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Section 1 Executive Summary

In competition the primary goal is to be number one. How one goes about reaching the coveted
number one spot is what makes a team special. Utilizing a disciplined systems engineering design
process, Team Brazil has constructed an excellent team of robotic soccer players. Throughout the
entire academic year, Team Brazil focused on three primary goals: 1) To win RoboCup 1999, 2)
to win future RoboCup competitions, and 3) to win the honor of representing Cornell University.
Achieving the first step, Team Brazil has won the honor of representing Cornell at the
international competition in Stockholm, Sweden.

The following pages capture the culmination of Team Brazil’s efforts over the span of two full
semesters. Through many man-hours of hard work, Team Brazil has constructed a fully
autonomous system of soccer playing robots. Drawing from everyone's experiences and
knowledge base, Team Brazil has cooperatively designed the current system.

The early weeks of the first semester were spent gaining an understanding of the complexities of
the project, including the rules and regulations. Once the framing of the problem had taken shape,
decisions were made based on brainstorming, initial analyses and many discussions of the system
trade-offs. During subsequent meetings tasks were divided among team members who were
interested in the subject matter and those who had experience. The extra time and thought put into
our designs through the design process made the construction of our robots much less
problematic. The most difficult aspect of the first semester was the fact that we didn’t work with
any real products.

Finally settling on the design early in the second semester, everyone set out to execute the team’s
plans. The electrical engineering team produced the hardware for the loca control from their
schematics and laid out the boards by hand. They also coded the microcontroller for local control
and wireless communication. The mechanical engineering team manufactured the chassis,
assembled the drivetrain, and assembled the entire robot. The artificial intelligence team refined
and redefined their solutions to the problem of playing a soccer game.

Tackling the challenging problem of building a team of autonomous robot soccer players, Team
Brazil has accomplished much and learned a great deal. The foundation is there to build upon.
Continued success is the next step on the road to number one.
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Section 5 Context (statement of Objectives Document)

Goals

Maximize learning

Win RoboCup 1999

Win RoboCup 2000 and beyond

Team Brazil wins CU competition

Make Scientific Contribution

Simple, 3 people set-up for Cornell’s “ soccer team”
Minimize maintenance

Allow for interchangeability of robots/components
Allow for simulation prototyping

K eep costs below $20,000

Functions

Ball Control

Soccer Strategy
Communications

Visua Sensing
Adaptable Strategy
Endurance
Maintainability

Model System Functions

Objectives

Pass, kick, dribble, intercept ball

Kick frequently and very soon after collecting the ball
Deflect ball with high reliability and accuracy

Fast, accurate robot movements

Maintain ball control during acceleration

Fast, accurate velocity feedback control

Provide enough power to finish games (20 minutes)
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Robust, red time, accurate visual system for Al system

Noise tolerant, color distinguishing, occlusion handling vision system
Communicate quickly with robots

Raobots respond correctly to global commands

Avoid obstacles

Global does most of the processing

Global sensory inputs

To make robots perform as team rather than independent agents.

Intelligent algorithm that works with robots.

Logical reasoning from Al

Effective distribution of information from Al

Accurately model physical attributes

Create team of 4 players and 1 specialized goalie

Goalie — accurate ball control, fast specialized movement

Reliably locate our own team and the ball

Track the location and velocity of the ball with the highest accuracy possible.
Design, build structure that withstands numerous, high velocity impacts
Design, build robust, modular, re-usable players

Structurally rigid and stable robots

Simulate robots, communication system, Al & vision interactions
Modularize designs

Achieve high level of excellence in designing/building the robot soccer team
Ensure high level of “corporate memory” (documentation times o)

Run an efficient operation

Reliable system

Modular, upgradeable system designs

Easily testable subsystems

Utilize opponent prediction to adapt strategy

Easily transported

Contain readable and easily understood code for current/future CU RoboCup team
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Section 6 Design Requirements

6.1 Environment

Field size is 152.5 cm by 274 cm, corners contain 3 cm by 3 cm triangular blocks with green
strips of width 1 cm painted on the edges of the diagonal block.

The field will be dark green, with dight differences in color between tables. (It will meet the
International Table Tennis Federation Standards, which are fairly loose specifications according
to RoboCup)

Thefield border walls are white, and 10 cm tall. Lines and borders are drawn in white.

A 1cm thick line will be painted across the center of the table, with a circle 25 cm in diameter in
the center.

The defense zone will be 22.5 cm from the goal line and 100 cm wide, marked by a 1cm thick
white line.

Goals are 50 cm wide, and 18 cm deep. There is no safety net over the goal. The wall and area
behind the goal line will be painted either dark blue or dark yellow, depending on which side of
the table you are on. Robots may use the area behind the goal line.

The bal will be a standard orange golf ball.

6.2 Robot Restrictions

The team shall consist of no more than five robots.

The total floor area of arobot must be no more than 180 square cm, and the maximum diagonal
of the body shall be no more than 18 cm. Robot height for teams using global vision is restricted
to less than 15 cm, and less than 22.5 cm for teams not using a globa vision system.
Measurements are to be taken at the robot’ s maximum size.

The robots will be examined by the referee before the game to ensure that they fulfill the size
requirements.

The goakeeper may hold and manipulate the ball for up to 10 seconds within the defensive zone.

Two ping-pong balls must be mounted on 1-2 mm diameter spindles of equal height according
the rules specified in the vision section below.

The ball may be lifted during play, but lifting the ball must not endanger spectators, referees, or
team members.

Another robot should be able to take the ball from another player. In general, 80% of the ball
should be outside the concave hull around the robot.

6.3 Vision

The use of a global vision system and an external distributed vision system is allowed. The
height of the mounting beam for global vision equipment will be at least 2 meters above the table.
The placement of the camerais on a game by game basis, and a coin toss is used to determine
which team places their camerafirdt.
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Each team will be given a certain amount of time to fine tune their robots for the actual field
settings on aday before the competition.

Robots will be marked with color ping-pong balls mounted on the top surface so they do not
touch. Unless the shape of the robot does not alow it, the ping pong balls must lie along the axis
of movement. If they are not capable of being lined up, this must be advertised before the
competition. The color can be different from one robot to the next. One of the markers will be
specified as either yellow or blue. The other ping-pong ball may be any color provided the team
has registered the colors to be used before the start of the competition.

RoboCup officias should be notified of the use of any global vision system at the time of
registration, and detailed arrangements shall be discussed with the RoboCup committee.

Thelocal organizer will inform the participants of the camera attachments required.
Thelighting for the playing field is currently specified as 700-1,000 LUX.

6.4 Wireless Communications

Teams are required to specify the method of wireless communication, power, and frequency at
the time of registration (by the first of May). The tournament committee should be notified as
soon as possible if there are any changes after registration.

To avoid interference, teams should be able to select two carrier frequencies before the match.
The transmission bandwidth is not limited.

The type of wireless communication must follow legal regulations of Sweden.

6.5 Game Competition Rules

6.5.1 General Rules:
The game consists of three 10 minute periods, the first half, break, and second half.

Only one robot from each team may enter the defense zone. Accidental entry is permitted, but
intentional entry or staying is prohibited.

The goal keeper may hold and manipulate the ball for up to 10 seconds within the defensive zone.
After releasing, the goal keeper may not recapture the ball until it is touched by any opponent or
team member outside of the defensive zone.

If the goal keeper releases the ball and it reaches the half way line without ancther robot
contacting it, the other team is given an indirect free kick positioned anywhere on the half way
line.

If the goal keeper has hold of the ball, the opponent must leave the defense zone.

In the defensive zone, the opposing team’ s robot cannot intentionally interfere with the movement
of the defender/goalkeeper robot.

A robot is said to be within the defense zone if any part of it is within the zone.
The offsiderule is not adopted.

If the playing field or ball is modified in any way, the game is stopped and the appropriate
restoration is done immediately.

10
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Resolution of dispute and interpretation of ambiguity of rules shall be made by three officials
who will act as umpires, designated prior to the match. The umpires may consult with RoboCup
tournament officials to aid in resolving conflicts. Ambiguities shall be resolved by referring to
FIFA official regulations where appropriate.

Specia modifications to rules may be agreed to at the time of the competition, provided a
majority of contestants agree.

6.5.2 Stoppage of Play:

Substitutions cannot occur during play, unless a robot is damaged. |f damaged, the team has no
more than 5 minutesto repair or replace the damaged robot.

The bal hasto go forward at akick off or restart.

In general, hand placement of the robots is not allowed during stoppage of play if your team is
using aglobal vision system. If ateam does not use global vision, the teams’ robots may be
hand-positioned at kickoffs and restarts.

The ball may be lifted during play, but lifting the ball must not endanger spectators, referees, or
team members.

The referee will call verbally or use a whistle to signal kickoffs, restarts, and stoppages of play.
The operator of the team can then send signals to robots. The signal can be entered through a
keyboard attached to a server being used on the sideline.

On kickoff, all robots shall be positioned on their side of the field. Only one robot from the side
that will kickoff shall bein the center circle. Restarts after agoal shall take the form of a kickoff.

Only the goalkeeper may be in the defensive zone during penalty kicks. All other robots must be
located at least 15 cm behind the robot kicking the ball. Only the goalie and the kicker may move
until the kicker touches the ball.

Currently dl free kicks will take the form of kickoffs. If a team has been fouled, they will be
awarded a free kick, otherwise the team that |ast touched the ball will have the kickoff.

A ball that exits the playing field will be immediately returned and positioned 5 cm from the
inside of the wall where the ball Ieft the playing field. A robot from the team that did not push
the ball out of play shall kick the ball. No other robots shall be within 15 cm from the ball. Time
counting continues, and the robot may continue to move.

If the referee deems that the game has stopped due to alack of progress, afree kick is awarded to
the team that last touched the ball. A game is considered stopped if the ball has not been touched
by arobot for 30 seconds, and it appears that no robots are likely to hit the ball.

All players must be halted prior to kick off or restart of the game. The referee checks or adjusts
the placement of the players and declares the completion of adjustment 5 seconds before
indicating akick off or restart action. During these 5 seconds, the players cannot move.

6.5.3 Fouls:

When more than one robot on the defensive team enters the defense zone and substantially affects
the game, afoul will be called and penalty kick declared.

Only goal keepersin the penalty area may hold the ball. The referee will judge whether or not
someone is holding the ball. Generally, another robot should be able to remove the ball from

11



Final Design Document - Design Requirements

another player. If aplayer is deemed to be holding the ball, then a free kick will be declared. If
this occursin the defense zone, a penalty kick will be declared.

Players must not attack each other unless they are trying to fight for the ball. If the umpire clearly
observes an opponent attacking for any other reason, the responsible robot is removed from the
playing field (red card). In general it is unacceptable to hit another robot from behind, multiple
robots to charge another robot, or to push another player along the table. Exact interpretation is
left to the referee.

If a player utilizes a device or action whose purpose appears to be to damage other robots, the
robot must be removed and the problem must be corrected before the player may return to the
game (yellow card). If the same type of foul is repeated, the player will be gected (red card).

12
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Section 7 Conceptual Design

7.1 Concepts (Features and Wish List)

7.1.1Vision (Global Vision)

The global vision system used for the RoboCup team will be a color system capable of tracking
the positions of the ball, the five opponents, and the five Team Brazil robots. The vision system
must be real-time, reliable, robust, give accurate positional information, and cannot be susceptible
to ball occlusions and loss of objects during tracking. The vision system must also be able to keep
track of the goals scored during the game. The positional data and the classes of each object
recognized will be sent to the Al system for updating the current internal state of the game and
further processing. For ease and speed of setup, the vision system should be able to automatically
calibrate itself upon system setup mapping a specific pixel value into a physical distance measure
from the origin of the playing field.

Hardware (Camera, Framegrabber and DSP)
The global vision system will employ either a single or multiple camera system to capture the
mechanica state of the game and send this data to the computer for processing. The visua
processing will be done on a dedicated DSP board with framegrabber, which will enable the host
processor and bus to be free for artificial intelligence processing, planning, and communication.
The DSP board will be optimized for image acquisition and processing and will be able to process
a640x480 image at 60 frames per second.

Software (Tracking Module)

The tracking algorithm employed by the vision system will be able to differentiate between the
following five colors reserved by the Robocup Federation : dark green, orange, yellow, dark blue,
white, and also another color(s) used for orientation of the robots. The color histogram
backprojection with blob aggregation algorithm, an edge based detection algorithm, and a k-
means heural network agorithm with thresholding are currently the algorithms under
consideration for Team Brazil. The positiona information of the eleven moving objects, the
orientation, and the class of each object are sent to the prediction module and the artificial
intelligence system. The prediction module will return a predicted location of the eleven objects
to the vision system. The vision system will use prediction to reduce the amount of time spent on
visual search for any particular object. Prediction will enable the algorithm to localize the search
in areas of interest instead of searching the entire image. This type of prediction can be done
because of the constraint of spatial proximity of objects through the visual field. This simply
states that objects localized in time must also be localized in space

7.1.2 Wireless Communication
Fast transmission

A way to give information to each robot

Robust, good error handling

13
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Back-up action for lost packets or communication link

(i.e. stop after time T or continue until hit awall.)

Low power consumption

Light weight

At least 10 meters range

Easily connected to main computer (RS-232)

Simple MPC connection

Modular and detachable from main circuit for upgrade or replacement

Strategy independent control/ ability to changes the data transmitted

Effective coding strategy to maximize information flow to robots. (i.e. compression, decrease

settling time by sending large patches etc.)
7.1.3 On-Board Electronics

Microcontroller (MCU)
Able to unpack data and interpret data quickly

Enough signal control for local devices
Adequate sensor inputs ports

Integral with motor control

Fast interrupt handling

Enough memory for program and registers

Low power consumption

Easy to add functionality

Easy to load main program into memory from PC
Upgradable

Local program stability

Good coding to handle the process efficiently

Local sensing
IR sensorsfor shaft sensing

Current spike sensing if the motor stops spinning due to malfunction or a object is blocking path
(optiona)

Battery condition sensing through a A/D port on MPC
Kicker sweet spot sensor (optional)
Goal ball sensor (optional)

Power conditioning
Stable +5 volt power for digitd circuits

14
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Separate analog and digital power

Rechargeable

Ability to handle power surges

Recharging unit

Good weight/power ratio

Low battery indicator and/or condition of battery

Memory-less batteries or ability to discharge before charging

AC/DC power for transmitter

Turn-on power surge protection

Local memory will not be erased if the batteries are removed
Motor controller

Good power output
Accurate and fast response to the MPC
Input control is such that it does not take alot of MPC time

Change or maintain velocity quickly and accurately

7.1.4 Artificial Intelligence

The artificial intelligence system receives tracking information from the vision system consisting
of the position and velocity of the ball, the position of opponents and our robots, and the
orientation of our robots. The Al predicts what the tracking information will be in one cycle into
the future, using the commands given to our robots and Kalman filtering. The Al then feeds the
prediction information back into vision to facilitate the search for the objects being tracked. The
prediction information is again used in the strategy module, since the predicted locations are a
better approximation of where the objects will be by the time the commands issued are carried
out.

On the high level, our strategy will be to utilize a state-based design. Each state has an associated
evaluation function and a strategy-execution module. The evaluation function characterizes the
game with respect to the current state. Based on the evaluation, a module will be run. A module
contains the high-level strategy to execute. The modules will be developed through intuition
about the game and experience gained from simulation. The modules will call lower level
functions to carry out the strategy. Lower-level functions include obstacle avoidance, robot
motion planning, and ball handling routines. The evaluation functions will begin as simple
heuristics taking into account relevant prediction information, but we will improve them slowly,
perhaps incorporating learning, searches, lookup tables, a combination of these strategies, or
simply better heuristics selected by simulation.

Thefour levels of states are:

Long-term global strategy: These will govern team behaviors over longer periods of time in the
game. For example, these states will consider the relative scores and the success of recent plays
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to determine the best genera strategy for the team against the current opponent, in terms of
aggressiveness or defensiveness, and which formation the 4 field playerstake.

Short-term global strategy: These strategies operate from play to play, determining such things as
current ball possession and risk of scoring from either side. These states are weighted by the
long-term strategy, and in turn, they weigh or demand the states individual robots may take on.

Long-term local strategy: These are gradua shifts in the strategy of individual robots, such as
detecting failed communication and trying to get them back online, adapting to the robots
position in the selected formation, and trying to defend against specific robots.

Short-term local strategy: These are the most specific states, covering tactics such as shooting,
passing, intercepting, blocking, and dribbling. These states are weighed and may be superceded
based on dl the higher level states.

7.1.5 Attacker/Defenders

The attackers and defenders for the Brazilian Cornell RoboCup team will be identica. The
overall goal for Team Brazil is to have robots that are faster and stronger than the opponents
even if that means they are not asintelligent. To accomplish this, each of Team Brazil’ s robots
will be equipped with two electric motors and a kicking mechanism. The robots will receive
instructions from the global computer system and carry them out. The instructions should not be
any more complicated than trgjectory vectorsto follow and kicking commands.

Frame and propulsion

The basic frame of the robot will consist of a chassis with two wheels mounted in parallel along
the same axis. Small casters or pads will mitigate scraping and tipping. The electric motors will
drive one wheel apiece, giving the robot the ability to turn by spinning one wheel faster than the
other and the ability to move forward and backwards. The robots will be “ambidextrous’, with
the ability to move forward and backward at the same speed with the same agility. (i.e. 2 control
surfaces)

Kicking mechanism

The kicking mechanism has not been decided at this point. The kicking system should be
operable from both the front and back of the robot. At this time the device powering the kicking
mechanism is dtill undetermined. There are several methods of energy storage under
consideration: (i) compressed CO2 in a cartridge triggered by a solenoid valve, and (ii)
compressed spring mechanism. The advantages and disadvantages of each concept are discussed
in the analysis section.

7.1.6 Goalie

The goalie will be different from the other robots on the field. Its main purpose will be to stop
balls from entering the goal, so it will be optimized for acceleration and motion along one axis.
The rules permit the goalie to hold the ball, so the goalie will be fitted with a device that allows it
to scoop up the ball. The details of this device have not been worked out at this time, but the
goalie will certainly have the ability to grasp balls headed for the corners of the net using its
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sides, and possibly in the front as well. Holding the ball from the front alows formations to be
created on the field (the rules allow the goalie to hold the ball for 10 seconds).

For mobility, the goalie will have two wheels, mounted in a fashion similar to the other robots.
The gearing on the goalie will be much lower to accommodate the higher acceleration.

7.1.7 Simulation

The purpose of simulation is to provide the Strategy group early access to accurate information
with which to begin testing and coding certain basic and/or high level functions. In concurrent
engineering, many of the necessary details for Al coding exist in the early stages, but no hardware
interfaces are available to test the viability of the codes devel oped.

S mulation should provide the following features:
Accurate movement of robots and ball in a2D environment

Accurate environmental features (e.g. correct field, ball and goal sizes)
Ability to test various noise conditions

Ability to test various strategies concurrently

Ability to simulate system interaction/performance

Ability to provide quick feedback on possible design considerations

7.2 Analysis

7.2.1 Wireless Communication

Off the shelf vs. "in-house design”

Off the shelf "in-house design"
e Slower e more control over design
¢ lower risk * more complex
¢ lesscontrol withinputsand | « high cost in time
outputs e highrisk
» faster

2way vs. 1 way

2-way 1 way

e more complex e cheaper
e better control » faster implementation
« dowMPCtime » fast execution speed
e robot to robot » simpler network protocols

communication + faster communication
e morerobust in returning OK

signals

High speed vs. L ow speed
High speed | Low speed
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e moredata *  lower power
e higher error rates * moredelay in
transmissions

e easier to get and set-up
e easier to test operation

7.2.20n board electronics

Micro-controller

MC68HC11 requires 2 cycles aa 8MHz so 1 microsecond per ingtruction and up to 0.5
microseconds per instruction.

CPU vs. MPC

CPU

MPC

* [Faster

e More control ability

*  morediscreet components
¢ more complicated

more analog connections
more built in functions
lower power

interface to program

e built-in clocking and
memory

Sensors

Shaft encoderstypically are 32, 48, or 64 segments. The more segments the greater the resolution
but itislimited by the field of view of the photo-reflector. For a 64 segment the formula would be
radius*tan (360/64). Therefore awhedl of 3cm would have an accuracy of 0.29cm.

L ocal ball sensing vs. Global
Local ball sensing Global
e better "kick" position e better strategy planing
sensing e more accurate ball location
e more accurate ball
handling
Power

The battery requirements will be clear after some parts are decided but to give some rough
figures:

Alkaline
D 15V 8000mAh @ 100mA

Li-Oxyhalide
D 1.5V 10500mAh @
100mA

About 0.5-1A will be needed for the digital circuits and based on the mechanical calculations, the
robot will need about 7W of power per motor. That is 1A at 7 volts (P=1V).
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Rechar geable vs. Non-rechar geable

Rechargeable Non-rechargeable
* lower cost e morerelated power output
e moreoptions over time
e more power

Separ ate Analog and Digital power conditioning vs.

Onesystem
Separate A, D One system
e morerobust e easier toimplement
e lessreactive to power » lighter/ less components
surges e problemswith noise

Motor controller

Pulse modulated vs. Register loaded
Pulse modulated Register Loaded
e the MPC will control the * Lessinputs needed for
feed back loop MPC
e easier to implement for * easier onthe MPC
motors processing time

7.2.3A1

The state-based design was chosen because it is highly flexible and easily expansible. We can
add new states or change evaluation functions without having to change anything else in our
code, and we are free to implement the evaluation functions and state modules in any ways. For
these reasons we felt the state-based paradigm was a good place to start thinking about our high
level design.

There are tradeoffs in the potentia designs for our evaluation functions. If we use a neural net
developed in simulation we will be at risk of developing a strategy that is highly specific to
certain styles of play which may or may not appear in actual matches. Separating those aspects of
gameplay which are constant and those which are idiosyncratic to our simulation conditions will
be difficult. We would have to develop our algorithms quickly and dedicate substantial processor
time to smulation for the rest of the year. Lookup tables would do somewhat better in terms of
covering more genera styles of play, but they will still require substantial simulator time. We
would need large amounts of RAM on our strategy computer, and even till, our tables will be
quite granular due to all the factors which can come into play. Within this granularity there could
be room for radically different optimal strategies. A search approach is difficult because there are
so many potential moves. It is a computationally intractable problem that makes chess look like
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tic-tac-toe. We can never even be entirely sure about the range of motion of our opponents.
Because of these significant tradeoffs, we may be forced to implement some form of heurigtic,
but we can blend it with any or all of these approaches to some extent.

High end personal computers are an order of magnitude cheaper than our total budget, so for
standard PCs, performance is the prime factor. Specialized computers with greater performance
have a lower performance to cost ratio and may not be needed to satisfy our specifications. The
hardware needed for Al, distinct from those from vision and communication, is standard.

7.2.4Players

The two wheeled, kicking design was determined to have distinct advantages over the other
designs we considered. Two wheels were chosen because they could alow us to build a tight-
turning and agile robot. Using two wheels would aso be lightweight. Rather than using a
steering motor and a drive motor, both motors would be used to drive the robot.

2 Wheels 3/4Wheels  Tank tracks trackball

Steering/ Agility 2
Speed 3
traction (shoving) 2
ability to model 4
ease of getting feedback 4
ease of construction 4
totals: 1

PNWWWAN
PWRRPRNRPR
PR NNRND

9 7 1 2
The advantages of the two-wheeled system can be seen in this chart, where each aspect of each
system received a relative ranking. Furthermore, the two-wheeled design was proven to work

quite well in the Mirosot competition and previous RoboCup competitions.
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Calculations
Rough estimations of power required for each motor was performed. The procedure was as
follows:

Knowns:

Coefficient of friction gear box efficiency
Mass of vehicle engine speed(rpm)
min. top speed want:

min. acceleration gear ratio

wheel radius torque at motor
axleradius

First we want to find the gear ratio that would provide the desired top speed. The top speed is
directly related to the wheel radius, desired operating engine speed, and gear ratio. From there,
we obtain the torque that is required of the motor given the minimum acceleration we want for
our robot. This method is useful for both the players and goalie if the required torque and gear
box we need are commercialy available and meet the electrical power constraints(initial
calculations show that this will be the case).

Procedure:

2* m* Wheel Radius* EngineSpeed
60* RobotVelocity
Acceleration* MassOfRobot * AxleRadius
2* Gear boxEfficiency * GearRatio

GearRatio =

TorquePerMotor =
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Sample calculations:

coefficient of static friction 0.43
Mass of robot (kg) 2
axle radius (m) 0.025
Wheel radius(m) 0.03
minimum acceleration (m/s"2) 2
minimum force required at wheel(N)
Gear box efficiency 0.7
max torque available at wheel (Nm) | 4.214
Min. velocity (m/s) 2
engine speed available (rpm) 4000
Geatr ratio required 6.283185
Torque required at motor (Nm) .011368

Kicking

Kicking mechanisms are still under investigation. The team decided it was preferable to include a
kicking mechanism since it would be consistent with the “ speed” philosophy we have adopted.
The mechanism should be able to provide a high powered kick in one direction. Passing will be
accomplished by simple bounces.

Two designs for kicking were discarded as being too complex:

A turnable kicker was thought to be too complicated and also difficult to package in the 180 cm’
Size constraint.

A rotating shell was aso considered, but dropped when it was considered too difficult to control
by the global vision system, and that it could lead to dynamic instability.

Also, solenoid kicking was deemed unsuitable because of the high power required to impart a
satisfactory acceleration onto the ball.
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Several kicking mechanisms under consideration are summarized below:

Energy Storage

Advantages

Disadvantages

Compressed Linear/Torsiona
Spring

A linear or torsional spring will
be used through a system of
levers and gears to push afiring
pin that will strike the ball. The
spring will be compressed by a
servomotor.

Mechanical system can
be designed to be robust
Wide selection of linear
and torsional springs
Possible to smulate with
Working Model

Requires additional
Servo motor

Requires latching
mechanism that can be
triggered electronically

Compressed CO,
Compressed CO,isstored ina

tank, and released to impart force
to the ball. The gas will be
released in a piston system which
will push a striking pin onto the
ball. Piston will be designed to
impart maximum momentum to
the ball.

Cheap, efficient way of
storing energy.

90z paintball CO, tanks
are rated at 2000-2500

psi.

Limited availability of
small, high-pressure
CO, tanks.

Designing and
fabricating valve-piston
system might be
difficult
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Ball-control

There are several ball-control concepts under consideration. A final decision requires more
analysis and hands-on investigation:

Advantages

Disadvantages

Roller system

A roller system will impart
backspin to the ball, keeping it
close to the robot’ s side and
keeping the ball from bouncing
off when it contacts the robot.
This system would be mounted on
the front and rear of the robot.

« Ball keepsin contact
with the robot

e Increased ability to
maneuver with the ball

* Rollersmight beused in
reverse to accelerate the
ball for passing

e Complicated system
will require a motor and
gearing system for the
rollers

e Morethan oneroller is
reguired for smooth
handling of the ball.
From rough estimates,
threerollers at different
vertical heightsisideal.

Curved/triangular surface
with retainers

A parabolic surface will
automatically keep the ball at the
center when the robot is pushing

e Robust, no moving parts.

e Bal iskeptinthe center
when the robot
accelerates.

e Possible difficulty in
manufacturing curved
surface to exact
specifications.

e Curved surfaceis more

the ball forward. mathematically taxing
for the Al system to

anticipate ball behavior
during collision.

Flat surfacewith retainers | * Robust, nomoving parts | «  Limited flexibility.

A flat surface will have extrusions | ©  Simpleto build o Badlisnot
at the end to keep the ball from * Bdl collisionsareeasier automatically centered
falling away from the sides when to predict. when the robot moves
the robot turns. forward

7.2.5 Goalie

Power and calculations for the goalie are the same as for the players.

7.2.6 Simulation

The robots themselves must be accurately simulated and then the necessary data passed to the
respective functions (i.e. Al). The accurate simulation of the robots consists of providing the
correct artificial forces of gravity to account for friction. The data then must be passed through
the Al using similar inputs as the competition. In thisyear’s case, the inputs will be only the
vision system’s camera. In future years, our robots may be able to send information back to the
global system. However, this possibility is not being utilized this year in the interest of simplicity
and time.
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7.3 Design Specifications

7.3.1Vision

Hardware

The specification for the vision system hardware currently is 640x480x24-
bit resolution at 60 frames per second

Software
The specification for the software component of the vision system is that
the system be able to process images in real-time and reliably. There must
also be a prediction module that would reduce the amount of time for
visual search and tracking.

7.3.2 Wireless Communication

*  40Kbps with 100% over head and 3-5ms setting time
» 5volt power for the wireless system

7.3.3 0n-Board Electronics

These are the specifications used in the assumptions for our calculations and do not necessarily
reflect the actual design.

MC68HC11 requires 2 cycles a 8MHz so 1microsecond/instruction and up to
20.5microsecond/instruction.

Microcontroller MC68MC16Z21

e modular and easily upgradable

* 16-bit architecture

» watchdog timer, clock monitor, and bus monitor
e PLL clocking system

* two 8-bit Dual function Ports

* One 7-bit Dual Function Port

» fast interrupt response time

e 1MB of program memory and 1IMB of data memory
» three 16-bit index registers

» programmable chip-select outputs

« 8ADC
* two 16-hit free running counters with prescalers
*  sensors

* IR motor control position sensors
» 256 divisonsfor accurate speed measurements

25



Final Design Document - Conceptual Design Design Specifications

e power of batter into A/D port on MPC

e every X execution test batters

» Two pulse modulated outputs for the motor control

Power

e 7805 power regulator

e upto 1A for digita

* Analog unregul ated

e On-off switch

» Capsto control surgesinto digital and analog

Motor controller

« MPC1710A

- 1A

* pulse with modulation

« LM629

* register controlled

7.3.4A1
* 60 Hz cycle time

e 400 MHz Pentium Il or better
* High speed LAN with tracking

* 64M RAM

7.3.5Players

Top speed

2 m/sin one quarter of the length of the field

This speed was realistic and attainable after
watching the Mirosot competition as well as
last years Robocup and after consultation with
Jin Woo. The robots in Robocup were
definitely sower than the robotsin Mirosot. |If
we could attain the speed of the Mirosot
robots, we would have a distinct advantage.

Turning radius

0

Kicking mechanism

Ableto propel the ball to 2 m/s

Acceleration

Top speed in ¥4 of the field
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7.3.6 Goalie

Top acceleration is more important than top speed. The minimum acceleration that is required for
the goalie is 5 m/s”. This number is based on the minimum acceleration required to cover the
entire length of the goal, and successfully intercept a ball approaching at 2 m/sto the opposite end
of the goal.
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Section 8 Preliminary Design

8.1 Analysis

8.1.1 Wireless Communication

RF_communication:

The robots will be required to receive the whed velacities and kicking information at every 60Hz.
There are two main transceivers available that will fit our requirements the FM-RPC-XXX and
the FMBiM-XXX-F. The FM-RPC-XXX handles al of the packing and unpacking of the
transmission and can send a 1-27byte signal. For afull 27byte (216bits) signal to be sent requires
13.8ms (72.5Hz). Every time you send a packet you pay a 5ms settling time penalty so you want
to use the full 27byte packets so you don’'t pay this penalty often. The FMBiM-XXX-F does not
handle the encoding and decoding so the MCU will have to do more work. You could tweak the
FMBIM-XXX-F to get a little better throughput than the FM-RPC-XXX but the engineering
effort would not be worth it. Especialy since the same company will be coming out with a
160K bit/s transponder in 1999 that can be used next year.

There are alot of different coding schemes to send the data to the robots. The simplest is sending
the velocity wheel 1, velocity wheel 2, and action command. (See table below)

Velocity wheel 1 |Velocity wheel 2 |Kicking/action [Total bits
Bits 9 9 2 20
The total data send out be 20* 5=100bits

We don’'t need to send the robot number because the FM-RPC-X XX calls an interrupt line on our
MCU indicating that it has a complete packet. When the MCU is ready, it will download the full
code from the FM-RPC-XXX. This action will take less than 1ms. Once the packet for al the
robots are received, robot number one will take the first 20 bits. Robot number 2 will shift left 20
bits and take the new first 20 bits and so on.

To determine an adequate resolution for the velocities of the wheel uses this formula. (See table
below)

max velocity = 2m/s

ol tit =resolution
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# of bits |posiblities [resolution cm/s
2 4 100.00000

3 8 50.00000

4 16 25.00000

5 32 12.50000

6 64 6.25000

7 128 3.12500

8 256 1.56250

9 512 0.78125

10 1024 0.39063

We will be using a wire antenna on the rabots. This antenna design will give us the best signal
and we can make it out of a copper wire.

+
|

A, Helleal antenna

1Y

(LR

A

B. Loop antenna

15.0cm

C. Whip anfenna

HF

L5 b eRaingled copper wire
ey wownd on 3.2 vn Oremisier former

414 MHE = 26 ums
433 MHz = 24 fums

faed poird 15Y% to 25% of iatal joop length
track width = tmm

410 10 o inslde avca
capacior = L5 W 5 pF variabie or fbeed

wire, rld, PCEB-rack or o cumbrinaiiun
of these three

14 MH2 = 16.5 om totad from aslenna pla 2.
433 MHE = 15,5 o boded from anlenne pin 2.

Figure 1.

Antenna configurations
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The transmitter will be the FM-RPC-XXX evaluation kit. The evaluation kit has an RS-232

connection and the power supply. This would simplify the design of the transmitter.

Port P@S0 | CM3.34 D0

Part P&S1

Patt P52
Port P@%2

Part PF1 |

e

ok

FF cormmunication

CM3E3 01

| Ch3.32 02

A

D

CM28 PF1 THR

Part PQSHE| CMN3.25 THA

| CM3.31 D3

Port PSS HREE | CH3F0, CNZE RER

Part F'QSiE‘JS.EEI R,
Port PFO | 1?‘42.1 0 Reset

A

10 -

FM_RPC

12

Figure 2.

Connection between the transceiver to the MCU

8.1.20n-Board Electronics

Electrical robot design:

The electrical design will be split into two separate areas. analog and digital. They will be on
separate breadboards connected together by connectors. There are reliability issues with using
connectors. This issue is outweighed by the fact that we can change the shape of the electrical
layout and can quickly test and replace failed systems. This will also allow next years robots to

use sections of the design and upgrade where needed and wanted.
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RPC-200
Woltage
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Battery ¥ -
mMCu motor
HCGFHC 1641, Motor
Freddommite |, A Controller =
[ encoder
F —
¥
Kicker
Figure 3. Overview of electrical design

We want a simple electrica design for good reliability, low cost, and ease of maintenance. For
this reason the design for the robots and the goalie are the same. For the design we will use as
many off the shelf and standard parts as possible.

Micro-controller
MCU:
We will be using the MC68HC16 MCU from Motorola. This family of MCU’ s was chosen
because they have a long history in robot design and there are lots of prewritten software
algorithms and circuit designs for it. Motorola has been supporting this chip for many years and
has upgraded the technology while keeping backward compatibility. This means that the MCU
improvements in performance and features will not require a redesign to incorporate into the
robots. This MCU features:

+ 96K bytesmemory + 128K SRAM + 128K EEPROM

e Phaselock looping

e 30input/output ports

* An8channel 8 bit ADC

e Two PWM outputs

*  One pulse accumulator register
There are a couple of pre-made design boards in the market. We decided to use the “freedom
mite” board because of its small size; the “freedom mite” will greatly reduce the design effort of
the chip layout. The pre-made board will handle the entire interface with the computer and
include alot of prewritten C functionsto run the MCU.

Motor Controller:
We have two options for the configuration of the motor controls.
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We can have the MCU in the feedback loop and send a pulse width modulation (PWM) signal to
amotor controller.

Advantage: We will be able to “see” if there are any errors with the execution of our desired
velocity. We can also detect and differentiate between wheel 1 and wheel 2 and correct for it. We
can write custom software depending on our motor control requirements. This will give us more
flexibility in the control of the robots, which is very important in the first attempt at getting the
robots to work well.

Disadvantage: The MCU will be using more computing power because it only one has
accumulator register. The other encoder will have to be connected to a standard input port. This
will require an interrupt to be called for every pulse of the motor. Since the MCU handles
interrupts very quickly, this should not be a concern.

Use the MCU to “download” (i.e. either through aregister or a PWM signal) avelocity to aPID.
The PID will handle the feedback loop.

Advantage: Frees up the MCU from controlling the motor speed.

Disadvantage: We will not have as much control over the feedback loop and the motor control
algorithm.

Solution;

The advantage of using the MCU greatly outweighs the disadvantage. It will also reduce the cost
and decrease the complexity of the electrical design satisfying our initial desire of simplicity.

The LMD18201 will give us up to 3A and 5.5 volts through an H-bridge. This is more than
enough to satisfy our needs. The inputs/outputs to this chip are Direction, Brake, PWM, and
thermal warning. The problem with using this chip is that it requires 12 volts for the digital logic
to work. Since we will be using a 9.6 voltage power supply this will not work for the design.

The L298 is another motor controller that can deliver up to 4A and the logic will run at 5 volts.
This control isalittle harder to use becauseit hasless built in features.
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Figure 4. Motor controller

Batteries:

The motors will require 6 volts at up to 3.4A and the digital circuits will require 0.45A at 5 volts.
Eight batteries at 1.2 volts(each) will give the correct voltage for our design. We will be changing
the batteries at halftime so we only need 10 minutes of playtime per battery pack. The Ah’s of the
batteries need a discharge rate over 5 hours. The total Ah’s discharged at a different rate is non-
linearly related. For this reason, we have to buy batteries with higher Ah’s than what is needed.
We will be needing a batteries with a minimum of 0.87Ah’s per cell and atotal of 8 cells (see

Batteries
time:| minutes hour
30 0.5
unregulated power: mim max
7.2 9.6
volts per cell: mim max
0.9 1.2
number of batters: 8
component watts| voltage| current Ah
motor average 11.30 9.6 1.18 0.59
kicker 1.00 9.6 0.10 0.05
electrical 4.32 5 0.45 0.23
total 16.62 9.6 1.73 0.87
total | max 4.34
motor MAX 24.00
I mim 2.50 B3
I max 3.33 |<- for motor controler
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chart below)

There are alot of batteries on the market that will meet our power requirements. Neverthel ess, we
want rechargeable batteries with a very high current discharge rate to meet the motors
requirements. When we take those factors into account, the selection of batteries is greatly
reduced. There are two main batteries type that meet the requirements. They are NiCd and NiMH.
When you compare different size batteries in both NiCd and NiMH you will find that the size of
4/5A has the best energy density and energy volume. NiCd and NiMH are very close in energy
density, cost, and recharge time. NiCd' s have alower internal resistance and therefore can deliver
a high current to the motors. Thiswill be very important to get the desired performance out of the
motors. It is even more critical for the goalie since it designed for higher accel erations.

We want to use high performance connectors for the battery packs because we want to make sure
that the batteries do not become disconnected during play. Another reason is that we want to
reduce the power lossinherent to poor electrical connections.

Voltage regulation:

We will only be regulating the voltage for the digital circuits. The motors will be getting
unregulated power because we can control motor speed by using our feedback loop. Regulating
power consumes energy (P=(Vin-Vout)*I) and should not be used unless absolutely necessary.
We have designed al of the digital circuitsto run on 5 volts and are expecting our digital circuits
to draw no more than 0.45A. When the batteries are at the end of their life they will be delivering
7.2 volts. Most voltage regulators have a voltage drop of 2 volts to maintain regulation. When the
motors are drawling full current there will be a drop in battery output level. For this reason we
have chosen a voltage regulator with a low voltage drop. The LM2940CT5 regulator has a drop
of 0.5 volts, so it will maintain an output of 5 volts when the input is as low as 5.5 volts. We will
also place capacitors at the output of the regulator so that if the voltage drops below 5.5 for a
given moment, the digital circuits will not be affected. Another positive thing about the
LM2940CT5 isthat it does not need a heat sink if it operates below 0.5A.

Battery level sensing:

We will be using an ADC port on the MCU to monitor the voltage of the battery pack. This will
be done by using a voltage divider on the output of the battery to normalize the voltage to the
range of the MCU’s ADC. Since the ADC on the MCU has an input range of 0-5 volts and the
battery range will be 7.2-9.6 volts, we want the 10.5 volts to be at 5 volts on the ADC. When
choosing R1 and R2 you want them large so that you don’t waste energy but small enough so the
internal resistance of the MCU is negligible. Good values for R1 and R2 are 5K ohms and 6.67K
ohms, respectively (see equation below).

VADC = % + R2 vaattery
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We will want the resistor to be 1% so we can get an accurate reading on the battery level. We will
be using through holes so the resistors will be easy to change.

+3 0
Kicker maotar cantrol

Figure 5. Kicker Controller

Kicker Control:

The kicker will consist of a motor compressing springs. When the springs are fully compressed a
button will be hit indicating to the MCU through an interrupt line to stop the motor. When the
MCU getsthe signal to kick, it will accelerate the wheel motors and turn the kicker back on. This
will reset the switch and start the cycle al over. Since it is critical that this process does not go
haywire and randomly kick, the software will be monitoring to see that the stop signal comes in
ontime. If it does not, it will shut down the kicker and turn on an indication light.

User input and output:

We will be adding four mini size, low current LED’ s (green, yellow, red, red) to the output of the
MCU. They will be connected to output ports on the MCP and have a 2.2Kohm resistor to
ground. The reason for having them is to help debug and indicate the status of al the systems.
Four LED’ swill give usatotal of 16 possible states of the robot. We will have alook up table to
decode the light combinations.

Possible uses:

Low battery indicator

Received asignal for computer

MCP is powered up and the software has booted
Wheels not turning

Kick misbehaving so turned off
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In test mode
Indicate robot number in the software 1-5
Etc...

There will also be dip-switch inputs to the MCU. These will alow the user to put the robots into
different modes for testing and debugging. The robot number will also be controlled by the dip-
switches so that during the game, we can switch any robots without having to download the
software to the MCU.

Possible uses:

Normal operation
Test motors and kicker
Run atest pattern
Robot number 1-5

8.1.3 Robots
Goalie

Drivetrain

The same calculations as for the players were used to determine our goalie. The calculations for
gearhead selection were the same as for the players. A custom gear pair was selected for
minimizing drive train space, interchangeability, and cost reduction. Wheel selection for the
goalie was done the same way as for the players. The calculations are as follows:

ME Characteristics |
Maker Maxon
Series/model 2332-960-12-216-200 |
Desired top speed (m/s) 2
Distance to achieve top speed (m) 0.68
Friction coefficient 0.6
Stall torque (0z.in) 12.616
no load speed(rpm) 5810
min. acceleration (m/s”2) 5
Time to reach min velocity (s) 0.4
Mass of robot (kg) 2
Wheel radius (m) 0.03
Max frictional force (N) 11.76
Force required at wheels (N) 10
Torque required per axle (Nm) 0.15
Torque required at axle (0z.in) 21.24947
30% of stall torque (0z.in) 3.7848
Predicted gear head efficiency 0.7
min. gear ratio required 8.020605
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90% of no load speed(rpm) 5229
Gear head available 8
Custom gear reduction 1
max velocity obtained (m/s) 2.053423
Actual gearhead efficiency 0.7
Actual ouput torque (0z.in) 21.19488
Actual acceleration (m/s”2) 4.989628

EE Characteristics
Torque constant (MNm/A) 9.43
Counter EMF constant (mV/rpm)
Armature resistance (ohms)

Line voltage (V) 6
Max. Armature current (A) 2.834586
Power required (W) 17.00752

Torque available

Player (Attacker/Defender)

Drivetrain
The method for selecting motor componentsis as follows:

Given desired top speed, minimum acceleration and physical assumptions of the table surface and
robotic players stated above a motor was chosen. The desired operating range of the motor was
selected as 30% of the stall torque and no more than 90% of its no-load speed. This range was
recommended by the manufacturers as giving optimum motor efficiency, lowest electrical noise,
acceptable temperature range, and maximum motor life. The motor was chosen such that the
desired initial power requirements were within thisrange. Thiswas atrial and error process until
the manufacturer's specifications matched our requirements. The selected motor is shown in the
following pages with the corresponding calculation sheet:

DesiredTopSpeed
2* Distan ceForTopSpeed

MinimumAccel eration =

Vinax
2* AX

MaximumFrictional Force = FrictionCoeficient * MassOfRobot * Gravitational Acceleration

— % *
=H mrobot g
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Force Re quiredAtWheel s = MinimumAccel eration* MassOfRobot

= amin * mrobot
. . _
TorqueRe quiredAtAxie = ForceRequi redAtV\;heeI s*WheelRadius
— Funes " Ripea
2
Torque RequiredAtAxie

GearRatio Requirement =

30%Sall Torque* Gear Efficiency

T

axle

0.30* Taat * 1 gear

30%Sall Torque
TorqueConstant

Maxi mumArmatureCurrent =

_ 0.30* T,
K

torque

ME Characteristics

Maker Maxon
series/model 2332-960-12-216-200
Desired top speed (m/s) 2
Distance to achieve top speed (m) 0.68
Friction coefficient 0.6
stall torque (0z.in) 12.616
no load speed(rpm) 5810
min. acceleration (Mm/s”"2) 2.941176
time to reach min velocity (s) 0.68
mass of robot (kg) 2
wheel radius (m) 0.03
max frictional force (N) 11.76
force required at wheels (N) 5.882353
torque required per axle (Nm) 0.088235
torque required at axle (0z.in) 12.49969
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30% of stall torque (0z.in) 3.7848
predicted gear head efficiency 0.7
min. gear ratio required 4.718003
90% of no load speed(rpm) 5229
gear head available 5
custom gear reduction 1
max velocity obtained (m/s) 3.285478
actual gearhead efficiency 0.8
actual ouput torque (0z.in) 15.1392
actual acceleration (m/s"2) 3.56402

EE Characteristics
Torgue constant (MNmM/A) 9.43
Counter EMF constant (mV/rpm)
Armature resistance (ohms)

Line voltage (V) 6
Max. Armature current (A) 2.834586
Power required (W) 17.00752

Torque available

The method for selecting gearhead componentsis as follows:

With our selected motor, a desired gearhead that would meet our speed and torque requirements
had to be selected. The process started out by selecting components made by the motor
manufacturer since they would work well with the motors. Our requirements called for gearhead
ratios that were difficult to match with the available ones. The next best match could be selected
for this purpose but this would mean that our actual velocity and acceleration would change. In
an effort to get a better match, a decision to custom build a gear reduction was made. The
advantages to a custom gearbox are smaller size, cheaper overall drive train, smaller weight, and
more interchangeability over an off-the-shelf gearbox. This decision also gave us a lot more
flexibility in the structural design of the robot, especially for the kicking mechanisms (see kicking
section).

The method for selecting wheel componentsis as follows:

The whedl radius was initially set to a reasonable size based on previous designs so that initial
power calculations could be performed. The size was then refined to optimize motor/gearhead
combinations. The optimum motor/gearhead combination is the smallest motor with the lowest
gear ratio for highest drive train power efficiency. Two available options are available for the
wheels: custom machined or off-the-shelf. A custom-machined part would require extra
engineering and manufacturing time, which added together may cost more than off-the-shelf
components. Off-the-shelf parts may come in the form of radio controlled car (R/C) racing
wheels. These wheels are designed for light weight, high strength, and low moment of inertia
The cost is relatively cheap, approximately five to ten dollars per pair. These wheels come in a
variety of materials, shapes, and sizes that will fit our needs. At this point R/C wheels will be
used. Varioustire materials are available for the same R/C wheels. The materials will be chosen
after extensive experimentation with the actual ping-pong table.
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Kicking Mechanism

The factor that drives the calculations for this design is the speed we wish to obtain from
the ball. It isexpected that the robot will be accelerating as it kicks, so the calculations have been
made using the assumption that the ball will be pushed rather than struck.

This analysis uses energy conservation. The energy must go into propelling the ball and
the kicking plates. The energy of the ball is:

KE=1mv2 +1|w2
2 2

The energy of the kicker plateisalso % | w 2, since it is a hinged component. At the end of its
travel, the bottom edge of the kicking plate must have the same velocity of the ball, 2 m/s

Therefore, the total energy to be provided on each side is:

_1 2 1 04267/ %2 1 4 2y =
E—E(.O4593Kg)(2m/s) +§§/5(.04593Kg)( /2)2 _0213)2 +§(1.169x10 )(19.93%) = .153]

In this case, we have taken the mass of the ball as .04539 Kg, the diameter of the ball as .04265
meters, and modeled the kicker as a plate with density 1 g / cubic centimeter. The moment if
inertia of a sphere is (2/5)mr?, and the moment of inertia of the plate when hinged at the end is
mh?/3. [m —mass of object, r — radius of sphere, h —height of plate]

This energy must be stored as the spring is compressed. Using the dimensions of the robot frame
and the RoboCup rules as a guide, the allowable kicker extension is.01689 m per side. Using the
energy contained in aspring as 2k x 2, the spring constant of the spring used must be 1073 N/m.
We intend to use two springs per side, making the spring constant per spring equal to 536 N/m.

This design is intended to retract the kicking plates by wrapping the fishing line over an angle of
150 degrees. Therefore, the radius of the spool must be:

X=r@
01689 = 1 *150* 1

180
or r =.00645 m, or 6.45 mm.

The compressed springs exert a torque on the kicker, which is exerted on the worm gear
and al the parts leading to the motor. The torque exerted is
T=F*r
=4* Kx*r
=4*536*.01689* .00645
=.2335N - m

In the ideal case, this torque is reduced by the worm gearing, which has a 120:1 reduction. Thus
the torque transferred to the motor that is needed to directly turn the spool is

Torque to spool =.2335/120 = .001946 N-m.
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Unfortunately, real worm gears have a lot of friction that must be accounted for. According to
Shigley and Mishke, Mechanical Engineering Design, 5™ ed. the most conservative coefficient of
friction for worm gears is .1. The lead angle of these worm gears is only 1.8 degrees, so the
friction encountered by the worm, and therefore the motor is:

Torqgue = Contactforce* u* pitchradiusofworm

The contact force is the torque from the T-bar / radius of the worm gear, so the equation comes
to:

Contactforce = % =9.81IN

38m
Torque =.1* 9.81N *.00635m = .006229N —m
However, there are other sources of friction in the system. The worm must ride on a thrust
bearing, which experiences the same contact force as the worm. If the thrust bearing is assumed

to have a coefficient of friction of .05, and rub against the worm at a radius .00635 m as well, the
torque required to overcome thisfriction is:

Torque=9.81* .05* .00635=.003115N - m
Summing all these torques, we find the motor must provide .01129 N-m of torque.

Once the motor and springs are specified, the weakest component in the kicking systemis
theworm gear. The forces exerted on the worm gear are high, and the teeth are fairly small, since
thisworm gear is 64 pitch. Using Shigley and Mishke's formulae for bronze worm gear stress,
we find:

2
_ 9Bd;F, cos(y)
15N
The allowable bending stress for bronze (sgma) is 48.2 Mpa. d is the pitch diameter of the gear,

.047625 m, F is the face width of the gear, .00476 m, and W is the lead angle of the worm, 1.78
degrees. N isthe number of teeth on the gear.

With this data used in this formula, the allowable torque on the gear is 2.89 N-m, which
is far above our expected torque of .2335. The gears are by far the weakest component in this
system. The aluminum braces are theoretically subject to zero stress because of the symmetry of
the system. The T-bar will be made of .25 inch steel bar stock, which, in torsion has:

—m*
Shearsiress = E _.2335N -m .OO§175m — 46MPa
J .5711.003175

Steel has ayield stress of approximately 200 Mega Pascals, which means this T-bar is definitely
strong enough. The arms of the T-bar can be anayzed for bending stress

MY _ .2335 N — m*.003175 m

| .25 *.003175 *
thisis well below the normal stress limit of approximately 400 Mpafor steel. All other parts of
the kicker are subject to less stress, and should have even better safety factors.

stress = = 9.2Mpa
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Available Parts & Performance

Most of the parts for the kicker will be fabricated by hand in the machine shop. Some
parts have been specified in catalogs for purchase. The Maxon GM20 gear motor isideal for this
application. The motor contains a 55.1:1 gear reduction inside its casing that creates very high
torque for its small size. This motor is specified for operation at 30 mNm continuoudly, with a
stall torque of 117 mNm. As shown by the equations above, the torque required of the motor will
be 11.3 mNm, which is below the maximum torque rating of the motor, and is well below the
stall torque. Unfortunately, the high gear reduction makes this motor slower than others, but a
lengthy warm up time is acceptable. Other motors from Maxon and MicroMo were investigated,
but none could offer the low power consumption, small size, and high torque of this Maxon
motor. In addition to these great credentials, the Maxon G20 is one of the cheapest motors

The Maxon G20 runs at 6 volts, so it is compatible with the electrical system we wish to
use. It has a torque constant of 169 mNm/A. Since we expect to reach a maximum torque of
11.3 mNm, the peak current draw will be .06 A, or an energy draw of 0.3 Watts at maximum
current draw. Since the kicker will not be in constant operation, its energy requirement over the
course of amatch will depend on usage.

The helical spird will be made of teflon impregnated delrin composite. This materia
was chosen because it is lightweight, strong, easy to machine, and low friction.

The worm gears were chosen based on their small size and high gear reduction. They are
64 pitch, 120 tooth, single thread worm gears with matching worms from SDP-SI.

The T-bar will be made of steel. Even though auminum would be strong enough, stedl is
required since it will be easy to weld. The T-bar will be fabricated as two parts that will be
welded together. It istoo difficult to make two round aluminum bars mate at a 90 degree angle.

The motor mount and braces will be machined from aluminum because of its lightweight
and easy machinability.

The springs have been selected from the McMaster catalog. They are precision metric
springs, with a spring constant of 510 N/m. Thisis dightly lower than the actua spring constant
required (536 N/m), but should be adequate, and is the safe choice especially when one considers
that the motor is already going to operate above its designed torque limit.

Using the parts specified above, the energy stored in the springs will be .14549 J, this
energy will be used to accelerate the plate and the ball. Solving for the ball speed, using the
equation:

.14549 zimv2 +£|W2 +£IW2
2 2 2

14549 =

5*.04593 v* +.5(8.363e - 6)(v/.0213)* +.5(1.169 e - 4)(v/.10033 )?
we find the kicker will be capable of kicking at v=1.957 m/s.

Thekicking force isimparted to the ball through two hinged plates, or flaps, on the front and back
of the robot. These plates are hinged on top, near the electronic boards on the robot, and
compress against springs on the lower chassis. Each is pulled inward by fishing line that is
wrapped around a spool located in the center of the robot, above the batteries. This spool is
located at the bottom of a steel T-shaped bar. The arms at the top of the T-shaped bar ride two
helical grooves machined into a cylindrical piece of delrin-teflon composite. In this arrangement,
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as the T-bar, and thus the spool, swivel, they move up and down. A worm gear is mounted
axialy above the T-bar/ helical pivot system. Two pegs protrude from the worm gear that can
engage and disengage with the arms of the T. As the worm gear is turned, the pegs will engage
the T-bar and will be able to make it turn in its helical slot over a certain range. Eventually, the
T-bar will be guided downwards in the helical dot far enough so the pegs on the worm gear can
no longer touch it. At this point, the T-bar will be released, allowing the kicking plates to spring
outwards. The worm that drives the worm gear will be mounted to a Maxon G20 Gear Motor,
which adds further gear reduction. The worm will be supported by thrust bearings to prevent the
high axial stresses from ruining the motor bearings.

This design interfaces well with the robot as can be seen in the following state diagram:

Kick cammand from
certralized 4l

Cortroller turns motor on

T-Bar moves below
pegs and i released

Switch turns off

T-Bar iz wound up ta just befare release poirt
Swvitch turns an

Zignal =ent to controller that kicker is
reset,

| Cortraller turns motor off |

I Feady to kick again |

The mechanical parts of the kicker are “smart” enough to reset themselves after akick without
relying on the microcontroller. The microcontroller simply starts the motor when told to kick by
the centralized Al computer. The kicker is released, but the motor is not shut off. The pegs on
the worm gear engage with the released T-bar and begin to draw in the kicking plates. When the
springs are fully compressed a signal indicates to the microcontroller that the kicker has reset and
is ready to be activated again. The microcontroller shuts off the motor until it istimeto kick. The
kicker does not unwind because of the low worm lead angle (approximately 2 degrees) prevents
back driving.
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8.2 Specifications

8.2.1 Wireless Communication
Fast transmission

A way to give information to each robot
Robust, good error handling

Back-up action for lost packets or communication link (i.e. stop after time T or continue until hit
awall.)

Low power consumption

Light weight

At least 10 meters range

Easily connected to main computer (RS-232)

Simple MPC connection

Modular and detachable from main circuit for upgrade or replacement
Strategy independent control/ ability to changes the data transmitted

Effective coding strategy to maximize information flow to robots. (i.e. compression, decrease
settling time by sending large patches etc.

40K bps with 100% over head and 3-5ms setting time
5 volt power for the wireless system
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8.2.2 0n-Board Electronics

Micro-controller

MCU:
MCU part no. |Voltage |Input/output porlIRQ|A/D Ports|Price
Freedom Lite |5V 30[ 7|16(MCX) | $129.00

Motor Controller:

LM®629N-8 (PID controller)
Programmabl e derivative sampling interval
8-hit sign-magnitude PWM output data (LM629)

Veocity, target position, and filter parameters may be changed during motion

Position and velocity modes of operation

LMD18201 3A,

55V H-Bridge

Delivers up to 3A continuous output

Operates at supply voltages up to 55V
Thermal warning flag output at 145C
TTL and CMOS compatible inputs

Batteries:

Batteries |Type voltage |power (Ah) [weight (g) |Whr/kg [Diameter (mm) |height (mm) |[cost
Ni-Cd AA 1.20 0.50 21 38 14.50 48.30 $3.00
Ni-Cd High |AA 1.20 1.00 23 14.50 48.30 $4.00
NiMH AA 1.30 1.10 25 57 14.50 48.30 $4.00
Lithium AA 3.00 2.10 300 14.50 50.80 $8.00
Lithium C 3.00 5.00 42 300 25.30 49.30f $15.00
Voltage regulators:

Part Max Current (A) [Vin min |[Vin max |Price

MC78TO5ACT 3.00 7.30 35.00 $0.70

LM7805CK 1.00 7.00 35.00 $0.70

LM2904T-5.0 1.00 5.50 26.00 $4.00

8.2.3 Al/Strategy
Artificia Intelligence can be subdivided into several layers, each building upon the layer

immediately below it and providing servicesto the layer immediately aboveit.
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Interface with communication

Fine-tuning of the format of the protocol as well as exploration of other protocols is an activity
that we expect to continue through the prototyping phase. This layered approach allows us to
keep things modular. We change protocol implementations and formats and keep the interface to
upper layer unchanged. For the sake of modularity, the communication layer provides
sendvl(value), sendv2(value), kick/action and robot number services to the upper layer ONLY .

The path planning layer
The next layer is the path-planning layer. Robot motion planning is a complicated task. Two

approaches that we have considered for highly dynamic environments are field vectors and Bezier
Curves.

Field vectors have been used for path planning in robotic soccer. The particular implementation
that we are considering is to start off with a current location and a target. All obstacles are then
considered attractors. Field vectors emanate from the target. The current location itself is an
attractor. Now we simply reverse the direction of al the field vectors. The current location of the
robot always intersects some field vector and it follows the field vector until it reaches the
destination. In the basic case, we would reach the destination in one time interval, but in the real
world the field would change over time and the robots would modify their motion accordingly.

47



Final Design Document - Preliminary Design Specifications
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Bezier curves are asimpler solution. Here we simply draw a straight ‘band’ between the target
and the source, and intervening objects force the band to be ‘ curved’ in both directions by
assigning control points further and further from the straight path. When a band exists where
there is no obstacle, the robot moves along that band until further instructions. However, Bezier
curves' robustness in highly dynamic environments needs to be studied on the simulator.

Figure B: Path planning using

0 Bezier curves. The straight-line path
D is obstructed. Hence we try to
introduce curves that have two

O twists, the first evades the points of
obstruction, and the second
O |:| reestablishes the desired final
orientation of the path. The lower
curve is the correct solution here.

O

Higher layers may wish the robot to be at a certain orientation on reaching the target. With both
the fiedld and Bezier curve approaches this is easily accomplished by ensuring that the field
vectors point in the target’ s direction, or the end of the band is oriented a certain way.

Both approaches even allow arobot to approach other robots closely for ‘marking’ purposes as
well. The limit of their proximity would be determined by the resolution of the field grid in the
first approach and the band size in the second approach. We shall be exploring these and other
approaches on the simulator.
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Collaboration with the mechanical and electrical subgroups is underway to write modules that
will determine the correct difference to apply to the wheel velocities to achieve the turning effect.
This calculation can only be done once the path is determined and the system knows what the
radius of the turn should be.

The path planning layer provides moveTo(location Y, Ve ocity v) functionality to its upper layer
and sends the appropriate wheel velocitiesto communication channel.

Low level behavior

The layer above path planning islow level behavior or ‘local state’. Like path planning, this layer
islocal to each robot’ s software module. The layer can assume that the robot will find the most
efficient path to the target. This layer determines the target and the velocity the robot needs to
reach it on time. The field is assumed, to have "hot spots' or regions where the robot can place
itself. The ball and the goal area can be included.

The current state of the robot determines its next move. This layer is told the states of the other
robots. It then deduces which of the hot spots the other robots are considering and, hence which
hot spot the current robot should go to. A hotspot that is easily reachable might not be considered
because, for example, it may be too far away from the goal in a dangerous play, or because
another robot is closer to it. It may, on the other hand be considered if other robots are in a better
position to defend the dangerous play.

Thisjudgement is critical. It will require tests on the simulator and the actual teams.

Thislayer will accept ahotspot list. Thisis similar to real soccer where aplayer doesn't really
know the state of another player, but assumes that if the other player is in a reasonably critical
location, it will do whatever it can to respond to it.

Global Strategy

The highest layer is the global strategy layer. This layer manages the running of the five separate
modules that correspond to the five robots and keeps track of the location of the ball and the
opponents. It also keeps a list of formations and decides on the best formation in any given
situation. It assigns hot spots based upon its knowledge of formations and the global state of the
game. It receives data from vision and the prediction module to perform these tasks. It also keeps
track of the opponent’ s robots.

A good example of the use of a hotspot is when ateam wishesto play a‘man-to-man’ marking
game. A robot can simply be told to position itself near an opponent’ s robot and obstruct its shot
at the goal. This can be done by assigning a hotspot for each robot that corresponds to a location
near every opponent. If no opponent robot can position itself such that it can propel the ball in the
direction of our goal, the defense is successful! This strategy is easy to implement with our
approach.
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The highest two layers are also the most flexible. They can involve aspects from various branches
of Al. They can, therefore be hybrids of various learning techniques. Role assignment, however,
is an important component of our Al, becauseit allows alarge number of potential scenarios to be

handled by arelatively simple behavioral model.

Tracking Interface

Because of the scale and complexity of tracking, it belongs to a subsystem of its own. It fallsinto
a category between Vision and Al. We expect to use some form of Kalman filtering because it is
a robust prediction technique. Since inputs to and outputs from this module are clearly defined.
The module need only predict until the next time slot i.e. 1/60th of a second for a 60 Hz update. It
provides the predicted locations of all the objects on the field to both Vision and Al. Al needs

both the current and predicted pathsin order to refine it’s estimate of where the systemis

‘tending’ and to assign states accordingly.

8.2.4 Robots

Player (Attacker/Defender)

Drivetrain
Manufacturer Maxon
2332-960
acceleration (Mm/s"2) 3.56
speed (M/s) 3.26
MOTOR Torque (0z.in.) 3.79
Current (A) 2.83
Power (W) 17.01
GEARHEAD 5.1
WHEEL radius (cm) 3
NOTE: options are custom or off the shelf R/C racing wheels

Procedure:

GearRatio =

2* 1* Wheel Radius* EngineSpeed

60* RobotVelocity

Acceleration* MassOfRobot * AxleRadius

TorquePerMotor =

2* Gear boxEfficiency * GearRatio

Sample calculations:
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Coefficient of static friction 0.43
Mass of robot (kg) 2
axle radius (m) 0.025
Wheel radius(m) 0.03
Minimum acceleration (m/s"2) 2
Minimum force required at wheel(N)
Gear box efficiency 0.7
Max torque available at wheel (Nm) | 4.214
Min. velocity (m/s) 2
Engine speed available (rpm) 4000
Gear ratio required 6.283185
Torque required at motor (Nm) .011368

Having the basic constraints for the motion of the robots we set up a spreadsheet to help us
determine the motors that met our requirements. The design started from the assumptions stated
above combined with the assumed mass of the robot, friction coefficient, wheel radius, and
motor. With these assumptions a required gear ratio was obtained. An available gearhead was
selected to meet the required gear ratio. The actua acceleration, output torque, and maximum
velocity obtained were rechecked to meet the required specifications. From the characteristics of
the chosen motor, max current draw and continuous power were calculated. This data was given
to the electrical design team.

The robot design started out with several features that were thought to be very helpful in the
effort to have a very competitive robot team. These basic features were discussed among all the
subdivisions in the team to see how the components would interact with each other. After
agreeing on the desired features for the robots, some target numbers such as maximum speed,
acceleration, kick speed, were decided upon. The speed of the robot was decided with input from
Dr. Jin-Woo Lee as to what was desirable based on his experience in the Mirosot competition.
The basic equations of motion were used to determine the required acceleration to obtain the
desired maximum speed in the specified distance (1/4 of the field).

The procedure was as follows:

Knowns:
Coefficient of friction Gear box efficiency
Mass of vehicle Engine speed(rpm)
Min. top speed Want:
min. acceleration Gear ratio
wheel radius Torque at motor
axleradius

First we want to find the gear ratio that would provide the desired top speed. The top speed is
directly related to the wheel radius, desired operating engine speed, and gear ratio. From there,
we can obtain the torque that is required of the motor given the minimum acceleration we want
for our robot.
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Kicker

There were several goals we wished to accomplish in designing the kicking mechanism for the
robotic field players. From viewing the videotapes of past RoboCup competitions, it was decided
that the ability to kick the ball at 2 meters per second relative to the robot’ s velocity would give
Cornell’ s team a significant advantage over its opponents. In light of the fact that the robots will
not be able to trap the ball very well, it was decided a powerful kicking mechanism should only
be used for shots on goal. For simplicity, the robots will only be able to kick along one axis,
forward and backward. With that in mind, our attention turned to making a kicker that would
work well with the other componentsin the robot. This was to be accomplished in severa ways:

The kicker should be energy efficient. Since the kicker will be used at times when the robot is
likely to be performing strenuous maneuvers, it could not sap a lot of power from the batteries
when used.

The kicker should be ssimple mechanically. The kicker should not be made of many fragile parts,
and it should be lightweight.

The kicker must be “intelligent.” 1t would be preferable if the kicker did not rely heavily on the
on-board microcontroller for operation. A clockwork design that could maintain itself
mechanically would be preferable, though it could interfere with objective number 2.

The kicker must be able to fit in the robot, so small size and tolerance to misalignment is
essential.

The kicker should be ambidextrous. We desired a kicker that could kick from the front and back
of the robot. Ideally, the kicker should be able to use most of the same hardware to kick in both
directions.

A spring loaded kicking mechanism was chosen for our design. This design has outstanding
energy efficiency because it can wind up during the rest periods a robot will encounter between
kicks. Our designisalso “intelligent”, in that it only requires one switch to describe its state to
the microcontroller. This design is aso fairly small, using worm gears and a tiny gearmotor;
more importantly, its linkage system makes it tolerant of misalignments, so it can be packaged
easily in the robot.

Goalie
Drivetrain
Manufacturer Maxon
2332-960

Acceleration (m/s*2) 4.99
speed (M/s) 2.05

MOTOR Torque (0z. in.) 3.78
Current (A) 2.83
Power (W) 17.01

GEARHEAD 8.1
WHEEL Radius (cm) 3
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| NOTE: options are custom or off the shelf R/C racing wheels |
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The design analysis for the goalie was similar to the players except for a few key areas.
Acceleration had priority over top speed. Thiswas due to the speciaized tasks that the goalie has
to perform, mainly going from one side to the other in order to block the ball. A bi-wheeled
arrangement was chosen for its high maneuverability characteristics. The wheel arrangement will
be paralel to the goal for optimal back and forth motion. The same basic assumptions such as
mass of the robot, friction coefficient, wheel radius, and motor along with acceleration
requirements were chosen to obtain initial design specifications. Calculations performed for
selecting motors were similar to the players.

It was decided that the mechanical engineering group would construct a very safe goalie, one that
would not have kicking or sophisticated trapping abilities. The reasons behind that decision are
listed below.

The R&D group will design an advanced technology, high-risk goalie. Therefore, the mechanical
engineering group will be working on a low risk design that can be easily implemented if
something happens to theirs. Scooping methods of gripping the ball were considered to be too
risky for the mechanical design team to undertake.

The rules prohibit the goalie from kicking the ball past half field, so the goalie would not be able
to use a powerful kicker like the players. Also, the goalie is designed for high acceleration, so its
“bump passing” abilities should be better than the other players'.

The current mechanical engineering goalie design utilizes the same motors as the field players.
The goalie will be geared lower for higher accderation. The layout of the goalie will also be
similar. The body will look like a box with the length being close to 18cm. This maximizes the
blocking surface so that the actual travel to stop aball is minimized along with the angles of shots
to the goal .
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Section 9 Detailed Design

9.1 System Overview

The overall goal for Team Brazil was a robust implementation for RoboCup, with built-in flexibililty for
future modifications or additions. The vision system was deemed to be a major expense and a mgjor
commitment in terms of locking in the technology for an extended amount of time. Therefore, the vision
system was jointly chosen and purchased. Once the vision system was decided upon the other sub-
systems, artificial intelligence (Al) , communications, local processing, and robot structure and drivetrain,
were designed to utilize the speed and processing power of the vision system.

The vision system consisted of a high-end Sony camera with a zoom lens, and a digital signal processing
(DSP) board hosted on a Pentium® 11 computer. The Al was designed as a Role-based model where a
Role would get assigned to arobot if the situation were “right.” The Role-based model alows for afairly
fixed interface to alow for modularity and easier debugging. For concurrent engineering, the Al was
designed with the assistance of a physics-based simulation of Team Brazil’ s robots playing a soccer
game, while the robots were being manufactured. The Al executables were hosted on a Pentium® 1
computer as well. For the Cornell University competition the Al and vision were hosted on separate
computers, but we hope to host both on one Pentium® 11 computer for the international competition. The
Al then passed out target pointsto a trgjectory generation algorithm. The trgjectory al gorithm planned out
the path that the robot should take and sent out the packetized commands through the wireless
communications hardware to the robot. The packets were received on the robot by a transceiver and sent
to the local microcontroller. The microcontoller then handled interpreting the commands, and controlling
the motors. The construction of the robot is such that the electronics board can be swung upward for
removal of internal component or for testing purposes. The robot is aso symmetric to alow for easier
orientation of the robot during gameplay. The drivetrain of the robot is strong enough to achieve speeds
close to three meters per second.

The overall system runs at 60 Hertz, with vision currently outputting new data at a rate of 30 Hz. The
system has the capability of running at 60 Hz with more optimized code. The following sections will
delve into the details of each sub-component of the system, with vision contained in a separate document.
(The attached flow diagram describes the stages needed to provide an accurate account of data flow
throughout out the entire system.)
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9.2 On-board Electronics

The electronics are separated into four circuit boards. First, the pre-made Freedom16-mite MCU
board is integrated into the main board similar to a removable socket device. Since the pin layout
is set in the Freedom board (See Freedom16-mite board layout section 5.3.3.1.1.), the main board
pin setting is fixed for the MCU and we have to design from there.

The main board contains all of the user interface, power regulation, motor direction indicators,
and connections of the RF transmitter. This board is placed on the top of the robots and is easily
accessible. The motor controller boards are placed right above the motors and use an aluminum
mount as a heat sink. This location is chosen to minimize the distance of the high current wires.
The motor control boards have no connectors and can be considered as a disposable unit should
they malfunction.

The designs of each part of the electronics and software are discussed in the sections below.

9.2.1 MCU

The Freedom16-mite is built with the Motorola 16 bit MC68HC16Z1 chip. The 68BHC16Z1 has
specific features such as pulse counting, high speed inputs and outputs, 2 pulse width modulation
(PWM) outputs, 39 digital I/O ports, and 8 channels of 10-bit A/D ports. On top of the 96K on
chip memory, the F16-mite includes 128K of SRAM and 128K flash EPPROM. Other features of
the Freedom16-mite board are a RS232 port, debug ports, and ten interrupts. With a board size
only 5.2cm X 5.2cm, itisagood fit for our application.

The connector and port functions of the Freedom16-mite board are listed below.

CN1 - Debug Port

One of the features that sets the MC68HC16 chip set apart from other controllers is the
monitor/debug capabilities which are built-in on the chip. This allows the debugging software to
take control of the process and command all the processor instructions from this port. This means
we do not have to load special debugging software that will take up program space. The ICD
cable that comes with the evaluation kit has all the configuration set up which user intervention is
not needed.

CNZ2 — Genera Purpose Digital 1/0 Pads & Interrupt Request

There are 15 genera -purpose digital 1/0 channels in the HC68HC16 chip (Port E & F). Each pin
can be programmed as an input or output. Seven of the I/O channels (Port F [7..1]) can be
programmed as interrupts that are called when the input is pulled low. In our design, we use these
ports to handle the RF interrupt and other general 1/0 functions (See pin connection).

CN3 — Expansion Connector

This port has 8 data, 3 address, 9 chip select lines and 7 Queued Serial Peripheral Interface
(QSPI) lines, which can facilitate off board expansion or drive components that could be mounted
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on the prototyping area. The six chip select lines can be programmed as digital outputs and the 7
QSPI lines can be programmed as digital 1/O ports. We used port 3 to communicate with the LCD
and handle the data transfer to the Radiometrix transceiver.

CN4 — General Purpose Timer Port

This port offers a number of timer related channels. There are two 8-bit Pulse Width Modulation
channels (PWM) suitable to drive our motor controller. This port is used to time the falling edges
for the encoder signals from the left and right motor. Setting up the system clock divide function
can control the 16-bit resolution of the timer. We can obtain a 17-bit resolution by using the carry
interrupt bit on the timer.

CN5—RS232 Seria Port

This 2x5 header port offers RS232 level Rx and Tx signals, along with a ground reference. This
port can be used to communicate with the PC or used it as general purpose 1/O.

CN6 — Power Supply
The board required +5volts supplied through this port to operate.

CN7 -- 8 Analog Inputs

We use only one of the eight A/D ports, for checking the voltage level of the power supply. Since
no other device needs to use any of the A/D ports, we use the other 4 channels as the input signals
of our dip switch.

The ports are selected to use the Freedom-mite board and the MCU to its fullest potential by
leaving ports that might have future value open. For example, the ADC ports are used as inputs
for the dip switch instead of a genera purpose 1/0 digital port. This is done because there seems
to be little use for 7 ADC ports but a digital port is more useful incase we want to use a PID to
control the motor in the future instead of software control. There are still 3 ADC ports open. Care
is also taken to make the software programming of the ports simple and logical. Where possible
we tried to place logic functions together. Below is a listing of the final connections to the
Freedom-mite board. Please refer to the Freedom16-mite board layout and connector position for
location of the connector.

SERIAL
ADAPTER
....... REMOVE
------- SHUNTS*
C o
Gnd CONNECT
+5v REGULATED
Gnd POWER
TOPC's
comMMm2
p ¢
) 00000000046
CONNECT
ICD DEBUG

CABLE ////
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Freedom16-mite v2
Layout
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Figure 6. Freedom16-mite board layout and connector position

The ports and pin locations on the MCU listed for easy access (See Ports and pin layout of the
MC68HC16Z1).
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Figure 7. Ports and pin layout of the MC68HC1621
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9.2.2 MCU Software Design

We have decided that we are going to program all behavior functions of the MCU in C. The P& E
ICD debugger software is used to download the code into the MCU. The code is very well
commented and can be found at
“Y:\el ectrical\sof tware\ 68hcl6\soft nt\ mai n. c”. Thefull list of functions and
how they are called isin the table bellow.

Function

Called by

Main

Start of program

Port_init

main

Kick

port_init, main, test_robot_motor

Speed_control

pit_isr

Test_batteries

main

Test_robot_motor

main

User_output_set

main

Decode_rf

irqeisr

Write_port

al functions

Limit_range

speed_control

Test_rf

irqeisr

rf_encoder_decode

irq6isr

rf_send data

test_rf
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irqéisr Interrupt called
icl isr Interrupt called
ic2 isr Interrupt called
ic3_isr Interrupt called
Tov_isr Interrupt called
pit_isr Interrupt called

A description of the code and the functionsin it are found below.

The program is divided into six sections and can be found be searching on these lines:
/*program organi zati on: */

/* | NCLUDES */

/* DEFI NES */

/* GLOBAL VARI ABLES */

/* FUNCTI ON DEFI NI TI ON */

[ Y
[ SUBROUTI NES = - - - = === = = = s s = oo mmeme o mmmee oo
- SUB- SUBROUTI NES = = = = = = == === = sms e oo mmemc o oeeee o eea
- | NTERRUPTS - - - = = =« = = m s oo mme oo mee o iee oo
- FUNCTI ONS DEFI NI TI ONS = - - = == ==« = mmem oo mmemcc o meea o
[ TEMPLATES - -« =« < - s = oo mmsmm o ommme oo

There are print statements in a lot of places in the code to print out variables. This can be very
helpful when debugging the code on the computer. To turn on and off the print statement set the
line

#defi ne DEBUG ON 0 /1 debug variable to turn on debug functions

equal to 1 instead of O.

Main()

This function controls the state that the robots are in and calls functions as required. It first calls
port_init( ) to set-up the ports and initial al the variables to known states. When port_init( ) is
complete the main() gets the status of the dip switches and goes into test mode or play depending
on the dip switch settings. It aso determines the robot number by receiving signals from the first
three pins of the dip switches The main loop isjust in a while(1) and cycles through continuously
reading the dip switches, testing the batteries, and displaying information to the LCD and LEDs.

port_init()

This function sets-up all of the ports to the correct I/O or interrupt. It also handles initializing all
of the internal registers. The ordering of this function is very important. For example you cannot
turn on the interrupts without first setting up the ports to the correct 1/O values. The Radiometrix
transceiver is aso reset during this function.

61




Final Design Document - Detailed Design On-board Electronics

This function also tests that the kick isfully retracted and turns it on if it is not. Thiswould allow
the kicker to move back to its ready position.

Kick()

The kicker function sets port E pin 7 to high and sets a counter variable to current time.

speed_control( )

The speed _control handles the feedback loop for the wheel. The software feedback control is
done by aP.l. controller. The basic idea of acontrol loop is to take the desired velocity command,
send that command to the motors, and see how fast the motors actualy spin by getting the data
from the encoder. The speed of the motors is compared to the commanded speed. The difference
isthe error signal and it can be either positive or negative. The control loop will provide a signa
to the motors proportional to the difference between the actual and desired velocities, and
proportiona to the integral of the error signa over time. The gain of the loop can be tune by
changing the constants of the P.I. loop. We have used a rather low-gain at this point since it will
save battery power and it’s already good enough for the Vision system to control the robot.

This function aso houses the watchdog timer and system timer variables. The loop checks to see
if the kicker has timed out. It will turn off the kicker if ic3_isr was not called with in 15 seconds
after turning on the kicker. The speed control loop aso gets the current value of the buttons.

test_batteries( )
The test_batteries function tests the voltage at the ADC port PADA7. It then returnsit the caller.

test_robot_motor()

The function takes in atest number and runs that test. The numbers are gotten by the button input.

user_output_set()
Thisfunction sets up the LEDs and LCD output depending on the value of the status bit.

decode rf()

Once the robot receives the RF message, irg6isr cals this function. It decodes al of the
information based on the number of the robot and then the information will be stored in globa
variables.

write_port()

This function is used to write a binary value to a port without destroying the information that is
aready there.
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limit_range()

This function limits the range of a value passed to it. It is currently used for the PWM value since
it can not be larger then 256.

test_rf()

Thisis called by the irg6isr when the robot isin RF digital test mode. First, the global computer
transmits a 32 bit packet. This packet contains two matching 16 bit numbers. The robot
acknowledges proper receipt of this packet by transmitting the 16 bit number back to the global
computer. A copy of this number is stored on-board in the robot. If the global computer never
receives a response, it will rebroadcast the packet. Upon receiving the confirmation from the
robot, the global computer begins sending a stream of packets to the robot. These packets hold
values starting at test length - 1 and count down to zero. For example, a robot running a test of
length 50 would send the packets 50J49, 50|48, 50|47...50|0. The robot has its own counter that
counts down by one every time it gets a packet. If the counter on the robot is not the same as the
test data then the robot missed packets. The number of packetsit missed is equal to the difference
between the counter and the test data number. The robot then sets its counter to the test data to
resynchronize with the global computer. When the robot gets a test data of zero it returns the
number of errorsit got to the global computer. If the global computer does not get the packets of
number of errors from the robot it resends the zero test packet.

rf_encoder_decode( )

This program can be used to characterizing the robots. It is designed to get a test size, mode, and
wheel velocities from the global computer and then send back the encoder values. It is aso to
demonstrate the type of information that can be returned with the telemetry systems.

rf_send data()

This function in used to send data back to the global computer. To use it the user loads the
rf_data out[] array and callsrf_send_datato tell it the number of packets to return.

irgéisr()

This interrupt is called by the Radiometrix transponder. It down-loads the data from the
transponder and storesit in an array, rf_data in[]. It then calls the appropriate function depending
on the robot mode.

icl isr()andic2 isr()

These interrupts are called by the encoder signals of the left and right motors respectively. The
function stores the difference between the current value and the last value of a free running
counter. The difference can be directly related to time because we set the speed of the free
running counter.

By knowing that the motor encoders have 100 division per turn, the gear ratio is 1:7.4, the clock
speed is 25.1MHz, and the robot wheels are 0.076m in diameter we can calculate the speed for a
given number of counts in the free running timer. By setting to clock divide by 8 we get the table
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below relating the speed of the robot in m/s to the number of clock cycle that we got from the

interrupt icl isr.

Clocks

m/s

253.075

4.000000

506.15

2.000000

1012.3

1.000000

2024.6

0.500000

4049.2

0.250000

8098.4

0.125000

16196.8

0.062500

32393.6

0.031250

64787.2

0.015625

129574.4

0.007813

ic3_isr()
This interrupt is the input to the Hall effect sensor. This turns off the kicker when it is called by
Setting port E pin 7 to low.

tov_isr()

Thisisthe overflow of the free running counter and is used to get a 17-bit resolution on the wheel
speed.

pit_isr()

Thisinterrupt is the periodic interrupt timer and calls the speed_control function. Thetime interval that itis
caledinisset by PIT period equal to [clk_div*4]/32.768K Hz* (speed), where clk_div is1,2,4,8,16, or 32
and speed is 1 or 512. We set thisto PIT period equal to [6*4]/32.768KHz* (1)=0.00073242187 second,
about (1/1200)Hz.

The LEDs functions are described bellow:
Play mode:
Green: Thisindicates that you are in play mode and that the MPC has booted correctly.

Yellow: This indicates that the batteries are low. It will light even if you just replaced the 9volt
sinceit ismainly for the NiCd.

Red 1: The kicker has timed out. This comes on when the Hall effect sensor has not detected
anything in the last 15 seconds.

Red 2: Nothing

In test mode:

Green light: dways off

Yello | Red | Red | Funciton

w 1 2

On On On motor test mode
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On On Off digita RF test, ready

On Off Off Digital RFisrunning

On Off On Digital test dropped a packet
Off Off On Joystick test mode

Thefull list of functions of the dip switchesis found bellow.

Dip 1 |Dip 2 [Dip 3 |Dip 4 |Mode | Robot #|Function
0 0 0 Ofplay Ofrobot 1
0 1 0 Ofplay 1|robot 2
0 0 1 Ofplay 2{robot 3
0 1 1 Ofplay 3|robot 4
0 0 0 1|play 4|robot 5
0 1 0 1|play 5[none
0 0 1 1|play 6{none
0 1 1 1|play 7|{none
1 0 0 Oltest O|motor test
1 1 0 Oftest 1|RF digital
1 0 1 O|test 2|encoder
1 1 1 OJtest 3|none
1 0 0 1|test 4|none
1 1 0 1|test 5|none
1 0 1 1|test 6|none
1 1 1 1|test 7|joystick

Dip switch states
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9.2.3 Kicker

There are two simple components in the kicker electronics, the hall-effect sensor and a BJT
darlington transistor. The hall-effect sensor is used to detect the location of the kicker and the
transistor is used to provide power to the kicker motor. It is very important that the MCU
responds quickly to turn the motor off or else the kicker will kick when it should be reset. For this
reason an interrupt port was used to detect the Hall effect sensor. The Hall effect switch is chosen
because it does not bounce and is very reliable. We could have used a schmitt trigger but this
would add complexity and reliability problems. The motor is driven with a darlington transistor
directly with the output of port PE7 on the MCU.

The motor will shut off once the magnet located on the top surface of the kicker gear passes under
the hall-effect sensor. The hall-effect sensor will signal to the MCU viainterrupt once it detects a
magnetic field. When the kicker motor is switched-off, it will not turn back on until a kick
command is received from the global computer. Upon receiving a kick command, the kicker
motor is turned on. This causes the kicking plates to release and wind back up though a
“clockwork” mechanism. The motor will shut off again just before the mechanisms rel ease point
when the hall-effect sensor detects another strategically positioned magnet.
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Figure 10. —Xicker pin layout

9.2.4 User interface

Since there will only be two to three persons helping during the competition, we would like to
design our user interface for the on-board e ectronics to be as smple as possible. As our robots
areidentical, it is easy for our robots to be able to inter-changeable. If our program for the MCU
is robot dependent, then each time there is a need to change a robot the user would have to
download the appropriate program from a PC. In order to make it easier to handle, we decided
that the robot number would be determined by a dip switch that the user could set by themselves.
Also, the dip switch would be used to determine program mode so that the user can test the robot
easily. The dip switch is readily accessible to the user with fewer confusion than using jumper
configuration. There are 4-buttons lay-out on the main board in which less are designed to be
used with the LCD screen. The user can make selections by pushing the buttons.

We decided to use four LED lights to indicate the state of the robot. By doing so, the user can
understand the state of the robot easily. They also provide very useful information for debugging
and error detection. The LED lights light up for different states of the robot such as green for
ready state, yellow for battery low, and red for other error.

The LEDs are low current and can be driven directly with the MCU. The LED draws 2mA of
current and when they are all ‘on’ the power lost is only 0.04W. This power cost isjustified
because it savestimein debug. The LED’ s are aso designed to be on when the pinisin high.
This will help to make the code easier to write and easier to understand (See LED output pin
layout).
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Figure 11. LED output pin layout

The dip switches are pulled high by aresistor (See User input pin layout).
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User input pin layout
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Figure 12. User input pin layout

In addition to the LED lights, we have added a 20x4 LCD panel to make the robot more user
friendly. The idea of the LCD panel is to help debug the robot during testing in the lab. As of
now, the LCD will provide information such as the voltage level of the battery, robot name,
number and menu options. The LCD is not intended to be used during the competition. The
buttons in conjunction with the LCD panel can give the user control of many possible functions
by using a menu system.
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9.2.5Power

Battery power supply

Two batteries seem to meet the power requirement for the robot, NiCd High and NiMH. First, we
want to know how much power a robot requires during the game. The robot gets new batteries at
half time. This means that robots run for 10-15 minutes on one battery pack. Looking at the
energy required for average motor speeds and the kicker, we need 0.3Ah's of capacity. (See Total
continuous current). When selecting a battery size one has to understand that batteries are rated
for much lower discharge rates. So drawing al that power at once requires a much larger battery
(See Discharge curve). For this reason we want a battery with an energy density of at least 1.0Ah.

Current Regulated Current Unregulated
Part morn Part M ax
Freedom-mite 300 |[Wheel Motor 3.33
L298HM 4x 96| |Kicker 0.5
LED's 7.8] |Total 3.83
FM-RPC-XXX 20
Total 423.8

Total continuous current
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Figure 13. Discharge curve for NiMH Discharge curve for NiCd
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Next, we want to make a decision on which battery to use. We make a comparison of size and
composition of severa batteries (See Comparison). Looking at the chart, we find that the size
4/5A has the best energy-weight ratio for both NiCd High and NiMH. This size sdtifies the
energy requirments for the robots with room to spare. Both are easy to