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ABSTRACT

This report documents the technical aspects of the design process of a ball-sorting
machine. The project was initiated by a request for proposal put forth by a sports utility
retailer. The main functional requirements of the machine were that it had to sort up to
twenty balls at a time into their different types: tennis, golf, squash, white ping-pong, and
orange ping-pong. The machine was to be fully automated, with the balls being sorted in
less than two minutes with the press of a start button. The solution involved coordination
between three team members, each working on his or her own subsystem and eventually
integrating the components together. These subsystems were the electromechanical,
microcontroller, and circuits systems. The general concept for the design was a series of
sorting ramps. The balls moved down the machine, from ramp to ramp, with one type
being sorted out at each ramp. The final result for the most part met the goals set out at
the beginning. The machine was simple and fast, utilizing gravity and sorting twenty
assorted balls in less than thirty seconds. However, this resulted in less control over the
flow of the balls and therefore some inconsistency in sorting and counting.
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ABBREVIATIONS

AC Alternating Current
CMOS Complementary Metal Oxide Semiconductor
DC Direct Current
EPROM Erasable Programmable Read Only Memory
IC Integrated Chip
1/0 Input/Output
IR Infrared
LCD Liquid Crystal Display
LED Light Emitting Diode
LS Low power Schottky
PIC Peripheral Interface Controller
RAO, RC2, etc. Pins on input/output ports A, C, etc.
RAM Random Access Memory
SPDT Single-pole double-throw (switch)
TTL Transistor-Transistor Logic
NOTATION
C Capacitance, units are Farads [F]
R Resistance, units are Ohms [Q]
thigh Time interval spent on high logic level, units are Seconds [s]

tiow Time interval spent on low logic level, units are Second [s]



CHAPTER 1:

Introduction, Project Concept, Design Parameters, History, Limitations, Budget, Problem Division



1.1 INTRODUCTION

The task at hand, as requested by a sports utility retailer, was to build an
automated machine that takes in an assortment of up to twenty balls made up of tennis,
squash, golf, white ping-pong and orange ping-pong balls and sorts them according to
type and colour. The entire operation was to be performed in under two minutes and run
with only the push of a start button.

While it is possible to sort tennis, golf, squash and ping-pong balls by hand, a business
would greatly benefit from an automated machine that performs this task accurately, such
as the final result of this project. Obviously, customers expect inventory to be properly
sorted and conveniently located at all times. Therefore, it is necessary to constantly
ensure that the balls are sorted. Delegating this responsibility to employees means that
they have less time to perform more important and less tedious tasks. An automated ball-
sorting machine will free up time and get the task done quickly and accurately without
supervision.

1.2 PROJECT CONCEPT

The final design of the machine sorts out each type of ball in different stages.
Each stage of the sorting machine utilizes one characteristic to isolate one type of ball
and some sort of counting mechanism to record the number of balls of that type that pass
by.  Each type of ball is collected in its own bin as the balls are sorted. The sorting
operation begins with the press of a button and ends automatically when all the balls are
sorted and counted. At the end of the operation, sorting statistics on the number of balls
in each category, the total number of balls, and the total operation time are displayed
depending on which buttons the user presses. All that is required to power the machine is
to plug it into an AC wall socket.

1.2.1 Acceptance Criteria and Design Parameters

To reach these goals, specific objectives were needed to strive for the best design
possible:

e Easy to use: The balls should be easy to load, the display should provide clear and
simple communication with the user, and sorted balls should be easily retrievable

e Easy to produce: The design must be manufactured given a limited amount of
time and resources

e Time efficient: The design should sort the balls as quickly as possible, since
twenty balls must be sorted in two minutes



Weight and size efficient: The machine can weigh no more than ten kilograms
and must fit in a 1.5 x 1.5 x 1.5 m® envelope

Energy efficient: Power consumption of the machine should be kept to a
minimum

Cost efficient: Given the budget constraints, design should consist of affordable
components

Safe: The machine should run smoothly and pose no hazard to the user

Reliable: The machine must always sort the balls and give information accurately.
The machine should never freeze or jam during operation. Also, the machine
should be able to deliver repeatedly the same quality of results.

Be equipped to handle all cases: The design must accommodate any combination
of balls, including, for example, twenty tennis balls

Simple and elegant: The design should be as simple as the goal allows, making it
easier to fabricate at a high quality and easier to adjust or fix

Fully automated: All that the user should have to do to operate the machine is
load the balls into a bin and press a button on the keypad



1.3 PERSPECTIVE

History and Background

The availability of ball sorting machines presently is very limited. In fact,
machines that sort tennis, golf, squash and ping-pong balls simply cannot be found.
There exist devices that sort other types of balls and on different scales, but even these
are few and far between. Examples include a machine that collects, washes, and sorts
hollow plastic balls found in recreational ball pits and a simpler ball-sorting device
consisting of a plastic container with a few sieve-like boundaries that sort out small
objects into different levels. The most applicable designs prior to this project were built
by students at the University of Melbourne. Their task was to sort tennis and ping-pong
balls into groups of three, each with one tennis ball and two ping-pong balls. The most
common construction materials used were cardboard and duct tape and the designs
required no power. While this began to approach the level of complexity needed for the
problem presented, our design encompasses more sorting mechanisms and calls for a
more lasting prototype. It also includes means of communicating useful statistics from
the sorting operation to the user.



1.4 DESIGN LIMITATIONS

A device was needed for the project that would make the machine intelligent so
the user could communicate with it to get the sorting statistics and have better control of
the machine. Presently, two popular solutions to this problem are the microprocessor and
microcontroller.

Microprocessors and microcontrollers are, in one sense, the same thing. They all have an
ASIC (Application Specific Integrated Circuit) that fetches and executes instructions
based on the programs stored in them. These devices are controlled by software and have
great flexibility in terms of their functions.

The first “microprocessor” was created by Intel in 1971. In the three decades since the
invention of the first microprocessor, there has been tremendous development and
innovation in this field of engineering. All kinds of microprocessors and microcontrollers
have been invented and they all have different application spaces and features. A typical
microprocessor or microcontroller includes the following: a CPU (central processing
unit), RAM (Random Access Memory), EPROM/PROM/ROM (Erasable Programmable
Read Only Memory), and 1/0 (Input/Output) ports with interrupt service.

Nowadays, microprocessors are often used for more advanced applications because of its
high processing speed and ability of handle complex system. However, they also require
additional system such as external RAM, ROM and 1/O conversion.

Microcontrollers are typically used at what is called the "low-end" of computing since
they are a lot slower compared to microprocessors. However, this does not mean that
microcontrollers are less useful. They are designed to target specific applications which
are self-contained and involve limited input and output. For the proposed design, which
has these characteristics, microcontrollers are an ideal choice because of their low cost,
low power consumption and simplicity.

Simpler integrated chips (IC’s) are available as common circuit components as they are
abundantly available and extremely affordable. There are two main families of chips in
the market: transistor-transistor logic (TTL) and complementary metal oxide
semiconductor (CMQOS). They differ in the type of transistor used to drive the circuits
(Course notes, 5-42), which has a large impact on some of their important characteristics.
In general, CMOS chips can operate on a wider range of voltages and require less current
and therefore less power to drive their circuitry. However, they are more sensitive to
static electricity and can be damaged more easily. Also, they are not suited to the higher
frequencies needed by the microcontroller. In this project, 7400 series TTL chips were
used, and in particular, the low power Schottky (LS) variety. The only exception is the
4050 buffer. Despite the fact that this chip is a CMQOS chip, it is still capable of driving
TTL logic chips.

One chip central to this project is the NE555 timer. It is capable of producing a square
wave signal of very precise pulse width based on an external resistor-capacitor (RC)



circuit. As the RC circuit charges and discharges according to the time constant
dependent on the resistor and capacitor used, the signal oscillates between the two logic
levels (Course notes, 5-50). When the timer is used in astable mode, the time periods
spent on each logic level are given below:

thigh = 0.693CR1 (l)
tiow = 0.693CR; )

where R represent the resistor value and C represents the capacitor value. Circuits using
this principle are described in the circuits subsystem, along with sample calculations.

Mechanical components such as D.C motors, servomotors and solenoids have been in use
since the late 19™ century. Miniature and specific mechanical components have to be
produced and are used extensively in various industries. Modern applications include
cars, airplanes and robots.

A Servo is a small device that incorporates a three wire DC motor, a gear train, a
potentiometer, an integrated circuit, and an output shaft bearing. Of the three wires that
stick out from the motor casing, one is for power, one is for ground, and one is a control
input line. The shaft of the servo can be positioned to specific angular positions by
sending a coded signal. As long as the coded signal exists on the input line, the servo will
maintain the angular position of the shaft. If the coded signal changes, then the angular
position of the shaft changes.

A solenoid is an electro-mechanical component that converts electrical energy into
mechanical power. Electrical current is supplied to a tight coil and the resulting magnetic
field is increased by surrounding the coil with a highly permeable iron frame. The
magnetic field then acts upon a plunger, drawing it from its unpowered, extended
position to a seated position against a backstop or pole piece. The linear force on the
plunger from the magnetic field is extremely nonlinear with position, i.e. the force is
relatively high immediately adjacent to the seated position and falls off rapidly with
increased distance from the seated position.

Many rotary solenoids have the same fundamental design as a linear push-pull solenoid.
Linear motion is translated into rotary motion via three small bearing balls that ride on an
inclined plane as the plunger closes, converting a relatively small axial motion into a
rotary stroke. True rotary solenoids operate on similar principles, but the magnetic
arrangement allows for direct rotational motion with no attendant axial stroke. As with
linear solenoids, the torque from the plunger is greatest near the energized, seated
position. Short-stroke solenoids have, in general, greater starting torque than longer
stroke solenoids of the same construction.

Materials selection and fabrication is something that can be learnt only through trial and
error and experience. In this project, a first machine was built whose frame was made out
of wood. Upon realization that it was too heavy, the design was changed to a metal frame
because it was more elegant and lighter. The final prototype of the machine contains one



HS311 standard servo powered at 5V, one rotary solenoid powered at 12V and a DC
motor powered at 12V, as well as metal for the frame, wood dowels, foamboard and
coroplast ® corrugated plastic sheet. These components and materials are abundantly

available and are easy to work with.



1.5 BUDGET

151  Electromechanical
# | Item Quantity | Unit Cost(C$) | Total Cost Supplier
Used (C$) (inc.
Tax)
1 2x1/2x1/16” metal 3 6.90 23.81 Rona Home and
frame Garden
2 3/8 x 36” wood square | 15 0.99 17.08
dowel
3 | 4-40x¥” 2 1.29 2.96
4 | 4-40 x 3" 2 1.29 2.96
5 Chain for loading bin 1 0.44 0.51
6 | Braces and brackets 12 0.29 4.00 Canadian Tire
7 Loading Bin container 1 3.49 4.01
8 Metal rod 1 0.75 0.86
(to support loading bin)
9 Foam board std. size 1 5.49 6.31 Grand and Toy
10 | Collecting bins 5 1.00 5.75 Dollarama
(varying sizes)
11 | HITEC HS311 1 14.00 14.00 Online
Standard Servo motor www.hitecrcd.com
12 | DC motor with gearbox | 1 4.95 4.95
13 | 30° Rotary solenoid 1 2.95 2.95 Active Surplus
14 | Coroplast plastic 1 0.75 0.75
15 | Contact switches with 3 1.00 3.45 Supremetronic Inc.
roller tips
16 | Miscellaneous copper 0.30 0.30 Machine shop
and aluminium sheets
$95.35
Electromechanical Subsystem Total
1.5.2  PIC Microcontroller
17 | PIC 16F877A withPIC | 1 30.00 30.00 Design Store,
Development board Microchip
www.microchip.com
18 | MM74C922N keypad 1 6.00 6.00
encoder Design Store
19 | 16x1 LCD display 1 6.00 6.00
20 | 4x4 Keypad 1 4.00 4.00
PIC Subsystem Total $46.00




1.5.3 Circuits
# Item Quantity | Unit Cost(C$) | Total Cost ;
Used (C$) (inc. S_UQM
Tax)
21 | 74LS279 RS Latch 1 0.70 0.70
22 | Superbright white LED | 2 1.75 3.50
23 | CL138 Phototransistor | 2 0.75 1.50
24 | 100K trimmer 2 1.50 3.00
potentiometer
25 | 74LS14 Schmitt trigger | 2 0.70 1.40
inverter
26 | 4050 Buffer 5 0.70 3.50
27 | LM358 OP AMP 1 0.70 0.70 .
28 | NE555 timer 4 0.85 3.40 Supremetronic Inc,
29 | 74LS157quad2to1 | 1 0.70 071 Active Surplus
multiplier Electronics _and Above
30 | IN4148 diode 4 0.10 0.40 all Electronics Surplus
31 | 1N4004 diode 1 0.15 0.15 Ltd.
32 | TIP 122 transistor 2 0.85 1.70
33 | TIP 30 transistor 1 0.85 0.85
34 | 7404 NOT gate 2 0.70 1.40
35 | TIP 112 transistor 1 0.85 0.85
36 | Double header male 1 0.35 0.35
strip
37 | 8-pin IC socket 5 0.05 0.25
38 | 14-pin IC socket 3 0.08 0.24
39 | 16-pin IC socket 7 0.09 0.63
40 | 18-pin IC socket 1 0.10 0.10
41 | Capacitor 10 0.10 1.00
42 | Resistor 30 0.01 0.30
43 | Power supply 1 10.00 10.00
44 | Circuit solder boards 2 3.15 6.30
(IC type)
45 | Circuit solder boards 2 1.65 3.30
(8x4 block type)
46 | Ribbon cable 4ft 0.35/ft 1.40
47 | Small mounting screws | 30 0.02 0.60
48 | Solid wire 15ft 0.05/ft 0.75
49 | Stranded wire 75ft 0.05/ft 3.75
50 | 3-pin molex connectors | 4 0.20 0.80
51 | 2-pin molex connectors | 35 0.15 5.25
Circuits Subsystem total $58.78

GRAND TOTAL

| C$199.93

The total amount spent on constructing the machine was C$199.93. This includes the amounts for each
subsystem, and is within the proposed amount of $200.




1.6 DIVISION OF THE PROBLEM

On this project, the work was split up into three subsystems, with each team member
assigned to one of the specialties. These subsystems were as follows:

1.6.1 Microcontroller: Jan, the microcontroller team member was responsible
for writing the software for the microcontroller, a device which can store and
execute a set of instructions. This included interfacing the keypad and LCD
display, sending out control signals to appropriate mechanisms, taking in signals
from counting circuits, count the balls based on these incoming signals, and count
the amount of time elapsed during each sorting operation. After the program code
was developed, Jan also aided the electromechanical member in constructing the
physical aspects of the machine.

1.6.2 Electromechanical: The electromechanical member, Aditya, was in
charge of building the machine’s physical structure, incorporating actuating
mechanisms into the operation of the machine, and determining positioning of
components. Actuating mechanisms include opening the loading bin into which
the unsorted balls are poured and any other moving parts that control the flow of
the balls.

1.6.3 Circuits: This subsystem was the responsibility of Stephanie, who was to
supply power to the machine and design and construct the circuits to interface
with the microcontroller and drive the mechanisms. This included control of
actuators and directing input from ball sensors to the microcontroller.

In the integration stage that followed the assembly of each subsystem, all team

members worked to incorporate all the elements together and the distinctions became less
important.
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CHAPTER 2: Electromechanical Subsystem
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2.1 ASSESSMENT OF THE PROBLEM

The ball sorting machine is expected to sort into separate containers each of tennis, golf,
squash, white and orange ping-pong balls. Moreover, it must do so within 2 minutes,
without generating loud sound. The loading bin mechanism must be a stocking
mechanism as opposed to a sort-as-you-load mechanism. This means that balls are stored
in a reserve until a button is pressed which actuates the sorting sequence(s). Sorting is to
be done by size, weight and colour as applicable. A mechanism had to be implemented to
put a suitable separation between ping-pong balls entering the colour sensor. Within the
colour sensor itself, a mechanism to separate white ping-pong from orange ping-pong had
to be implemented. A method had to be found to speed up the running time. Finally, the
materials to be used in machine fabrication had to be lightweight and easily workable.

2.2  SOLUTION

1. 2.2.1 Loading bin mechanism: The mechanism was implemented using a store-
bought loading bin as shown on the left. The
bottom part of the loading bin was cut away,
and a foamboard flap was attached in the
opening using chains. This allowed the flap to
be free hanging such that even a single ping-
pong exerted enough force on it to move past
J Figure2.1: Loading bin it. The stocking mechanism was implemented
using a HiTec HS-311 standard servomotor, powered at 5V. The servo is
connected to an arm which sticks up and covers the middle of the flap.

When 20 assorted balls are loaded into the bin, taking configuration to be approximately
5 tennis (60g each), 4 golf (46g each), 3 squash (24g each) and 8 ping-pong balls (3g
each), the total weight adds up to 580grams resting against the arm of the servo. Taking a
factor of safety of 1.3 for a 3.8cm arm attached to the servo, a torque of 2.87kg.cmt™! is
placed on the servo.

[ Refer to appendix B for calculations
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The torque for this model is rated at slightly higher than 3.0kg.cm™® when powered at
5.0V. This torgue is more than sufficient when an assorted combination of balls weighing
7509 needs to be sorted.

2. 2.2.2 Sorting sequence: When the servo
opens, it turns 180° and the stored balls flow out
rapidly.

The machine implements a 4-stage sorting
sequence:

. Stage 1: Tennis ball is sorted from all other
smaller balls. The picture to the right shows
3 of the 4 stages. The topmost ramp has rails
that are wide enough for smaller balls, but
allow tennis balls to continue on to a collec
into the net and move onto stage 2.

Figure 2.2: 3 stages of the sorting ramps

« Stage 2: On this ramp, a large piece of foam board is attached to the underside
of the ramp to accelerate the balls. Golf is separated in a similar fashion to the
tennis balls: the rails are big enough to allow squash and ping-pong to drop
through, but not wide enough for the golf balls to drop through. Golf balls
move onto a collector ramp.

« Stage 3: Only squash and golf pass through from the previous two stages onto
this ramp. Here, one pair of rubber bands per ramp is used as a weight sensor.
They are stretched over long screws
attached to the side of the ramp. When a NS
squash ball (24grams) passes over this
arrangement, its weight causes it to drop
through the rubber bands and onto the
collecting ramps below, while the ping-
pong ball (3g) passes over the stretched Fig 2.3: Squash ball sorting arrangement
rubber bands.

Ruhberhands

2] Refer to appendix for HS311 servo datasheet
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Stage 4: Stage 4 is the colour sensor box. However, before the ping-pong balls move into
the box, they are stored on a smaller ramp. A 12VD.C motor with gear combination is
used to feed the balls one-by-one into the colour sensor box. The motor is attached to a
Coroplast ® corrugated plastic cut into a H-shape as shown.
Every time the hole in the H-shape aligns with the hole on the

ping-pong storage ramp, one ping-pong ball drops through and Hole ;}hm“
goes into the colour sensor ramp. The motor rotates roughly at a 0

speed allowing 2 ping-pong balls per second into the colour

sensor box. C rele

Fig. 2.4: Corrugated
plastic of this shape is
attached to the D.C motor

3. 2.2.3 Parallel sorting: As identified under the problem assessment, time was an
important criterion. When it was realized from our unsuccessful first design that
sorting balls one-by-one was slow and caused jamming for later balls if the balls
in front got stuck, a better parallel sorting idea was implemented. So when the
loading bin servo is activated, balls pour onto two sets of ramps arranged side by
side. This parallel sorting continues up to stage 3.

4. 2.2.4 Distinguishing white from Orange ping-pong: Colour theory was used to
implement sorting between white and orange ping-pong balls. A super bright
white LED shines on the ball; reflected light from the ball shines on a

phototransistor covered with blue
filter paper. Why blue? Because
blue is complimentary to orange.
(e.g. white=Red + Green + Blue;
Orange=Red+Green). A white ball
would be registered by low
resistance of the phototransistor
while an orange ball would be
characterized by much higher
resistance.

Fig. 2.5: Colour sensor interior, showing positions of
LED and phototransistor
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Depending on the resistance registered by the sensor, a rotary solenoid is activated (or
not). When activated, the solenoid rotates 30 degrees and moves a paper flap, which
allows the white ball to drop through but the orange ball continues uninterrupted.

5. 2.2.5 Counting: To count tennis, golf and squash balls,
switches with a roller at the end of their tips were used on
collecting ramps. White ping-pong is counted every time
the solenoid activates. Orange ping-pong is counted via a
break-beam sensor setup, where a continuously shining
beam of light falling on a phototransistor is broken by the
passing of an orange ball. When this happens, the count Switch with roller tip

is incremented by 1. Fig. 2.6: Switch used for tennis, golf and
sniiash

6. 2.2.6 Materials selection: Metal (Aluminium composite) was chosen because it
was light, strong and relatively inexpensive compared to wood. Square wooden
rods were used for ramps. Collecting bins and loading bin were store-bought, as
were some of the intermediary ramps.

2.3  SUGGESTIONS FOR IMPROVEMENT

The servomotor used cannot support the weight of more than 12 tennis balls. Its current
torque specifications are 3.0kg.cm for 5V. To operate 20 tennis balls, its torque should be
4.6kg.cm minimum.®! This can be achieved using a more powerful servo or by using two
of the same HS311 servos to open the loading bin so that each servo carries an effective
weight of 10 tennis balls.

Design was changed and modified as seen fit. This lead to the use of different kinds of
materials (e.g. foam board, coroplast ® plastic) for the same purpose in different parts of
the machine. An improvement would be to make one material the standard for each job
type so that the machine looks elegant and clean.

Having a one-by-one feeding mechanism right at the loading bin improves accuracy of
sorting and completely eliminates jamming problems. If balls are released one-by-one to
be sorted, the running time would be slower, but sorting accuracy would be improved
close to 100%.

Bl See Appendix B for calculations
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The problems presented above are summarized in the table below, showing salient

features of the electromechanical subsystem.

Problem

Solutions considered

Solution chosen

Reason

Loading bin must
be a stocking
mechanism

12V DC motor-
controlled gate.
Two solenoids to
block either side
of gate
Servomotor to
block gate

Servomotor,
powered at 5V

The servo was the
only component that
had the required
torque to hold out
against a loaded bin
weighing 0.6kg

Increase separation
between ping-pong
balls going into the
colour sensor

Linear solenoid
that activated
once every
second to let ball
pass through

DC motor
rotating at a
certain frequency
Increasing the
number of ramps
to increase
separation

DC motor

Implementation was
easiest, and by
means of a simple
piece of corrugated
plastic, the desired
result was achieved

Distinguish white
from orange ping-
pong

Linear solenoid
Rotary solenoid

Rotary solenoid

Rotary solenoid
kept the design
simple, and
eliminated the need
to stop the ball to
detect colour. So
colour could be
detected even when
the balls were in
motion.

Table 2.1: Comparison of major problems and solutions
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Contact cement was used to join foamboard to wood. Wood glue was used to attach wood
dowels together.

BEST = %% i white glue | hot-melt glue E::::;I supég;‘g)llue EPOXY silicone seal
cardboard, paper Ll * * * * L6 1
wood * 4 * * * * i L
fabric * * ok * * * *
hard plastic x ok x * * **
olyethvlene, vinyl,
b r:ubhél', T;ﬂunh xoxx *x * ol
metal * ¥k * * ¥ * %k
glass, ceramic L * * %k * * * * %k
water resistance Ll * x * ok *x K * kK
tensile strength * * * stretches well
flexibility * * * * * * LR
fills zaps * ok * * ok * ok
viscosity W * * L * *
solvent (procure) water none acetone acetone aleohol none
solvent (post-cure)| hot water none acetone acetone debonder zoftener
max. temperature 130 °F 140 °F 150 °F 200 °F 150 °F 600 °F
cure time = 1h ~ Gz ~ 1h < 60s Smin — 12h 24h

Table 2.2: Comparison of adhesives. Contact cement and white wood glue were extensively used in
machine fabrication
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CHAPTER 3: Circuits Subsystem
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3.1 ASSESSMENT OF THE PROBLEM

The major tasks to be accomplished by the circuits subsystem were to interface
with the PIC, drive the actuators, provide power, and assemble ball sensing mechanisms.
The approach taken called for minimal input and output to and from the PIC, with as
many of the circuit functions being independent as possible.

Counting

Since one of the objectives of the design was to count the number of each kind of
ball that was sorted, some form of sensor and corresponding circuit was required for each
type of ball. For the tennis, golf, and squash balls, one contact switch was employed for
each. These consisted of a flat arm that closed the switch every time a ball rolled over it.
A circuit was needed for each to transmit the signal to the PIC and to smooth any
irregularities in the signal resulting from the contacts bouncing when brought together.

The only balls that had to be sorted using a method non-mechanical in nature were the
white and orange ping-pong balls. This task fell to the circuits subsystem, as the goal
here was to sort them without having to use the PIC to distinguish between the different
coloured balls. The most apparent approach to this problem was to use a blue filter paper
to filter out most of the light reflecting off of the orange balls, since blue and orange are
complementary colours. Light from a superbright white LED reflecting off of a white
ping-pong ball would still make it through the filter, since blue is a component of white
light. Then, by using some sort of light detector, a difference in voltage signals set off by
the two ball colours could be exploited. This had to be translated into a positive pulse
signal to the PIC and the momentary opening of the rotary solenoid underneath the
trapdoor leading to the white ping-pong ball bin. A similar but less complicated
mechanism was needed to detect the passage of the sorted orange balls in order to count
them. In this case, only the signal the PIC was needed. Simple contact switches could
not be used due to the tiny weight of the ping-pong balls.

Actuators

The actuators that needed circuit control were the servo motor that acted as a gate
for the loading bin, the DC gearhead motor that provided spacing for the ping-pong balls,
and the rotary solenoid that allowed the white ping-pong balls to drop into their bin. The
only input to the servo and DC motor circuits was a signal from the PIC that was high
during the entire sorting operation and low at all other times. The servo circuit had to
hold the arm stationary and blocking the loading bin door while the signal was low and
then swing open by at least ninety degrees and hold while the signal was high. The
operation of the DC motor was much simpler, with the motor running while the signal
was high and stationary while the signal was low. Speed was not a concern because of
the gears on the motor, so speed control was not necessary. As opposed to the motors,
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the control of the rotary solenoid was independent of the PIC. The movement of the
solenoid was triggered by a light sensor that gave a positive pulse whenever a white ping-
pong ball rolled by it. The rotary solenoid was to open for a set time and then close on its
own.

PIC Interface

Interfacing with the PIC consisted of a few tasks. First of all, the PIC had to be
connected to the keypad using a keypad encoder chip. The most essential task in terms of
fulfilling the main design objectives was connecting all the inputs and outputs. Besides
the keypad and LCD display, the only output from the PIC was the signal to the servo and
DC motors. The PIC also had to be hooked up to five signals coming from each ball
detector circuit. Finally, a means of counting the seconds of operation was needed, in
accordance with the design guidelines.

Power Distribution

In order for the entire system to run, a means of supplying power to all the
circuits, the PIC development board, and the actuators was needed. Also important for
signal transmission was the need for a common ground among all the circuits.

3.2 SOLUTION

Components of the machine design constantly evolved over the course of the
project life. An attempt is made here to summarize briefly the impact this had on the
circuits subsystem, along with the more detailed explanations of the final circuit designs.
All circuit schematic figures referred to in this section can be found in Appendix C,
unless specified otherwise.

3.2.1 Counting

The contact switches used are simple single pole-double throw (SPDT) switches
which connect the common (C) terminal with the normally open (NO) terminal when the
switch is open and connect it with the normally closed (NC) terminal when the switch is
pressed. This setup made the RS latch debouncing circuit easily adaptable to this
situation. This circuit corresponds to Fig. 1. As the switches bounces towards and away
from one of the poles, the initial signal from the switch being triggered is held. A single
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RS latch 74LS279 chip provides four latches and therefore could be used for all three of
the switch debouncing circuits. Low Power Schottky logic chips are used exclusively
(aside from the 4050 buffers) in all the circuits for consistency and stability. Each
debouncing circuit is connected to a switch and to the PIC using detachable molex
connectors.

The number of viable options for the light sensor required as outlined in the previous
section is limited. The three main affordable options were using a photoresistor, a
phototransistor, or a photodiode. Of these, the phototransistor was chosen because of its
affordability and ability to provide a sharp change in voltage with small changes in
lighting through minimal adjustments. To detect the white balls, a phototransistor and a
superbright white LED are set up in a reflector configuration (see Fig. 5 in Appendix E).
Both the phototransistor and LED are covered on the sides to prevent unwanted effects
from stray lighting and the whole arrangement is encased in a long covered tunnel to
provide reliably dark conditions. The phototransistor is also covered with blue filter
paper for reasons mentioned previously. The two items are positioned on the side of the
tunnel such that when a ball crosses in front of them, the light from the LED reflects off
of the ball and onto the phototransistor. At all other times, the phototransistor receives no
light. The voltage drop across the transistor is greater when it receives no light and
smaller when there is light incident on it. The circuit, shown in Fig. 2, therefore has the
phototransistor in series with a resistor with the useful signal being the voltage drop
across the resistor. A 100k trimmer potentiometer is used as the resistor so as to make
the signal adjustable as required for different lighting conditions. Increasing the
resistance increase the voltage of the signal. The signal is then fed into an op amp in
non-inverting amplifier configuration to make sure that the signal is at a suitable level to
trigger a high logic signal. Finally, the analogue signal is shaped into a digital signal by
the Schmitt trigger inverters. A pull-down resistor was necessary at the first inverter to
trigger the right logic levels. Using two inverters produces a positive square pulse when
white ping-pong balls rolls by the light sensor. This pulse is sent to the solenoid timing
circuit and also through a buffer to the PIC to be counted.

The last type of ball to be counted is the orange ping-pong ball. A few options were also
tested for this task. Among these were a discrete IR emitter-detector pair and a reflective
optosensor. It was thought that using IR sensors would eliminate the need to shield the
sensor from light. However, it was found that ambient visible light affected them too
much. Since it was apparent that this sensor would also have to be encased, the safe
option of using the same phototransistor and LED as for the white ball was employed.
Instead of detecting the reflection off of the balls, the two are positioned across from each
other so that when a ball rolls between them, the beam of light is broken and no light falls
on the phototransistor. The circuit (Fig. 2) is essentially the same, except that the
amplifier is not needed due to the large difference in voltage between the two signals.
The final signal needs only to be sent to the PIC.
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3.2.2 Actuators

The loading bin mechanism was changed twice during the course of the project.
Originally, there was a rotating paddle powered by a DC motor. Later, this was scrapped
in favour of a gate that was allowed to open when two linear solenoids retracted.
However, the solenoid did not have a long enough stroke. Finally, a servo motor
replaced this setup. The servo motor uses pulse width modulation to determine the arm
position. A different square pulse width is needed for each of the two arm positions.
Therefore, two NE555 timer chips are fed into a multiplexer whose select pin is
controlled by the PIC output signal (see Fig. 3). Depending on whether the signal is high
or low, the multiplexer lets through the input from one timer or the other. The resistor
connected to +5V and the capacitor connected to pin 6 are the parameters that affect the
pulse with. The calculations to determine the approximate value needed are shown in
Appendix B. The precise values were found by testing, with the resistances being varied.
Although the motor was tested using a 90° rotation, the final circuit produced a 180°
rotation, with the resistances shaping the pulse widths so that the motor reached the end
of its turning range at each position.

Also controlled by the PIC output signal is the DC motor used for spacing the ping-pong
balls. The circuit (Fig. 4) is simple and merely allows current to flow through the motor
at 5 volts when the signal is high. This is accomplished using a TIP122 transistor chosen
for its high power tolerance.

The rotary solenoid presented a more substantial challenge in terms of supplying power
and control. The solenoid would not work on any less than 24 volts, so both the +12V/-
12V lines were needed. A combination of an NPN and a PNP transistor is needed since
each transistor alone cannot handle a negative voltage (Fig. 5). A clamping diode is
needed to prevent voltage spikes. Another challenge was in causing the solenoid to open
for a set amount of time (about one second) based on a short pulse from the white ball
light sensor circuit. The solution was to use a oneshot NE555 timer circuit (Fig. 6). The
pulse trigger the timer via a TIP112 transistor and the timer subsequently sends out a
pulse of length determined by the timing resistor and capacitor to the solenoid.

3.2.3 PIC Interface

Keypad input is connected to the PIC through a circuit for the MM74C922N
keypad encoder chip. The circuit is shown in Fig.7. The keypad is connected by a ribbon
cable and the inputs A to D are connected to the appropriate pins on the PIC, also by
means of a ribbon cable. The pin assignments for the ribbon are given in Table 2 in
Appendix A. The output and inputs are connected to the PIC in the same way. Each
input and output has a 1k resistor in series to limit the current sunk and sourced by the
PIC port. An NE555 timing circuit in astable mode (Fig. 8) provides a short pulse to one
of the PIC pins every second. The calculations for the pulse width and frequency are
similar to those for the servo circuit.
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3.2.4 Power Distribution

A surplus AT computer power supply provides all the circuits and actuators with
power. Two of the +5V/GND lines are connected to two sets of circuits to power the
logic components and the motors. These two sets of circuits are also connected to each
other to ensure a common ground is established among all the circuits. The PIC
development board requires a separate +12V/GND line and the rotary solenoid uses a
+12V/-12V line.

3.3 SUGGESTIONS FOR IMPROVEMENT

The actuators are the components that could use the most improvement. The
servo motor circuit did not work as well as it did on its breadboard prototype, but there
was insufficient time to remedy the situation. As the result, the motor control was
adequate, but the angle control could have been better. The DC gearhead motor circuit
also suffered from time restrictions. The circuit used is sufficient, especially considering
that the motor almost never runs for more than 30 seconds straight. However,
introducing pulse width modulation through a 555 timer would have allowed for speed
control.

There is also a minor problem with interference on the PIC. On occasion, the display
flickers after the operation is finished to show a different ball result even when the
keypad remains untouched. The most effective ways of minimizing this were the
addition of buffers on certain input lines and grounding unused pins in ports A and C.
However, this did not completely eliminate the problem. An improvement for the future
would be to find a way to fix the problem so that the display becomes stable.
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CHAPTER 4: PIC Microcontroller Subsystem
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4.1 ASSESSMENT OF THE PROBLEM

The ball sorter machine is expected to inform the user of the sorting statistics (the
total number of balls, number in each category and the overall operation time). The user
has to be able to communicate with the machine through a keypad to start the machine
and to review the sorting statistics. Also, the machine has to stop after all the balls are
sorted. Therefore the problems are: how to implement the timer that can display the
operation time, how to count number of balls, how to store the information so the user
can review the statistics after the balls are sorted and when and how to stop the operation.

4.2 SOLUTION

A device is needed that can be programmed to control the machine intelligently
and store the sorting statistics. For the complexity of the problem, a microcontroller
would be an ideal choice because we are targeting for a particular application and it is
cheap and consumes little power.

A PIC16F877A was used as the microcontroller with a 16x1 LCD display and a 4x4
keypad as the interface between the machine and the user. The keypad is connected to the
PIC through the MM74C922N keypad encoder. When the user presses the “start” button
on the keypad, the PIC will send a signal to the circuit to start the machine. Once the
“start” button is pressed, the timer begins. We build a timer circuit with a 555 timer that
sends signals to the PIC every second. The PIC then displays the number of signals
received on the LCD as the operation time. There are also counters such as switches that
send signals to the PIC when the balls trigger them. The PIC then stores the number of
signals received from each counter. Once the machine is stared, the PIC will wait for
signals from the counters for 15 seconds. If no signal is sent in 15 seconds, the PIC sends
a signal to the circuit to stop the operation and displays the “finish” message on the LCD.
On the other hand, every time the PIC receives a signal, it will reset the waiting time to 5
seconds. After the waiting time, PIC sends a signal to stop the operation and display
“finish” message on LCD. At this stage, the user has access to information (total number
of balls, number in each category and the overall operation time) stored in the PIC
through the keypad and the LCD.

1. 421 Timer:
The timer circuit is covered in detail in the circuit subsystem section.

2. 422 LCD connection:

The standard 16x1 LCD has a 14-pin interface: 8 data lines (Do to D7), 3 control
lines (RS, W/R, E), and 3 power lines (Vpp, Vss, Vee). Vop (pin 2) and Vss (pin 1) are
the module’s positive and negative power supply leads. Vee (pin 3) is the display
contrast control. A potentiometer placed between supply voltages, with its wiper
connected to Vg, allows for manual adjustment of the contrast of the display. Dy to
Dy (pin 7 to 14) are the data bus lines. The LCD is connected to the PIC through 4-bit
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data transfer mode. Therefore, only four data lines (D4 to D7) are used. The data is
sent to the PIC as two 4-bit numbers.

When RS (pin 4) is low, data types transferred to the display are interpreted as
commands such as clear display. When RS is set high, character data can be
transferred to the display. For this project, we only need to write to the display, so the
R/W is set low. In order to send data to the display successfully, the E (enable control
input) line is also needed. When writing to the display, data on the D4 to Dy lines is
transferred to the display when the enable input receives a high-to-low transition.
Therefore, one subroutine for writing commands and one subroutine for writing data
to the display are needed. For both subroutines, a short high-to-low transition for the
E line is given.

. 423 Keypad connection:

The 4x4 keypad is connected to the PIC through an encoder. The MM74C922N
translates the pressed key on the keypad into a 4-bit binary number, which is then sent
to PORTA (RAO to RA3) of the PIC. Based on the binary number received, the PIC
responds accordingly. The encoder assumes that the keys of the keypad are labeled
from 0 to 15 starting with 0 at the 1% row and 1% column and ending with 15 at the 4™
row and 4™ column.

. 424 PIC:

The program contains three main sections. The first part is to wait for the user to
press the start button to start the machine. After the machine starts, the program
moves on to the next section. In the second part, the PIC polls the timer circuit and all
the counters and stores the numbers of signals received from each counter and the
timer. If the PIC receives no signal from the counter for a period of time, the program
will exit this part, display “finish” on the LCD and moves to the last section. The last
section of the program is just a loop that waits for the 4-bit binary numbers from the
keypad encoder. According to the request from the user, the PIC sends the data to the
LCD to display the sorting statistics.

Pins Function Pins Function
RAO RC4 White ping-pong
ball counter
RA1 Takes input from RC5 Orange ping-pong
the keypad through ball counter
RA2 the encoder. RD2 RS line for the
LCD
RA3 RD3 E line for the LCD
Receives signal
RCO from the timer RD4
circuit. Data lines for the
RC1 Tennis ball counter RD5 LCD
RC2 Golf ball counter RD6
RC3 Squash ball counter RD7
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4.3 SUGGESTIONS FOR IMPROVEMENT

The program we have now can only hold information for one run. The machine
has to be reset for the next run and the information would be lost. One improvement that
can be made is to make the display hold a longer log (of the previous operations) with
more information. For example, after 3 runs, the user has access to the sorting statistics
for the 3 individual runs.

Also, once the emergency button is pressed, the machine stops, but all the information is
lost too. It could be re-designed so that even when the operation is interrupted, the PIC
will retain the information. This way, enables us to know how many balls have been
sorted and how long the machine had operated before it was stopped.
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CHAPTER 5

Integration, Improvement suggestions, Limitations, Conclusions, Results

28



5.1 INTEGRATION

Integration proved to be a bigger challenge than initially thought. Throughout the stages
where all three subsystems were coming together, it was found that several major and
numerous minor changes had to be made to keep the machine accurate to design
specifications. These stages of integration, along with problems and solutions are
presented here.

1. 5.1.1 Circuit mounting on machine frame: Individual circuit boards were
screwed onto larger coroplast® corrugated plastic sheets, which were then fixed to
the metal frame of the machine. The plastic sheets were attached only to one side
of the machine to give it an organized look.

2. 5.1.2 Loading bin: Although it was initially proposed that a 6V D.C motor
would be used to operate the door of the loading bin, it was later found to be
ineffective because of frequent jamming of balls. This D.C motor was then
replaced by two linear 12V solenoids, each one placed on either side of a re-
designed loading bin. When powered, the solenoids would retract and let a flap be
freely opened by the balls. However, this idea, although better than the previous,
could not give 100% efficiency because the combination of solenoids did not have
enough force to retract against the weight of 20 assorted balls (estimated at
0.6kgs). Applying oil could not solve the problem because of point source
contact. A third solution, which worked beautifully, was to use a servomotor
(HS311 standard) to block the gate. When powered at 5.0 V, it had sufficient
torque (rated at 3.0 kg.cm) to move against the weight of the assorted balls.

3. 5.1.3 Contact switch placement: Contact switches had to be positioned with
great care because they provided the basis of counting when a ball rolled over

< them. For tennis, golf and squash, the
proposed idea was to use switches with
a lever (longer lever for tennis, shorter
Ly g . for golf and squash), which when
QIR IOV o with rolle pressed, send a signal to the PIC to
register a count. There was the obvious
problem of balls not clicking the lever.
The solution implemented was to use
A the same type of switches, but with

Switch with longer lever little rollers at the tip of the levers to

ensure  better clicking  contact.
Figure showing the old switches on the left and the new switch on the right of the arrow
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4. 5.1.4 Integration of colour sensor box: Two pairs of white LED and
phototransistor had to be placed inside the box. One pair was be used to detect
colour and activate the rotary solenoid, while the other pair was used to count
orange ping-pong balls. The whole box itself had to be positioned at an incline so
that the ping-pong balls going inside had the correct speed to be detected by the
sensors. A hole was cut on the bottom of the box to place the arm of the rotary
solenoid. A paper flap was attached to this arm. Different kinds of paper were
used to make the flap which would open for white ping-pong and remain closed
when an orange ping-pong was detected. Black construction paper was finally
agreed upon, with its edges strengthened with tape.

5. 5.1.5 PIC integration: The PIC development board, LCD display, and keypad
were mounted easily on a piece of corrugated plastic. Integration with the circuits
and the microcontroller was straightforward. The main tasks were to power the
PIC development board, connect the inputs and outputs to the proper pins, and
connect the keypad and LCD display to the PIC development board. A simple
DC plug was used to connect the development board to a +12V/GND line. A
double row header strip with a total of 34 pins that the main data bus can connect
to is soldered onto a circuit board. That way, the inputs and outputs can be
connected to that circuit using detachable molex connectors. Small series
resistors are located on each input and output line to limit the current reaching the
PIC, since there is a limit on the amount of current each port can sink or source.
Also, each input or output line leads to either a 4050 buffer or logic chip, adding
another line of protection for the PIC in case of a current surge. On the same
circuit board is another double row of pins for the keypad to hook up to using a
ribbon cable. The inputs from this are used in the keypad encoder circuit. The
LCD display is also connected to the development board using a ribbon cable.
The single row of pins on the LCD display had to be connected to a double row of
pins of the development board.

The main problems in integration of the PIC and circuits involved the input pins.
It was found that the counts for the balls was not always accurate, and that
sometimes one input signal would remain high for the entire time. This was
remedied by placing buffers on the white and orange ball signal lines to keep the
signals as close to ground voltage as possible when the signal was low. Another
major problem was erratic behaviour of the program, as identified by
unpredictable microcontroller program erasure and flickering of the display. It
was deduced that the LCD display connection was fine and that the problem was
with the PIC itself. The problem was also reduced by use of the buffers.
However, the flickering problem was still an issue. Power lines nearby were
twisted and placed away from the PIC circuit. Also, the unused pins in ports A
and C were grounded. This went a long way in reducing the flickering problem,
although it stills showed up every once in a while. This problem prevented the
use of the reset option originally planned for the microcontroller program since
unpredictable flickering sometimes resulted in premature reset of the program.
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Not only would eliminating the problem improve the post-operation display, it
would allow the reintroduction of the reset function.

5.1.6 Ping-pong rate control: Numerous non-electrical ways were tried to
increase the separation of the ping-pong balls going into the colour sensor. These
ranged from putting more ramps before the colour sensors to making minute
adjustments to try and make ping-pong balls spin down from the ramps rather
than drop down. However, these methods only produced moderate success. A
solenoid was then decided upon. Controlling the solenoid activation at a specific
rate would allow one ball through at the specified rate. However, solenoids suited
for this job were sold out at Active Surplus. A final decision was taken: use a D.C
motor with gears to achieve the required speed. This idea was vaguely similar to
the feeding mechanism of the coin sorter from Assignment 1. Reverse
engineering.

Refer to appendix D, fig.4

5.1.7 Debugging: Program code was modified slightly when the PIC was found
to stop too early, mid-way through sorting. The delay between last ball count and
program termination was increased from 4sec to 5sec. Moreover, if no balls were
put in and the program was started, the PIC would terminate after 15seconds. This
allowed termination in the unlikely event of mass jamming early on.

5.1.8  Testing: When the machine was tested with 20 assorted balls, there were

numerous problems relating to jamming, flying balls and mis-sorting.

« To correct this, the first ramp was made slightly steeper and wider so that two
tennis balls rolling side by side did not jam. The space where all the smaller
(golf, squash, ping-pong) balls were collected after tennis had been sorted was
made larger. This allowed any fast-moving ping-pong ball to be collected
even when a tennis ball was pushing it.

« The ramp configuration leading to the collection of golf balls had to be
modified. A file was used to trim down the dowel height.

« Higher walls had to be put in place along the ramps to prevent balls flying.

« The colour sensor had to be calibrated several times to accommodate the
changes in the other parts of the machine.

« Various other trimming, filing and modifications were made to improve
accuracy of counting and sorting.
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5.2

SYSTEM IMPROVEMENT SUGGESTIONS

Instead of the collecting ramp for squash, a slide would be better because
squash balls are sticky. On the first run during the competition, two squash
balls, already sorted, just had to drop into their collecting bins, but got stuck to
each other on the ramp.

Incorporating a reset function on the keypad rather than using the reset button
on the PIC development board would make it more user-friendly.

On an aesthetic note, different, eclectic materials were used for the same
reason, e.g., to make boundary walls to prevent balls from flying out. These
walls could be made of the same material to give a clean, uniform look to the
machine.

More than 20 balls could easily sorted with 1 servomotor blocking the gate.
However, this can be extended to two servomotors, which would place less
stress on each individual servo, thereby prolonging the servo’s life. Moreover,
the existing design can be extended so that the loading bin is a two-stage
mechanism, whereby half the balls in the loading bin get sorted when the first
servo opens, and a few seconds later, when the second servo opens the rest of
the balls are released.

Enclosing circuits so that they are not exposed.

Using thicker construction paper for the colour sensors. On the second run
during the competition, the sorting was almost perfect, except that an orange
ping-pong got sorted into the white collecting bin. This was because of direct
sunlight shining on the colour sensor box, possibly messing up the calibration.

Incorporating memory into the PIC so that information from one run can be
stored and referred to a short while later. I.e., a second run would not erase the
previous data.
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5.3 LIMITATIONS AND RESTRICTIONS IMPOSED BY CURRENT
METHODS

While all other sorting stages of the machine are done in parallel, there is only
one colour sensor box. This causes ping-pong balls to be delayed as they wait
to be sorted one-by-one. Having another set of colour sensors could improve
this delay, but this makes the machine that much more expensive.

The current method for counting tennis, golf and squash balls is by using
switches with a roller attached at the tip (see integration section). This
requires the ball to roll such that the switch is pressed as the ball goes over it.

Solenoids drain too much power and could only be used sparingly on the
machine.

The PIC can now only hold data from one run which is lost in case of power
failure. Moreover, when the emergency stop is pressed, all information is lost.
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5.4 CONCLUSIONS

The goal of this project was to build a working prototype of a machine that could sort
balls of different sizes and colours (tennis, golf, squash, orange and white ping-pong).
Within the proposed constraints of cost, power and weight, a first machine was designed
and partly constructed but it was found to be over the 10kg limit. Following this, a new
design that retained parts of the old design and incorporated newfound knowledge was
created. This new machine, at 7.3 kg, sorted two balls in parallel, compared with the one-
by-one sorting of the first machine. This cut down running time in half.

Utilizing the force of gravity to drive the balls minimized the number of moving parts.
This increased simplicity, reliability, ease of construction, and cost effectiveness. Sorting
the balls by size is the fastest and simplest method. However, since the ping-pong and
squash balls are the same size, this method was applied to sort out the tennis and golf
balls only. Because a squash ball is many times heavier than a ping-pong ball, they were
easily separated by weight using rubber bands. Finally, using a colour sensor separated
the white and orange ping-pong balls.

However, using gravity to drive the balls meant the user had no control over them. This
somewhat limited the sorting and caused occasional mis-sorting.

5.5 RESULTS

The machine sorts balls fast and is lightweight at 7.3 kg. Because of the parallel sorting
mechanism, the machine is able to sort 20 balls in well under 30 seconds. During the
competition, the first run was clocked at 20 seconds and the second run was 19 seconds,
which were relatively faster than other machines present there. The large capacity of the
loading bin allows more than 20 balls to be sorted, with that number higher if using
smaller balls only. The contact switches work perfectly with the circuits but a count may
be missed if the switch is pressed too quickly in succession. Even with a debouncer
circuit, this problem could not be solved. However, in typical runs, the distance between
balls is sufficiently great that they are properly registered.
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6.3  Appendix A — Pin Descriptions

Circuit Connector Descriptions

Connections are split up into the actual physical circuit boards on which each connection
was located. All board-to-board connections were made using 2 or 3 pin small molex connectors
which were detachable. Pictures of circuit boards can be found in Appendix E.

PIC Circuit Board (see Fig. 6)

1) +5V/GND in from power supply

2) +5V/GND out to DC motor circuit

3) +5V/GND out to switch debouncer circuit

4) signal in from tennis ball debouncer (RC1)

5) signal in from golf ball debouncer (RC2)

6) signal in from squash ball debouncer (RC3)

7) signal in from white ping-pong ball counter(RC4)
8) signal in from orange ping-pong ball counter(RC5)
9) signal out to DC motor circuit (RC7)

10) ribbon cable connected to keypad

11) ribbon cable (data bus) connected to PIC development board

DC Motor Circuit Board (see Fig. 6)

1) +5V/GND in from PIC circuit

2) +5V/GND out to servo motor circuit
3) signal in from PIC circuit (RC7)

4) signal out to servo motor circuit

5) DC motor leads

Servo Motor Circuit Board (see Fig. 6)
1) +5V/GND in from DC motor circuit
2) signal in from DC motor circuit
3) +5V/GND and signal out to servo motor
Switch Debouncer Circuit Board (for tennis, golf, squash) (see Fig. 9)

1) +5V/GND in from white ping-pong ball signal circuit
2) +5V/GND out to PIC circuit
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3) C/NO/NC in from tennis ball switch

4) signal out to PIC circuit (RC1) for tennis ball counter
5) C/NO/NC in from golf ball switch

6) signal out to PIC circuit (RC2) for golf ball counter

7) C/NO/NC in from squash ball switch

8) signal out to PIC circuit (RC3) for squash ball counter

White Ping-pong ball Signal Circuit Board (includes rotary solenoid timing circuit, see Fig.
7)

1) +5V/GND in from power supply

2) +5V/GND out to phototransistor circuit

3) +5V/GND out to switch debouncer circuit

4) +5V/GND out to rotary solenoid circuit

5) signal in from phototransistor circuit

6) signal out to PIC (RC4) for white ball counter
7) signal out to rotary solenoid circuit

Phototransistor Circuit Board (include phototransistors and LEDs, see Fig. 7)

1) +5V/GND in from white ping-pong ball signal circuit
2) signal out to white ping-pong ball signal circuit

3) signal out to PIC (RC5) for orange ball counter

4) white ping-pong ball phototransistor leads

5) white ping-pong ball LED leads

6) orange ping-pong ball phototransistor leads

7) orange ping-pong ball LED leads

Rotary Solenoid Circuit Board (see Fig. 8)
1) +5V/GND in from white ping-pong ball signal circuit
2) +12V/-12V in from power supply

3) signal in from white ping-pong ball circuit
4) rotary solenoid leads
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PIC Connections

The PIC inputs and outputs were connected through a 34-pin data bus, with the locations

of each pin on the PIC circuit board shown below. Descriptions of each pin are also shown

below

RC6 | RC4 | RC2 | RCO

RA4

RA2

RAO

RC7 | RC5 | RC3 | RC1

RA5

RA3

RA1l

Microcontroller Data Bus Pin Descriptions

Table 1

Pin Connection

RCO PI1C second timer

RC1 Tennis ball counter

RC2 Golf ball counter

RC3 Squash ball counter

RC4 White ping-pong ball counter
RC5 Orange ping-pong ball counter
RC6 Grounded

RC7 Signal out to DC and servo motor circuits
RAO Data A on keypad encoder
RAL Data B on keypad encoder
RA2 Data C on keypad encoder
RA3 Data D on keypad encoder
RA4 Grounded

RAb Grounded

RD?2 RS line for the LCD

RD3 E line for the LCD

RD4-RD7 | Data lines for the LCD
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LCD Display Pin Descriptions

Table 2

Pin functions

Pin

1

)

£ Tar b

]

Name

Function

Ground
+ Supply
Contrast
Register Select
Read/'Write
Enable
[Data bit 0
Data bt |
Data bat 2
Data bat 3
Data bit 4
Data bt §
Data bit 6

Data bt 7

Keypad Encoder Circuit and Pin Descriptions

Fig. 1
10C
MN7ac922 -
xa KBM
X3
nﬁ
X2
B p——--—--
— x1 :
———————————
ij2y1]o0 Y1
o p———————>
116|154 Y2
DA
E|lAflols Y3
Flejojc Y4
USCI (1]3
T
- 1/6 74C04

TO DATA BUS

DATA AVAILABLE

ROW Y1 —1
ROW ¥2 =2
ROW Y3 —3'

HOW Y4 —
DSCILLATOR —5-
KEVBOUNCE MASK —
COLUMN Xé =
COLUMN X3 —

GND _J

@

MM74C922N

p— Vcc
— DATA OUT A
L& pataours
&
pe DATA QUT C
-i DATADUT D
1
L2 quTPUT ENRBLE
1
-’— DATA AVAILABLE
1"
L COLUNN X1

kL COLUMN X2
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PIC16F877 Tables

Table 3. Complete pin-out description. (cont’d on next page)

DIP | PLCC | QFP | vOP Buffer
l_'ln Name Pind Ping Pin® | T T . Description
— e ——
OSCICLKIN 13 14 30 ! ST/CMOS | Osclllator crystal input/external clock source input.
OSC2CLKOUT 14 15 N (o] - Oscilator crystal culput. Connects o crystal or resonalor in
eryetal oscillalor mode. In RC mode, OSC2 pin culputs CLK-
OUT which has 1/4 the frequency of OSC1. and denotes the
Instruction cycle rate.
MCLRNVPRITHY 1 2 18 w ST Master chear (reset) input or programming voltage Input of high
' voltage test mode control. This pin is an active low resel 1o the
device,
PORTA is a bi-directional VO port.
RAQIANO 2 3 19 | vo TTL RAD can also be anslog inputd
RA1/AN1 3 20 Vo TTL RA1 can alsa be analog input!
RA2IAN2AREr- 4 21 Vo TTL RAZ can sls0 be analog input2 or negative analog
reference voltage
RAZJANIVREF+ [ ] 6 2 Vo Tm RA3 can also be analog input3 or posifive analog
reference vollage
RA4/TOCKI 6 7 23 o sT RA4 can also be the clock input lo tha Timer0 timer/
counter. Output is open drain type.
RASSSIANS 7 8 24 o ™ RAS can also bo analog inputd or the slave salect for the
synchronous serial port,
programmed for infernal weak pull-up on all inputs.
RBOANT a3 36 8 o TTULSTY RBO can also b the external interrupl pin,
RB1 34 7 9 o T
R82 s 38 10 Vo T
RBIPGM 38 39 1 Vo L RB3 can also be the low vollage programming input
RD4 37 41 14 e} T Interrupt on change pin.
R8BS a8 42 15 o TTL InterTupt on change pin.
RBGPGC 39 a3 16 Vo TTUST® Interrupt on change pin or In-Circuit Debugger pin. Serlal
programming clock.
RB7/PGD 40 44 17 o TTUSsT® Interrupt on change pin or in-Circuil Debugger pin. Serial
programming data.
PORTC Is a bi-directional /O port,
RCOT10SOITICKI 15 16 a2z o ST RCO can also be the Timer! oscilator output or a Timert
clock input.
RC1/T10SIICCP2 16 18 35 wo ST RC1 can also be the Timerl osclllator input or Caplure2
“ inpul’Compare2 outputPVWM2 outpul.
RC2/CCP 17 19 3% | W ST RC2 can &iso be the Caplurel input/Compare? cutput/
PWIM1T outpul.
RCA/SCK/SCL 16 20 a7 o ST RC3 can also be the synchronous serial clock input/output
for both SPI and I°C modes.
RCA/SDUSDA 23 42 Vo sT RCA4 can also be the SPI Data In (SP1 mede) or
data VO (°C mode).
RCS5/SDO 24 26 43 Vo ST RCS can also be the SPI Data Out
(SPI mode).
RCETXI/CK 25 v 44 {e] ST RCS can also be the USART Asynchranous Transmit or
Synchronous Clock.
RC7/RX/DT 26 29 1 o 8T RCT can also be the USART Asynchvonous Receive or
Synchronous Data,
Legend: |=input O = output O = inputfoutput P = power
— = Not used TTL =TTL inpast ST = Schmit Trigger input

Note 1: This buffor is a Schmitt Trgger inpud when configured as an external interrupt.
2: This buffer Is a Schinitt Trigger inpul when used in serlal programming mode,
: This buffer is a Schimitt Tiigger input when configured as general purpose O and a TTL input when used In the Paraliel Siave
Port mode (for intarfacing 10 a microprocessor bus),
4: This buffer is a Schmitt Trigger input when configured in RC oscilator mode and 8 CMOS inout etharwise



oip PLCC QFP | VOP Butfer
Pin Name Ping Pindt Ping | T T Description
PORTD is a bi-diractional U0 port or paraiel slave port when
interfacing 10 a microprocessor bus,
RDODPSPO 19 21 38 Vo sTTL
RDVPSP1 20 2 30 vo sTTTL
RD2/PSP2 24 23 40 o sSTTTLE
RDJPSP3 2 24 41 Vo sSTATLR
RD4/PSP4 an 0 2 vo STTTL®
RDS/PSPS 28 )| 3 Vo sSTTTL®
RDEPSPE 29 a2 4 | vo | stmn®
RDTIPSPY 30 n 5 o sTATL®
PORTE i3 a bi-giractional VO pont.
REORD/ANS 8 9 25 W | staTLY REOQ can a!so be read control for the parsiiel slave port, or
analog inputs.
RE1SWRIANG 9 10 26 vo STTLY RE1 £an also be wrile control for the parallal siave port, or
analog inpul.
RE2/ICEIANT 10 " 27 v | stTn® RE2 can also be select control for the paraliel slave port,
or analog npuld.
vas 1231 13,34 6,29 P - Ground referenca for logic and VO pins.
Voo 1132 1238 | 728 | P - Positive supply for logic and YO pins,
NC _— 117,28, | 12,13, - These pins are not internally connected. These pins should be
40 33,34 left unconnacted,
Legend: |=input O » oulput MO = inputioutput t P =power
— = Not used TYL = TTL input ST = Schmitt Trigger input
Note 1: This buffier is & Schmitt Trigger input when configured as an external interrupt.

2: This buffar is @ Schmitt Trigger input when used in serial programming mode.

3: This buffler is a Schmill Trigger input when configured as general purpoge YO and a TTL input when used in the Paralie] Slave
Port moda (for interfacing to & microprocessor bus).

& Tiis buffor s a Schmitl Trigger input when configured in RC esdllater made and a CMOS input olherwise.




Table 4. Mnemonics for programming the PIC16F877

Mnemenie, 14-Bit Opcode Status
Operands vescription Cycles oh Lsp | Affected Notes
BYTE-ORIENTED FILE REGISTER OPERATIONS
ADDWF f.d Add W and f 1 00 0111 dfff fe¢fe| CDC2Z 12
ANDWF f.d AND W with | 1 00 D101 d4rfr f£rff Z 1.2
CLRF i Cloar f 1 00 0001 1f£f £££f Z 2
CLRW - Clear W 1 00 0001 Oxxx Xxxxx Z
COMPF Id Complement f 1 00 1001 dafff ffff Z 12
DECF f.d [Dacramentf 1 00 NN11 AFFF FRFF 7 12
DECFS2 f.d Decrement I, SKip it 0 1(2) 00 1011 drer rree 1,23
INCF f.d Incrament | 1 00 1010 drff LCEf 4 1.2
INCFSZ f,d Increment f, Skip it 0 1(2) 00 1111 dEE£f frfe 1,2,3
IORWF f.d Inclusive OR W with | 1 00 0100 dfff frff 2 12
MOVF Id Mowva 1 00 1000 AFFf fEEF z i0
MOVWF t Move Wto 1 00 0000 1fff ffre
NOP - No Operation 1 00 0000 Oxx0 0000
RLF f,d  |Rotate Left f through Camry 1 00 1101 arer e c 12
RRF f,d Rolate Right f through Carry 1 00 1100 dfff f££f£f c 1.2
EUBWF f,d Eubtract W from { 1 00 o010 JrLL frrc| CDCZ 1.2
SWAPF f,d Swap nibbles in { 1 00 1110 d4fff ffff 12
XORWF f.d Exclusive OR W with 1 1 00 0110 dfff ffff b4 12
BIT-ORIENTED FILE REGISTER UPEHAIIUNS
BCF L Bil Cluar 1 | ¥l VLB brit titt 1.2
BSF f,b Bit Set [ 1 01 01bb bELEf EEfE 1.2
BTFSC i,b Bit Test f, Skip if Clear 1(2) | 01 10bb befr fref 3
ATFSS f.h Bit Tast f, Skip If Sat 1(2) | 03 11k bEFE £FEF 3
LITERAL AND CONTROL OPERATIONS
ADDLW k Add literal and W 1 11  111x kkkk kkkk| G,DCZ
ANDLW K AND literal with W 1 11 1001 KKKk Kkkk r 4
CALL K Call subroutine 2 10 Okkk kkkk kkkk| __
CLAWDT - Clear Watchdog Timar 1 00 0000 0110 0100| TO,PD
GOTO k CGo to addrass 2 10  1kkk kkkk kkkk
IORLW K Inclusive OR literal with W 1 11 1000 kkkk kkkk z
MOVLW K Move literal to W 1 11 ooxx kkkk kkkk
RETFIE . Raturn from intarmipt 2 nn Anan  onnn 1001
RETLW k Return with literal in W 2 11 01xx Kkkkk kkkk
NETURN - Aeturn from Subrouting 2 00 0000 0000 1000|
SLEEP . Go Into standoy mode 1 00 o000 0110 ooll| TOPD
SuUBLW K Subtract W from literal 1 11 110x kkkk kkkk| C,DC2Z
MORLW k Exclugive OR litaral with W 1 11 1010 ldedede  Jeledeke 4

Note 1: Whan an VO register is modified as & function of its&ll { &.9.. MOVF PORTE. 1), the value used will ba that valus prasant
on Ihe ping themselves. For éxample, il the dala laich is "1 for a pin cenfigured as input and Is driven low by an exiernal
device, the data will be written back with a '0".
2: It this instruction Is executed on the TMRO register (and, where applicable, d « 1), the presealer will be clearad if
assigned to the Timerd module.
A+ If Pragram Caounter (PC) is modified, or a conditional @5t Is trua, the Instruction requires two cyclas. The second cycle is
axecuted as a NOF.



6.4 Appendix B — Sample Calculations

Calculation for servo motor torque required

Total mass= 5809 = 0.58kg

Safetyfactor =1.3

Mass,M = 0.58x1.3 = 0.754kg

Lengthof servoarm,L =3.8cm

Torque acting onservo = ML = 2.87kg.cm

To operate 20 Tennis balls, 7., =20x0.06kg x3.8cm = 4.6kg.cm

reqd

Calculation for servo motor pulse width

Centre position requires a pulse width of 1.5ms (tyign) and 50Hz refresh rate. This works

out to a period of 20ms or less. Then, tjow<18.5ms.
According to formulas 1 and 2 given in the introduction:

thigh = 0.693CR; = 1.5x 10°s = R, =2.2kQ
tiow = 0.693CR; < 18.5x 107%s = R, <26.7kQ

R, is connected to +5V and R; is in parallel with the diode.
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6.5 Appendix C — Circuit Schematics

+5V
RS Latch
1= 4
RS ok QX
R4 X348l 20775 M <]
1k X—— 182  3Q [z X 1k
NO 1k 5 | — 4Q ——X signal out to PIC
¢ 2R
C 6 2S
x% 3R x3 One each for tennis, golf, and squast
3s1
x1113s . )
NC 1 | — Tennis: signal out to RC1 on PIC
& 15|48 Golf: out to RC2
= GND 4s
- Squash: out to RC3
74LS279

Fig. 1. Switch debouncer circuit, adapted from page 5-49 in the course notes’.

LED circuits Orange Ping-pong Ball Phototransistor Circuit

+5V
+5V

CL138 phototransistor
AN Y

2 3 | 2 < orange ball signal out to RC5 on PIC

Superbright white LED 741514 Schmitt trigger inverter 4050 Buffer

“~

100K trimmer potentiometer

= GND
x2 One each for white and orange ball sensors =GND

White Ping-pong Ball Phototransistor Circuit

+5V

CL138 phototransistor

N LM358 Op Amp (non-inverting amplifier configuration)

3 | 2 < white ball signal out to RC4 on PIC

100K trimmer potentiometer
4050 Buffer

< "signal out to solenoid timing circuit

Fig. 2. Colour sensing circuit. Op amp portion taken from page 5-60 in the course notes®.
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IN4148

< signal out to servo motor

< signal in from RC7 on PIC

+5V +5V
2.4k NE555 Timer 100 ohms NE555 Timer
—W\ — W\
Q 4 (6]
Y rriceed L rriees
—=—{ RESET OUTPUT [ “—=—{ RESET OUTPUT [
100k IN414 100k
0o % CONTROL 8 0o % CONTROL
= THRESHOLD = THRESHOLD
DISCHABGE DISCHABGE
(O] (O]
| |
1000nF == = 10nF 1000nF == == 10nF
\L 1A
S v |4
2A
28 2v X
3A
B 3y X ) | 3
4A MV
B ay R
1k
15| srrRoBEG]
1 SELECTAA 4050 Buffer

GND

2 to 1 Multiplexer

7418157

Fig. 3. Servo motor driver circuit. NE555 timer circuit taken from page 5-51 in the course notes®.

+5V

signalinfromRC7onPIC [ >\ 3
1k

4050 Buffer

Fig. 4. DC motor driver circuit

DC Motor

TIP122



+5V -12v
A A

7404 NOT gate
signal in from timing circuit
(S 1 2 A " TIP30
10k
10k
10K TIP122
2
24V rotary
. IN4004
solenoid A 4
1
Vv
+12V

Fig. 5. Rotary solenoid driver circuit. Adapted from Seattle Robotics message post’.

+5V
A
100k timing resistor
AANA NE555 Timer
Q
00K 2 TRIGGER 3
5 RESET OUTPUT ———< signal out to rotary solenoid
6 CONTROL
I 7 THRESHOLD
100k § ® DISCHA@GE
100nF o
-l g
' — 10nF
TIP112 -
D |: 1000nF timing capagitor

signal in from white ball phototransistor circuit ]

GND

Fig. 6. Rotary solenoid timing circuit. Adapted from “1Second Oneshot Monostable Oscillator

228
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' jaCnF
-_-j:]‘HIUC

Encoder
MM74C922 = ND
x4 KBM
x3 ©
Bp————> RAL
L X1 s e TGPK
3jzf1]o Y1 RA2
AL R i e il
Blalsls Ya DA DATA AVAILABLE
FlEjn|c Yag |3
Keypad osc § OE
g 10nF Ic Il ]
2 1/6 74C04
GND NoT Gate

Fig. 7. Keypad encoder circuit. Taken from page 7-38 in the course notes’.

9

+5V
A
NE555 Timer
W
6.7k
\ 4 (@)
Y rricees 3 3 )
L={ RESET OUTPUT to RCO on PIC
IN4148 130k g RESET O
= THRESHOLD
D'SCHA%GE 4050 Buffer
L
0.01lmF ==
= 10nF

=GND

Fig. 8. PIC timing circuit. Similar to servo motor circuit.



6.6  Appendix D — Machine Schematics
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Fig. 1. Sketch of the entire machine.
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Fig. 2. The loading bin.
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Fig. 3. The servo motor
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Fig. 4. The DC gearhead motor.



6.7 Appendix E -- Photographs

Fig. 1. (left) The machine in its entirety.

Fig. 2. (right) The loading bin with servo motor-controlled gate.

Fig. 3. Elastic bands allow squash balls to drop while ping-pong balls pass over.
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Fig. 5. Colour sensing tunnel. White ball LED and phototransistor on the left, orange ball sensor on the
right, rotary solenoid flap in the middlle.
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Fig. 7. Lower cluster of circuits. Left: white ping-pong ball processing circuit. Right: Light detecting
circuit.



Fig. 8. Rotary solenoid circuit.

-—

* 8 & 2 * 0 s & & & & g 3

Fig. 9. One third of the switch debouncer circuit.
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6.8 Appendix F — Standard Operating Procedures

Tools and supplementary materials required: chip puller and replacement PIC16F877A

Warning: Please follow the exact operation procedure to prevent damage to machine

1.

2.

3.

10.

Plug in the power supply cord into a regular 110VAC 60Hz wall socket. Make
sure your hand is dry to prevent injury from electrical shock!
Turn on the master power switch connected to the power supply. At this point,
the servomotor, rotary solenoid and DC motor may move momentarily.
Before loading any balls:
« Ensure that the servomotor is blocking the gate with the shaft attached
to it in upright position.
« Ensure that the display on LCD reads: “Press D”. If instead, there
appear to be square blocks on the screen, proceed to step A below.
« Ensure that the collecting bins are placed in their correct positions, as
marked on the machine.
Put up to a maximum of 20 assorted balls of the following types: Tennis, Golf,
squash, white and orange ping-pong balls. Recommended squash ball type is
the blue-dot model.
Press ‘D’ only when steps 1-4 have been strictly observed. Pressing D starts
sorting.
Wait for the display to read ‘Finished’. Typical operation takes less than 30
seconds.
To get the count of each ball type, follow the legend provided below.
To run a second time, toggle either the Reset button shown on the diagram
below or the main power switch.
When not in use, store away from moisture.
If machine encounters other problems, call the toll-free number provided for
phone support.

Troubleshooting Instructions

A. If LCD screen displays blocks or nothing, turn off the power switch and unplug it
from the wall socket. Locate the PIC development board on the underside of the
keypad console. The diagram on the right shows what a PIC development board
looks like. Using the chip puller provided, gently pull the PIC free of its board.
Insert a new PIC that shipped with the product. Ensure correct position of PIC.
Pin #1 is marked.

Reset

Legend:

D: Start Operation

: Tennis count

: Golf

: Squash

: White Ping-pong

: Orange Ping-pong
: Total ball count

: Total running time

oI, WN R

PIC development board, with PIC on bottom right



6.9 Appendix G — Microcontroller Algorithm and Code

Fig. 1. Flowchart illustrating the microcontroller algorithm.

wait for the start button on the
key pad to be pressed

olling the olling th olling th
~ pofling input from the input from the
input from the . .
: L Tennis ball White ping-
imer circui
counter g counter
+ + +

increment the
timer variable

increment the
number of tennis
ball

increment the increment the
number of golf number of squash
ball ball

increment the
number of white
ping-pong ball

increment the
number of orange
ping-pong ball

increment the total
number of ball

increment the total
number of ball

increment the total
number of ball

increment the total
number of ball

increment the total
number of ball

L

Check if the sorting is done.

Sorting is not

The PIC waits for signal for a
jod of time, if no signa

Sorting is
done

no key is pressed
or a non-assigned
key is pressed

Polling the
keypad

pressed

Display the sorting
statistics
according to the
user's request

If one the assigned keys is
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Fig. 2. The microcontroller assembly language code. Text in italics indicated programmer
comments.

list P=PIC16F877, F=INHX8M, C=160, N=80, ST=0OFF, MM=OFF, R=DEC
include "P16F877.INC"

__config ( CP_ OFF & PWRTE ON & XT OSC & WDT OFF & BODEN OFF)
errorlevel -302

#define timer PORTC,O

#define Swi PORTC, 1

#define Sw2 PORTC, 2

#define Sw3 PORTC, 3

#define Sw4 PORTC,4

#define SW5 PORTC,5

#define SW6 PORTC, 6

BankORAM equ H"20"

MaxCount equ 100

TenMsH equ 13

TenMsL equ 250

#define RS PORTD, 2

#define E PORTD, 3

com EQU 0x20 ; buffer for Instruction

dat EQU 0x21 ; buffer for data

SisssssssssssssssssssssssVariables; i
cblock BankORAM

check_timer
check_check_ timer
checkl
check_checkl
check?2
check_check?2
check3
check_check3
check4
check_check4
check5b
check_check5
check6
check_check6
check_keyl
check_key2
check key3
check_key4
check_key5
check key6
check key7
check key8
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temp
templ
tempkey
tempkeyl
tempSwW

counter_timer
counter_timer2
counter_timer3
counter_timer4
counter_timer5
counterl
counterl?2
counteril3
counter?2
counter22
counter23
counter3
counter32
counter33
counter4
counter42
counter43
counter5
counter52
counter53
counter6
counter62
counter63
COUNTH
COUNTL
Ffinish?

endc

org H"000*"
goto Mainline
; org H"004"
; goto Stop

EAAAAAAAA A A AA A AAAAAAAAA LA AAAAAALAAAXAAAAAAAAAAAAAAXAAAAAAALAAAAAAA LA XA dhX
£

;This is the First loop that waits for the user to start the machine. ;Once
the user presses ”D” on the keypad, the program will go to the ;next loop to
start the counting and timing.

Mainline
call Initial
mov lw pr
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call
mov Iw
call
mov lw
call
mov lw
call
mov lw
call
mov lw
call
mov lw
call

wailt

WR_DATA
b
WR_DATA
T
WR_DATA
i
WR_DATA
e
WR_DATA
WR_DATA
D"
WR_DATA

;00001100 is the binary number the keypad send to the PIC through the

;encoder

movf
movwf
andlw
sublw
btfsc
goto
goto

PORTA, W
tempkey
B"00001111"
B"00001100"
STATUS, Z
Start

wailt

" AEEAEEAI A AL EA AL EAALAEAAAEAAAAAXAAAXAAXAXAAAXAAXAXAALAXAALAXAALAAALAAAXAAAXAAAXAAAXA AKX AhLx
’

;Display the initial setting of the timer Start

call
bsf
mov lw
call
mov lw
call
mov lw
call
mov lw
call
mov lw
call
mov lw
call

mov lw
call
mov Iw
call
mov lw
call

Initial
PORTC, 7
B"10000010"
WR_INS
ey
WR_DATA
Ilill
WR_DATA
Py
WR_DATA
AT
WR_DATA

WR_DATA

B*11000000"
WR_INS
lloll
WR_DATA
A
WR_DATA
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mov lw "o

call WR_DATA

mov Iw B"11000100"
call WR_INS

mov lw st

call WR_DATA

; This is the main function of the program. It times the operation time ;and
counts the number of the balls in each category by counting the ;pins.

MainLoop

; We did the timer externally. We build a timer circuit with a 555 ;timer
circuit and it sends a signal to the pin every second.

btfsc timer

goto  timer_on

; Since the signal from the pin stays high for many cycles, we need the
;““check” variable to avoid the program gets into the loop more than ;once and
thus counts more than once ;for one signal.

bcF check_timer,0

; SW”s are the switches on the machine that send signal to the PIC ;whenever
they are ;pressed. The following SWon subroutines will then ;count the number
of signals sent. They also have the ‘“check” variables ;to avoid counting more
than once for a single signal.

;AIl the switches and the timer circuit are connected to the pins in ;the
PORT C.

clrw
bcf STATUS, Z
cirf tempSw
movF PORTC, W
movwf  tempSW
andlw  B"00111110°"
sublw  B"00000010*"
btfsc  STATUS, Z
goto SWlon

bcF checkl1,0
clrw
bcf STATUS, Z

movf tempSw, W
andlw  B"00111110°
sublw  B"00000100*
btfsc STATUS, Z
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goto
bcf

clrw
bcf
movf
andlw
sublw
btfsc
goto
bcf

clrw
bcF
movFT
andlw
sublw
btfsc
goto
bcf

clrw
bcF
movFT
andlw
sublw
btfsc
goto
bcF

goto

;The following “on

SW2on
check2,0

STATUS, Z
tempSw, W
B*00111110"
B*00001000"
STATUS, Z
SW3on
check3,0

STATUS, Z
tempSwW, W
B*00111110°"
B*00010000"
STATUS, Z
SW4on
check4,0

STATUS, Z
tempSw, W
B*00111110°"
B*00100000"
STATUS, Z
SW50n
check5,0

MainLoop

counter ;variables.

timer_on
movT check_timer, W
movwT templ
mov lw B*00000010"
call WR_INS
clrw
movf templ, W
movwF check_timer
btfsc check_timer,0
goto returntimer
bsf check_timer,0
bsf

subroutines are the actual functions that increment ;the

; Clear ram

check_check_timer,0

;Increment the timer variable. Also decrement of “finish?” variable. ;The
machine will operate for at least 15 seconds to wait for any ;switch to be
pressed. If nothing happens for 15 seconds, the program ;will Ffinish counting
the timing and move to the next section.
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movf
movwF
decfsz
goto
goto
move_on

incfsz
decfsz
goto
goto

two_digit_timer
mov lw
call

mov Iw
movwF
mov lw
movwF
incfsz

decfsz
goto
goto

return_from 3digit

movFf
addlw
call

goto

three_digit _timer
mov lw
call

mov lw
movwf
mov lw
movwF

incfsz
movf
addlw
call

goto
one_digit _timer

mov lw

call

movFT
movwf

check timer, W
temp

finish?, F
move_on
finish_sorting

counter_timer, F
counter_timer2, F
one_digit_timer
two_digit_timer

B*11000001"
WR_INS

0
counter_timer
10
counter_timer2
counter_timer3

counter_timer4d, F
return_from 3digit
three_digit_timer

counter_timer3, W
B*00110000*
WR_DATA

one_digit_timer

B~11000000"
WR_INS

0
counter_timer3
10
counter_timer4

counter_timer5
counter_timer5, W
B*00110000*
WR_DATA

return_from 3digit

B*11000010*
WR_INS
counter_timer, W
templ

check if move to the second digit
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movf temp, W

movwF check_timer

clrw

movT counter_timer, W

addlw B"00110000*

call WR_DATA

clrw

movf templ, W

movwF counter_timer

goto returntimer
SWlon

movf checkl, W

movwT templ

clrw

movf templ, W

movwF checkl

btfsc check1,0

goto MainLoop

bsf checkl,0

bsf check_checkl, 0

movf checkl, W

movwT temp

;As mentioned before, the program will wait for 15 seconds and then ;finish
the counting ;and timing. However, every time a switch is ;pressed, it will
reset the “finish?” variable and the machine will ;wait for 5 seconds from
the point the switch is pressed.

mov lw 5

movwf Ffinish?

incfsz counterl, F

decfsz counterl2, F

goto one_digit 1

goto two_digit 1
two_digit_ 1

mov lw 0

movwf counterl

mov lw 10

movwF counterl2

incfsz counterl3
one_digit 1

movf counterl, W

movwF templ

movf temp, W

movwF checkl

clrw

clrw

movf templ, W



movwf

counterl

; We not only increment the counter for this switch, but also increment ;the
counter for the ;total number of balls.

SW2on

goto

movFT
movwF
clrw
movf
movwF
btfsc
goto

bsf
bsT
movFT
movwF

mov lw
movwF

incfsz
decfsz
goto
goto

two_digit_2

mov Iw
movwF
mov lw
movwF
incfsz

one_digit_2

SW3on

movFT
movwF
movf
movwf
clrw
clrw
mov T
movwf

goto

movf
movwF
clrw
mov T
movwF
btfsc

TotalBalICount

check2, W
templ

templ, W
check2

check2,0
MainLoop

check2,0
check_check2, 0
check2, W

temp

5
finish?

counter2, F
counter22, F
one_digit 2
two_digit_2

0
counter?2
10
counter22
counter23

counter2, W
templ

temp, W
check2

templ, W
counter?2

TotalBalICount

check3, W
templ

templ, W

check3
check3,0
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goto MainLoop

bsT check3,0
bsf check_check3, 0
movFf check3, W
movwF temp
mov lw 5
movwF finish?
incfsz counter3, F
decfsz counter32, F
goto one_digit_3
goto two_digit_3
two_digit 3
mov lw 0
movwF counter3
mov lw 10
movwf counter32
incfsz counter33
bsT index3,0
one_digit_3
movf index3, W
addlw B*10000000
call WR_INS
movFT counter3, W
movwT templ
movf temp, W
movwf check3
clrw
clrw
movf templ, W
movwf counter3
goto TotalBalICount
SW4on
movFT check4, W
movwF templ
clrw
movf templ, W
movwf check4
btfsc check4,0
goto MainLoop
bsf check4,0
bsf check _check4, 0
movT check4, W
movwT temp
mov lw 5
movwf finish?
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incfsz counter4, F

decfsz counter42, F

goto one_digit 4

goto two_digit 4
two_digit 4

mov lw 0

movwf counter4

mov lw 10

movwf counter42

incfsz counter43

bsT index4,0
one_digit 4

movf counter4, W

movwF templ

movf temp, W

movwF check4

clrw

clrw

movf templ, W

movwF counter4

goto TotalBal ICount
SW50n

movFT check5, W

movwF templ

clrw

movf templ, W

movwF checkb

btfsc check5,0

goto MainLoop

bsT check5,0

bsf check_check5, 0

movFT check5, W

movwF temp

mov lw 5

movwF finish?

incfsz counter5, F

decfsz counter52, F

goto one_digit_ 5

goto two_digit 5
two_digit 5

mov lw 0

movwf counter5

mov lw 10

movwf counter52

incfsz counter53
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bsf index5,0

one_digit_5
movf counter5, W
movwF templ
movf temp, W
movwF checkb
clrw
clrw
movf templ, W
movwF counterb
goto TotalBal ICount

TotalBalICount

incfsz counter6, F

decfsz counter62, F

goto one_digit_6

goto two_digit_6
two_digit 6

mov lw 0

movwf counter6

mov lw 10

movwf counter62

incfsz counter63
one_digit_6

movf counter6, W

movwF templ

movf temp, W

movwF check6

clrw

movf templ, W

movwf counter6

goto MainLoop

finish_sorting

bcf PORTC, 7
mov lw E
call WR_DATA
mov lw i
call WR_DATA
mov lw n"
call WR_DATA
mov lw i
call WR_DATA
mov lw st
call WR_DATA
mov lw "h'
call WR_DATA
mov lw o
call WR_DATA
goto display

G-12



EEEIE o R R R R AR R R R R AR R R e R R AR AR R R R e R S e e e R R AR R R R o S S S e S e e

EEEIE R AR R R e R e e R R AR R R R AR AR R R R R AR AR R R R R e R e R R AR AR R e S

;This section is just a loop that waits for the 4-bit binary numbers ;from
the keypad ;encoder. According the request from the user, the PIC ;sends the

data to the LCD to display to sorting statistics.

display

clrw
bcf STATUS, Z
clrf tempkey
movFf PORTA, W
movwf  tempkey
andlw  B"00001111*
sublw  B"00000011*
btfsc  STATUS, Z
goto ONE

clrw
bcf STATUS, Z
movf tempkey, W
andlw  B"00001111°
sublw  B"00000010*"
btfsc  STATUS, Z
goto TWO

clrw
bcf STATUS, Z
movf tempkey, W
andlw  B"00001111*
sublw  B*00000001*
btfsc  STATUS, Z
goto THREE

clrw
bcf STATUS, Z
movf tempkey, W
andlw  B"00001111*°
sublw  B"00000111*°
btfsc  STATUS, Z
goto FOUR

clrw
bcf STATUS, Z
mov T tempkey, W
andlw  B"00001111°
sublw  B"00000110*°
btfsc  STATUS, Z
goto FIVE
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ONE

clrw

bcf STATUS, Z
movf tempkey, W
andlw B*00001111°"
sublw B*00001011"
btfsc STATUS, Z

goto SEVEN

clrw

bcf STATUS, Z
movf tempkey, W
andlw  B"00001111°*
sublw  B"00001010*
btfsc  STATUS, Z

goto EIGHT

goto display

btfss
goto

bcF
bsT
bsf
bsf
bsf
bsT
bsT
bsf

mov Iw
call

movFT
addlw
call
movFT
addlw
call

mov Iw
call

mov lw
call
mov lw
call
mov lw
call
mov Iw
call
mov lw
call
mov lw
call

check keyl, O

display

check_key1,0
check_key2,0
check key3,0
check _key4,0
check key5,0
check_key6,0
check_key7,0
check key8,0

B~00000001"
WR_INS

counterl3, W
B*00110000"
WR_DATA
counterl, W
B*00110000"
WR_DATA

B*11000000"
WR_INS

"
WR_DATA
e
WR_DATA
iy
WR_DATA
iy
WR_DATA
M
WR_DATA
iy
WR_DATA

; Clear ram
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goto display

TWO

btfss check _key2, 0
goto display

bsf check keyl,0
bcf check key2,0
bsf check_key3,0
bsf check_key4,0
bsf check _key5,0
bsf check key6,0
bsf check key7,0
bsf check_key8,0
mov lw B*00000001" ; Clear ranm
call WR_INS

movf counter23, W

addlw B*00110000"

call WR_DATA

movF counter2, W

addlw B*00110000*

call WR_DATA

mov lw B*11000000*

call WR_INS

mov lw B

call WR_DATA

mov lw o'

call WR_DATA

mov lw i

call WR_DATA

mov lw B

call WR_DATA

goto display

THREE

btfss check _key3, 0
goto display

bsf check keyl,0
bsf check_key2,0
bcf check_key3,0
bsf check _key4,0
bsf check key5,0
bsf check key6,0
bsf check_key7,0
bsf check key8,0
mov lw B*00000001" ; Clear ram
call WR_INS

movf counter33, W
addlw B*00110000"
call WR_DATA

movF counter3, W
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addlw B"00110000"

call WR_DATA

mov lw B*11000000"

call WR_INS

mov Iw s

call WR_DATA

mov lw g

call WR_DATA

mov Iw u"

call WR_DATA

mov lw a'

call WR_DATA

mov lw Vst

call WR_DATA

mov Iw h'

call WR_DATA

goto display

FOUR

btfss check _key4, 0O
goto display
bsf check keyl,0
bsf check key2,0
bsf check_key3,0
bcF check_key4,0
bsf check key5,0
bsf check key6,0
bsf check key7,0
bsf check_key8,0
mov lw B*00000001" ; Clear ram
call WR_INS

mov T counter43, W
addlw B*00110000"
call WR_DATA

movf counter4, W
addlw B*00110000*
call WR_DATA

mov lw B"11000000*"
call WR_INS

mov lw W

call WR_DATA

mov lw "h'

call WR_DATA

mov lw i

call WR_DATA

mov lw B

call WR_DATA

mov lw e

call WR_DATA
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mov lw pr

call WR_DATA

mov lw v

call WR_DATA

mov lw "pr

call WR_DATA

goto display

FIVE

btfss check key5, 0O
goto display

bsf check_key1,0
bsf check _key2,0
bsf check key3,0
bsf check key4,0
bcf check_key5,0
bsf check_key6,0
bsf check key7,0
bsf check key8,0
mov lw B*00000001*" ; Clear ranm
call WR_INS

movFf counter53, W

addlw B*00110000*

call WR_DATA

movf counter5, W
addlw B*00110000"
call WR_DATA

mov lw B*11000000"
call WR_INS

mov lw "o

call WR_DATA

mov lw r

call WR_DATA

mov lw a'

call WR_DATA

mov lw n"

call WR_DATA

mov lw g™

call WR_DATA

mov lw '

call WR_DATA

mov lw pr

call WR_DATA

goto display

SEVEN

btfss check key6, 0O
goto display
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bsf check keyl,0

bsf check key2,0
bsf check_key3,0
bsf check_key4,0
bsf check key5,0
bcF check key6,0
bsf check key7,0
bsf check_key8,0
mov lw B*00000001" ; Clear ranm
call WR_INS

movf counter63, W

addlw B*00110000"

call WR_DATA

movF counter6, W

addlw B*00110000"

call WR_DATA

mov lw B*11000000"

call WR_INS

mov lw T

call WR_DATA

mov lw o'

call WR_DATA

mov lw "t

call WR_DATA

mov lw ar

call WR_DATA

mov lw i

call WR_DATA

goto display

EIGHT

btfss check key7, O
goto display

bsf check _key1,0
bsf check _key2,0
bsf check key3,0
bsf check key4,0
bsf check_key5,0
bsf check_key6,0
bcF check key7,0
bsf check key8,0
mov lw B*00000001* ; Clear ranm
call WR_INS

movf counter_timer5, W
addlw B*00110000*

call WR_DATA

movf counter_timer3, W
addlw B*00110000"

call WR_DATA

movf counter_timer, W
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addlw
call
mov lw
call

mov Iw
call

mov lw
call
mov lw
call
mov lw
call
mov lw
call

goto

B~00110000"
WR_DATA

S
WR_DATA

B~11000000"
WR_INS

e
WR_DATA
llill
WR_DATA
A
WR_DATA

e
WR_DATA

display

EEEIE o R S e R e e e R R LA AR R S o R e R S R e e R R R AR R R R R S e S e S e

= EAEEAIEAIEAEAITEAAXTEAAXAEAAXTEAAXAEAAXTEAAXTEAXAXAXAXAXAAXAXAAXITXAAXAXAAXITXAAITXAXAXAIAXAIAXAIAXAXAhidhidx
’

;Initialize all the PORT settings and the variables

Initial

call
call
bsf
clrf
bcf

mov lw
call
mov lw
call
mov Iw
call
mov lw
call
mov lw
call
mov lw
call

bsT
mov lw
movwF
bcf

delay
delay
STATUS,RPO
TRISD
STATUS,RPO

B*00110011"
WR_INS
B*00110010"
WR_INS
B~00101000"
WR_INS
B~00001100"
WR_INS
B*00000110"
WR_INS
B~00000001 "
WR_INS

STATUS,RPO
B"01111111°
TRISC
STATUS,RPO

select bank 1
All port D is output
select bank O

4 bits, 2 lines,5X7 dot
display on/off, blinking cursor
Entry mode

Clear ram
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bcf
bcf
cirf

bsf

mov lw

movwf
mov lw

movwF
bcf

bcF

mov lw
movwF
mov lw
movwf
mov lw
movwF
mov lw
movwf
mov lw
movwF
mov lw
movwF
mov lw
movwf

mov lw
movwF
mov lw
movwf
mov lw
movwF
mov lw
movwF
mov Iw
movwF

mov lw
movwf
mov Iw
movwF
mov lw
movwF
mov lw
movwf
mov lw
movwF

mov lw
movwf
mov lw
movwF
mov lw
movwF
mov Iw

STATUS, RPO
STATUS, RP1
PORTA

STATUS, RPO
0x06
ADCON1

OxCF

TRISA
STATUS,RPO

PORTC, 7
B*00000000"
counter_timer
0

check_timer
B*00000000"
index1l

10
counter_timer2
0
counter_timer3
10
counter_timer4
0
counter_timer5

B*00000000"
counterl
B*00000000"
checkl
B*00000000"
index1

10
counterl2
0
counteril3

B*00000000"
counter?2
B*00000000"
check?2
B*00000000"
index2

10
counter22
0
counter23

B*00000000"
counter3
B*00000000"
check3
B*00000000"
index3

10
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movwF
mov Iw
movwF

mov lw
movwf
mov Iw
movwF
mov lw
movwF
mov lw
movwf
mov lw
movwF

mov lw
movwf
mov lw
movwF
mov lw
movwf
mov lw
movwF
mov lw
movwF

mov Iw
movwF
mov lw
movwF
mov lw
movwf
mov lw
movwF
mov lw
movwF

mov lw
movwF

mov lw
movwf
mov lw
movwF
mov lw
movwf
mov Iw
movwF
mov lw
movwF
mov lw
movwf
mov lw
movwF

bsf

counter32
0
counter33

B*00000000"
counter4
B*00000000"
check4
B*00000000"
index3

10
counter42
0
counter43

B*00000000"
counter5
B*00000000"
checkb5
B*00000000"
index5

10
counter52
0
counter53

B*00000000"
counter6
B*00000000"
check6
B*00000000"
index3

10
counter62
0
counter63

15
finish?

iheck_checkl
iheck_checkz
iheck_checks
iheck_check4
iheck_checkS
iheck_checkG
iheck_check_timer

check keyl,0
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bsf check key2,0

bsf check key3,0

bsf check_key4,0

bsf check_key5,0

bsf check key6,0

bsf check key7,0

bsf check key8,0
return

IR R R R R R R AR AR R R R ARAE R R R R R R S R R R S e R R SR AR R SRR R R R R R AR R R R R R R R R R e
’

FAEAIAAAAIAAAXAAAXAAAAXAAAAAAALAAAAAAAAAAAAAiiix

; Write command to LCD
; Input - W

output : -

; KEEEAAAAAIAXAAEAEAAAAAXAXAAAXAAAAAIAIAAAAAAXAAAXA,K

WR_INS bcF RS ; clear RS
movwF com ; W -—> com
andlw OxFO ; mask 4 bits MSB W = X0
addlw 8
movwf PORTD ; Send 4 bits MSB
call delay
bcf E ;
call delay 5 __
bsf E ; 11
swapf com,w
andlw OxFO ; 1111 0010
addlw 8
movwf PORTD ; send 4 bits LSB
call delay
bcf E :
call delay 5 .
bsf E ; 1|
call delay
clrw
return

R e e R R AR AR R R AR R R R R R R (R AR R R SR R R R R R R R R R R

Write data to LCD

Input - W

; Output :© -

; R e e e e e o e e e e e e e e e e e e e e e e e e

WR_DATA bsf RS
movwF dat
movf dat,w
andlw OxFO
addlw OxC
movwf PORTD
call delay
bcf E
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Bl e ok R R AR AR R AR AR AR R R AR R R AR AR R R R R R R R AR E AR R A
’

=AEAAAAAAAAAAAAAAAAAAAAALAAAXAAAALAAAXAddhix
£

call
bsf
swapf
andlw
addlw
movwf
call
bcF
call
bsf
clrw
return

delay

dat,w
OxFO
OxC
PORTD
delay

delay
E

; Delay

delay

TenMs
movlw TenMsH
movwf COUNTH
moviw TenMsL
movwF COUNTL

Ten_1
decfsz COUNTL,F
goto Ten_1
decfsz COUNTH,F
goto Ten_1

return
end
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6.10 Appendix H — Selected Datasheets

Phillps Semlooncduclors Frodud dala

Timer NE/SA/SESS5/SES55C

DESCRIFTION PN COMFIGLURATION
Thia £5E monolkhic bming croulkis o highly sinbéa conrolor aop obie:
of produdng georale Ime dalays, or ozol kation. In tha ima dedoy Dand H Packages
mods of oparation, tha Hima is praciscly controlked by one cedamel
reskinrand eapsdion. For g skable oparation as en oscllakorn, he cra[T] [T vee

Fegrunning frequency and e duly oyde ong both acouralely — L [—
controbed wih two gdemal resisions and one capacior. The oroull '
may b iggered and resston faling wevelorms, ard tha oupul aurrurf 7] [ | nreskan

sinelne can sounce or sink up bo 200 mA nisr] 4] [ 5 | compo wourec

L-Fioik )

FEATURES

@ Tum-oll ma kees then 2 ps

& Mo oparoiny] Fequency grealer tian 00 kHx
® Timing from mic s eeonds bohows

® Dporalos In both catublo and monosiohic: modes
® High output currant

& A einbla duly opcke

& TTL compaibla
# Tamparchura stabiily of O.DGE% par °C

Figurs 1. Finconfiguraticn

BLOCK DIAGRAN

THHERERD

APPLICATIONS
# Fradision liming BRI
# Puisa generation
# Saquenia tming
# Tima dalay genarstion
& Puisa widih modulation

'
A —
FLIP FLOR

AL
S1AGE

L3 K
AR GHD
FAVLED

Figure 2 Block Diagram

QDRDERING INFORMATION

DESCRIFTION TEMPERATURE RENGE |
[5-Pin Plastic Smal Cufine | 507 Fa sk Oio+70°C

[&-Fin Plstie Dudl In-Ling Package [DIF) Dim+T0°G

[5-Fin PRshe Smal Cubine B0 Packsge A0°C o +85 "G

B-Fin Plastie Dudl I Ling Package [OIF) AD"Clo+85'C

B-Fin Plastie Dudl I Ling Package [OIP) 3E°C ko +125 0

B.FIn Flatie Dudl .Lng Fackane [OIF) 55 °C ko +125 °C
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