractor turned in a circle.

6.2.2 Human Driven Linear Tests

The human driven linear tests were used to colleasor data that could later be used for
comparison with the computer driven linear tedbmta collected here was necessary for further

characterizing the sensors and ensuring propeios@peration. When performing the linear
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tests human errors were obvious. It was diffitalkeep the tractor traveling in a straight line

and the speed was seldom held constant. Theudiffiof maintaining a consistent tractor course
increased as tractor speed increased. Maintathi@gcorrect speed was difficult because the
speed would constantly change as the tractor dvever small hills. Maintaining the proper

heading was even more challenging because it washom to either understeer or oversteer the
tractor. As the speed increased it became morenmonto oversteer the tractor. Even with

these errors, general heading and speed was ddbke target path and the majority of the data
errors could be explained from human errors.

Figure 6.3 presents the average speed for the §fed sensor, theoretical speed and the
target speed. Figure 6.4 also display the standiavdation for the GPS and speed sensor at each
of the three test speeds. At each test speedidsts in each direction were performed. Figure
6.3 shows the average of each of the five testescaBse there are two directions, there were
actually ten tests performed at 0.5 m/s, ten atsdand ten at 1.5 m/s for a total of thirty linear
tests. Figure 6.4 was produced from the same Oatat displays the average speed standard
deviation of all tests taken at each test spedite theoretical speed that is displayed in Figure
6.3 was found by using a stop watch to time thedesation. The test distance was 50 m so the

test duration could be used to find an averagedsfiedt the tractor traveled during the test.
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Traveling at 90 Degrees Traveling at 270 Degrees
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Figure 6.3: Average speed for the three test spatde traveling at 90° and 270°
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When performing these tests the speed sensor vealsassfeedback for the human operator.
This was a problem, because as can be seen ineFégBrthe speed sensor did not work very
well at speeds of 0.5 m/s and higher. When thedpecreased the drop wheel began bouncing
as it hit small bumps. This caused the sensouite drequently leave the ground which meant it
could not register the proper speed. Every tineeditop wheel left the ground the wheel would
slow down slightly which would cause less pulsebéacounted by the Hall Effect sensor. Also
contributing to the speed sensor’s poor performaatchigher speeds was sensor damage as
testing continued and the higher speed tests wanfermed later in the testing sequence. The
sensor changes that caused poor data were thaathEffect sensor moved slightly causing the
spacing between the Hall Effect sensor and gedh timobe at the extremities of the allowable 2
mm spacing which meant it was more common to mesx ¢eeth during rotations. Another
problem was that the sensor became encrusted iramdidebris which also helped to reduce the
number of pulses registered by the gear tooth.

In Figure 6.3 the average difference between teedgensor and GPS when performing the
0.5 m/s test was 0.07 m/s at 90° and 0.06 m/s @it ZFhe theoretical speed was the same as the
GPS at 90° and it was 0.01 m/s higher than the &P2F0°. The reason the theoretical speed
was higher than the 0.5 m/s target speed was leasfgeed sensor was being used for human
feedback. This meant the human was adjustingfiogéor speed based on what the speed sensor
was displaying. When traveling at 90° the spees@ewas measuring 0.52 m/s and at 270° it
measured 0.51 m/s. From this it can be seenliedtuman operator was very close to the target
speed, but because the speed sensor was prodatmghdt was slightly lower than the actual
speed the tractor was actually traveling closd).5® m/s and 0.58 m/s which can be seen by the

theoretical speed.
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When the speed was increased to 1 m/s, the differbetween the speed sensor and other
speed measurements increased even more. The GPSlilvalmost identical to the theoretical
speed with only 0.01 m/s difference between the fovaeach test. At 90° the theoretical speed
was higher than the GPS and at 270° the GPS haghartspeed than the theoretical speed. The
difference between the speed sensor and theorspesld was approximately 0.3 m/s at both
headings.

When the speed was increased to 1.5 m/s the spasdrs performance became even worse
than at the other two speeds. This is shown imr€i®.3, where the speed sensor’'s average
speed stayed the same from the 1 m/s test to Bhm/k.test. For the 270° heading the average
speed reported by the tractor actually decreased €.95 m/s during the 1 m/s test to reporting
0.79 m/s for the 1.5 m/s test. The speed sendanlac measured a lower speed at 1.5 m/s
during the 270° heading than it did at 1 m/s. fhar 90° heading the speed sensor produced a
speed estimate that was almost identical to the/d test. At 1.5 m/s the GPS speed and
theoretical speed differed slightly. The GPS speas 0.11 m/s lower than the theoretical speed
at 90° and 0.09 m/s lower at the 270° headingval not expected that the average GPS speed
would be lower than the theoretical speed at 1% nihe tractor was traveling at a higher speed
which made it more difficult to properly time thest with a stop watch; so it is possible that the
difference between the GPS and theoretical spesctawzsed by human error.

From Figure 6.4 it can be seen that the averagelatd deviation for each sensor during each
trial increased as the speed increased. The eanept this was at a 270° heading because the
GPS standard deviation at 1.5 m/s was lower thdnmats. The standard deviation of the GPS
was quite low, remaining below 0.1 m/s, other tHaring the 90° heading test at 1.5 m/s where

the standard deviation became 0.11 m/s. The sggesbr had a standard deviation that was also
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low (0.11 m/s and less), but this is deceiving beeathe speed sensor was not operating
correctly. The speed sensor measured low valuésves expected that the standard deviation
would be lower.

The average heading for all five tests at eaclheftést speeds is shown in Figure 6.5. This
plot is similar to Figure 6.3 and Figure 6.4 inttlitas an average of all tests. In Figure 6.5 the
compass data has error bars at each of the testisperhese error bars were determined by
using the average standard deviation from theostaty compass data. The error bars are 0.48°
in height because the standard deviation of thepassheading during the stationary tests was
0.24°. Figure 6.6 is the average standard deviatfahe heading data for the GPS and compass

during the linear tests.
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Figure 6.5: Average heading for all tests at ezfche three test speeds while traveling at 90°
and 270°

From the data shown in Figure 6.5 it can be nobtedl the GPS heading was always higher

than the target heading, while the compass heaslasggenerally lower than the target heading.

62



The reason neither of the sensor headings wersatime as the target heading was that the line
used to drive the tractor along was marked outguaithiand held GPS and compass to estimate
the direction. Neither of these hand held sensgse very accurate sensors so the exact
direction of the line was not known. The reasan@PS and compass are not exactly the same
was that the compass was misaligned on the tragtapproximately 10°.

When observing the GPS data it seemed to followtdhget heading except that it had an
offset. At 90° the target heading and GPS headnegalmost parallel to each other, while at
270° the GPS heading moves slightly closer to #nget heading with each test. The average
GPS offset from the target heading at 90° was Zhitier and at 270° the offset was an average
of 3.65" higher. The change from the 0.5 m/st@s$he 1.5 m/s test was only 0.05°, whereas at
the 270° heading the change was 1.67°. Neithethe§e variations in heading was very
significant considering the vehicle was being dnilay a human.

The compass did not produce data that was as corastdahe GPS. From 0.5 m/s to 1 m/s the
compass heading slightly moved away from the tangatling, increasing the offset. For the 1.5
m/s test the compass heading became larger thadRBedata, which was unexpected. This can
be explained by the standard deviation which idt@ibin Figure 6.6. The compass standard
deviation grew quite rapidly as the speed increadeor the 270° tests the growth of standard
deviation was almost a linear function of the targgeed. For the 90° heading it was also
somewhat linear, but not to the same extent a2#® heading. The increase in standard

deviation would have caused the compass headibg kess precise.
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Traveling at 90 Degrees Traveling at 270 Degrees
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Figure 6.6: Average standard deviation of allgésading for the GPS and compass at each test
speed while traveling at 90° and 270°

The reason the compass standard deviation incresgledspeed was compass movements
that were apparent at higher speed. The compassneanted atop a plastic pole that was fixed
to a weight. The weight was mounted on top of foubber isolators to provide dampening,
which reduced vibrations. The weight was steadyoaer speeds, but as the tractor speed
increased block movements also increased. Any memein the weight was magnified at the
compass because of the long pole it was on. Whenractor was traveling at high speeds the
compass had a very large amount of movement ididttions, which increased the standard
deviation.

When observing the GPS and compass data it wasveloséhat the standard deviation of
each sensor was quite similar at 0.5 m/s with tapass having a slightly lower standard
deviation. At 0.7 m/s the two sensors had appraiety the same standard deviation and from

this test on, as speeds were increased the GP8gadiata with a lower standard deviation.
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This can be seen in Figure 6.6 and this was theorethe heading controller used the compass
data at speeds lower than 0.7 m/s and after thedspas higher than 0.7 m/s the GPS data was
used.

It should be noted that when performing the 1.5 te$$ some of the data was corrupted due
to computer errors. For the 270° heading thereewaty two valid data sets for the compass and
three data sets for the GPS. At the 90° headiegdmpass had three data sets and the GPS had
four data sets. The speed sensor and GPS onlfohadets of speed data for both headings at
this speed. The absence of data most likely haéffact on the average data and standard
deviation. Appendix D.2 displays figures that skdlve average speed and heading for each of

the five tests performed at each velocity. A tahleimarizing the data is also presented.

6.2.3 Computer Driven Linear Tests

The computer driven linear tests were for testing abserving the performance of the
controllers. The tests were performed in a sinfdahion to the human driven linear tests so the
results could be compared. When observing the fdata these tests it is obvious that errors in
the controllers were causing the tractor to notgeer as well as expected.

When observing speed data colleted during eacheotdsts, the results were similar to the
human driven linear tests. From Figure 6.7 it banseen that the theoretical speed and GPS
speed match each other almost perfectly. The powerlie each other in the plot. The GPS and
theoretical speed are only slightly above the tasgeed and the difference between these speeds
increases as the test speed increases. This e@uplaéned by the speed sensor data. As can be
seen the speed sensor produced a very low estinfdite.speed sensor estimate became worse
when the target speed was increased from 1 m/sbtonds. This was due to the speed sensor

errors discussed in Section 6.2.2.
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Figure 6.7: Average speed of each sensor fohadkttest speeds while traveling at 90° and 270

The way the speed controller operated was thatilizad the speed sensor data at lower
speeds, and once the speed sensor measured aatpeed0.3 m/s the speed controller began
using the GPS speed for its feedback. As can ee seFigure 6.7 the speed sensor did not
report speeds higher than 0.5 m/s, even when dlceotrwas traveling at a speed that was much
higher than 0.5 m/s. For this reason the speettaltam was receiving feedback reporting that
the tractor was traveling too slowly. This causkd speed controller to continually try to
increase the speed of the tractor. Whenever thedspensor measured more than 0.3 m/s the
GPS was used and the speed controller would retihecéractor speed. As the tractor speed
increased the speed sensor returned a value be®wm/8 more frequently so at higher speeds
the speed controller used the speed sensor, evagltlits data was poorer than the GPS. This is
why the theoretical and GPS speed was more offset the target speed at 1.5 m/s.

The standard deviation for the speed sensor and §fe8d was very similar with the

maximum difference between them being 0.04 m/s @0%heading and 0.018 m/s at a 270°

66



heading. This is displayed in Figure 6.8. Fohls#nsors the standard deviation varied less than
0.05 m/s between test speeds. The standard aeviati the speed sensor was not representative
because the sensor was not operating correctlycau®e the speed sensor was not operating
correctly it always remained at speeds of 0.5 m/kss. This speed should have been much
higher and if the speed was higher, the standarziilen of the speed sensor most likely would

have increased.
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Figure 6.8: Average standard deviation of the @R&speed sensor at each test speed while
traveling at 90° and 270°
The heading controller produced errors during thealr test. Figure 6.9 is a plot of the
average heading for the compass and GPS at edhb tdst speeds. It can be noted that as the
speed increased the tractor's heading offset fluetdrget speed increased. This was due to an
error in the heading controller. The heading adldr was calculating the error correction
incorrectly at four different locations and two tifese locations were on the 90° and 270°

heading. Whenever the tractor crossed either edettheadings the error was calculated to be
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very large, which caused the corrective actiondcektremely drastic. Because an aggressive
action was taken, the tractor veered off coursg geiickly. Once the tractor was out of this

region the controller would begin to slowly corréself.
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Figure 6.9: Average heading of each test forhmbié test speeds while traveling at 90° and 270°

The reason this error became more noticeable &ehigpeeds was that the aggressive turn
was amplified due to the increased speed. Théotraurned the wheels all the way to one side
and because the tractor was traveling at a higheeds it traveled more distance before the
controller could begin to correct itself. Thisarwill be discussed in more detail in the Section
6.3.1.

From Figure 6.9 it should be noted that the compaslsGPS produced heading estimates that
varied by approximately 5°. In the human drivemedir tests the compass heading was lower
than the GPS heading, except during the 1.5 mfswdere the compass became inaccurate.

The reason the compass produced a higher headintaesthan the GPS is that the errors found
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during the human driven tests were observed an@dhgass was realigned. The realignment
was not successful and the compass was still mgsadi. The misalignment was reduced from
approximately 10° to 6° or less.

During the tests the heading standard deviationsiagar to the standard deviations during
the human driven linear tests. Figure 6.10 shtwesaverage standard deviation for each test at
each test speed. As can be seen the GPS stareaatiah was quite constant during the 270°
heading, but for the 90° heading there was a lemgpeovement in the standard deviation when
going from 0.5 m/s to 1 m/s. The difference betweke 1 m/s and 1.5 m/s tests was
insignificant for the GPS standard deviation. Aasvexpected the compass standard deviation
increased from approximately 5° during the 0.5 tefts to 23° during the 1.5 m/s tests. This
was once again caused by compass movement due tathor having more rapid roll and pitch
movements at higher speeds. Appendix D.3 displaysds that shows the average speed and
heading for each of the five tests performed aheastocity. A table summarizing the data is

also presented.
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Figure 6.10: Average heading standard deviatiomfdests at each of the test speeds while
traveling at 90° and 270°

6.2.4 Autonomous Tests

When performing the autonomous tests an inputblgained the instructions shown in Table
6-1. Figure 6.11 shows the path followed by tlaetor when given these instructions. It also
shows the calculated path that would have beeovield if the tractor control was perfect. The
calculated path was found by using the input fdenmands to calculate the theoretical distance
traveled and heading during each instruction. ddieulated path does not account for turning or
accelerating times so it was not possible to folkbwg path perfectly. The tractor path was
found by using the position data in the UTM form&rom Figure 6.11 it appears as though the
actual path deviates from the target path as ttegets closer to completion. This is because as
the test continues any heading and speed errorsupuamd form the positional error. Also the

tractor control was not based on position, whetkasfigure shows the tractor position. As the
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tractor position deviated from the calculated posithere was no correction to try to make the

tractor return to the path. This is why the devmaincreased as the test continued.

Table 6-1: Input commands used for the autonomexsts t

Time Heading  Speed
(s) (degrees) (m/s)
30 0 0.00
60 20 0.50
60 300 1.00
60 50 0.75
30 180 1.20
60 257 0.75
60 200 0.40
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Figure 6.11: Path followed during the autonoma@ssstas well as the expected path

At the very top of Figure 6.11 the target path anthial path are quite different because of a

programming error in the heading controller. Therwas computed incorrectly by the heading
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controller at this location, which made the tradiann too aggressively. This put the heading
controller into an unstable situation in which tinector rotated from side to side causing the
speed controller to also become unstable. In Ei§ut3 the points where the controllers became
unstable is labeled. Both the heading and speetiatiers remained in an unstable state until a
new command was received. Once a new commandegas/ed the tractor resumed as it was

supposed to.
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Figure 6.12: Path followed by the tractor during tseparate tests

The offset caused by the unstable controllers chtise actual path and calculated path to
deviate even further than what they should haverenEf there had not been an error the
calculated path and actual path would have bederdrit. This difference can be equated to the
controllers not physically being able to responst fanough to reach the perfect situation as

displayed in the calculated path. It is not pdssibr the controller to have a perfect response
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because it was constrained by physical limitatidng, the calculated path did not take into
account any of these limitations. Whenever a contmaas received there was some lag time
between receiving the command and the command Igctoeing implemented. Once the
command was implemented there was more lag timehin the tractor actually reached the
target setting. The controllers could be tunedédter reduce this lag time, but it could never
fully be removed.

Figure 6.12 is a positional plot of the raw datavgimg the path followed by the tractor during
two tests. From this plot it can be seen thatitwetests followed a path that was very similar.
The other three tests, which are not shown in phid, also followed a similar path. This
demonstrates controller repeatability, which metéwas if the controllers were better tuned and
were receiving better sensor data then the trattould be capable of following the target path
more closely.

The difference between the maximum final East/\desiction and the minimum was 8.73 m
while the North/South difference was 4.81 m. Tduggests that the further the tractor traveled
in a direction the further off its position estinoet became. The controllers were not based on
position control so if any heading or speed ermesurred the controllers would not try to
correct for these errors. Based on the other,tdg®sition control had been used these final
offsets could have been reduced.

When summarizing the final positions the averagestiast position was -74.04 m with a
standard deviation of 3.25 m, while the North/Soptssition was 31.52 m with a standard
deviation of 1.8 m. This test was approximatelynutes and 30 seconds in duration so to
accumulate errors of this magnitude would be unaetde for most agricultural uses. On the

other hand, errors of this proportion were achiesreein though there were mistakes within the
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heading and error controllers so by fixing the coolfgrs, acceptable results should be
achievable.

Figure 6.13 shows the heading and speed data tlleiring the first test. The positional
data for this test is shown in Figure 6.12. FroiguFe 6.13 it can be noted that the heading
performed quite well, except for where the conéolNvent unstable. The heading controller
responded quickly and had a very short settlingetimlfhere was some oscillation about the
target heading when steady state was reached,obwery much. Once the tractor reached the

target heading there was no noticeable headingtoffs
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Figure 6.13: Raw speed and heading data from Tradlthe autonomous test
When comparing the standard deviations in Table t6-Figure 6.13 the data seems to

contradict each other at 300° and 50° headinge. r@dson the standard deviations are so high in
Table 6-2 for these headings was due to the osoilthat occurred as the tractor turned. The
tractor had to turn a lot to reach these headingsiwmeant that there was a higher overshoot.
This overshoot was quickly accounted for and thedirey settled out to the target heading. This
overshoot did have a large affect on the standakdaton though. When the tractor did not

have to turn as much a less aggressive approachakeas and there was less overshoot, which
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resulted in a lower standard deviation. Anothasom for the high standard deviations in Table
6-2 was that the standard deviation was taken ftwertime the new command was received to
the time that the next command was sent. This tnden standard deviation started being
calculated before the tractor even started to adjmsl included the data during the entire

adjustment to reach the new instruction.

Table 6-2: Analysis of the data from Trial 1 ofthutonomous tests

Target Average Target Average

Time Speed Speed Std Dev  Heading Heading Std Dev
(s) (m/s) (m/s) (m/s) (deg) (deg) (deg)

0 0.00 0.00 0.00 0 0.00 0.00

5 0.50 0.50 0.04 20 14.62 4.31

65 1.00 1.04 0.12 300 291.74 46.00
125 0.75 0.76 0.05 50 63.84 65.70
185 1.20 1.19 0.20 180 183.00 44.30
215 0.75 0.79 0.09 257 252.05 13.01
275 0.40 0.41 0.05 200 205.41 13.11

The speed controller also performed effectivelyt, iboften oscillated about the target speed.
Table 6-2 has the average speeds compared tortfet speed for each time instance and from
this it can be seen that the average speeds aeedjose to the target speed. Also the standard
deviations are quite low, except for the 1 m/s arim/s. This coincides with the findings of
the linear computer driven tests in that the highertarget speed, the poorer the speed control
becomes, due to the speed sensor errors. Thegavepaed at 1 m/s and 1.2 m/s was still quite
close to the target speed, but the standard deniatas high because of spikes in the speed data.
At 1.2 m/s the speed controller was being affettgdhe heading controller’s instability which

was another reason for the high oscillations agtl ktandard deviation.
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6.3 Controller Analysis
6.3.1 Heading Controller Analysis

When observing heading data during linear testaag obvious that the controller was not
performing correctly. The tractor heading was svaffset from the target heading and as the
tractor speed increased, the offset from the tdrgatling increased. The reason for this was that
when the tractor had to travel from quadrant 2,tquldrant 3 to 4, quadrant 2 to 3 and quadrant
3 to 2 the error was calculated incorrectly. Therecalculated in these situations was very large
which caused the heading controller to apply th&imam change possible to the front wheels.
This would force the tractor to turn as sharplyassible to one side until the heading controller
determined that the tractor needed to turn in fhosite direction. The reason the offset became
large at higher speeds was that the tractor waling faster so more distance was traveled
before the controller calculated a correction.

Figure 6.14 is a portion of data taken from thetf#0° heading test traveling at 1m/s. From
this plot it can be seen that between 13.6 secandsl4.5 seconds the tractor was at a heading
less than 90° and had to turn to the right to corilee problem. The controller calculated the
error to be approximately 360° when really the rewas only between 1° to 3°. If the controller
had calculated the error correctly the applied geaio the front wheels should have been small,
but instead the applied change was the maximumgehpassible. This meant the front wheels
were turned all the way to one side which causedttédctor to quickly veer course. Once the
controller determined the heading was above 98fteéimpted to turn it to the left to correct the
problem. Because the calculated error was smalkhtiustment to turn the tractor to the left was

small and the tractor slowly turned back toward8, ®dthout turning too aggressively. The
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tractor’s heading would slowly approach the 90°kmantil eventually it crossed to a heading

that was once again smaller than 90° and the hgadior was again calculated incorrectly.
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Figure 6.14: Display of where the heading con¢rollas producing an error

Proper controller performance would have calculatedect error terms. This would have
resulted in small control adjustments being madeckvwould have made the controller perform
more desirably. At all other tested headinglseothan the ones previously listed, the controller
did perform correctly by making small adjustmentsew the error was small. When observing
data from the autonomous tests (Figure 6.13) itbmaeeen that all headings were followed quite

closely, except for the 180° heading, which washenboundary of quadrant two and three.

6.3.2 Speed Controller Analysis

The speed controller operated well, but its perforoe was degraded by poor speed feedback
data. The speed controller used a combinationhefdpeed sensor and GPS speed for its

feedback data. The controller used the speed seansiba speed of 0.3 m/s was reached, it then
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used the GPS speed. The controller was designeavély because at low speeds the GPS did
not produce speed data. The speed sensor onhéxehaind produced data as soon as the tractor
began moving, even if it was moving very slowly.

The problem with the speed sensor was caused hy tis¢ speed sensor until a speed of 0.3
m/s was reached. The speed sensor began to thdsathe tractor speed increased the sensor’s
performance decreased. This meant that even wieirdctor was traveling at speeds over 1
m/s the speed sensor would often return speedshlas<.3 m/s. Because the speed sensor was
estimating a speed less than 0.3 m/s this wasstimae used for the speed controller. This
resulted in an incorrect speed error calculationwhich the error was much larger than it
actually should have been. To correct this, theedpontroller would increase the tractor speed
causing it to travel at a speed higher than thgetaspeed. When the speed sensor would finally
produce data above 0.3 m/s the actual tractor spaednuch higher than the target speed so the
controller would quickly slow the tractor down tiwet correct speed. The speed controller was
capable of maintaining the correct speed untikibeed sensor produced poor data again.

The result of poor data from the speed sensor eagebn in Figure 6.15 where the speed
controller was using speed sensor data from 15nsiscantil 19.5 seconds. The speed sensor
was returning a speed that was generally less @htarm/s so the speed controller caused the
tractor to increase its speed. It can be seenthleatpeed being traveled was much higher than
the target speed of 1.5 m/s. At approximately @foads the speed sensor produced data that
was above 0.3 m/s, which caused the controllewitcl to GPS data. The GPS was returning a
speed of 1.8 m/s so the controller reduced thearapeed to get it close to the target 1.5 m/s.
At 23 seconds the speed sensor produced poor gaia \&hich meant the speed controller had

to compensate for this and once again the trapegdhad to be increased.
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CHAPTER7: SUMMARY

7.1 Sensor Platform

When examining the sensor platform it was divided two components, the heading sensors
and speed sensors. The GPS provided data forcbatponents, but the compass was only used
for heading and the speed sensor was only usedpeed. Each of these sensors had their
strengths and weaknesses that were affected lgreaiff operating conditions and environmental
parameters. After analyzing the data it was dekttat the compass should have only been used
primarily for measuring stationary headings, notnsach reliance should have been put on the
speed sensor at low speeds and when the tractoinwastion the majority of data used should
have been from the GPS.

This section discusses each of the sensors andotters. A brief discussion of the sensor

and controller failures and successes is alsodeciu

7.1.1 Compass Testing Summary

The compass was used for determining the traciadihg and worked best when traveling at
lower speeds. As the tractor speed increaseddhmpass’ standard deviation also increased.
When increasing the tractor speed from 0.5 m/s8a1ls the increase in standard deviation was
16° for the 90° heading and 20° for the 270° hegdiAt a speed between 0.5 m/s and 1 m/s the
GPS heading data had a lower standard deviationttteacompass heading. After performing
some basic tests it was found that at approximadely m/s the GPS had a lower standard
deviation than the compass. For this reason thgases was only used when the tractor speed

was below 0.7 m/s.
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The major factor affecting the compass was vibmatiwhich was introduced by the tractor
moving through the field. When performing the istadry tests the compass produced results
with a very low standard deviation, but as the tbastarted moving the standard deviation
increased with speed. This was because the comgssnounted atop a long pole that was
used for removing the compass from any magneterfetence. The compass was situated well
above the tractor’'s center of gravity. This cauaey change in the tractor’s pitch or roll to be
magnified by the compass mounting pole. The resdfuhis was excessive movement due to the
long pole. This movement was the cause of a higteerdard deviation. Some of this variation
in compass data was removed by the compass’ fijesigorithm, but it was not possible to
remove all of the data’s variation. The compassldibave performed better at a higher speed if
the mount was properly designed. The proper compasunt would be capable of removing

most of the tractor’s vibration and it would remateady when traveling over bumps.

7.1.2 GPSTesting Summary

The GPS was used for both heading and speed ddte.GPS did not produce heading or
speed data when it was stationary, which was whytimpass was necessary. Once the tractor
started moving and reached a speed greater tham/6.the GPS began calculating the heading
and speed data. When traveling at a 90° headifigbatn/s during the human driven tests the
standard deviation of the GPS was 22.9°, but thisaehsed to 4.59° when the tractor speed was
increased to 1.5 m/s. The decrease in standafidtievwas not as significant when changing
from 0.5 m/s to 1 m/s. A similar trend was seenirduthe 270° heading and fairly similar
results were seen during the computer driven litests. The variation in this trend seen in the

computer driven linear tests was caused by the pedormance of the speed sensor at higher
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speeds. The reason the GPS became the mostea®idor as the tractor reached higher speeds
was because it was not susceptible to vibratiorisaotor bouncing.

Initially it was believed that the GPS showed sanilesults to that of the speed sensor. As
the speed increased the standard deviation ofgbedsdata became lower, but only slightly.
The main drawback to the GPS was that it did notlpce speed data when the tractor speed was
below approximately 0.2 m/s. For this reason theed sensor was used for the controller
feedback at speeds under 0.3 m/s and when thertigméed was above 0.3 m/s the GPS speed
was used. During initial testing at the UniversafySaskatchewan, the speed sensor produced
reliable data at low speeds. Once the speed séasbbeen used under field conditions, the
sensor became damaged and the data produced wasrnotliable. This was true even at low
speeds. At the end of testing it was decided tatGPS should have been used all the time
because it was not as susceptible to being damadkd field.

After performing a more thorough analysis it wasirfd that there was very little GPS
improvement from low speeds to higher speeds. Witaerling at 90° at a speed of 0.5 m/s, the
GPS speed standard deviation was 0.10 m/s wheteas$ an/s the standard deviation was
0.09m/s. This was not a substantial difference smdhe GPS should have been used more
extensively at the lower speeds. At a 270° heatlegresult was similar with the standard
deviation being 0.04 m/s at 0.5 m/s and 0.06 m/snathaveling 1.5 m/s. This once again was an

insignificant difference.

7.1.3 Speed Sensor Testing Summary

When the speed sensor was initially developed & teated at the university. While at the
university the tractor was operating at low spesadevel ground and there was an absence of

debris that could cause interference. In thisasibm it performed better than the GPS because
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the GPS signal was degraded due to interference Iwaldings and trees. Once in the field the
speed sensor became damaged due to the envirohnuamditions, which affected its
performance.

The speed sensor did not produce the correct tdatayaspeed, but it did become worse as the
tractor speed was increased. When traveling bgibst of linear tests at 0.5 m/s, the average
speed from the speed sensor was offset from thlasgpeed by approximately 0.07 m/s for both
directions. When the speed for these tests wasamed to 1 m/s, the average speed from the
speed sensor was approximately 0.3 m/s slowerttteactual speed. During the human driven
linear tests, the speed sensor’s average speetemasen 0.7 m/s and 0.9 m/s below the actual
speed.

Some of the reasons the speed sensor became gaottse speed was increased was because
the lower speed tests were performed first andspieeds were increased for each test, with the
1.5 m/s test being the final one. This meant doging the 0.5 m/s test the speed sensor was still
operating correctly. As the tests continued theedpsensor was damaged due to mud and straw,
which caused the data quality to be reduced. Ene® also moved slightly due to the rough

ground which meant it was not measuring all thes@sicorrectly.

7.1.4 Heading Controller Testing Summary

The heading controller was capable of operatingotiffely under most circumstances, but
there were specific situations in which the comgrobperated incorrectly. The situations where
the controller operated incorrectly were common nvitlee tractor had to turn from certain
guadrants into another quadrant. In these sitositibe error was calculated incorrectly and the
result was the tractor turning too aggressivelypme direction. The controller was capable of

slowly correcting this error, but the result waattthe tractor’s heading was often offset from the
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target heading. The situations where this arose while following a 0°, 90°, 180° and 270°
heading, which were also the quadrant boundaries.

During the autonomous tests the heading contralpmrated well, except when it had to
follow an 180° heading. At all other headings titaetor turned to the target heading quickly and
had little offset. The controller was capable reag steady state at the target heading within
approximately 10 seconds for large turns and ik ttess time when less adjustment was
required.

The tractor was tuned at the University of Saskat@n where there was very little space to
carry out proper tuning techniques. The controllas also tuned at speeds below 0.5 m/s, with
no tuning being performed at speeds above 0.5 e controller should have been retuned
when more space was available for performing monestand when it was possible to tune at

different speeds.

7.1.5 Speed Controller Testing Summary

The goal of the speed controller was to receivepeed command and make the tractor
accelerate or decelerate to this speed. Onceatbettspeed was attained, the controller was to
maintain this speed until another speed instructvas received. The speed controller took an
average of 3.2 seconds to accelerate from 0 m@s5im/s and an average of 1.85 seconds to
accelerate from 0 m/s to 1.5 m/s. The larger th@nge in speeds, the more aggressive the
correctional approach that was taken. Using thigercon the tractor could be accelerated to
higher speeds very quickly and accelerating toeedpghat was 1.5 m/s higher than the current
speed would never take more than 4 seconds, bigvatl) a steady state speed did take more

time.
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Analysis of the speed controller proved difficuidause it was often receiving poor feedback
data from the speed sensor. When the tractor maasling at higher speeds the speed sensor
calculated incorrect speed estimations. Often githe speed sensor would calculate a speed
lower than 0.3 m/s, when really the tractor wasdliag much faster than this. Because the
controller received a speed feedback that repdttediractor speed to be much less than the
target speed it would attempt to increase the draspeed. When the speed sensor next
calculated a speed above 0.3 m/s the GPS wouldd as feedback and the controller would
receive a speed feedback that was higher thanatigettspeed. This caused the controller to
reduce the tractor’s speed. For this reason #wotar speed controller generally did not maintain
a constant speed and it oscillated around the ttapgged. When the computer was controlling
the speed, the average speed was often close tartjet speed, but the standard deviation was
high due to the switching between sensors.

When the tractor was traveling at lower speedsh sagc 0.5 m/s, the speed sensor did not
report speeds below 0.3 m/s and so the GPS wasassite speed feedback. In these cases the
tractor's speed was held at a more constant raletlaan speed data did not oscillate as much
about the target speed.

The structure of the speed controller should bastdfl to account for the errors produced by
the speed sensor. The speed sensor should egtlvemipletely removed or the speed controller
should be adjusted so it only uses the speed saitsor the GPS is not producing speed data. If
the speed sensor had only been used when the GP®awgroducing speed data; the speed
controller would not have had periods where it waseiving incorrect data from the speed
sensor. This would also mean the speed contradleld still receive data from the speed sensor

when the tractor was traveling less than 0.2 m/s.

85



CHAPTER 8: CONCLUSION

At the end of this project the tractor was capablemaneuvering through previously
programmed tests carried out in a field withoutihgwshuman interaction. The preprogrammed

tests performed were 6 minutes long and the traxgierated correctly, except for when traveling

at a 180 heading. This was due to a problem with the hpadontroller programming. During

the computer driven linear tests the heading aeddpontrollers operated correctly, other than a
few errors. Most of the errors with the contralevere due to the malfunctioning of the speed
sensor and a programming error at three separatbrigs.

During all tests data from sensors was requirelde ffactor was capable of using the sensory
system to determine the vehicle attitude and cawy commands based on the sensor
information. The sensor platform was hindered wuthe speed sensor not operating correctly.
The speed sensor’s performance became worse astestireg was performed and this caused
more errors in the controllers.

Based on the performance of the tractor, whichhmsas in Chapter O, the actuator control
system could successfully control the tractor. Tbatrollers received the instructions either
remotely or from a preprogrammed set of instruci@md applied these instructions to the
tractor. The best example of the controller's perfance was shown during the autonomous
tests and is displayed in Figure 6.12.

Basic tests were done to integrate a path plansdafigvare, developed at the Université de
Sherbrooke, into the low level software. It wasgble to successfully have the path planning

software communicate with the low level softwarnet, o further testing was performed.

86



CHAPTER 9: RECOMMENDATIONS

9.1 Sensor Improvements

During testing of this system, the speed sensovegatdo be a large source of error. This
sensor could have been improved by having it wemjlar spring loaded to reduce the amount
that it was able to bounce when traveling at higpereds. The wheel that was used had a 17.7
cm diameter, which meant as it traveled over smilé and valleys the wheel speed would
increase or decrease even though the tractor spagdtaying constant. The small wheel was
used to increase the number of revolutions to plewore pulses which increased the resolution
of the sensor. To avoid using this diameter of @l/hehile still maintaining sensor resolution, a
larger wheel could have been used to drive a ctiihwas attached to a sprocket. The Hall
Effect sensor would be mounted to measure puldeth@fdriven sprocket. The two sprockets
could have been setup to increase the driven wiogstions. This also would have moved the
Hall Effect sensor further away from the ground vehiéwould have had less contact with debris
and should not have been affected by the envirotaheonditions.

Another sensor improvement that should be madeeicdmpass mount. The isolator block
was effective at removing the vibrations which cbaffect the compass. The isolator mount
became an issue at speeds above 1 m/s, becanBeduced errors due to excessive movement,
in all directions. The isolator block should beproved so it would continue to remove the
vibrations, but not cause so much movement. Thoslldvimprove the compass errors and

compass standard deviation at higher speeds.
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9.2 Software I mprovements

The software developed for this system worked waik, the wireless connection used for
collecting data and controlling the tractor wouftea time out. This timing out was caused by
the large overhead involved with RMI. When an Rént connects to a server a series of
handshaking packets must be transferred betweenvthand this can take many seconds if the
network connection is slow. This results in exoasgvaiting when connecting and if a time-out
occurs. For this reason Campadello et al. (2066pmmend not using RMI over a wireless
connection. For the wireless connection other pughcould have been used such as RF,
CORBA or MARIE. This would have improved the tegtibecause there would not have been

SO many interruptions during the tests due to tier pvireless connection.

9.3 Controller Improvements

The heading and speed controllers performed relgtiwell. 1t was difficult to determine
their actual performance because of the sensorserrohe heading controller should have the
errors corrected. These errors have been correetitdh the software, but no testing was
performed after making the modifications. The rn&®p in correcting the heading controller is
to test the corrected software and verify thatdtabrrect the problem.

The speed controller should have been modifiedti@ieonly use the GPS or to use the speed
sensor and GPS in a different combination. Thisldidave eliminated the errors caused by the
speed sensor’s feedback, which would have allowedspeed controller to calculate the correct
speed errors.

It would be advantageous to develop a model fotrdetor’s steering system and hydrostatic

system. This would allow more robust controllexdoe developed and compared to the current
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PID controllers. It also would have allowed fostiag of the controllers to be performed before

implementing them on the tractor, which should haragluced better tuned controllers.
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APPENDIX A: STEERING CONTROLLER PSEUDO CODE

Al Quadrant Deter mination

To determine what quadrant the tractor is curyeml and what quadrant the target
heading lies in a set of checks can be used. $bedo code for these checks is in Code Block
A-1. This pseudo code can be applied for eithegetaheading or current heading. Once the
target and current heading quadrants are knowrditieetion to turn and error terms can be
found. The remainder of this appendix shows th& fawle sets used when calculating the

direction to turn and the error term to be usethePID controller.

if(heading >= 0 && heading < 90)
quadrant 1

else if(heading >= 90 && heading < 180)
gquadrant 2

else if(heading >= 180 && heading < 270)

quadrant 3

else if(heading >= 270 && heading < 360)
guadrant 4

else
ERROF

Code Block A-1: Pseudo code for determining hegduadrant

Al.l Same Quadrant

When the target heading and current heading isxénsame quadrant the controller must
determine which direction the tractor must turn Bgdow much to reach the target heading. In

this coordinate system the current heading is tattggn target heading as shown in Figure A.1
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so the tractor must turn to the right. The psewmite for this calculation is shown in Code Block
A-2. If the tractor must turn to the right the aris positive and if it must turn to the left the

error is negative.

North
(0°)  Current
Heading

Target
Q4 Heading
West East
(270%) ~ (90%)

South
(1807)

Figure A.1: Coordinate system for when currendiegand target heading are in the same
guadrant

error = target - current

Code Block A-2: Calculating heading error whemédrand current heading are in the same
guadrant

Al.2 Target to Right of Current Heading

When the target heading is in the quadrant taitite of the current heading the tractor
generally must turn to the right as shown in FigAr2. In this case the error determination is
straight forward because the target heading i®fattan the current heading so it is positive and
the tractor turns right. In a situation such agufé A.3 the tractor must turn to the right, bug th

target heading is less than the current heading s0a special case. The pseudo code for
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calculating error when the target heading is inghadrant to the right of the current heading is

shown in Code Block A-3.

North
(0%) Current
Heading

West East
(270%) ~ (90%)
Target
Heading
South
(1807)

Figure A.2: Coordinate system with target headinguadrant to right of current heading

North
(0°)

Current
Heading Target

West o
(270%)

South
(180%)

Figure A.3: Coordinate system with target headinguadrant to right of current heading
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/I normal case

if(current < target)
error = target — current
turn right

/] special case

else if(current > target)
error = 360 — (target + current)
turn right

Code Block A-3: Pseudo code to calculate headirgy &hen target heading is to the right of
current heading

Al1.3 Target to Left of Current Heading

When the target heading is in the quadrant tddfieof the current heading the process
used for turning the tractor is opposite that usbdn the target heading is in the quadrant to the
right of the current heading. In this case thettilamust turn to the left as shown in Figure A.4
so the heading error must be negative. Here tiog determination is straight forward because
the target heading is smaller than the currentihgagb it turns left. In a situation such as Fegur
A.5 the tractor must turn to the left but the tarngeading is larger than the current heading so it
is a special case. The pseudo code for calculamgr when the target heading is in the
guadrant to the left of the current heading is shawCode Block A-4. In the special case the

error term is multiplied by negative one becauseust be negative to cause a left turn.
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North

(0%)
Target
Heading

Q4
West o East
(270°) > (90°)
Current

South
(1807)

Figure A.4: Coordinate system with target headinguadrant to left of current heading

North
(0°)

Target Current
Heading Heading

West o
(270%)

East
~ (90%)

South
(180%)

Figure A.5: Coordinate system with target headinguadrant to left of current heading
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/I normal case

if(current > target)
error = target - current
turn right

/] special case

else if(current < target)
error = (-1) * (360 — (target + current))
turn right

Code Block A-4: Pseudo code to calculate headirgy &hen target heading is to the left of

current heading

Al4 Target and Current Heading in Opposite Quadrants

The final case is when the target and currentingaid in opposite quadrants.

case the controller must determine which way hadehst distance to turn and then calculate the

appropriate error to be used for making the turn.

North
©9 Current
Heading
Q1
West East
(270%) " (90%)
Target Q2
Heading
South
(180%)

Figure A.6: Coordinate system where the targetamcent headings are in opposite quadrants
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if(current > target)
if((360 — current + target) > (current — target))
/I turn left
error = (360 — current + target) * (-1)
else
/lturn right
error = (current — target)

else if(current < target)
if((360 — target + current) > (target — current)
/I turn right

error = 360 — target + current
else

Il turn left
Error = (target — current) * (-1)

Code Block A-5: Pseudo code to calculate headirgy &hen target and current headings are in
opposite quadrants

The rules above remain the same for each quadrahare used the same from quadrant

to quadrant.
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APPENDIX B: ALV ANALYZER DIALOG BOXES

The ALV Analyzer GUI was broken into multiple winge that allowed for easier use
of the software application. The most importanhadaws are displayed and briefly

discussed here.

B.1 Main Window

The main window is the window that opens when tient side software is started.
Nothing can be done on this window until the Connegtton is pushed under the
Vehicle Link panel. This creates a connectionhe server that is operating on the
tractor's embedded computer. Once a connectionbleas established the tractor's
navigational information will be displayed in theeNcle Navigation panel. The Reset
button in the Vehicle Navigation panel is used regetting the X and Y coordinates to
zero.

Under the Data Logging panel it is possible to d@which of the five sensor data
should be logged. It is possible to log whatevemher of sensors you wish to. A
filename must be chosen for each sensor and a seiphe can be chosen. To start
logging the Start button is pushed and the Clogéobus used for stopping the data
logger and closing the files.

The Disconnect button under the Vehicle Link paistonnects the client from the
server. The Shutdown button disconnects the cfrem the server and then shuts down
both the client and server. The Reconnect sela@ibe used to connect to the server if it

has been disconnected.
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| = Design Preview [MainWindow]

Vehicle Mavigation Wehicle Link

() Connected

Relative Heading Heading | Relative Yelogity: :.'u'elocit\,n' Mew el :"'u'elocit\,n' |

% Coordinate % Coordinate | ¥ Coordinate I‘.’ Coardinate |

1]

@PS File: [ Browse ") Log Data
IMU File: || Browss ) Log Data
Compass File: ' Browse C? Log Data
SICK Flle: | . Browse (") Log Data
Yelocity File: () Log Data

Sarnpling Time | 0,25 |

Stop Log

Figure B.1: The main window of ALV Analyzer

B.2 Sensor Display Window

The sensor display window is used for viewing sertaia. When the window is
opened after a five second delay is begins disptayiavigational data in the Vehicle
Navigation panel. The Sensor Display Propertiegeps used for selecting what sensor
to display, and the refresh rate. The displaytban be started, paused and cleared using

buttons on the Sensor Display Properties panele Sénsor Display panel displays a
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heading labeling each piece of information and bh#néat is a window for showing the
actual data. The data continues to appear orctieers until the window becomes full. It

then flushes itself and starts again at the topis Window does not log the data, it only

displays it.

= Sensor Display g@@

Wehicle Mavigation Sensor Display
Heading Weloity
| | |
¥ Coord ¥ Coord

i | i |
‘elocity Sensor

[

Senso Display Properties

Sensor ko Display |GF‘S bl
Refresh Rate | 1sec ~ |
Display

Figure B.2: The sensor display window used fovwmg sensor data

B.3 Controller Window

The controller window is used for remotely opergtiime tractor. This allows for

control of the hydrostatic and steering. Under khalrostatic and Steering panels the
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slider-rails are used for adjusting the commantis can also be adjusted by using the
arrow keys on the keyboard. It is also possiblelick on the buttons in the Controls
panel to adjust the commands. The Enter key cabsebydrostatic to immediately be
moved to neutral and the Shift key forces the fnwheels to straighten to an angle of
zero. As these values are changed the actual sduoe to the motor controller is
displayed in the small window at the bottom of plamel.

The Actuator Command History panel to the righthef window displays what values
have been sent to the motor controller. Every taneew value is sent to the motor
controller these values are updated.

The Properties panel is used to adjust the neptsition of the hydrostatic and the
straight position of the front wheels. The corled use the position of the hydrostatic
actuator and front wheel angle to determine thetrakpositions. Because the
potentiometers that provide this information iscadible to changes caused by power
changes or equipment degradation the controllersadcactually know for sure if the
tractor is not moving or the wheels truly are gfii For this reason it is necessary to
adjust these properties over time. To adjust thegrties the new values can be entered
into the textfields in the Properties panel. Whies Save button is pushed these values
are saved to file so the next time the softwardasted these parameters are at the correct

values.
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i = Design Preview [ControllerWindow]

Controller Setup
Actuator Command History
STOP
Steering Hydrostatic
(VY RC Made (5} Computer Made :
Hydrostatic Steering
= L
Contrals
Properties
Meutral Skraight

Figure B.3: Controller window used for remotelyirg the tractor

B.4 Move Window

The motion window was used for basic testing of $histem and controller tuning.
The Distance Test panel was used for the first fofroontrol. A distance to travel was
entered and when Start was pushed the tractomhseetvheels straight and moved the
hydrostatic lever to a set position. The otheldfieon the Distance Test were used for

providing feedback on the vehicle’s performance.
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The Speed Test window was used for developing anithg the speed controller. A
target speed and distance to travel was enterdien\8tart was pushed the tractor would
accelerate to the required speed and hold thatdspeestant. The wheels were set
straight to make the tractor travel in a lineahpatd the tractor traveled for the distance
entered. When the distance was reached the trattpped. The other fields on the
Speed Test panel were for providing tractor progteshe user.

The Heading Test panel was used for developing@amdg the heading controller. A
target heading was entered and when Start was gubkketractor would start moving.
The hydrostatic lever was at a set position andrdo&or would turn to try and follow a
line that was the same as the line the target hgddid on. This test continued until the
Stop button was pressed.

The PID settings window was used for tuning thetmdiers. Values could be loaded
from the properties file and then modified. Oncedrfied a test could be ran. By doing
this the controllers were tuned by the trial andbremethod. Once satisfactory values
were found they were saved so that the next tineeagplication was started these

satisfactory values would be used by the contmller
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= Design Preview [MoveWindow]

Distance Test Controls
Distance ko travel | ) mekets
Distance travelled . | meters
Test to Perfarm |Distance |
Distance to reach goal | meters
|
Welocity Test Heading Test
q | Desired Heading . | degrees
Desired velocity | | mys —
Current Heading | -: deqgrees
Distance to Travel mekers
: ) Required Correction . deqrees
Current velocity mjs ' )
Distance travelled | I neters ‘j
Distance ta reach goal | | meters PID Settings
- Yelocity PID
! i : 3
v | W[ |kd]
| Heading PID

Figure B.4: Move window used for tuning the spaad heading PID controllers

B.5 Dynamic Tests Window

The Dynamic Tests window was used for performirgistef the heading and speed
controllers simultaneously or separately. The dléfaas for the test to be performed
under complete computer control, but if the HumaeeBng ON radio button was
pressed it gave the user control of the steeriBguivalently if the Human Hydrostatic
ON button was pressed it gave the user contrdi@hiydrostatic actuator.

To perform a test an input file containing the coamahs to be carried out had to be
supplied. Filenames to store heading and speeiioien data also had to be specified.

This test would control the tractor until the erfdhee input file was reached. While the
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test was being performed data was stored in théilgand speed files. When the end of

the input file was reached the heading and spéesiviiere closed before ending the test.

& Design Preview [Dynamic Tests]

Yelocity Test

|Velcu:it\,f b

~Human Skeerin
) Human ;

|

Input File: | |

Heading Log:
HeadingTest = |
Yelocity Log: |

{7 Hurman Hydrostatic ON

Figure B.5: Dynamic tests window for performing@omous tests with file input
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APPENDIX C: NON-PUBLISHED PAPER ON ALV ANALYZER
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Overview of an Analysis Application for Autonomous Vehicle Development
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Faculty Advisor: Dr. Martin Roberge
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Abstract There are many different methods available for
remote interaction. Simple socket connections loan
This paper describes an application, called Analyz&€veloped or more elaborate solutions such as using
currently being developed for testing, analysis angniddleware software can be used. Because middéewar
further development of an autonomous land vehiclis. often designed to ease development of distribute

Analyze is primarily written in the Java programmgin Systems it is advantageous to use middleware saftwa
language, with one library being written in C. ItWhile comparing middleware software the choicesewer

provides a wireless remote connection to the vetsicl harrowed to Java Remote Method Invocation (RMI) and

on board computer through use of Java RMI. AnalyzBe Common Object Request Broker Architecture
provides a GUI to facilitate remote data viewingital (CORBA). Java RMI is used over a wireless coniecti
logging and control of the vehicle while it is irotion.  to provide the remote link.

The focus of this paper is the setup of the soéveard

how it is implemented. Safety, reliability and .s#g

are also briefly discussed. 2. Vehicle background

_ The vehicle that is in use is an 860 pound in house
1. Introduction custom built vehicle designed specifically for this
purpose. The design is a rugged all wheel drivecle

In recent years a considerable amount of effort h#3at allows for operation on a wide range of tersai
been put into development of autonomous vehicleshe vehicle has a 9 hp Kohler engine that drives a
Removing a human Operator is desirable for marﬁydrostatic drivetrain with chain drives extendtngthe
reasons, such as m|||tary reconnaissance’ expjoratifront and rear axles. The drivetrain is drivemﬂgh an
vehicles and agricultural uses. The concept of &fectric clutch that can be switched on or off.vidg an
autonomous vehicle is appea"ng' but operating nn @leCtriC clutch installed prOVides a method to Bﬁfe
unknown environment introduces many challengese THisable the drivetrain and prevent accidents. The
largest developmental hurdle is taking a vehickt s vehicle has full suspension and front wheel steerin
continuous in nature and trying to control it with The vehicle used for testing and development of thi
computer that operates in discrete space [1]. Whist Software is displayed in Figure 1.
means is the environment around the vehicle is
continuous while the computer and sensors are o
capable of operating discretely. Computer and @end
response is greatly improving which can lead to t
illusion that they are operating in continuouslyt they
are still effectively discrete [4].

For an autonomous vehicle to be developed, a t
application, such as the one discussed withinghjger,
is utilized. This application is capable of cothgec
verifying sensor data and vehicle actions whilasit
operating. To make the application more converient
use during testing it is best for it to have remo
capabilities. The remote capabilities are to allie
software to interact with the vehicle from a congout
that is not physically attached to the vehicle.

igurl: AutonoousVehicIe used for testing and
development of Analyze software

108



The vehicle is equipped with actuators and maot have a property file and is always used onstrae
collection of sensors. The actuators are used fserial port.
steering and hydrostatic control, while the sensoes Analyze provides support for a SICK LMS 2
for sensing the environment around the vehicle amtimensional laser scanner, but the scanner is not
recording different vehicular parameters. The senm currently installed on the vehicle. For this reasome
use are a Superstar Flexpack Il GPS receiver froofithe laser functionality is included in the scding, but
Novatel, IMU300CC inertial measurement unit (IMU)it is not complete. If the laser is going to bdized,
manufactured by Crossbow Technology Incorporatesktting the laser up would require minimal effor
and a TCM 2.6 digital compass from PNI Corporatiodaser package is developed, but not included in the
Electrak E150 actuators produced by Danaher Linesoftware and not discussed in this paper.
Motion Systems are used to control the steering and
hydrostatic. To control the actuators an AX255Qano 4, Softwar e structure
controller manufactured by RoboteQ is used. The

onboard computer is an IBM Thinkpad with a Debian The application consists of two separate applioatio
Sarge operating system. server side and client side. The client side apfitin is

The Vehicle iS designed to Opel’ate in either remoﬁﬁogrammed in Java and the server Side is pr|mm||y
control (RC) or computer controlled mode. In RCd®0 java with the IMU driver being programmed in C.eTh
an RC receiver receives commands from a remote aglver side is installed on board the ALV and esrout
transfers them to the motor controller.  When iRctual interactions with the vehicle. The clieileshas
computer control the motor controller receivesinsut 5 remote connection to the server and is used for
commands from a computer.  All motor controkending commands to the server as well as receiving
commands and data messages from sensors are dentgfa from the server. The remote connection betwee

received by the onboard computer. the server and client is carried out using Java .RMI
) display of the application with both server anceiatiis
3. Softwar e overview shown in Figure 2. The figure also shows the pgeka

used by the server and client applications. Thly on

The software that is developed is for testing angAckage shared between the server and client is the
analysis of an autonomous land vehicle (ALV). Aransfer package. This package contains the remote
wireless communication link, using an off the shelinterface definition, remote interface implemertati
wireless router, is created to allow the transfezamtrol and the stub class.
commands and sensor data. The application allows f
remote computer control of the vehicle actuatofsicty | @nkeand Gempuisr -

(" Femmohe Compaar

means the vehicle can be remotely operated from j Rregfsiry }

computer. The application is also capable of Inggill = =

data that the user requests and saving it to filsroply g 2l

displaying it on a monitor. i) T, "Qi:_u — b
The application utilizes Java RMI for its| ——. — = '

communication between the server and client. Th|( 7% 4 (Golery P

reason for using Java RMI is that the applicatien || — — — — \ Pasakge |

programmed in Java, except the IMU driver whic (s} -

already has a JNI library to allow it to functiam Java. s e o kit o Tearte ™

One drawback to using Java RMI is that there iargel | [ 5w | [ ey | \Packags /| Package /

overhead when sending packages, which causes sloy |~ e Fis i

transfer speeds while using wireless networks [3 iR =

These transfer speeds can be improved througtretitfe Iflgureg: Software overview showing the RM|
methods, but for this work it is not necessary. RBa ~ connection and packagesin use

is another suitable middleware, but because onha Ja

programming is used it is not used. 4.1 Server side
Communication with the majority of sensors and
motor controller is carried out over RS232 conmedi The server side application is designed to operate

Each sensor and the motor controller have a priegerta Debian Sarge operating system with kernel 2.8
file that is used for setting of the serial portfdie server is for establishing communication with akhsors
connecting to the sensor. This makes it simple #hd the motor controller. It then binds the irdegf
change the serial ports that are in use.  The BdEs implementation to the RMI registry for allowing rete
connections to its methods. The interface
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implementation then allows methods for retrievingnotor controller. The thread operates in a cowotirsu
sensor data or sending motor controller command®toloop with a 100 millisecond delay, which means the
called remotely. motor controller commands are checked and updated
The server is broken into several packages, asery 100 milliseconds.
displayed in Figure 3, with each sensor and theomot Once the Serverimp initialization is complete the
controller having its own package. The IMU is tidy class waits for remote calls to methods. Whenllaaca
component that does not have a separate packagas | method is received the method is carried out and an
a native library implementation instead. Each lué t results returned to the client. The most commothotk
sensor packages is used for establishing connegiibn calls are to retrieve data from sensors and re¢hem to
the sensor, sending commands to the sensor, negeivihe client or to send commands to the motor cdetrol
data from the sensor and then formatting data atoData is transferred between the client and serger a
usable format. The motor controller package igldee strings or string arrays so that it can be seegdlifor
sending commands to the motor controller, as well &ransfer. When control commands are sent for tbtom
receiving analog voltages from the controller. Theontroller the Serverimp class uses those commends
transfer package is necessary for interacting witbh reset an object where the motor controller thrdaatks
of the packages as well as providing methods that dor changes. Within the next 100 milliseconds the
bound to the registry so they can be called remotel  thread will read that change and pass it to theomot
controller. The Serverimp class also releaseddties
on each serial port that is in use by the sensaenwhe

F g | server is closed. This makes it possible for the
logedifoen connection to be reestablished or for a different
ity application to access the communication port.
m-:fﬁtf;:',’_‘.m The packages used by the Serverimp class are the

T fiea

gps, compass and controller packages. All threbeaxfe
packages use the RXTX 2.1.7 native library for

R E s, G et Wby, Ceswamresages,  COMIMUNICAtION with the serial ports. The RXTX &by
e | s Cosennnee | | Goewss | iS @ native library that offers serial and parafelrt
GRS rale] v Lo L N o . . . . .
Sara it g | coptuage | o | mememnnis | SUPPOrt within Linux because the Java Communication

e itaar e

APl is only supported in Windows environments.

The gps package has three classes. One class
handles all serial port communication. It operes plrt

As required by Java RMI, an interface is developetnd creates a lock on it so other applications tcan’
for allowing remote access to some methods on tA€cess the port. An interrupt handler is created t
server side. This interface only contains methings handle all incoming data from the GPS. The GPS
are accessible remotely. The methods are used €&mntinually transmits data at 1Hz and each time new
receiving formatted sensor data, sending movemedta is available an interrupt is triggered. Titerrupt
commands to the motor controller, closing commz pofeads all the data in and then sends it to a @orsl
communication, shutting down the server an@lass. The data that is read in from the GPStigeved
reconnecting to the motor controller. in the National Marine Electronics Association (NME

All methods declared in the interface arétandard. All data is received from the GPS, Ihat t
implemented within the Serverlmp.java file. Thenessage ID tag is checked and if the message is not
Serverlmp file also carries out all communicatioithw havigational data it is discarded. Data is readasn
sensor and motor controller packages. When ti{egers and then must be converted to its prapendt.
Serverlmp class is initialized, a connection wittket ~ The data received in a navigation message is the
GPS, compass and motor controller is created. Oréate, time, latitude, longitude, altitude, grourmeed,
GPS communication is established the starting X ¥andtrack angle, north speed and vertical speed. Qthtx
coordinates are found from the initial latitude andp received, butitis not used and so it is neeverted
longitude. The initial X and Y coordinates arediger t0 usable forms. The data that is converted isived
establishing a zero position for all testing. Tehesas Unicode characters (Uchar), doubles, Unicodetsho
coordinates can be updated for different teststivila (Ushort) and floats. To make the data usable iaJa
methods are also declared to establish communicatifie Uchars are converted to integer values and rtisho
with the IMU library. are converted to short values. The double and floa

When all communication is established, a thread fyglues must also be converted into Java signedsfloa
sending commands to the motor controller is starte@nd doubles.  All data is transmitted with thesle
This thread is used for checking an object thakestthe significant bit being the first bit received. Fthis
target actuator position and sending that positiothe reason the complete message is put into binaryaorm

Figure3: Sérvér side pécﬂkag'eswith théir classes
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and from that the proper conversions are obtainad. Data being transferred to the motor controller are
data is converted it is put into arrays. Each tarmeew inputted as integers that range from -127 to 12Rese
navigation data message is received the old datavalues are then converted to a hexadecimal stnmy a
discarded and replaced with the newly formatted.dat the string is then converted to an array of charact
To interact with the package a driver class i$he motor controller receives ASCII values as ismd
included. All communication with the class is madéhe array of characters can be outputted to theomot
through the driver class. Examples of tasks thiat acontroller, one character at a time. The analdtages
carried out through this driver is requesting dataeceived from the motor controller are received as
opening the serial port and closing the serial.port hexadecimal values and then converted to integBss.
The compass package is similar to the gps packagenverting them to integers it makes it simple to
It has three classes; one for communication with tltompare the analog voltages to actual commandgent
package, one for communication with the serial pod the actuators because they are both in the rangE2@f
one for translating data. The class that carriggsall to 127. When the motor controller is in RC modésit
communication with the package is used for opettieg not possible to receive analog voltages.
port with all necessary settings, closing the pemtl The controller also has a thread included in iat¢b
requesting data. as a safety measure. The thread repeatedly pals t
The class for communication with the serial potssetime that the last command was sent. If this tisie
all necessary settings and opens the serial poitock more than five seconds the controller places the
is put on the port so other applications can noesg it. hydrostatic actuator in neutral and straightensfitbat
An interrupt handler is setup so that when new agss wheels. This is to prevent the vehicle from opatat
are received they are automatically read into theithout control for more than five seconds. Thaicke
program. The interrupt receives data strings ftbm could go out of control if connection was lost bet
compass at a rate of 8Hz in ASCII format. Once thdient side crashed.
message is received it is passed to a conversags.cl The IMU does not have its own package, instead it
The conversion class is used to take raw data uses a library. The IMU driver is written in C
ASCII format and translate it into an array of mfgs. programming language so the Java Native Interface i
This breaks the data into separate components iso iused to communicate with it. Calls to retrieve
more usable for comparisons and corrections witlerot information from the IMU are made through native
sensors. The data received from the compass drfiga function calls in the Serverimp class. Before the
pitch, roll and temperature. Each section of dafaad Analyze application is started the IMU server miost
by either a ‘C’, ‘P’, ‘R’ or ‘T’ and followed by tkir started to communicate with the IMU. This is neeey
value in ASCII format. This makes breaking theadatbecause the IMU driver is setup as a server-client
into separate components very simple. The maapplication. The IMU server is left as is, but tent
important piece of data from these for the Analyzis replaced by the Serverimp calls.
software is the heading. Whenever new data isvede The actual server main method is found in a file
the conversion class discards the old data andgesplit Server.java. Within this class a static sharedalip is
with newly formatted data. loaded for the IMU. This library is loaded as &tdb
The controller package has a similar structurento tensure that only one instance of the library wilse
gps and compass, except that it does not havesa fda within the Java Virtual Machine (JVM). The server
communicating with the package. The Serverimpsclathen creates and installs a security manager, wisich
starts the controller communication class whichk$oc required for Java 2. The security policy usedigriant
the serial port and sets it up for communicatiothwiie all permissions. The server then creates an iostan
motor controller. A thread is then used to chexkiew Serverlmp and binds it to the registry.
motor commands and write those commands to the
motor controller every 100 milliseconds. When ad.2 Client side
analog voltage is requested the request is seatthir
from the Serverlmp class to the controller serialtp The client is used for providing a remote link b t
communications class instead of through a packagehicle in which data can be viewed and saved ds we
communication class. The major difference with thas having motor commands issued. The application’s
controller package is that it does not have anriagg client side is designed to operate on a Windows XP
handler. A request for analog voltages is the dak machine. The client connects to the server to sent
that requires input from the motor controller soisit receive information.
executed using a command that writes the instmdtio The client only uses three packages; the GUI
the serial port followed by a read data from thease package, display package and transfer packageseThe
port command. packages and their classes are displayed in Fidgure
The transfer package contains classes necessary for
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sending remote method calls, the GUI package displaregistry at that IP address. The default porteste
options and data on the monitor and the displakage public and a user does not have the option of dhgng
is used for updating some parameters within the.GUI this. Once the connection is established it is@dgo

Within the GUI package both JFrame and JPanahother class that simply waits for other classes t
forms are used. The MainGUI.class is the classitha request remote methods.
first initialized. MainGUI creates a tabbed frartinat The final task for sensorCom is to start loggingada
allows for easy switching between different winddass if required. Using the Main Window filenames fach
control and analysis. The class immediately ceeatef the sensors can be inputted. All files defaalthe
objects for communicating with the remote interfacesv extension to allow files to easily be importetb a
One of the objects created is sensorCom.class.s Thpreadsheet. If a user checks the box besidectisos
class creates the actual link to the server. Tgitoa then when the start button is clicked sensorConh wil
dialog box the user inserts an IP for the servey thish receive all the filenames from the Main Window and
to connect with. ServerCom then tries to connecht passes them to an object that stores the data rlogge
server using that IP and when it does connect amttings. It also passes the sample rate to tizelatgger
instance of that connection is stored. A connecti object. A thread is then started that receivesa ftatm
the server now exists and any remote method calis dhe server and saves them into their appropridés. fi
be made. The data logging thread continually checks the data

The tabbed windows inside the MainGUI are Maifogger object to see what the sampling time is i&rid
Window, Sensor Window, Controller Window andshould continue logging. If the data logging is
Move Window. All of these windows are JPanels thatontinuing then the logger receives the data, wriit¢o
add functionality to the application. the required files and then sleeps for one sampiing.

If the logging is finished then the logger closks files,
but continues looping and sleeping at the required

P > ) ) ; )
GUI Package ™, sampling time. If a user supplies more filenamed a
CorlrolierWindow java requests data logging resumes then the loggerstsitt
Disple y¥itidon Java writing data to those new files. This means aatire
MainWindow java .
SensorWindow java does_ no'F have to be created_ for each data _Iogglng
MoweWindow. java session; instead the old thread just resumes Igggiti
F_I'FI’:E_""? java either the same filenames or new files if requested
'rlw%ﬁf%’ff Another component in the Main Window is the
Timerjava vehicle navigation information. The navigation

information is currently received from the GPS, bat
development continues it will be combined with the
compass and IMU data to provide more accurate data.
When a connection to the server is establishedeadth

is automatically started and created. This GP3Bysp

T

e e
f—

= e —e,
l,fa Display Package \,_

Apelyzartilotince sova g?f‘s_ﬂ@gﬁgjﬂ“{ﬂ class is a thread that continually loops requesting
If;ﬁ?gjj‘: Dsap:i?;;!‘npa:rti-gﬁwﬂ heading, speed, X and Y coordinates from the server
Sorver java ' GPsDisplayjava / ON every loop the thread sleeps for one secondrdefo

Sarvermp. java T retrieving new information.
driver jand Another window that is within the tabbed pane & th

Ny eaneartoming. Sensor Window. This window is used for displaying

Figure4: Packagesused by theclient and all classes  gensor data. The sensors that can be viewed sn thi
included within them window are GPS, IMU, compass and analog voltages.
Only one sensor can be viewed at a time within the

The Main Window is used for connecting to th indow, but the sampling time can be changed t6,0.2

- - - - - .5, 1, 2, 5 and 10 seconds. When this window is
server, logging data_ and displaying basic V-ehlc\x;lreated a thread is started that reads its setfings a

properties object. The properties object storegchvh
only options available to the user at startup are pensor Sh.OUId be displayed and what the samplieg ra
Is. This window also has a button to create a semngor

connect to a server or to exit the program. If tiser ™ . . :
chooses to connect to a server a dialog box re estW'ndO.W' A _sensor wmglow that is outside 'ghe t_abbed
g 99 pane is useful because it allows data to be viemsite

the server IP address is displayed. Once an IReaslis ™'~ . ;
entered the IP is passed to the sensorCom clase iewing other windows such as the controller window
"It also allows for multiple sensor windows to beengso

sensorCom class uses the IP address to look fBiMViNn > ; .
multiple sets of data can be viewed simultaneouslye

that is displayed when the application is startelhe
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separate display window is an exact replica of thested inside in a stationary position and then edov
Sensor Window except that it also includes theutdoors to be tested while in motion.
navigation display included on the Main Window. The motor controller requires slightly more testing

The Controller Window is another window in thebecause it must have both stationary and mobitetgs
tabbed pane. This window is used for sending armht first it must be calibrated. To do this thd fravel
displaying motor controller commands. When thef the actuator is found so that the maximum and
window is in computer mode the arrow keys on minimum values that can be passed to the motor
keyboard can be used for controlling the actuatgniish controller are known. The positions that put the
control vehicle motion. A slider is also availalite  hydrostatic in neutral and the steering straighsintioen
each actuator as well as buttons that can be diekel be found too. Once these values are known they are
there is a text area where positions can be manudfard coded into the application to work as software
entered. A button to return the hydrostatic acué limits to prevent damage to the actuators and any
neutral and to set the steering actuator to stragghlso mechanical parts.
available. There is also a button that simultasgou  With the packages tested and verified, testinchef t
returns the hydrostatic and steering actuatorshéir t Analyze software is started. Each window withie th
middle position. The final part of this window & GUI is tested for functionality and to ensure cotmata
display to show a list of recently sent motor comds  is being received.

The Controller window does not use any threads. The main window is tested first because the first
The only time it is updated is when there is anngve functional component that is necessary is being &bl
such as a new motor command being sent to the motmnnect to the server. Once it is possible to eohto
controller. A reconnect button is on the window fothe server the data logging was setup to be serélés
instances when connection with the motor contraier were being opened and closed properly. Once dites
lost. This is also useful if the motor controller being opened and then closed it is tested to satdf is
changed to remote control mode for some maneuverstually being received and written to the filesreotly.
and then put back into computer control mode. ThiBhe starting and stopping of data logging as welthe
button calls a remote method that sends ten nesv lisample rate for each data piece is also testedh e
characters to the motor controller, which places tldata logging receiving data and writing it to files

motor controller back into computer control mode. correctly it can be assumed that the sensor window
also able to receive correct data because they umeh
4.3 Software evaluation the same method calls.

With the main window capable of receiving data it
Evaluati f th ft s d ._can then be tested to see that the navigation dhieea
valuation of the software IS done IN.,qectly receiving data and displaying it in thehicle

mcrementa_l steps to ensure tha; all ||jd|V|duaIk|ages parameter section. Once this is verified the fametlity
are operating before it is combined into one compleof all remaining buttons such as stopping

applicatio_n. I_nitially sensor packages are t_esued a5 communications and shutting down the server is
new functionality is added to the software it istéal. erified

To be able to test t_he GPS package a SIMPI€ 14 test the sensor window functionality of the
console based application is developed that INEraGittarent options is tested. First is to see twaen a

with the GPS package. Using this application it iEifferent sensor is selected for display the tite

possible to connect to ;[h.e. CIBIPzggd requegt;ﬂaﬁaitgo changed appropriately. Then the start, displaycealr
to ensure it Is correct. Initially testingarformed - 416 functionality are verified. To verify tbe

|nS|dt()a|. r? dbun%lngh to hseed that. c;ommumgatlon IEluttons the application can either be setup toivece
eosta ljs € ; and then that gta IS orrr;attﬁ. pryzfper ctual data or it can receive a string just toldigphat it
nce data format appears to be correct, furthénteet ;¢ displaying input. Even with useless input it is

the GPS IS performeq ou?doors where_|t is possible possible to test the functionality of each of thetdns.
receive actual satellite signals. Stationary temts Using the method of having either real or fake data
performed_ and cpmpared to another GPS or to the sajpy he ysed to verify that the sampling rate dbesige
.GPS receiver using evaluanqn sqftware. Onc_e_ “35 Gwhen a new rate is selected. Once full functidapas
is receiving correct results in different locatioitsis verified actual data is fed into the sensor wincand

tested Wlhendln TOt'On‘ To do th'f _the apc?l_lcatlsn functionality is checked once again. The sensodov
setup to log data for a set amount of time and #aWeA s yhen tested outdoors with a moving vehicle tdfye
file. The data within the file is reviewed aftéettest to correct data is being displayed. The last buttorthe

cogfllrl\rxuthhat corr_ec_lt path (jata IS re(;elved. r-:— hepass sensor window that is tested is the New Windowdrutt
an ave similar testing procedures where tey This is tested last because the new window that is

displayed is basically a copy of the sensor windati
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one new area from the main window added on. If thhemselves, instead they will stay in the commaant s
main window and sensor window are both operatingpsition. If this last position is such that thehicle is
correctly then the new window is most likely alsanoving forward then it will continue traveling foard
operating correctly. This is quickly verified bgsting it and will not stop until something or someone iréez§
outdoors with a moving vehicle. with it.

The next window that is tested is the controller To avoid poor communication between the computer
window. The functionality of the window is testeg and motor controller it is setup so it is not pbksito
testing each button and ensuring that the slidaremiéo automatically recover from errors. With the congpas
the appropriate location and the proper value &nd GPS if communication is momentarily interrupted
displayed in the value area, as well as in theatotu once the connection is reestablished the software
display area. With proper values being receivexinfr automatically resumes receiving data. With theanot
the user the motor controller and actuators aomntroller if connection is lost the applicationedonot
connected. The controller window is then usedett t attempt to reconnect. The connection is lost drel t
that the actuators do move to the positions theyt@d user must manually request a software reconnection.
to move to. It is also checked to ensure that thehis is achieved by having the motor controller et
actuators are connected with proper polarity sottiey default into RC mode. To establish communicatidtt w
don't operate opposite to the controls. Once thgho the motor controller ten carriage returns must
stationary testing has been performed the vehisle donsecutively be sent to the motor controller. uAtdn
tested outdoors. To do this the vehicle’s engind ato allow a user to reconnect to the motor contrale
transmission is engaged and the vehicle is theredri placed in the controller window. This button simpl
by the computer. transmits the ten required carriage returns toefdhe

Evaluation of the software is an ongoing process. motor controller from RC to computer control. Once
vehicle parameters change and the software is egdiat the motor controller is returned to computer cadnito
must be further evaluated to ensure correct resultssponds normally.

Some examples of this are if the steering is regdhat Related to the inability to reconnect is an RC
the actuator’s travel changes. In this case theristy override switch. The hydrostatic actuator inputthe
actuator would have to be recalibrated and theveo& motor controller is always connected to both the
limits would most likely have to be changed. Areth computer and RC. This allows the RC remote to be
example is if an autonomy window is added into thesed to alter the vehicle speed or even stop thizlee
Analyze application to make the vehicle carry aune This is possible even if the motor controller isogiing
basic maneuvers. This makes it necessary toltekita in RC mode. The steering actuator is either commput
being received and all commands being sent. Thisntrolled or RC controlled, but not both at thensa
testing expands the functionality of the softwdbet time. When the RC override switch is set to RAyon
more importantly it incrementally provides safetig RC commands are received by the motor controller.
measures for the vehicle. With this testing itoalsWhen the switch is set to computer mode the stgerin
provides a method of logging the data being reckive®nly receives computer commands, but the hydrestati

and commands being sent. can receive commands from both the RC and computer.
For additional safety concerns the vehicle is also
5. Safety outfitted with a few hardware switches. One switgh

disable all electronics if pushed. This switchaitarge,

ith ft licati h hi fotari easily identifiable push button switch placed oe tbp
With a software application such as this, safegns ¢ 1o Alyv. The main safety switch is a remotely

important concern because the software is being tese operated clutch switch. This switch enables and

control a !arge vehicle. If the vehicle goes otit Qisables an electronic clutch that engages or g&Egprs
control, it is necessary to have a strategy in elax

it will p . 4 the drivetrain.  When the clutch in engaged the
ensure it will not do any serious damage. drivetrain is operating, making it possible for thehicle

One software safety mechanism that is incorporat%i move. When the clutch is disengaged the veliscle
is a watchdog timer. The watchdog is used for kinec not able to move at all

how long it has been since a request from the tchas

been received by the server. If the server has not .

received a request from the client within the plast 6. Security

seconds the hydrostatic actuator is placed intdraleu

position and the steering actuator is placed ime t With this application security is not a major
straight position. This is important for a circuarsce in  consideration. The ALV is generally operating jpea
which communication with the client has been losareas away from the internet. This means thatfgyr
Without a watchdog the actuators will not resetomputer to connect they must be within range ef th
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local area network. This is however somewhat tessi be inputted and the vehicle then carries out theired
because it is a wireless network that could ealsdy processes to reach the target heading and speed.
connected to. The wireless network used for this

application is security enabled with a WEP key an ;

could easily be setup to do MAC address blockiig. g Conclusion
further increase security the wireless network ddug — . .
replaced with cables. This would mean the vehicle T.h.e application that is de_veloped s capable of
would be tethered and extra care would have takent '€ceVing ALV data r_;md. sendmg It motor co!'ltroller
when testing it. commands. The application includes a server aedtcl

Another method of making the application moréhat operate over a w_ireless .netwc.)rk. The .Se“‘?h‘-' S
secure is to modify the RMI security file. Currrit is application is used for interacting with the vehjalvhile

set to allow all connections and does not resticat 1€ Client is used for sending and receiving retpues

methods can be accessed. This security file cbald 2" _frodmf the server. The tsef[ver fo_rt Tats _talrlmdtata
adjusted to be quite restrictive if necessarytaifjet the r?ce|tve Throm sensorls prior Ot ran”sm| !{ng ! trol
RMI registry could operate on a port other than 9],09C lent. € Server aiso converts all motor COomero
which makes it more difficult for unwanted acces ommands before sending it to the motor controller.

because other applications would have to know wh Pe_ cllenthlncluf(:es a Gul tlrllat a(;l_ovvls ugers to lyasi
port it is operating on. navigate the software as well as display data, sate

Within this application Java RMI is used with ay/erand send motor commands. The application is tested

open security policy, but because RMI is used o €NSure that its functionality is operating corngaind

provide some protection. For a client to invoke 5e|iab|y. Further development and testing of the

method on the server they must first have a reteréo applﬁcation is going to continue as vehicle deveept
the object. A reference to an object can be netdeby CONtiNUEs.

having the stub class and all other classes loaally

their computer [2]. The application is not setuy f 9- Acknowledgements

dynamic stub loading so the only way for somebaxly {This project was done in collaboration with Auto. 21
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APPENDIX D: SUPPORTING DATA

D.1  Stationary Tests

Tractor Facing 90 Degrees Tractor Facing 180 Degrees
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Figure D.1: Average compass heading for eachosiaty test
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Figure D.2: Circle test showing compass and hepdifiect data at all headings
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D.2 Human Driven Linear Tests

Traveling at 90 Degrees Traveling at 270 Degrees

—— GPS Velocity
— 4 -Velocity Sensor
@ Theoretical Welocity

Welocity (m/s)
Welocity (m/s)

Test1 Test? Test3 Testd Testh Test1 Test? Test3 Testd Testh

Figure D.3: Average speed when a human was drifiegractor at 0.5m/s

Trawveling at 80 Degrees Traveling at 270 Degrees
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Figure D.4: Average heading for each test wheretiag at 0.5m/s being driven by a
human

Table D-1: Summary of values from the 0.5m/s huuh@ren linear tests

Standard Standard
Average of all  Average of all  Deviation of all Deviation of all
Trials (90°) Trials (270°) Trials (90°) Trials (270°)
Compass 83.02 264.11 3.31 3.48
GPS Heading 92.76 274.57 5.36 5.41
Velocity Sensor 0.52 0.51 0.12 0.07
GPS Velocity 0.59 0.57 0.04 0.04

Theoretical Velocity 0.59 0.58
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Figure D.5: Average heading when a human wasrdyithe tractor at 1m/s

Table D-2: Summary of values from the 1m/s hunmrared linear tests

Average of all  Average of all

Standard

Standard

Deviation of all Deviation of all

Trials (90°) Trials (270°) Trials (90°) Trials (270°)
Compass 82.29 263.54 5.06 7.18
GPS Heading 92.78 273.51 4.64 4.76
Velocity Sensor 0.94 0.95 0.13 0.12
GPS Velocity 1.22 1.25 0.05 0.07
Theoretical Velocity 1.21 1.26
- Trawveling at 80 Degrees Traveling at 270 Degrees

Welocity (rnds)

09

(R=]

Test1 Test2 Test3 Testd TestS

Yelocity (rmds)

—— GFS Velocity
— 4 -%elocity Sensor

-2 Theoretical Yelocity |]

Test1 Test2 Test3 Testd TestS

Figure D.6: Average speed when a human is drivinegitactor at 1m/s
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Figure D.7: Average heading when a human wasrmdyithe tractor at 1.5 m/s

Table D-3: Summary of values from the 1m/s hunvared linear tests

Average of all
Trials (90°)

Average of all
Trials (270°)

Standard

Deviation of all

Trials (90°)

Standard
Deviation of all
Trials (270°)

Compass 94.72 264.11 8.76 11.46
GPS Heading 92.81 274.57 4.60 4.72
Velocity Sensor 0.94 0.51 0.21 0.26
GPS Velocity 1.54 0.57 0.11 0.05
Theoretical Velocity 1.66 0.58
Traveling at 90 Degrees Traveling at 270 Degrees
18 T T T T - ; T :
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Figure D.8: Average speed when a human is drithegractor at 1.5 m/s
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D.3 Computer Driven Linear Tests

Traveling at 90 Degrees Traveling at 270 Degrees

100 278 T
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Figure D.9: Average heading when the computerigng) the tractor at 0.5m/s

Table D-4: Summary of data collected during corapdtiven linear test at 0.5m/s

Standard Standard
Average of all  Average of all  Deviation of all Deviation of all
Trials (90°) Trials (270°) Trials (90°) Trials (270°)
Compass 95.50 273.93 5.66 3.88
GPS Heading 92.99 270.49 6.11 4.74
Heading Feedback 95.14 273.93 5.37 3.88
Velocity Sensor 0.40 0.42 0.09 0.06
GPS Velocity 0.51 0.51 0.09 0.05
Theoretical Velocity 0.51 0.51
Velocity Feedback 0.50 0.51 0.10 0.08
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Figure D.10: Average speed when the tractor @mfgiat 0.5m/s
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Figure D.11: Average heading when the computdriigng the tractor at 1m/s
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Table D-5: Summary of data when the computer igrotling the tractor at 1m/s

Standard Standard
Average of all  Average of all  Deviation of all Deviation of all
Trials (90%) Trials (270°) Trials (90%) Trials (270°)

Compass 99.37 288.00 9.34 14.24
GPS Heading 100.94 280.73 7.15 8.09
Heading Feedback 101.16 280.95 7.74 8.29
Velocity Sensor 0.42 0.50 0.11 0.06
GPS Velocity 1.03 1.04 0.07 0.07
Theoretical Velocity 1.03 1.04
Velocity Feedback 0.99 1.00 0.10 0.09
Traveling at 90 Degrees Traveling at 270 Degrees
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Figure D.12: Average speed when the computerngralling the tractor at 1m/s
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Figure D.13: Average heading when the computeoidrolling the tractor at 1.5m/s

Table D-6: Summary of data collected when compisteontrolling the tractor at 1.5m/s

Standard Standard
Average of all  Average of all  Deviation of all Deviation of all
Trials (90°) Trials (270°) Trials (90°) Trials (270°)
Compass 109.46 281.55 22.31 23.42
GPS Heading 105.61 282.47 7.28 7.00
Heading Feedback 105.60 282.63 7.76 6.82
Velocity Sensor 0.13 0.12 0.09 0.06
GPS Velocity 1.62 1.68 0.09 0.07
Theoretical Velocity 1.62 1.66
Traveling at 90 Degrees Traveling at 270 Degrees
—— GPS Velocity
el mo R b R R s R A = Jreboiommn R R e — - -Velocity Sensor
-4 Theoretical Velocity
E '| 2 .......................................................... 4 E 1 2 ........................... ContrD”er Feedhack -
=] E
: 1 .......................................................... 4 : 1 .......................................................... -
% DB .......................................................... < % DB .......................................................... -
> >
R e R R e R e e & (EJ e R S R R R e 4
T v — i i S A A L S S S AL of
0 fessmscsnan o _'__h?rd _,"“ﬁ_“_* ........ gl 1| B " B //‘_‘__' ........ i
Tesl.t 1 Te:“;t 2 Tesl.l 3 Tesl.t 4 Te:“;t 5 0 Tesl.t 1 Te:“;t 2 'F;gt/S Te:“;t 4 Te;t a

Figure D.14: Average speed when the computerngralling the tractor at 1.5m/s
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