Engineering Science
Systems and Control
Students’ Notes
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Systems Diagrams
Most industrial product design is solved by the systems approach. This approach
involves studying the desired function of the product, and then breaking this function
down into a series of subsystems.
When applied to control systems, a Systems Diagram is a useful way of visually
representing the desired function of the system. The systems diagram is a form of block
diagram than contains all the subsystems within a dashed box, called the systems
boundary. The systems boundary indicates the extent of the control system.
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CONTROL

OUTPUT
DRIVER

OUTPUT

The "real world" input and output conditions of the system are shown as arrows
entering, and leaving, the systems diagram.
A product which has a fairly complicated control system is an automated washing
machine.
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A simplified systems diagram of a washing machine is shown below.
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The function of the washing machine is to process dirty clothes to produce clean
clothes. This is clearly represented within the systems diagram.
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Open Loop Control
At the simplest level a control system can process an input condition to produce a
specified output.

A good example of this type of system is a hand-held electric hairdryer. The heating
element and fan motor are switched on when the appropriate switches are held down.

SWITCH
HELD
DOWN

CONTROL

OUTPUT
DRIVER

FAN & HEATER
SWITCHED ON

This is an example of Open Loop Control, where an input is processed to produce an
output. With the hairdryer example the heater and fan motor are held on until the
switches are released. The air being blown out of the hairdryer is not temperature
monitored or adjusted - the air is simply just blown out at whatever temperature the
heater is capable of achieving.
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Another example of an open loop system is an automatic street lamp.

The systems diagram for the street lamp is shown below.

DETECT
LIGHT
LEVEL
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A model of the street lamp can be represented by the following circuit diagram:

Vcc

0V
The input to the circuit, light, is processed by the control subsystem to produce an
electrical signal. In this example the potential divider arrangement provides a varying
voltage signal.
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The electrical signal is processed by the output driver subsystem to produce the
output. In this example the output is light from the signal lamp

An open loop control system represents the simplest and cheapest form of control.
However, although open loop control has many application, the basic weakness in this
type of control lies in the lack of capability to adjust to suit the changing output
requirements.
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Closed Loop Control
Closed loop control systems are capable of making decisions and adjusting their
performance to suit changing output conditions.

A personal cassette player is capable of detecting the end of the tape and switching the
motor off, hence protecting the tape from snapping (or the motor burning out).

END OF
TAPE

CONTROL
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The central heating in most modern houses is controlled by a thermostat. It senses
changes in temperature and turns off the heating system automatically when the
required temperature is reached. Likewise when the temperature level drops below the
minimum acceptable level the heating system is automatically switched back on.

THERMOSTAT

HEATING
SYSTEM

CONTROL

All closed loop control systems include a feedback sensing subsystem within the
systems diagram. The control subsystem will process the feedback signal by making a
'decision' on whether the state of the output should change.

FEEDBACK
SENSING

INPUT

CONTROL
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Another example of a simple closed loop control system is an electric toaster. In this
case the feedback sensing system is a mechanical bimetallic strip. This strip bends when
heated - the higher the temperature the more the strip bends.

BIMETALLIC
STRIP

CONTROL

OUTPUT
DRIVER

When the toaster cage is lowered into the toaster it compresses a spring, and the cage
is 'hooked' into position by a catch attached to a bimetallic strip. A switch also
connects the heating element, which starts to heat up. The heating element starts to
cook the bread, and also starts to heat the bimetallic strip. When the bimetallic strip has
been heated to the required temperature it bends enough to mechanically release the
spring holding the cage down. This automatically ejects the toast and switches the
heating element off.

Higher Engineering Science

9

Assignments:
1)
Explain what is meant by the term 'systems diagram'.
2)
Describe the differences between an open loop and closed loop control
system.
3)
Describe the purpose of the feedback sensing subsystem in a closed loop
control system.
Assignment 4

The figures above show two types of electric fire. The second electric fire is a more
modern device fitted with a thermostat.
a)
b)
c)

Name the type of control system used in each type of electric fire
Draw a system diagram for each type of electric fire.
Name a type of electronic sensor that may used for measuring temperature.
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Analogue Closed Loop Control Systems

V1

Vo

V2

Many control systems involve processing analogue signals such as heat, light and
movement. Therefore analogue closed loop control systems require analogue
processing devices such as the operational amplifier (op-amp).
One of the most common control applications involves using the op-amp as a
comparator. In it's simplest form a comparator just compares two voltage signals, V1
and V2. If V1 is higher than V2 the output, Vo, is 'low', if V1 is lower than V2 the
output is 'high'
Assignment 1
The block diagram below simulates an automatic heating system. When the bulb heats
up the temperature rise is detected by the bead thermistor, which sends a feedback
signal back to the comparator.

BEAD THERMISTOR
INPUT/OUTPUT
UNIT

COMPARATOR
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A circuit diagram of the system is shown below.
TEMPERATURE FEEDBACK SIGNAL
+VCC

R

RT

RV

R

RV

OV
-VCC

The variable resistor, RV1 (connecting to the non-inverting input of the op-amp) is used
to set the reference level (or threshold). This sets the desired temperature of the bulb.
Build the circuit shown, using discrete components or a modular electronics system.
Calibrate the system to the following performance criteria:
• When the bulb heats above the reference level the thermistor should sense the
temperature and send a signal to the comparator which will switch the bulb off.
• When the bulb cools below the reference level the bulb should switch on again.
• The system should operate continuously.
a)
b)

Describe how the circuit operates.
Explain clearly how you calibrated the system.
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Control Diagrams
The heating control system described in assignment 1 can be represented by the
following systems diagram.
TEMPERATURE
SENSOR

SET
TEMPERATURE
LEVEL

OUTPUT
DRIVER

CONTROL

CONSTANT
OUTPUT
TEMPERATURE

However when an op-amp is used in a control system it is usual to draw a control
diagram instead.
TEMPERATURE
SENSOR

SET
TEMPERATURE
LEVEL

OPERATIONAL
AMPLIFIER

OUTPUT
DRIVER

CONSTANT
OUTPUT
TEMPERATURE

The control diagram breaks the generalised 'control' subsystem of the systems diagram
into more specific blocks.

The error-detection symbol is also used to indicate that the control involves two
signals. The feedback signal is connected to the negative symbol to indicate the use of
negative feedback.
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Negative and Positive Feedback

TEMPERATURE

The purpose of closed loop control is to ensure that the output is maintained, as
closely as possible, to the desired output level. In the case of a central heating system,
a graph of the temperature in a room might appear as in the graph below.
ACTUAL TEMPERATURE

SET TEMPERATURE

TIME

As can be seen from the graph, the control system is constantly trying to pull the
temperature of the room back towards the set temperature level by reducing the error.
This type of control uses negative feedback to reduce the error.
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MICROPHONE

SOUND

AMPLIFIER

SPEAKER

AMPLIFIED
SOUND

AMPLIFIED SOUND FEEDBACK TO SPEAKER

The opposite effect can be created by reinforcing the error, as can sometimes happen
with public address systems when the microphone is held too close to the speakers. A
sound is picked up by the microphone, amplified, and then output through the speaker.
The amplified sound is then picked up, re-amplified and so on. The net result is a high
pitch sound, which can be represented by the graph below.
ACTUAL SOUND
SIGNAL

SOUND
SIGNAL

REQUIRED SOUND
SIGNAL

TIME

This is an example of positive feedback. Although positive feedback does have some
useful applications, negative feedback is far more widely used in control systems.

Assignment 2
Explain the following terms when applied to control systems:
open loop, closed loop, negative feedback, positive feedback, error detector
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Proportional Closed Loop Control Systems

TEMPERATURE

The main problem with comparator based control systems is that there is a time 'lag'
built into their operation. This means that the desired output state is never actually
reached.
LAG
SET TEMPERATURE

LAG

TIME

The graph of the temperature control system built in assignment 1 clearly shows the
effect of lag.
When the reference level ("set temperature") is reached the heating system will
continue to heat the room for a short period until the heating element cools down. This
raises the temperature in the room above the set or desired temperature level. When
the temperature in the room cools down to the reference level the heating system will
be switched on. Whilst the heating element is reaching its operating temperature the
room continues to cool below the reference level.
Whilst in heating systems the presence of lag does not present a problem, and in fact
presents some advantages, in many other applications the inaccuracy of this form of
control is not acceptable.
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Proportional closed loop control systems are applied as a means of proving a more
accurate form of analogue closed loop control. The operation of proportional control
is based around the op-amp configured as a difference amplifier.
Rf

+Vcc

R1
R1
V1

-Vcc
V2

Rf

Vo

The difference amplifier amplifies the difference between the reference level and the
feedback signal. Therefore if there is a large error there will be a larger output signal
than when there is a small error. This help prevents the 'overshoot' and 'time lags' seen
in the comparator based systems.
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Assignment 3
The block diagram below simulates the automatic water heating system within a
washing machine.
REMOTE
INPUT
UNIT
DIFFERENCE
AMPLIFIER

NON-INVERTING
AMPLIFIER

POWER
DRIVER

INPUT
VOLTAGE
UNIT

12V HEATER

THERMISTOR

BEAKER OF
WATER

A circuit diagram of the system is shown below.
+Vcc
THERMISTOR

100K
10K

10K

POWER
DRIVER

HEATER

10K
1K

22K

10K

10K
0V
-Vcc

Build or simulate the circuit shown using discrete components.
Observe the response of the system when the reference level (desired temperature) is
altered (by adjusting the variable resistor).
a)
b)

Describe how the circuit operates. What is the purpose of the noninverting amplifier after the difference amplifier?
Explain clearly how the system responds when the desired temperature level is
altered.
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Positional Control

A good example of positional control is the model servo motor commonly found in
radio-control cars and aeroplanes.

The servo contains a motor, gearbox, feedback potentiometer and electronic control
circuit on a small printed circuit board.
The feedback potentiometer is directly connected to the output shaft. Therefore, when
the motor spins, the output shaft is turned slowly by the gearbox, which in turn moves
the potentiometer. Naturally movement of the output shaft is restricted to 180º as the
potentiometer cannot spin continuously.
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The control diagram for the servo is shown below.
FEEDBACK
POTENTIOMETER

SET
POSITION

OPERATIONAL
AMPLIFIER

OUTPUT
DRIVER

CONSTANT
POSITION

Note how the feedback signal from the feedback potentiometer is fed into the negative
symbol of the control diagram, indicating negative feedback.
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Push-Pull Follower Analogue Driver
An important element in producing positional control, such as that required in the
servo, is a dual rail push-pull follower analogue driver circuit, that allows the motor
to spin in both directions. The op-amp cannot source sufficient current to drive most
output components, and so the dual rail push-pull follower is required to drive the
output components.
The dual rail push-pull follower is based around a two transistor circuit as shown
below.
+Vcc

NPN
OP-AMP
SIGNAL

LOAD

PNP

0V

-Vcc
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When the signal from the op-amp is positive the NPN transistor will switch on, and
current will flow through the load from the positive supply rail, +Vcc, to the ground
rail, 0V.
+Vcc
I

I
I

OP-AMP +V
SIGNAL

LOAD
I
0V

-Vcc

When the signal from the op-amp is negative the PNP transistor will switch on and
current will flow through the load from the ground rail, 0V, to the negative supply rail
-Vcc.
+Vcc

I

OP-AMP -V
SIGNAL

LOAD

I

I
0V

I
-Vcc
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Assignment 4
A proportional control system is used to regulate the flow rate of coal onto a conveyer
belt. The system should sense the weight of coal on the conveyer belt and
automatically adjust the gate height to ensure that a constant flow of coal is supplied.
POWER
SUPPLY
RACK
AND
PINION

CONTROL
UNIT

VARIABLE HEIGHT
GATE

P
CONVEYOR
FRAME PIVOTED
HERE

CONSTANT SPEED
DRIVE MOTOR

LOAD SENSOR

a)

Draw a systems diagram of the flow rate control system.

b)

Explain the term 'proportional control'.

c i)
c ii)

Name the configuration of op-amp used in proportional control systems.
Draw a circuit diagram of the op-amp.

d i)

Name a suitable output driver circuit which could be used with the control
system.
Draw a circuit diagram of the driver circuit.

d ii)
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Assignment 5
The figure shows the layout of an audio mixing desk.
TACHOGENERATOR

AUDIO MIXING
HEAD

RECORDING REEL DRIVEN BY DC MOTOR

The tape is fed through the audio mixing head by being pulled on to a recording reel
driven by a dc motor. As the tape builds up on the recording reel, the tape speed
through the audio mixing head will increase.
To prevent this from happening, the dc motor is fitted to a closed loop control system.
A tachogenerator connected to a pulley senses the tape feed rate and sends an error
signal to the control system.
a)
b)
c)
d)

Name the type of closed loop control used in this application.
Name the amplifier used in this type of closed loop control.
Draw a control diagram of the system.
Draw a circuit diagram of the control system and explain the function of each
part of the circuit.
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Assignment 6
The figure illustrates a system for controlling the wing mirrors on a car by adjusting
remote dials on the dash.
DIALS

A control diagram of the system for rotational movement in the X-axis (one mirror) is
shown in the figure below. Similar systems are used for the Y-axis and for the other
mirror.
FEEDBACK
SENSOR

OPERATIONAL
AMPLIFIER

REMOTE
DIAL

OUTPUT
DRIVER

MOTOR

WING MIRROR
POSITION

a)

With reference to the control diagram, explain clearly how the system
operates.

b)

Name the type of control used in this system.

c)

Name the configuration of op-amp required.

d)

State two reasons why the op-amp cannot be used to drive the motor directly.

e)

Name a suitable output driver which could be used with this system.

f)

Draw a circuit diagram of the output driver.
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Sequential Control Systems
Sequential control is used to control systems whose outputs are required to follow a
fixed cycle of events (i.e. a sequence).
An interesting example of sequential control was used in music boxes. Actuators on
the drum are arranged to produce notes, as the rum rotates the notes are played in the
correct sequence to produce a tune.

A more modern example of sequential control is a robot arm used to weld cars
together on a large production line.

Most modern sequential control systems use discrete logic circuits, or a programmable
controller.
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Section 1 - Introduction
What is a microcontroller?
A microcontroller is often described as a 'computer-on-a-chip'. Microcontrollers have
memory, processing units, and input/output circuitry all built into a single chip. As they
are small and inexpensive they can easily be built into other devices to make these
products more intelligent and easier to use.

Microcontrollers are usually programmed to perform one specific control task - for
instance, a microwave oven may use a single microcontroller to process information
from the keypads, display user information on the seven segment display, and control
the output devices (turntable motor, light, bell and magnetron).
Microcontrollers are computers designed to control specific processes or products.
The microcontroller is programmed with a specific software program to complete the
desired task. By altering this software program the same microcontroller can be used
to complete different tasks. Therefore the same device can be used in a range of
different products by simply programming it with a different software program.
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One microcontroller can often replace a number of separate parts, or even a complete
electronic circuit. Some of the advantages of using microcontrollers in a product
design are:
• increased reliability and reduced stock inventory (as one microcontroller replaces
several parts)
• simplified product assembly and smaller end products
• greater product flexibility and adaptability since features are programmed into the
microcontroller and not built into the electronic hardware
• rapid product changes or development by changing the program and not the
electronic hardware
Applications that use microcontrollers include household appliances, alarm systems,
medical equipment, vehicle subsystems, and electronic instrumentation. Although
microprocessor systems (such as those based around the Intel Pentium™ processor)
tend to be more widely publicised (mainly via personal computer systems),
microcontroller manufacturers actually sell hundreds of microcontrollers for every
microprocessor sold.
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Microcontroller Architecture
The main features of the microcontroller are shown in the block diagram.
ROM

PROGRAM
COUNTER

PROGRAM
MEMORY

RAM
DATA
BUS

REGISTER
FILES

ALU
I/O
PORTS

PROGRAM
BUS

CLOCK

“REAL”
WORLD

TIMERS

SIMPLIFIED PIC MICROCONTROLLER
BLOCK DIAGRAM

Microcontrollers contain all these features within a single package, as opposed to the
microprocessor system where each block in the diagram above is normally a separate
integrated circuit. In general the only component that needs to be added to a
microcontroller is a clock resonator, which sets the operating speed of the
microcontroller.
Arithmetic / Logic Unit (ALU) and Clock
The processing unit (full name arithmetic and logic unit (ALU)) is the 'brain' of the
microcontroller. It operates by reading instructions from the read only memory ROM
(permanent program memory) and then carrying out the mathematical operations for
each instruction. The speed at which these operations occur is controlled by the clock
circuit.
The clock circuit within the microcontroller 'synchronises' all the internal blocks (ALU,
ROM, RAM etc.) so that the system remains stable. The clock circuit is built into the
microcontroller, but an external crystal or resonator is required to set the clock
frequency. A typical clock frequency for use with a microcontroller is 4MHz, but
speeds as high as 20MHz can also be achieved. With a clock frequency of 4MHz the
microcontroller completes one million instructions a second!

Higher Engineering Science

3

Memory (ROM and RAM)
Microcontrollers contain both ROM (permanent memory) and RAM (temporary
memory).
The ROM (Read Only Memory) contains the operating instructions (i.e. the 'program')
for the microcontroller. The ROM is 'programmed' before the microcontroller is
installed in the target system, and the memory retains the information even when the
power is removed. Most microcontrollers are one-time-programmable types, which
means the ROM can only be programmed once. If you make a mistake, and have to
change the program, the chip has to be thrown away and a new chip programmed with
the revised program. To overcome this problem some microcontrollers now use
FLASH EEPROM memory instead. This type of 'erasable-permanent' memory allows
the ROM to be re-programmed if a mistake is made.
The RAM (Random Access Memory) is 'temporary' memory used for storing
information whilst the program is running. This memory is 'volatile', which means that
as soon as the power is disconnected the contents of the memory is lost.
Buses.
Information is carried between the various blocks of the microcontroller along 'groups'
of wires called buses. The 'data bus' carries the 8-bit data between the ALU and RAM
/ Input-Output registers, and the 'program bus' carries the 13-bit program instructions
from the ROM.
The size of the data bus provides a description for the microcontroller. Therefore an '8
bit microcontroller' has a data bus '8-bits' wide. Microcontrollers with 16-bit and 32-bit
data buses are also available.
Input/Output Circuitry
Microcontrollers communicate with the outside world via pins which are grouped
together in 'ports', with up to eight pins in each port. Smaller microcontrollers may
only have one port, whilst larger devices may have five or more. Generally each pin
within the port can be configured as an output or as an input, or can even be
multiplexed to change functions as the program is run!
The CMOS fabrication techniques used to build modern microcontrollers provides a
relatively high current capability (approx. 20mA) for each pin. However further
'interfacing' circuits are required for most output devices.
Timers
Most microcontrollers have one or more 'timers' built into the system. The 'watchdog
timer' is the most common type of timer. This is a special timer that 'resets' the
microcontroller if it stops processing for any reason (e.g. a 'bug' in the program). This
ensures that the microcontroller continues working at all times - which is essential in
some applications, for instance medical monitoring equipment.
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Assignments:
1.1) List the advantages of using a microcontroller within a product design.

1.2)

Describe the input sensors and output transducers that may be linked to a
microcontroller in the following common household appliances:
- microwave oven

- washing machine

- electronic bicycle speedometer

1.2)

Explain the following microcontroller terms: ALU, bus, clock

1.4)

Explain the differences between the following types of memory:
- RAM, ROM, EEPROM

1.5)

Describe the similarities and differences between programming, and
constructing interfacing circuits for, a 'true' microcontroller and the 'Basic
Stamp' system.
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Port Addressing and the Data Direction Register
Microcontrollers communicate with the outside world by input/output pins which are
grouped together in 'ports'. The Stamp Controller has one input/output port, which
contains eight input/output pins.
Each pin can be addressed individually, or all eight pins in the port can be addressed
simultaneously. In the PBASIC language the pins are labelled 0 to 7, and the whole
port address is allocated the label 'pins'.
For example, to switch pin 3 'high' individually the command would be:
high b.3

To switch pin 3 'low' individually the command would be:
low b.3

Each pin is referenced to by a single bit in the port address called 'pins'.
input/output pin
bit of address 'pins'
decimal value

7
7
128

6
6
64

5
5
32

4
4
16

3
3
8

2
2
4

1
1
2

0
0
1

To switch all pins 'high' the command would be
let pinsb = 255

To switch all pins 'low' the command would be
let pinsb = 0

To switch pins 0-2 'high' and pins 3-7 'low' the command would be
let pinsb = %00000111

Note how the use of the binary number system can be used on this occasion to clearly
illustrate which pins are switched high (=1) or low (=0).
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Each pin can be configured to be an output (to send digital signals) or an input (to
receive digital signals). The Data Direction Register (DDR) is used to configure the
port, and in the PBASIC language the DDR is allocated the label 'dirs'.
If all the bits in the DDR are set high then all the pins will be set as outputs. If all the
bits are set low each pin will be set as an input.
For example,
let dirsb = 255
let dirsb = 0
let dirsb = %11110000
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Beginning Programming
A simple example of a control operation is represented by the flowchart shown below.
START

SWITCH PIN 7
HIGH

WAIT2 SECONDS

SWITCH PIN 6
HIGH

WAIT1 SECOND

SWITCH PINS 4& 5
HIGH

WAIT3 SECONDS

SWITCH ALL
OFF

STOP

A PBASIC program which would achieve this control operation is:
let dirsb = %11110000

' set pins 0-3 inputs, 4-7 outputs

high b.7
pause 2000
high b.6
pause 1000
let pinsb = %11110000
pause 3000
let pinsb = 0
end

'
'
'
'
'
'
'
'
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Activity 3.1
Key in the program listed above, and then download it to the Stamp Controller.
The LED indicator on pin 7 should light first, followed by the indicators on pin 6, and
then indicators 4 and 5. To re-run the program press the reset switch on the Stamp
Controller.
Read through the program carefully, and make sure you understand exactly what each
program line achieves.
Note the 'comments' at the end of each line. A comment starts after an apostrophe (')
and continues to the end of the line. Although the comments are not needed to make
the program work, they are an essential part of the program as they explain in 'plain
language' what the program is doing. You should always add a comment to every line
of your program, particularly if the program is to be studied by someone else at a later
date.
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Labels and Addressing
START

SWITCH PIN 7
HIGH

WAIT2 SECONDS

SWITCH PIN 6
HIGH

WAIT1 SECOND

SWITCH PINS 4& 5
HIGH

WAIT3 SECONDS

SWITCH ALL
OFF

WAIT1 SECOND

Sometimes it is necessary to create programs that loop 'forever', as shown by the
flowchart. In this case it is necessary to add labels to the program, and to use the
'goto' command to jump to the line marked by the label.

Higher Engineering Science

10

A PBASIC program which would achieve this control operation is listed below.
init: let dirsb = %11110000

' set pins 4-7 as outputs

main: high b.7
pause 2000
high b.6
pause 1000
let pinsb = %11110000
pause 3000
let pinsb = 0
pause 1000
goto main

'
'
'
'
'
'
'
'
'

set pin 7 high
wait for 2 seconds
set pin 6 high
wait for 1 second
set pins 4-7 high
wait for 3 seconds
switch all pins low
wait for 1 second
loop forever

Activity 3.2
Key in and simulate the program listed above in 18M2 mode.
After the first line (which simply sets up the DDR), a label called 'main' has been added
to the listing. Note that all address labels must end with a colon (:) when they are first
defined. It is also a good programming technique to use tabs (or spaces) at the start of
lines without labels so that all the commands are neatly aligned. The term 'whitespace' is used by programmers to define tabs, spaces and blank lines, and the correct
use of white-space can make the program listing much easier to read and understand.
The last line 'goto main' causes program flow to 'jump back' to the line labelled 'main'.
This means that this program will loop 'forever'.
Note:
Some early BASIC languages used 'line numbers' rather than labels for 'goto'
commands. Unfortunately this line number system can be inconvenient to use, because
if you modify your program by later adding, or removing, lines of code you then have
to modify all the line numbers within the 'goto' commands accordingly. The label
system, as used in most modern BASIC languages, overcomes this problem
automatically.
Assignments
3.3) What is the function of the Data Direction Register (DDR)?

3.4)

What is meant by the term "white-space"? Why is it important to use
white-space and comments when writing programs?
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Assignment 3.5
A set of temporary traffic lights are required for a system of road-works.
red
red and amber
green
amber

10 sec
2 sec
10 sec
2 sec

Draw a flowchart for the lights sequence shown by one set of the traffic lights. Use the
times shown in the table for each stage.
Write a PBASIC program to achieve this operation. Use the following pin
configuration - red (7), amber (6) and green (5).

Flowchart
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For...Next Loops
START

SETCOUNTER= 5

SWITCH PIN 7
HIGH

WAIT1 SECOND

SWITCH PIN 7
LOW

WAIT1 SECOND

HAVE WE
LOOPED 5
TIMES?

N

Y
STOP

A for...next loop is used when you wish to repeat a section of code a number of times.
The number of times the program runs for is set by a variable. A variable is a number
that is stored in the RAM memory of the Stamp Controller. There are 14 memory
locations that byte variables can be stored in. These locations are labelled b0 to b13,
but can also be 'renamed' to more appropriate names by use of the 'symbol' command.

Higher Engineering Science

13

Activity 3.7
Key in, download and run the following program.
symbol counter = b0
symbol red = 7

' define the variable "counter"
' define pin 7 with the name "red"

init: let dirsb = %10000000

' set up pin 7 as an output

main: for counter = 1 to 5
high red
pause 1000
low red
pause 1000
next counter

'
'
'
'
'
'

end

start a for...next loop
switch pin 7 high
wait for 1 second
switch pin 7 low
wait for 1 second
end of for...next loop

' end program

Note again how white-space (extra spaces) has been used to clearly illustrate all the
commands that are contained between the for and next commands. The 'symbol'
command is also used to label pins and variables to make them easier to use.

Assignment 3.9
As part of a Christmas decoration, a lighting sequence is to be controlled by a
microcontroller. The output connections are shown below.
Input Connection

Pin
7
6
5
4
3
2
1
0

Output Connection
Yellow Light
Purple Light
Blue Light
Green Light
Red Light

The red and green lights should come on together and stay on for 5 seconds. Then they
both go off and the yellow and blue lights should come on together for 8 seconds.
They then go off and the purple light flashes on and off 6 times (the 'on' and 'off' times
being 0.5 seconds each). The sequence then repeats itself.
Draw a flowchart and write a PBASIC program for this sequence.

Higher Engineering Science
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Flowchart
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Program
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If...Then...
START

SWITCH PIN 7
HIGH

IS PIN 3
HIGH?

N

Y
SWITCH ALL
LOW

STOP

The if...then programming structure allows the computer to make a decision based on
information received from an input pin.
The following program switches pin 7 high, and then waits for an input connected to
pin 3 to go high. When the input switch is pushed the output pin is switched low
Activity 3.10
Key in and simulate the program below:
init: let dirsb = %10000000

' setup the DDR

main: let pinsb = %10000000
' switch pin 7 high
if pinb.3 = 1 then skip ' jump to 'skip' if input 3 is high
goto main
' loop
skip: let pinsb = 0
end

' switch all pins off
' end the program

Note:
Unlike some other BASIC languages, the then command can only be followed by a
label to jump to. You cannot add extra commands on the same line within the PBASIC
language.
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Assignment 3.11
Develop a PBASIC program that will carry out the instructions shown in the flowchart
below.
Program
START

SWITCH ALL
PINS HIGH

WAIT5 SECONDS

SWITCH ALL
PINS LOW

WAIT0.5 SECONDS

SWITCH ALL
PINS HIGH

WAIT0.5 SECONDS

HAS THIS BEEN
DONE 10 TIMES?

N

Y
SWITCH ALL
PINS LOW

STOP

Higher Engineering Science
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Assignment 3.12
A motor, connected to pin b.7, is to run when a 'start' switch (connected to pin c.7) is
momentarily pressed. The motor continues to run until another 'stop' switch (connected
to pin c.6) is pressed - at which point the motor switches off. The system should then
reset to wait for another 'start' signal.
Draw a flowchart and write a PBASIC program for this sequence. Test this on the
PicAXE board.
Flowchart

Higher Engineering Science

Program

18

Assignment 3.13
Develop a PBASIC program that will carry out the instructions shown in the flowchart
above. Use the pin configuration on the next page in 8M” mode
Program
START

GREEN LED ON

SWITCH
PUSHED?

NO

YES
GREEN LED OFF
AMBER LED ON

WAIT 3 sec.

AMBER LED OFF
RED LED ON

WAIT 4 sec.

AMBER LED ON

WAIT 2 sec..
RED/AMBER LED OFF
GREEN LED ON

Higher Engineering Science
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Input Connection
Start Switch

Pin
3
2
1
0

Output Connection
Green Light
Amber Light
Red Light

Now test your program on the 8M2 board.

Sub-Procedures
FLASH
START

B1 = 5

HIGH 7

FLASH

WAIT 0.1s

B1 = 20

LOW 7

FLASH

WAIT 0.1s

B1 = 10

FLASH

STOP

HAS THIS
BEEN DONE
B1 TIMES?

NO

YES
RETURN

It is often useful to be able to re-use sections of code within a program. A subprocedure is a small section of code that can be 'called' from a different part of the
program. After the sub-procedure is finished program flow moves back to the original
section of the program.
To 'call' a sub-procedure the gosub (go-to-sub-procedure) command is used. The last
line of the sub-procedure must be return, which means 'return to the original position'.
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Activity 3.14
Key in, download and run the following program.
init: let dirsb = %10000000

' setup the DDR

main: let pinsb = %10000000

' switch pin 7 high

let b1 = 5
gosub flash
pause 2000

' give variable b1 the value 5
' call sub-procedure
' wait two seconds

let b1 = 20
gosub flash
pause 2000

' give variable b1 the value 20
' call sub-procedure
' wait two seconds

let b1 = 10
gosub flash
pause 2000

' give variable b1 the value 10
' call sub-procedure
' wait two seconds

end

' end the main program

' Sub-procedures start here.
flash:
for b2 = 1 to b1
high b.7
pause 100
low b.7
pause 100
next b2
return

'
'
'
'
'
'
'

setup a for...next loop using b2
output pin on
wait 100ms
output pin off
wait 100ms
next loop
return form sub-procedure

In this example the flash sub-procedure is used to actually flash the LED on and off.
The number of times the LED flashes is set by variable b1, which is set before the subprocedure is called. Therefore by changing the value of b1 the number of flashes can be
changed.
Note the end command between the main program and the sub-procedure. This is
essential because it stops the system accidentally 'running into' the sub-procedure after
the main program has been completed.
One further advantage of sub-procedures is that they are easily copied from one
program to another. Therefore a 'standard' sub-procedure can be created to carry out a
specific task. This task can then be carried out in a number of different programs by
simply copying the sub-procedure from program to program.
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Assignment 3.14
As part of a shop display, a lighting sequence is to be controlled by a microcontroller.
The output connections are shown below.
Input Connection

switch 2
switch 1

Pin
b.7
b.6
b.5
b.4
b.3
b.2
b.1
b.0

Output Connection
Red Light
Yellow Light
Green Light
Orange Light

If switch 1 is pressed, each light should flash on and off 5 times in sequence i.e. orange
then green then yellow then red (each 'on' and 'off' time should be 0.5 seconds). the
system then resets for the next switch push.
If switch 2 is pressed all lights should flash simultaneously 3 times. There should then
be a 2 second pause, before all lights should flash simultaneously 6 times (each 'on' and
'off' time should be 0.5 seconds). The system then resets for the next switch push.
Draw a flowchart and write a PBASIC program for this sequence (use a sub-procedure
for the flash routines).
Simulate your program in 18M2 mode.
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Flowchart
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Program
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Assignment 3.18
MAINS WATER

INLETVALVE

HEAD STORAGE TANK

AGITATOR
MOTOR

DUMP PUMP MOTOR

CONVEYOR
MOTOR

The diagram shows the layout of a pulper machine used in a paper mill.
A batch of pulp and fillers, i.e. 5 x 20 kg bales of pulp and 2 x 50 kg bags of fillers, is
mixed during the pulping process with 1600 litres of water.
The operation of the pulping process is controlled by a microcontroller. The
microcontroller connections are as follows:
Input Connection

Start switch

Pin
b.7
b.6
b.5
b.4
b.3
b.2
b.1
b.0

Event Operator Action
1
Load conveyer with batch
2
Press start button
3
4
5
6
7
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Output Connection
Agitator motor
Dump Pump
Conveyer
Inlet valve

Control Activity
Sequence commences.
Open inlet valve. Close valve after 10 minutes.
1 minute after inlet valve opens, start agitator
motor. run agitator motor for 11 minutes.
Start conveyer 2 minutes after inlet valve
opens. Run conveyer for 3 minutes.
1 minute after agitator motor stops, start dump
pump. run dump pump for 3 minutes.
Reset and wait for next start command.
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Based on the instructions given in the table, draw up a flow chart and high level
program in PBASIC to control the operation of the pulper.
Assume use of a pre-written time delay sub-procedure called 'delay' which will produce
a time delay in multiples of one minute, according to the value set in the variable 'mins'
before the sub-procedure is called.
Example - To wait five minutes:

Higher Engineering Science

let mins = 5
gosub delay

25

Section 4 - Mechatronic System Interfacing Circuits
The microcontroller input/output pin can only provide a small drive current when
configured as an output. Therefore most output devices require an interfacing circuit.
The simplest interfacing circuit uses a bipolar transistor, and the Darlington pair
configuration is often used to increase the drive current capabilities.
Vt

0V

The ULN2803A integrated circuit can be very useful because it contains eight
'Darlington transistor pairs' in a convenient 18 pin DIL package. For added
convenience the back emf protection diodes are also included on the integrated circuit.

BIMETALLIC
STRIP

CONTROL
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For devices which use larger currents (e.g. a solenoid), or a separate power supply
(e.g. mains electricity) , a relay can be used. The relay is usually driven by a transistor
as shown in the diagram.
+ 5V
RELAY

+ 12V

SOLENOID

0V
0V

Higher Engineering Science
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Connecting Digital Switches
+ 5V

SWITCH OPEN = LOW
SWITCH CLOSED = HIGH
10K

0V
NORMALLY OPEN SWITCH

Digital switches are available in two main 'families'. Normally-open switches are the
most common. As the name suggests, the contacts on these switches are normally
open, so the switch is electrically 'off'. When the switch is activated the contacts close
and so the switch is electrically 'on'.
+ 5V

SWITCH CLOSED = HIGH
SWITCH OPEN = LOW

10K

0V
NORMALLY CLOSED SWITCH

Normally-closed switches operate in reverse. The contacts are normally closed, and so
the switch is normally electrically 'on'. When the switch is activated the contacts open
and so the switch is electrically 'off'. This type of switch are commonly used in alarm
systems, when a 'break' in the circuit needs to be detected.
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Assignment 4.1
Draw appropriate interfacing circuit diagrams for the following output devices. Clearly
explain your choice of circuit in each case.
a)
b)
c)
d)
e)

LED
Buzzer
6V DC motor
12V DC solenoid
24V pneumatic solenoid valve
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Stepper Motors

Stepper motors are very accurate motors that are commonly used in computer disk
drives, printers, XY plotters and clocks. Unlike dc motors, which spin round freely
when power is applied, stepper motors require that their power supply be continuously
pulsed in specific patterns. For each pulse, the stepper motor moves around one 'step',
typically 7.5 degrees (giving 48 steps in a full revolution).

Stepper motors do have some limitations. First, the power consumption is greatest
when the stepper motor is stopped (as all coils are still energised). Secondly the output
torque is not very high, and so some type of gearbox is normally required. Unless this
gearbox is very carefully designed the 'backlash' of the gears can disrupt the accuracy
of the final system. Finally the speed of revolution is limited to around 100 steps per
second, which provides a rotational speed of 2 rev / s or 120 rev / min.
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There are two main types of stepper motors - unipolar and bipolar. Unipolar motors
usually have four coils which are switched on and off in a particular sequence. Bipolar
motors have two coils in which the current flow is reversed in a similar sequence. It is
the unipolar type which is described in this section.

The stepper motor contains magnets which are fixed to the central armature. Four
electronic coils are located around the casing. When a current is passed through these
coils they generate a magnetic field, which attract/repels the permanent magnets on the
armature, and so the armature spins one 'step' until the magnetic fields align. The coils
are then energised in a different pattern to create a different magnetic field, and the
armature spins another step.
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+ 12V

1

18

6

2

17

5

3

16

4

4
5
6

ULN2803A

7

15
14

STEPPER

13

7

12

8

11

9

10

0V

0V

To make the armature rotate continuously the four coils must be switched on and off in
a certain order. Many microcontroller systems use four output lines to control the
stepper motor, each output line controlling the power to one of the coils.
As the stepper motor operates at 12V, a transistor switching circuit is used to switch
each coil. As the coils create a back EMF when switched off, a suppression diode on
each coil is also required. The ULN2003 Darlington driver integrated circuit provides a
convenient device housing these transistors and coils.
The table below show the four different steps required to make the motor turn
Step
1
2
3
4
1

Coil 4
1
1
0
0
1

Coil 3
0
0
1
1
0

Coil 2
1
0
0
1
1

Coil 1
0
1
1
0
0

Note:
The wiring configuration of stepper motors varies from different manufacturers.
Therefore, it may be necessary to rearrange the coil connections for the above
sequence to operate correctly. An incorrect coil arrangement will result in the stepper
motor oscillating back and forth rather than rotating.
The sequence of wires for the Middlesex Stepper Motor is, from the top:
white white blue yellow brown red and you may have to change the wires on these
stepper motors to this sequence
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Activity 4.3
12V DC
SUPPLY

STAMP
CONTROLLER

STEPPER
MOTOR

OUTPUT
DRIVER

Build the circuit as shown.
Key in, download and run the program listed below. The program demonstrates how
to continuously spin the stepper motor. Try changing the speed by altering the value of
delay.
symbol delay = b0

' define the variable

init: let dirs = %11110000
let delay = 100

' make pins 4-7 outputs
' set delay to 100ms

main: let pins = %10100000
pause delay
let pins = %10010000
pause delay
let pins = %01010000
pause delay
let pins = %01100000
pause delay
goto main

'
'
'
'
'
'
'
'
'

first step
pause for delay
next step
pause for delay
next step
pause for delay
next step
pause for delay
loop forever

Assignments
4.4) Describe three products which may contain stepper motors. Describe how the
motor is used in each case.
4.5) A toy manufacturer is designing a new programmable robot toy. Describe the
advantages and disadvantages of using stepper motors (rather than dc motors)
to manoeuvre the robot.
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Assignment 4.6
12V DC
SUPPLY

STAMP
CONTROLLER

OUTPUT
DRIVER

STEPPER
MOTOR

Connect a stepper motor to the output driver module as shown.
Develop a PBASIC program that will rotate the stepper motor 48 steps in one
direction, and then 48 steps in the other direction.
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Activity 4.8
12V DC
SUPPLY

STAMP
CONTROLLER

MFA
ADAPTER

MFA
STEPPER
MOTOR
DRIVER

STEPPER
MOTOR

Build the circuit as shown.
Key in, download and run the program listed below. This program moves a stepper
motor a full rotation (48 steps) in each direction.
symbol direct = 5
symbol clock = 4
symbol counter = b0

' pin 5 is direction pin
' pin 4 is clock pin
' variable b0 is loop counter

init: let dirs = %00110000

' pin 4 & 5 outputs

main: high direct

' set dir pin high

for counter = 1 to 48
high clock
pause 10
low clock
pause 10
next counter

'
'
'
'
'
'

low direct

' set dir pin high

for counter = 1 to 48
high clock
pause 10
low clock
pause 10
next counter

'
'
'
'
'
'

goto main

' loop forever
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setup a for...next loop
clock pin high
wait 10ms
clock pin low
wait 10ms
next loop

setup a for...next loop
clock pin high
wait 10ms
clock pin low
wait 10ms
next loop
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Assignment 4. 9
Crystal glassware is decorated by cutting grooves on to the outside surface. The
process leaves the untouched parts of the glass clear and reflective, whereas the cut
grooves are dull and rough and require to be polished.
The diagram shows the layout of a prototype system, developed by a student, to polish
crystal glasses with eight parallel grooves cut along the length of the glass.
GROOVE SENSOR
4-PHASE
STEPPER MOTOR
CRYSTAL
GLASS

GROOVES

POLISHING BRUSH
DRIVEN BY DC MOTOR

PNEUMATIC CYLINDERS
MOVE BRUSH MOTOR
INTO/OUTFROM THE GLASS

The system is to be controlled by a microcontroller. With a glass in place, the start
button is pressed to cause the cutting disk to switch on and move into the cutting
position. The first groove is cut for five seconds. The cutter is then withdrawn. The
stepper motor rotates the glass through 90 degrees into position for the next groove.
The process continues until all four grooves have been cut.
The stepper motor used by the student has a step angle of 7.5 degrees. It is controlled
by means of an SAA1027 driver IC signalled from the microcontroller.
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Input Connection

Pin
7
6
5
4

Output Connection
Pneumatic Cylinder
(1 = outstroke, 0 = instroke)
DC Motor
(1 = on, 0 = off)
Stepper Direction
(0 to 1 pulse = 1 step)
Stepper Pulse
(1 = clockwise, 0 = anticlockwise)

3
2
1
Start button
(logic 1 when pressed)

0

(a) Calculate the number of steps the stepper motor must rotate to rotate the glass
through 90 degrees.
(b) Draw up a flow chart which shows the control sequence for the polishing process.
(c) With reference to your flow chart, write a high level program in PBASIC to control
the polishing process.
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DC Motor Speed Control
The speed of a dc motor varies directly with the voltage applied across it.
Microcontroller do not normally have an analogue output, and so they cannot be used
to vary the voltage to a motor in this manner.
However there are two main methods by which a microcontroller can control the speed
of a DC motor:
• Digital to Analogue Conversion (DAC)
• Pulse Width Modulation
Digital to Analogue Conversion
The simplest way to control the speed of a DC motor is to vary the voltage applied to
the motor coils - the higher the voltage the faster the motor will spin (within the motor
operating limits).
However the digital output from a microcontroller is at a fixed voltage, and the
microcontroller cannot supply enough current to drive the motor. Therefore an
interfacing circuit is required to boost the supply current for the motor and to provide
different voltage levels.

2
1

DAC

0

ANALOGUE

DIGITAL
A Digital to Analogue Converter (DAC) is an integrated circuit that decodes binary
information and generates an analogue voltage proportional to the binary information
provided.
A three bit DAC, with an output range of 0-5V, may produce a voltage output
according to the table below:
binary input
000
001
010
011
100
101
110
111
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analogue output (V)
0.00
0.62
1.25
1.87
2.50
3.12
3.75
4.37
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Each increase in the binary input produces a step increase of 0.625V (5V ÷ 8 steps) in
the analogue output. In most practical applications the DAC cannot supply the full
output voltage (e.g. 5V) due to the technical operating limitations of the device.
V
5
4.4

2.5

0

1

2

3

4

5

6

7

INPUT

When plotted as a graph this transfer function appears as a 'staircase' shape. An
increase in the number of input bits will increase the resolution of the DAC, therefore
producing 'smaller steps'.
The simplest form of DAC is made from a summing amplifier, as shown in the diagram
below.
10K

10K
2
22K
1

+5V
39K

0

-5V
0V

In this example the output voltage is equal to
Vo

= -5 (Pin 2 x (10K/10K) + Pin 1 x (10K/22K) + Pin 0 x (10K/39K))
= -5 (Pin 2 + 0.5 (Pin 1) + 0.25 (Pin0))

where the pin value is 0 or 1 (presuming a high logic signal of 5V)
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Pulse Width Modulation
With DAC, the voltage applied to the motor is directly varied. As the voltage is
decreased the motor turns more slowly. However the current flowing through the
motor coils also decreases, and so the output torque (turning moment) of the motor
also falls.
Therefore this solution is often unsatisfactory for controlling DC motors due to the
undesirable loss of motor torque. Pulse Width Modulation (PWM) is a digital
method which can be used to vary the motor speed. In this method the full voltage is
applied to the motor, but it is rapidly pulsed on and off. By varying the on and off ratio
of the pulses the speed of the motor can be varied. As the full voltage is applied to the
motor during the 'on' pulses the torque of the motor remains high.

V
MARK

SPACE

t

The graph shows how the technique is applied. The 'on' time for the motor is called the
mark, the 'off' time is called the space. When the voltage is applied to the motor it
accelerates to top speed. However before the top speed is reached the motor is
switched off, thus slowing it down. By increasing the frequency of the pulses this
acceleration/deceleration becomes negligible, and the motor rotates constantly at a
slower speed.
The PWM technique does have certain limitations. It cannot be used with mechanical
relays, as the rapid switching would damage the mechanical contacts. The frequency of
the pulses must also be carefully selected - if the frequency is too slow the motor will
stall.
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Activity 4.14

Build the circuit as shown. This is most simply achieved by connecting the dc motor
across the 'V+' and '7' Darlington Driver terminals on the Output Driver module.
Key in, download and run the program listed below. This program drives the motor at
approximately half speed, as the space is twice the length of the mark.
symbol mark = b1
symbol space = b2
symbol motor = 7
init: let dirs = %11110000
let mark = 10
let space = 20

' pin 4-7 outputs
' set mark to 10ms
' set space to 20ms

main: high motor
pause mark
low motor
pause space
goto main

'
'
'
'
'

output high
pause for mark time
output low
pause for low time
loop

Try out different speeds (by experiment) by altering the values of 'mark' and 'space'.
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Soft Start of DC Motors

V

t
In some devices, such as electric drills, it is desirable for the motor to start rotating
slowly and then build up speed, rather than rapidly 'accelerating' up to full speed. This
is called 'soft starting' the motor, and the use of PWM is often appropriate in these
situations. The motor is started at a low speed and then gradually accelerated by
varying the mark to space ratio over a period of time.
Activity 4.15
Key in, download and run the program listed below. This program gradually increases
the speed by increasing the length of the mark time over a period of time.
symbol
symbol
symbol
symbol

counter = b0
mark = b1
space = b2
motor = 7

init: let dirs = %11110000
let mark = 10
let space = 20
main: gosub puls
let mark = mark + 2
goto main

' variable b0 is loop counter

' pin 4-7 outputs
' set mark to 10ms
' set space to 20ms
' call sub-procedure
' increase mark time
' loop

' sub-procedure
puls: for counter = 0 to 50
high motor
pause mark
low motor
pause space
next counter
return
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'
'
'
'
'
'
'

start a for...next loop
output high
pause for mark time
output low
pause for low time
loop
return from sub-procedure
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Assignment 4.16
Details of a speed control unit for a dc motor are shown below.
10K
10K
2
22K
1

+5V
39K

0

-5V
0V

a)

Name the configuration of operational amplifier being used.

b)

Name the method of dc motor speed control being used.

c)

Explain clearly how the system operates.

d)

State what the output voltage supplied to the motor will be when the following
values are applied to the input pins (presume the feedback resistor is at it's
maximum value of 10K).
i)
1
ii)
3
iii)
4
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Assignment 4.17
A small dc motor, which is used to drive a model conveyer belt, is to be controlled by a
microcontroller. The microcontroller gives out a 6V signal when an output bit is
switched to logic 1. The speed of the motor must be varied according to the loads
which are being carried. for convenience, the speed is to be reduced using pulse-width
modulated control.
Output connections to the microcontroller are as follows.
Input Connection

Pin
7
6
5
4
3
2
1
0

Output Connection

Motor Anticlockwise
Motor Clockwise

Develop a short PBASIC procedure which could be used to drive the motor is a
clockwise direction with a mark-to-space ratio of 2:1. Explain how you could alter the
procedure to make the motor rotate in an anti-clockwise direction, with the same
mark-to-space ratio.
push
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