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Preface

This book is written for a wide range of pre-degree
courses in electronics. The contents have been care-
fully matched to current UK syllabuses at Level 3 /
A-level, but the topics covered, depth of coverage,
and student activities have been designed so that
the resulting book will be a student-focused text suit-
able for the majority of courses at pre-degree level
around the world. The only prior knowledge assumed
is basic maths and the equivalent of GCSE Double
Award Science.

The UK courses covered by this text are:
BTEC National Engineering Pathways syllabus

(2007), Units 5 (Electrical and Electronic Principles),
35 (Principles and Applications of Electronic Devices
and Circuits), 62 (Microprocessor Systems and
Applications), and the introductory stages of Units 51
(Industrial Process Controllers), 60 (Principles and
Applications of Analogue Electronics), 68 (Principles
and Applications of Microcontrollers), and 90
(Telecommunications Principles).

A-level (AS and A2) specifications from AQA,
OCR and WJEC.

The book is essentially practical in its approach,
encouraging students to assemble and test real circuits
in the laboratory. In response to the requirements of
certain syllabuses, the book shows how circuit behav-
iour may be studied with a computer, using circuit
simulator software.

The book is suitable for class use, and also for
self-instruction. The main text is backed up by
boxed-off discussions and summaries, which the stu-
dent may read or ignore, as appropriate. There are
frequent ‘Self Test’ questions at the side of the text

with answers given in Supplement B. Numeric
answers to other questions and answers to the multi-
ple choice questions are on the companion website.

The text has undergone a major revision to pro-
duce this fourth edition. Additions to the content
include five new Topics. These cover electrical and
magnetic fields, diodes, oscillators, integrated circuits,
and industrial process control systems. Several other
Topics have been expanded, to reflect the increasing
importance of digital electronics and microcontroller
systems. All Topics have been updated where neces-
sary, to keep pace with the many recent developments
in electronics.

The ‘On the Web’ panels in many Topics are a
new feature of this edition. They are intended for stu-
dents to make use of the wealth of relevant informa-
tion available from that source. Also, this edition
coincides with the launching of a companion website.
This has a PowerPoint presentation of illustrations
from the book for use by students and lecturers. It
has the answers to numeric questions and to all the
multiple choice questions. There are many more of
these in this edition. There are pages of worked
examples and questions for those who need extra sup-
port in maths.

The companion website also includes some novel
features: a set of calculators for electronic formulae,
animated diagrams to show electronic circuits in
action, and series of interactive worksheets, with
answers.

Owen Bishop
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PRACTICAL CIRCUITS AND SYSTEMS

Circuit Ideas
As well as being a textbook, this is a sourcebook of
circuit ideas for laboratory work and as the basis of
practical electronic projects.

All circuits in this book have been tested on the
workbench or on computer, using a circuit simulator.
Almost all circuit diagrams are complete with compo-
nent values, so the student will have no difficulty in
building circuits that will work.

Testing Circuits
The circuit diagrams in this book provide full informa-
tion about the types of components used and their
values. Try to assemble as many as you can of these
circuits and get them working. Check that they behave
in the same ways as described in the text. Try altering
some of the values slightly, predict what should hap-
pen, and then test the circuit to check that it does.

There are two ways of building a test circuit:
� Use a breadboarding system to build the circuit

temporarily from individual components or circuit
modules.

� Use a computer to run a circuit simulator. ‘Build’
the circuit on the simulator, save it as a file, and
then run tests on it.

The simulator technique is usually quicker and cheap-
er than breadboarding. It is easier to modify the circuit,
and quicker to run the tests and to plot results. There is
no danger of accidentally burning out components.

CONVENTIONS USED IN THIS BOOK
Units are printed in roman type: V, A, s, S, µF.
Values are printed in italic (sloping) type:

Fixed values VCC, R1

Varying values vGS, gm, iD
Small changes in values vgs, id

Resistors are numbered, R1, R2, and so on. The
resistance of a resistor R1 is represented by the sym-
bol R1. The same applies to capacitors (C1, C2) and
inductors (L1, L2).

Significant Figures
When working the numerical problems in this book,
give the answers to three significant figures unless
otherwise indicated.

Units in Calculations
Usually the units being used in a calculation are obvi-
ous but, where they are not so obvious, they are
stated in square brackets. Sometimes we show one
unit divided by or multiplied by another.

Example
On p. 72, we state:

R1 5 14.3/2.63 [V/µA] 5 5.44 M�
A voltage measured in volts is being divided by a cur-

rent measured in microamperes.
Mathematically, this equation should be written:
R1 5 14.3/(2.63 3 1026) 5 5.44 3 106

Set out in this form, the equation is difficult to under-
stand and to remember. To avoid this problem we quote
the units instead of powers of 10. When the result is
being worked out on a calculator, it is easy to key in the
values (14.3, 2.63) and follow each by keypresses for
‘EXP -6’ or other exponents where required. The result, in
Engineering or Scientific format, tells us its units. In this
example the display shows 5.43726235706. We round
this to 3 significant figures, ‘5.44’, and the ‘06’ index
informs us that the result is in megohms.

COMPANION WEBSITE
The URL of the site is: http://www.elsevierdirect.com/
companions/9780080966342
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SENSORS
To measure quantities other than voltage it is neces-
sary to employ a sensor. By suitably interfacing the
sensor to the processing stage, we obtain a measur-
able voltage difference that is related in size to the
measurand. Ideally, a sensor has these characteristics:
� Selectivity: It is affected by the measurand but unaf-

fected by other quantities. For example, a light sen-
sor should be unaffected by changes of temperature.

� Sensitivity: A small change in the measurand pro-
duces a relatively large change in the response of the
sensor.

� Operating range: It operates over a wide range of
values of the measurand.

� Linearity: Equal changes in the measurand result in
equal changes in the response of the sensor.

� Response time: In some applications a very short
response time is essential.

� Stability: Its response does not change with age,
mistreatment, or other effects of use.

� Output: This is easy to measure electronically.

EMF-GENERATING SENSORS
These generate an emf proportional to the measurand.
Two common examples are:

Photovoltaic cell: This consists of a block of
n-type silicon, with a thin layer of p-type material
diffused into one surface. This layer is thin enough to
be transparent to light. As in a diode, the energy of
light falling on the depletion region causes electron-
hole pairs to be produced. The result is a virtual cell,
with the p-type layer 0.7 V positive of the n-type.

If the p-type and n-type layers are connected to an
external circuit, the emf between the layers produces
a current through the circuit. Electrons flow through
the circuit from the n-type layer and, on returning to
the p-type layer, combine with the holes. For as long
as light falls in the cell, the supply of electrons and
holes is renewed and current flows. The size of the
emf depends on the amount of light.

A photovoltaic cell converts one form of energy
(light) into another (emf) so it is a transducer. It has
the advantage that its response is linear. The cell can
be made with a large area to give it high sensitivity.
Its response time is in the order of 50 ns. This is
much shorter than that of most other light sensors
such as LDRs (350 ms), most photodiodes (up to
250 ns) and phototransistors (up to 15 µs).

Photovoltaic cells are used as sensors in optical
instruments, and as receivers in fibre-optical equip-
ment. Their rapid response time suits them for these
applications. Larger photovoltaic cells are used as
solar cells for electricity generation.

Thermocouple: A thermcouple consists of two
junctions between dissimilar metals or alloys
(below). The junctions are usually made by twist-
ing together and soldering wires of the metals or
alloys. In the example illustrated, the two alloys
are nickel-chromium and nickel-aluminium. This
pair of alloys is often used and is known as a
Type K thermocouple.

One of the junctions, the cold junction, is kept at
a steady reference temperature. It might simply be
located inside the case of the measuring instrument.
The other junction, the hot junction, is placed where
the temperature is to be measured. Owing to the
Seebeck effect, a potential difference is generated
across the pair of junctions, linearly proportional to
the difference of their temperatures.

The voltage output of a thermocouple is small
(about 40 µV/�C), so amplifiers are required. For
greatest precision, a bridge circuit is used. It usually
includes a dummy lead in one arm to compensate
for the Seebeck effect where the thermocouple is
joined to the different metal (copper) of the leads.
Thermocouples can be made only a millimetre or so in
diameter so their response time is short. Types made
from metal foil are even faster (10 µs). Thermocouples

incident light

n-type

p-typeVOUT

FIGURE 32.4 A photovoltaic cell is essentially a pn diode.

cold
junction

hot
junction

Ni-Al

Ni-Cr Ni-Cr
p.d.

FIGURE 32.5 A thermocouple generates a potential difference when
there is a temperature difference between its junctions.
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are robust and are frequently used in industrial applica-
tions for temperatures between 2200�C to 2500�C.

A thermopile consists of several thermocouples in
series, with their hot junctions grouped together, and
their cold junctions separately grouped together.
Since they are in series, they produce a larger output
voltage than a thermocouple.

RESISTIVE SENSORS
There are few sensors that produce an emf directly,
but there are many that show a change of another
electrical property, resistance, in response to a change
of measurand.

The sensors that we have studied in earlier topics
belong to this category. These are the photodiode, the
light-dependent resistor, the thermistor and the strain
gauge. In Topic 2, the first three sensors listed above
are being used to trigger a transistor switch. The cir-
cuit is triggered when the resistance reaches a given
level. In a measurement system, the varying resis-
tance produced by a varying measurand is to be con-
verted into a varying voltage. The circuit below
shows a way of doing this.

The varying resistance may be measured by con-
necting the sensor in series with a resistor as part of a
potential divider (Topic 3). We then measure the
voltage across it, or across the resistor. A change of
measurand is thus converted into change in voltage,
which is displayed by using a meter.

In the case of the photodiode, the circuit is as
above, with the photodiode reverse biased. In fact the
reverse voltage drop across the diode is not quite
the same thing as a voltage drop across a resistor but
the practical effect is the same.

For greater precision, a resistive sensor is con-
nected as one of more of the arms of a bridge.

Gas sensor: A gas sensor is used for detecting
and measuring small quantities of gases in the air.

Depending on the type, it detects carbon monoxide,
nitrogen oxide, fuel gases, or the vapours of certain
organic solvents. It can also detect insecticides and
cigarette smoke. Gas sensors are useful for monitor-
ing air pollution and for warning of the danger of
explosions.

The sensing element is a coil of fine platinum
wire coated with special mixtures of metal oxides and
catalysts. There is also a dummy element identical to
the sensor, except that the coating mixture does not
contain the catalysts.

Both elements are enclosed in a dome of stainless
steel mesh, about 1 cm in diameter.

In the detector for inflammable fuel gases, a cur-
rent is passed through the coils to heat them to about
350�C. The bridge is balanced so that vOUT is 0 V
when no gases are present. When gases are present,
they become adsorbed on to the coating of the coils.
The catalysts on the sensor coil cause the gases to be
oxidised, generating extra heat. The sensor coil
becomes hotter than the dummy coil, which has no
catalysts. The steel mesh prevents the combustion of
inflammable gases from spreading and causing an
explosion. The increased temperature of the sensor
coil increases the resistivity of the platinum, and the
bridge goes out of balance. vOUT becomes positive,
and this is detected by an amplifying circuit, which
triggers an alarm.

This sensor is an example of indirect measure-
ment. The measurand generates heat, the heat
increases the resistivity of the platinum wire, and the
increased resistivity throws the bridge out of balance,
which causes an increased output voltage.

CAPACITATIVE SENSORS
In these, changes in the measurand cause a change of
capacitance. An example is an electret microphone.

sensor

dummy

balance

0V
VOUT

+V

FIGURE 32.7 A gas sensor uses a bridge to compare the resistances
of the sensor coil with that of a dummy coil.

R1

R2

R3
calibrate

R4

VR1

sensor

A

0V

+V

FIGURE 32.6 A basic measurement system for resistive sensors.
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As the diaphragm vibrates, the distance between the
plates of the capacitor varies and this varies the
capacitance. Another way of varying capacitance is to
vary the nature of the dielectric. This is the principle
on which some humidity sensors work.

The dielectric is ofen a thin layer of aluminium
oxide, which is a hygroscopic substance. One side of
the layer is coated with a thin gold film which is con-
ductive but will allow water vapour to pass through.
There are two thicker metal films on the other side of
the dielectric layer.

Hygoscopic
Absorbs water vapour from damp air: releases it to dry air.

Changes in humidity bring about changes in
capacitance. This can be measured electronically.
One way is to make the capacitance part of an oscil-
lator circuit, then measure the frequency of the
oscillations.

Capacitance can also be measured by bridge tech-
niques. If the bridge is powered by an alternating cur-
rent, the reactances of the sensor and the balancing
capacitor act in a similar way to the resistances of a
conventional resistance bridge.

The capacitance is measured by balancing the
bridge, the knob of the balancing variable capacitor
being calibrated to give the readout. Alternatively,
the bridge is balanced to give zero output when the
measurand is at some suitable base level. Any change
in the measurand causes an AC output of measurable
amplitude. This is measured by rectifying it and mea-
suring the amplitude of the resulting DC signal with a
voltmeter.

INDUCTIVE SENSORS
A linear inductive position sensor (LIPS) is used to
measure position over a range from 1 mm to 1.5 m. It
depends on variation in the self inductance of coils as
a rod of magnetic material slides in or out of them.
The rod, or target (see below) is linked to a moving
object by a plastic or other non-inductive link.

The circuit is a bridge circuit, with the two sec-
tions of the coil in two of the arms and two capacitors
in the other two arms. The bridge is fed with a
1 MHz signal that keeps it resonating. The amplitude
of the alternating signal at vOUT depends on the rela-
tive self inductance of the two sections of the coil.
The target is conductive (usually aluminium) but not
magnetic, so the alternating field of the coil induces
eddy currents in it. These affect the inductance of the
coils, by varying amounts, depending on what frac-
tion of the target is within each of the coils.

The output is sampled at the same stage in each
cycle to give a DC signal. The DC voltage is related
to the position of the target and hence to the position
of the object to which the target is coupled.

The interface of this sensor is an integrated circuit
running on a 5 V supply. The output ranges from 0 V
to 5 V as the target is moved over its full range.

porous gold
electrode

hygroscopic
film

electrode

FIGURE 32.8 This humidity sensor is the equivalent of two capacitors
in series.

sensor balance

VIN

VOUT

FIGURE 32.9 The simple capacitance bridge produces an alternating
output with amplitude varying according to capacitance.

position
non-inductive

coupling

target

VOUT

0V

VIN

FIGURE 32.10 The amplitude of the output of the LIPS depends on
the position of the target.
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As in previous examples, variations in the measurand
have been converted to variations in a voltage which
can be measured, displayed, or recorded in a variety
of ways.

SIGNAL PROCESSING AND OUTPUT
Some of the ways in which signals from the sensor
are processed have been described in the previous
examples. In most of the cases, processing involves a
potential divider or (for greater precision) a bridge
circuit. This may be followed by amplification.

At this stage the signal may be converted into dig-
ital form for transmission, conversion, and eventual
storage. A dual slope converter gives the greatest
precision.

In industry, hand-held data loggers are used by
staff to keep a check on stock. The store-keeper is
able to move around the warehouse, keying in details
of stock held or stock being taken into or removed
from store. Information about the current condition of
the stock may also be keyed in. For example, infor-
mation on the present water content of stores of
timber.

The data recorded in the data logger is automati-
cally transmitted by radio to a central computer
located in the offices of the company. Conversely,
the storekeeper can key in the batch number and
retrieve from the central computer all stored data on
the history of any item of stock.

Inventories are prepared and new stock is ordered
automatically by the central computer. This is but
one example of the extensive processing of data in
industrial plant.

MEASUREMENT DISPLAYS
Two kinds of measurement display are illustrated in
Figure 32.11. On the left is a moving coil multi-
meter, sometimes known as a analogue multimeter
because its display is a needle moving over a scale. It
can settle at any position on the scale. This type of
meter can be read with a reasonable degree of preci-
sion, provided that the user avoids parallax when tak-
ing the reading. This means looking straight at the
scale, not from the left or right.

Moving coil meters give a quick visual indication
of the value of the measurand and it is easy to follow
rapid changes in its value. The main disadvantage is
that the meter coil takes an appreciable current, so it
draws current from the circuit under test. This may
result in an erroneously low voltage reading. This dis-
advantage can be eliminated by feeding the signal to
a voltage follower before sending it to the meter.

Simple moving coil voltmeters or ammeters are
often used in displays. Instead of being calibrated in
volts or ohms, their scales are marked to indicate the
value of the measurand. For example, moving coil
meters are used on automobile dashboards to display
measurands such as engine temperature and fuel
level.

A digital multimeter (above right, in the photo-
graph) converts the analogue input to digital form
before displaying it. The data is processed digitally
and displayed on a 7-segment or similar LCD. The
value can be read more precisely (assuming that the
measuring circuits of the meter have precision appro-
priate to the number of digits). The inputs of the mea-
suring circuits have high impedance so they do not
drain appreciable current from the circuit under test.
This gives improved accuracy compared with moving
coil meters.

Since the data is processed by digital circuits it is
easy to arrange for additional processing, even in an
inexpensive meter. The meter in the photo can dis-
play not only the current reading but the maximum,
the minimum and the average reading since a mea-
surement session was begun. Similarly an electronic

FIGURE 32.11 Low-cost multimeters cover most of the measurement
requirements of the electronics engineer.

(a)

(b)

FIGURE 32.12 Two types of LED bar graph.
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kitchen scales uses a form of strain gauge to measure
weight and can display the result in metric units or in
pounds and ounces at the touch of a switch.

One of the chief disavantages of a digital meter is
that when the input is changing rapidly, the confus-
ingly rapid succession of digits on the digital output
becomes difficult to read. For this reason the display
often includes a bar graph display. At the bottom of
the display is a bar that increases from the left as the
displayed value increases. This is easier to read, like
the swinging needle of a moving coil meter.

A bar graph display can be built using a row of
LEDs (Figure 32.12). There are special ICs that,
given an input voltage, light the appropriate LEDs.
The display can be programmed to display either a
thermometer-like bar, or a moving spot of light. Bar
graphs are ofen used to indicate the output power of
audio amplifiers.

If the data is processed by a computer or micro-
controller, there is almost no limit to the range of dis-
plays that become feasible. One of the more elaborate
is illustrated in Figure 32.13. It shows the monitors in
the control room of the Ironbridge Power Station,
Shropshire. The data from sensors located at dozens
of points in the plant is processed and displayed on
these screens.

The engineers can read temperatures, steam pres-
sures, rates of revolution, voltages and other measur-
ands relating to electric power generation. The
display givens a complete picture of what is happen-
ing in all parts of the power station, providing the

engineers with all the information they need to con-
trol the turbines and generators.

ACTIVITY — INSTRUMENTATION
Study an instrumentation system that you have seen
in operation. Draw a block diagram of the system.
Describe the sensor used with as much detail as you
can obtain from manuals and data sheets. Outline the
electronic circuits used for processing the data. What
type of display is used in this system and what are its
advantages and disadvantages?

QUESTIONS ON INSTRUMENTATION
1 What are the desirable features of a sensor used in an

instrumentation system?
2 Name two sensors. Describe how they work and

explain how their response is processed in named
instrumentation systems.

3 What is a thermocouple? How does it work? Design
a bridge circuit to interface a thermocouple to a
millivoltmeter.

4 Design a system for measuring humidity based on the
varying resistance of a hygroscopic substance.

5 Design a system to measure the rate of rotation of a
flywheel.

6 What kind of sensor would you use in a weighbridge
to measure the weight of loaded vehicles? How
would you process the output from the sensor?

FIGURE 32.13 Monitors in the control room of an electricity generating station display the outputs from numerous measurement systems.
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Topic 33

Electronic Control Systems

The simplest kind of electronic control system com-
prises three stages: input, processing, output. Examples
are given on p. 13. A general diagram is drawn below.
These are called open-loop systems.

There are also closed-loop systems, in which part
of the signal from the output stage is fed back to the
input stage. For example, in a thermostat, see next
page, a small part of the heat from the heater warms
the thermistor sensor.

Feedback is an important concept in control sys-
tems. With negative feedback, the output is made to
have a negative effect on the input. If the temperature
of a room is too high, the heater is turned off. If it is
too low, the heater is turned on. This action makes a
system stable — the room temperature is held
constant.

Typically, there is a sensor (such as a thermistor)
which produces a voltage signal that is proportional
to the output. A feedback circuit operates by compar-
ing this voltage with a fixed voltage, the set point or
reference signal. Often a comparator (perhaps an op

amp) receives the two voltages and compares them. It
produces an output voltage called the error signal.
The error signal is proportional to the difference
between the feedback and set point signals. If they
are equal, their difference is zero and the error signal
is zero. No further action occurs. If they are different,
the error signal acts on the input stage of the system
until they become equal.

Topic 34 looks more closely at the theory of con-
trol systems, such as are used in industry for process
control.

REGULATORS AND SERVOS
Many control systems can be described either as reg-
ulator systems or as servo systems.

A regulator system holds the value of a given
quantity (temperature, speed, position) at a fixed
level, the set point. Examples are a thermostat and the
system for keeping a CD spinning at constant speed.
In some regulator systems (for example, an incubator

Manual
or

automatic

Manual
or

automatic

error
signal

input

Open-loop system

Closed-loop system

negative feedback

set point

feedback
sensor

processing output

input processing output

FIGURE 33.1 The main components of an open-loop control system and a closed-loop system with negative feedback.
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for growing bacterial cultures) the set point may be
fixed. In others it may be altered occasionally (for
example, a room heater).

In a servo system the set point is often changed
and the system is continually adjusting to new values
of the set point. Examples are steering systems in
vehicles, in large vessels, and in aeroplanes (includ-
ing flying model planes, Figure 33.7). Other examples
are the systems for controlling the position of robot
arms.

The systems described in this topic are analogue
systems. In Part 3 of the book we describe several
other kinds of control system, which are based on
digital electronics. The regulator and servo systems
described in this topic can all be realised as digital
circuits, usually with a microcontroller in charge of
the processing.

TEMPERATURE CONTROL
A system which controls an electric heater to hold the
temperature of a room at a fixed level is an example
of a regulator system. The set point can be adjusted
from time to time to suit current conditions.

The circuit below is a fully automatic system. It
could be used to control the temperature of an oven, a
refrigerator, an incubator, a room or a building.

The temperature sensor (R1) is a thermistor. This
is part of a potential divider and the feedback signal
is the voltages at the junction of R1 and R2. In the
diagram, this is labelled t0. It goes to the inverting
input of the operational amplifier IC1, which is con-
nected as a comparator.

Feeding to to the inverting input gives it a negative
effect — it is negative feedback.

The set point voltage tS comes from the wiper ter-
minal of VR1, and goes to the non-inverting input of
the op amp. This makes the circuit the equivalent of
the comparator shown in Figure 33.2.

The op amp is wired as an open-loop amplifier so
has very high gain (A). The output of the op amp is:

AðtS 2 toÞ

This is the error signal. Because the open-loop
gain of the op amp is so high, the error signal swings
fully toward the positive or negative rails, turning the
transistor switch fully on or fully off, depending on
whether to is less than or greater than tS.

FEEDBACK IN A THERMOSTAT
As well as the action of the electronic circuit itself,
feedback in a closed-loop system depends on the
physical nature of the different parts of the system.
Important factors include:
� The heating element: A thin wire heats up quickly, so

the system responds quickly. We say that it has a rapid
response time. By contrast a heavy-duty element
enclosed in a thick metal sheath heats up slowly.

� It also continues to give off heat for some time after
it has been switched off. We say that there is
overshoot.

� The way heat travels from the heater to the place
to be heated: Parts of a room may be a long way
from the heater and are heated only by convection
currents. Response time is long. A fan heater has a
shorter response time.

� The response time of the sensor: A thermistor may
be a relatively large disc with long response time, or
it may be a minute bead with short response time.
The sensor may be in contact with the air or enclosed
in a glass bulb.

The effects of these factors produce hysteresis.
The heater is switched on at a higher temperature and
off at a lower one. It is usually better if the system
has hysteresis. It avoids the system being frequently
switched on and off when it is operating close to the
set point.

In a heating system with hysteresis, the heater
goes off when the temperature reaches a given higher
level tU, the upper threshold. With the heater off,
the temperature falls but the heater does not come on
again until the temperature falls below tL, the lower
threshold. Then the heater stays on until the temper-
ature reaches the higher threshold. The result is that
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ZVN3306A
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L
230 VAC

–12V

+12V
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4k7 10k
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A (ts – to)
to
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FIGURE 33.2 A practical thermostat circuit: the output voltage to
from the thermistor/resistor chain depends on the resistance of the
thermistor, R1. As temperature increases, the resistance of R1 increases
and t0 falls. This is compared with ts the fixed voltage of the potential
divider based on VR1.
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the temperature is not absolutely constant, but rises
and falls over a restricted range.

ROTATIONAL SPEED CONTROL
Varying the current through the coils of a DC
permanent-magnet electric motor controls its speed.
There are several ways of doing this:
� Manual control: A variable resistor is wired in

series with the coils.
� Transistor control: The speed of the motor is con-

trolled by varying the base current to the transistor.
Like the manual control technique, this is open-loop
control. It can not guarantee that the speed of the
motor is exactly related to the setting of the variable
resistor or to the size of the base current.

� The reason for this is that the mechanical load
placed on it affects motor speed. This may vary for
several reasons, for example: the motor is driving a
vehicle which starts to go up a slope; the motor is
lifting a load which is suddenly decreased; the motor
is affected by uneven friction in the mechanism. A
slowly rotating motor may stall completely if its
load is suddenly increased.

� Op amp closed loop control: The circuit in Figure
33.4 has negative feedback. The op amp monitors
the voltage across the motor and acts to keep it con-
stant, equal to the control voltage, vc. This ensures
constant current through the coils, keeping it turning
at constant speed in spite of variations in the load.

� Switched mode control: Instead of controlling the
amount of current supplied to the motor, the current
is supplied in pulses of constant amplitude but with
varying mark-space ratio.

The speed of the motor depends on the average
current being delivered to it. In Figure 33.5, pulses
are generated by a timer IC. The timer runs at 50 Hz

or more, producing a stream of pulses. The inertia of
the motor keeps it turning at a steady speed during
the periods between pulses.

Adjusting VR1 varies the pulse length and thus
the mark-space ratio of the output to Q1. With the
values given in the diagram, the mark-space ratio
ranges from 2 to 50. This gives a 1 to 25 variation in
the amount of current supplied to the motor.

This technique gives smooth control of motor
speed over a wide range. There is less tendency to
stall at low speeds because the pulses switch the tran-
sistor fully on and the motor is driven with full
power. It is possible for the pulses to be generated by
a microprocessor for fully automatic speed control.
The main disadvantage of the method is that it is an
open loop. The actual speed attained depends on the
load.

� Stepper motor: A typical stepper motor has four
sets of coils, arranged so that the rotor is turned from
one position to the next as the coils are energised in
a fixed sequence. This is listed in the table following.
The sequence then repeats after this. At every step,
two coils are on and two are off.

FIGURE 33.3 Changing the control voltage vC varies the speed of the
motor. This is an open loop, so speed depends partly on the mechanical
load on the motor.

FIGURE 33.4 An op amp with negative feedback. Varying vC sets the
speed of the motor.
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FIGURE 33.5 A pulse generator with variable mark-space ratio is
used to control the rate of rotation of the motor.
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Step no. Coil 1 Coil 2 Coil 3 Coil 4

0 On Off On Off
1 Off On On Off
2 Off On Off On
3 On Off Off On

To get from step to step, first coils 1 and 2
change state, then 3 and 4 change state, then 1 and
2, and so on. The result of this is to produce clock-
wise turning of the rotor, 15� at a time. If the
sequence is run in reverse, the rotor turns anticlock-
wise. Six times through the sequence causes the
rotor to turn one complete revolution.

At any step, the rotor can be held in a fixed posi-
tion by halting the sequence. A pulse generator, con-
taining the logic to produce four outputs according
to the sequence in the table, controls the motor.

The four outputs are connected to four transistors,
which switch the current through each coil on or off.
The pulses that switch the transistors are provided
either by a special IC or by a programmed micro-
controller.

The rate of rotation is controlled by the fre-
quency of pulses generated by the microcontroller,
one revolution for every 24 pulses. The microcon-
troller can be programmed to produce the pulses in
the reverse sequence, so reversing the direction of
rotation. It can also deliver any required number of
pulses to control the angle turned.

The advantage of the stepper motor is that its
speed is controllable with the same precision as
the system clock. It is not affected by the load on the
motor, except perhaps an excessive load, which might
completely prevent the motor from turning. The step-
per motor may be made to turn 7.5� per step by using
a slightly different switching pattern. Motors with a
1.8� step angle are also produced.

POSITION CONTROL
There are two types of position that may be
controlled:
� Linear position: The location of an object (such as

a cutting tool) along a straight path, measured from
a point on the path.

� Angular position: The direction of a lever-like
object (such as an arm of a robot), measured as an
angle from some reference direction.

If an object, such as a sliding door, or a part of a
machine, is to be moved along a straight path, the

motive force may be provided by a solenoid, an elec-
tric motor, or a hydraulic cylinder and piston. The
rotary motion of the motor may be converted into lin-
ear motion by a mechanism such as a worm gear or a
rack and pinion. A closed-loop control system can
supply power to a solenoid, a motor or the valves of
a hydraulic system, but it needs a sensor to detect
that the moving object has reached the required posi-
tion. Sensors used for this purpose include limit
switches, magnetic proximity sensors, linear inductive
proximity sensors, and various resistive and optical
sensors.

A simple resistive linear position sensor is illus-
trated above. The output of this is proportional to the
position of the object. This is compared with vC, the
control voltage, set by the operator or perhaps gener-
ated by a computer.

The object is moved along its track by an electric
motor and a linear mechanism. The control systems is
illustrated below. There are three situations:
� vC . vS: The output of the comparator is positive.

The control circuit supplies current to the motor, so
as to increase vS.

� vC , vS: The output of the comparator is negative.
The control circuit supplies current to the motor in
the opposite direction, so as to decrease vS.

� vC 5 vS: The output of the comparator is zero. The
control circuit supplies no current to the motor. The
object stays in the same position.

This is an example of a servo system. It is an on-
off system, with the extra feature that the motor is
not just switched on and off but may be made to turn
in either direction. The control circuit is built from
op amps and transistors, or it may be a special IC
designed for servo driving. If the object is not at its
intended position, the motor rotates one way or the
other until vC 5 vS.

One of the possible snags of such as system is that
the system overshoots. Instead of homing steadily on
the intended position, the object is moved past that

Direction of motion

Wiper

Resistive
track

0V +V

VS

FIGURE 33.6 As the object moves, the wiper is moved along the
resistive track. The output voltage varies from 0 V up to 1V as the
object moves from left to right.
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position. It is then moved toward the position from
the opposite side, and may overshoot again. This may
continue indefinitely, causing the object to oscillate
about the position instead of settling there. This is
called hunting. To avoid hunting, most servo systems
provide a dead band on both sides of the intended
position. The motor is switched off as soon as the dif-
ference between vC and vS becomes less than a given
small amount. The object stops a little way short of
the intended position but the error is small enough to
be ignored.

A servomotor is designed to move to a given
angular position. The motor has three connections to
the control circuit. Two of these are the positive and
0 V supply lines. The third connection carries the
control signal from the control circuit, which may be
a microprocessor.

The rotor of the motor has limited ability to turn.
Generally it can turn 60�90� on either side of its cen-
tral position.

The control signal is a series of pulses transmitted
at intervals of about 18 ms, or 50 pulses per second.

The angle of turn is controlled by the pulse
length:
� 1 ms: turn as far as possible to the left.
� 1.5 ms: turn to central position.
� 2 ms: turn as far as possible to the right.

Intermediate pulse lengths give intermediate
positions.

ACTIVITIES — CONTROL SYSTEMS
Set up demonstration controls such as:
� a thermostat.
� an automatic electric fan for cooling.
� motor speed control.
� lamp brightness control.
� stepper motor driver based on a walking ring

counter.
� servomotor driver, based on a 555 timer running at

50 Hz, that drives an edge-triggered delay to produce
pulses varying in length from 1 ms to 2 ms.

These circuits should be powered from batteries or
low-voltage PSUs, not from the mains. Some of these
systems could be controlled by a microcontroller.

QUESTIONS ON CONTROL SYSTEMS
1 Draw a block diagram of a switched-mode closed-

loop circuit for controlling the speed of an electric
motor. Describe the action of each part of the system.

2 Explain how a thermostat operates.
3 What are the advantages of a closed-loop system

when compared with an open-loop system? Illustrate
your answer with examples.

4 Give examples to explain what is meant by (a) hys-
teresis, (b) overshoot, and (c) dead band.

5 What is a stepper motor? How can it be used for con-
trolling (a) rotational speed, and (b) angular position?

6 What are the differences between stepper motors and
servomotors? For each type, give an example of a
control circuit in which you would use it.

7 List and describe in outline the control systems used
in three examples of domestic equipment.

The companion site has several animated diagrams of
circuits that are used in control systems.

Set up some of these on a breadboard, or build them
into a permanent project.

FIGURE 33.7 A small servomotor of the kind used in flying model
aircraft and robots. The ‘horns’ (white levers) are used for connecting
the motor to the mechanisms that it drives.
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Topic 34

Process Control Systems

This topic looks more closely at the structure and
behaviour of control systems, particularly those used
in industrial processing.

We are concerned only with closed loop systems
as open-loop systems are unable to operate as regula-
tors or as servos.

The simplest closed-loop systems are like the ther-
mostat described in the previous topic. In this the
heater is either on or off. This type of system, often
known as an ‘on-off’ or ‘bang-bang’ system, is rela-
tively easy to implement. It operates well enough in
many applications.

Many industrial applications demand more elabo-
rate control systems. There are three main types:

� Proportional (P) systems.
� Proportional-integral (PI) systems.
� Proportional-integral-derivative (PID) systems.

In this topic, the systems operate with analogue vol-
tages. However, the same control functions are possible
in digital systems. Signals are digital quantities and
many of the circuits are replaced by software programs.

PROPORTIONAL CONTROL

Figure 34.1 shows the main functional blocks of a
proportional control system and the analogue voltage
signals that flow from one block to another.

The system is shown controlling an industrial pro-
cessing plant. It might, for example, be a chemical
plant in which several solutions are mixed in a vat to
react together. But the same principles apply to other
systems such as the control system of an underwater
vessel used for repairing an oil well platform.

In the figure below the function of comparing set
point and output is shown divided into two stages:
� A subtractor to measure the difference between the

actual output and the set point (or desired output), x.
� An amplifier to amplify the difference.

The amplified signal drives the actuators, the motors,
heaters, stirrers and other units in the processing plant.
There may be further amplification in the plant.

In most controllers the plant introduces a time fac-
tor, usually a delay. For example, a controller may
fill a vat with a solvent. The system operates a valve
and the level of solvent in the vat is measured by a
float mechanism.

The valve is controlled by the signal y. The
amount of solvent in the vat is detected by the float
mechanism. The output from this sensor is used as
feedback. The feedback is used to calculate the value
of y.

Filling the vat to the set point level is a process
that takes time — perhaps several minutes or even
hours. If the vat is empty, y is large and the valve is

set point
+
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x - output
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FIGURE 34.1 A signal flow diagram of a proportional control system.
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opened wide to start filling rapidly. As the vat fills
and the level of solvent approaches the set point, y
decreases and the valve is gradually closed. It is shut
off (y 5 0) when the vat is full.

The computer simulation below shows the input
and output of a proportional control system, simu-
lated on a computer and plotted against time. The set
point voltage is plotted in grey. The black curve
shows output voltage. Output is plotted as a voltage
that represents the activity of the plant — the level of
solvent in the vat or, in other systems, the tempera-
ture of a furnace, the position of a ship’s rudder, or
the angle of elevation of a radio telescope.

In the simulation the set point is suddenly
increased, then held constant. The output curves slopes
steeply upward at first, then gradually becomes less
steep as it approaches the set point.

To begin with, the error E is large, the valve is
wide open and the rate of increase of output (increase

in the solvent level in the vat) is high. In time the
error becomes less and the rate of increase is less.
The valve gradually closes, and solvent flow dimini-
shes and is eventually cut off. In other words, the rate
of increase in output is proportional to error.

The advantage of this system is that it saves time
by opening the valve wider at the beginning. It may
be essential for the operation of the process to deliver
as much solvent as possible as quickly as possible.

The next point to notice is that the output
approaches the set point, but never reaches it. There
is a certain amount of offset. The reason for this is
explained later.

The screen shot below shows the output curves for
four different gain settings. The higher the gain, the
smaller the offset. But offset is always there.

As the screen shot in Figure 34.4 shows, high gain
may result in overshoot and oscillation. This may
not be acceptable behaviour for systems involving

si
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FIGURE 34.2 A computer simulation of a proportional control system. A sudden increase in the set point (grey line) results in a rise in output
(black).

FIGURE 34.3 Output is plotted for four different amounts of gain. Increasing gain results in reduction of offset, but does not eliminate it.
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chemical processing, for example. In mechanical con-
trol systems, such as the control of robot arms or the
flight surfaces (elevators) of an aircraft, overshooting
may damage the mechanism.

When a proportional system is being set up, the gain
of the amplifier must be tuned to produce acceptable
responses. Usually the gain is set at a level that gives the
minimum offset with no overshoot or oscillation.

The most important quantity in the control system
is the output, but it is interesting to look at the y sig-
nal (actuator signal 3 plant gain). This controls the
operating part or parts of the plant, such as valves,
motors and heaters.

The plot (opposite) was obtained with the same set-
tings as that for Figure 34.2 but now includes the curve
for y.

It shows how y takes its highest value when the set
point is increased and the error signal is a maximum. It
switches the actuators fully on for maximum effect.

As time passes and the output increases (the vat
becomes fuller), E is reduced, resulting in decreasing y.
The curves for y and output gradually meet at the same
level, a little below the set point. The system is stable.

The cause of the offset error in proportional control
systems is due to the feedback of the error signal. The out-
put of the system is y 5 kpkaE (see Figure 34.1).

To simplify the equations that follow, put kpka 5
K. K is the open loop gain of the system and:

y 5 KE:

But E is the difference between x (set point) and y:

y 5 Kðx 2 yÞ

From this we get:

y 5 Kx=ð1 1 KÞ

As K is increased, the fraction K/(K 1 1) comes
closer and closer to 1, making y � x, and the offset
(y 2 x) approaches zero.

One way of reducing offset is to add an adjust-
ment signal to the error signal. The size of this signal
can be controlled manually. A better technique is
used in the proportional-integral system described in
the next section.

PROPORTIONAL-INTEGRAL
CONTROL

A proportional-integral (PI) controller uses an inte-
grating block to produce a signal that is the integral
over time of the error signal. The output of the inte-
grator is zero to begin with.

FIGURE 34.4 This plot shows what happens when gain is further increased. The lowest curve has the same gain as the lowest curve in the screen
shot above. The other two curves have higher gains, and the one with highest gain overshoots and oscillates.
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FIGURE 34.5 The relationship between x (set point), y, and output.
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For as long as the input to the integrator is posi-
tive its output rises at a rate depending on the input.

When E is zero, the input to the integrator is zero
and its output remains at the same level. Its output
falls if a negative voltage is applied to it.

The two plots below show how the integrator cor-
rects for the output offset.

In Figure 34.7 the simulated PI controller is run
with its integrator switched off. It then behaves like a
P controller. The control voltage y never reaches the
set point and therefore the output has a significant
offset.

Switching on the integrator adds its output to y.
The integrator output rises sharply at first then more
slowly. The value of y is boosted by this so that it
reaches the set point. At that stage the error E is zero
so the integrator output remains fixed. The output
rises more slowly because of the load but finally
reaches the set point. The vat is full to the required
level, the error signal is zero and the valve is closed.

In a regulator system based on a PI controller, the
set point is adjusted to a fixed level and stays there.
The output reaches the set point slightly later. In a
servo system, in which the set point is continually
changing, the output may not be able to keep up with
the changes.

The plot in Figure 34.10 the right shows what may
happen. This is the same simulated system as used in
the previous plots, but the set point is now
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FIGURE 34.6 A PI controller (left) adds in the time integral of the
error signal, multiplied by the gain, Ki.
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FIGURE 34.7 Output of a PI controller with the integrator switched
off, so that it acts like a P controller.
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FIGURE 34.8 With the integrator switched on, its output rises until
the error signal (set point 2 y) is zero. After that, it remains at a con-
stant level.
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FIGURE 34.9 The error signal E is greatest when the vat is empty, so
the valve is wide open. As the vat fills, E is reduced, until it becomes
zero when the set point is reached.
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FIGURE 34.10 If the set point changes too rapidly, the output does
not have enough time to respond.
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programmed as a triangular wave. This could be the
system controlling an oscillating motion like that of
the heater-dryer fans in a car-wash. The output
changes with the same frequency as the set point, but
never catches up with it.The next section shows how
the response can be speeded up.

PID CONTROL

PID, or proportional-integral-derivative control, intro-
duces a third term into the equation for y. The signal
flow diagram below shows that a differentiator block
is used to generate a signal proportional to the rate of
change of the error signal. This derivative is added
in with the proportional and integral signals and
applied to the plant.

The effect of adding in the derivative is to
increase the rate of change of the output when the set
point is changing rapidly. If the set point is steady or
changing slowly, the derivative is zero or close to
zero, and so has little effect on the output.

A simulation of a square wave set point is illus-
trated Figure 34.12. A square wave changes very rap-
idly as it swings up or down, but remains constant
between swings. The derivative therefore shows sharp
upward and downward peaks, but is zero between

peaks (see Figure 34.13). The effect of this is to
make the output equal to the set point at almost every
stage. Only at each swing does the plot of the output
fail to follow the set point, but it catches up again.

ACTIVITIES — 3-TERM CONTROLLERS
Investigate the action of a PID controller, tuning it
with its P function only, and then switch on the I
function, and tune it again. Refer to the user manual
for details. Finally, run and tune it with all three
functions switched on.

Use a computer simulation of a controller, or build
up a controller from function blocks in circuit simula-
tor software. Investigate the effects of setting the
values of the gains of the various stages.
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FIGURE 34.13 When the set point is a sine curve, the derivative fol-
lows a cosine curve because d(sin x)/dx 5 cos x.
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FIGURE 34.11 A PID, or 3-term control system, is able to follow
rapid changes of the set point.
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FIGURE 34.12 The output of the PID simulation follows the set point
almost exactly. The plot also shows the derivative signal produced by
the differentiator.
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Topic 35

Systems with Faults

CAUSES
A system may develop faults because of:
� Design faults
� Handling or usage faults
� Component faults.

Most systems work properly for most of the time. But
even a system that has been properly designed may show
faults when it is operated under unusual or extreme con-
ditions. Possibly the designer did not take these into
account when the system was in the design stage.

Example
An amplifier normally works correctly, but becomes
unstable when the ambient temperature exceeds 35�C.
The heat sinks are too small or the ventilation of the
enclosure is not adequate.

Ambient Temperature
The temperature of the surroundings.

With a commercially built system there may be
little that can be done to correct designer faults,
except to complain to the manufacturers. With a sys-
tem you have built yourself, it is a matter of ‘back to
the drawing board’.

Handling or usage faults occur when the system is
used in a way that was not intended by the designer.

Examples
� A circuit board is connected to a supply voltage of 12 V

when it is intended to operate on a maximum of 5 V.
� A circuit is connected to a supply of the reverse

polarity.
� This type of fault can also occur accidentally, for

example, a spike on the mains supply due to a light-
ning strike.

Defective components are rarely the cause of a
fault. Provided that new components have been pur-
chased from a reputable supplier, and are connected
into a well-designed system, they should seldom fail.

If components are not new but have been used in
other circuits, they may have been damaged previ-
ously by overvoltage or excessive current, by incor-
rect polarity, or they may have been damaged
mechanically. Unless precautions are taken, CMOS
and similar devices may be damaged by static charges
while being handled, prior to being used in a circuit.
This is not a defect of the component as such, but is
the result of mishandling the component.

Although it is unlikely to be the cause of a fault, a
defective component may often be the result of a cir-
cuit fault of another kind.

Examples
� An inductive load switched by a transistor does not

have a protective diode. Consequently, the high cur-
rent induced when the load is switched off eventually
damages the transistor. The basic cause of the defect
is faulty circuit design.

� An excessive current is drawn from an output pin of a
microcontroller by connecting a low-impedance load
to it. The output circuit is damaged and no further
output is obtainable from that pin. The basic cause is
incorrect usage.

FAULT REPORT
The first stage in diagnosing a fault is to state exactly
what is wrong with the system. It is not sufficient to
report simply that ‘it does not work’. The initial
report should give answers to the question:

What does it NOT do that it should do?
This can be answered by one or more statements

such as:
� The pilot LED does not come on when power is

switched on.
� There is no sound from the loudspeaker.
� There is no picture on the screen.
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� The heater does not switch off when the set tempera-
ture is exceeded.

� Nothing happens when a control button is pressed.

To be able to provide such answers, the engineer
must be very clear about what the system should do.
Read the User Manual and consult it often.

With some systems it may also be informative to
answer this question:

What does it do that it should NOT do?

Typical answers could be:
� There is a smell of scorching.
� The indicator LED flickers irregularly.
� There is a loud buzz from the loudspeaker.
� The servomotor never settles to a fixed position.

Another question that should be asked is:
WHEN does it show the fault?
It may be necessary to run the system for several

hours to answer this fully, but typical answers are:
� All the time.
� Not often. It becomes faulty and then recovers.
� Not often, but after the fault develops it stays.
� When it is first switched on, but not later.
� Not when it is first switched on, but starts about 10

minutes later.
� Only when the gain is set high.

INSPECTION
With the fault report in mind, the next stage is to
inspect the circuit, looking for obvious faults. These
visible faults, if any, should be carefully listed.

Look for wires that have broken away from the cir-
cuit board or the terminals of panel-mounted compo-
nents, signs of mechanical damage to the circuit board
and components, or signs or smells of scorching.

At the same time it is important to note what parts
of the system can not be inspected and why. In some
systems there are complicated components (such as a
microcontroller, or a RAM chip) that can not be
tested without special equipment. These could be
looked at later if the initial inspection fails to deliver
any solution to the problem.

Mains Supply

Turn off the mains supply and remove the plug from the
socket before inspecting or testing mains-powered
equipment.

Unless you are fully experienced you should never
test or operate mains-powered equipment with the case
open. You should never attempt to test the circuit while
it is plugged into a mains socket.

PRELIMINARY DIAGNOSIS
When the inspection is complete it may already be
possible to decide what the cause of the fault may be.
The next stage is to carry out some elementary practi-
cal tests. It is not possible to provide a set of routines
here because so much depends on the type of system
and the nature of the fault. Some manufacturers pro-
vide checklists of faults and remedies applicable to
their equipment. If such help is available, it should be
followed.

In the absence of advice from the manufacturer, or
even when advice is available, it is essential that the
person looking for the fault fully understands the sys-
tem and how it works. A schematic diagram is almost
essential, preferably marked with typical voltage
levels at key test points.

With circuit diagrams and other data to hand, and
with a good understanding of the system, it is usually
possible to eliminate certain possibilities and to con-
centrate on locating particular kinds of defect.

Examples
� A total failure of the equipment to do anything at

all suggests that there may be a failure of its power
supply. With mains equipment, first check that the
mains socket provides mains current when switched
on (try it with some other piece of equipment
plugged in).

� With a battery-powered circuit, check the battery
voltage, remembering that the voltage from a
nickel-cadmium rechargeable battery drops sharply
as it reaches full discharge. It might have been cor-
rect yesterday, but is it still delivering full voltage
today?

� From the circuit diagram, pick out points in the cir-
cuit that should be at full positive supply voltage, and
check these with a meter. Such points include the
positive supply pins of all integrated circuits and all
other pins (such as unused reset pins) that are wired
permanently to the positive supply.

� If the supply voltage is low at any of these points,
place an ammeter in series with the power supply
and the equipment and measure the current it is tak-
ing. If the current is excessive, it suggests that there
may be a partial or total short-circuit between the
positive supply rail and the ground (0 V) rail. This
could be due to a defective component.

� Use a continuity tester to check that all points that
should be connected directly to the 0 V rail are in
fact connected. This includes 0 V pins of all ICs and
all other pins that are wired permanently to 0 V.

If a list of expected voltage levels is not available,
try to work out what they should be.
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Example
If the base-emitter voltage of a BJT is more than about
0.7 V the transistor should be on.

This means that its collector voltage should be rela-
tively low, perhaps not much greater than its base volt-
age. Conversely, if the base-emitter voltage is less than
0.7 V, the transistor should be off and its collector voltage
may be equal to the positive supply voltage.

Capacitors

In many types of circuit, the capacitors retain their
charge for a long time, perhaps for several hours, after
the power supply has been switched off. They can
deliver a very unpleasant and possibly lethal shock.

Treat all capacitors with respect and make sure they
are discharged before touching them or their terminal
wires. Capacitors of large capacity should always be
stored with their leads twisted together.

COMMON FAULTS
There are some very basic faults that occur more
often than faults of other kinds. It is best to look for
these first. Several of them are related to the circuit
board and construction techniques. Quality control
should eliminate most such faults from commercially-
built systems, but self-built systems should be
checked before power is first switched on:
� There are short-circuits caused by threads of solder

bridging the gaps between adjacent tracks on the
pcb. A hair-thin thread can result in a fault, so it is
essential to use a magnifier when inspecting a circuit
for this kind of fault.

� There are hairline gaps in the tracks. Breaks in
tracks may result from flexing due to mechanical
stress in mounting the board. These gaps are difficult
to see and it may happen that they only open up after
the board has been warmed from some time. Faults
of this kind may develop after the circuit has been
switched on for several minutes.

� Cold-soldered joints are the result of a lead or the
pad (or both) being too cold when the solder was
applied. It may also be the result of a greasy or cor-
roded surface. The molten solder does not wet both
surfaces properly. Often the solder gathers into a
ball on the track or lead and the fact that the joint is
dry can be seen under a magnifier. Suspected cold-
soldered joints should be resoldered.

� Components may be soldered on to the board with
the wrong polarity. This applies particularly to

diodes, LEDs, electrolytic capacitors and tantalum
capacitors. It is also possible (and damaging) to
insert an IC the wrong way round in its socket.

� It is possible that a wrong IC has been used. Check
all type numbers.

� An IC may be inserted in its socket so that one or
more pins is bent under the IC and does not enter
the socket. This type of fault is hard to see. The only
method is to remove the IC from the socket and
inspect its pins.

� Resistors and capacitors may be mechanically dam-
aged by rough handling so that leads lose their elec-
trical connection with the device without actually
becoming detached. With ICs, excess pressure on the
IC may flex the silicon chip inside so that connec-
tions are broken.

� Devices such as diodes and transistors may be totally
damaged or their characteristics may be altered by
excessive heat. This usually happens when the
device is being soldered in, but may also be the
result of excess current. The resistance of resistors
may also be altered by excessive heat.

ANALOGUE CIRCUITS
The items listed above may lead directly to the cause
of the fault, which can then be rectified. If this fails,
a more detailed inspection is required. In this section
we deal with analogue circuits. Suggestions for digi-
tal circuits are listed in the next section.

Analogue equipment is checked by further use of
a testmeter and with more elaborate equipment such
as an oscilloscope. Signal generator and signal tracers
are often used with audio equipment. Detailed
instructions for using these are found in their Users’
Manuals.

The probe of an oscilloscope has high input
impedance so the instrument can be used in the same
way as a voltmeter for checking voltage levels at key
points. In addition, it is possible to detect rapid
changes in voltage to discover, for example, than an
apparently steady voltage is in fact alternating at a
high rate. In other words, the circuit is oscillating.
Conversely, we may discover that a circuit which is
supposed to be oscillating is static. Clues such as
these, combined with the understanding of circuit
operation, may point to the cause of the fault. In par-
ticular, the switching of transistors may be examined,
to see that the base (or gate) voltages go through their
intended cycles and that the collector and emitter (or
source and drain) voltages respond accordingly. A
dual-trace oscilloscope is invaluable for checking
transistor operation.
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A signal generator may be used for introducing an
audio-frequency signal into an audio system. In a
properly functioning system, a tone is then heard
from the speaker. Beginning at the power output
stage, we work backward through the system, apply-
ing the signal at each stage and noting whether it
appears at the speaker and whether it is noticeably
distorted. An oscilloscope can be used to check the
waveform, particularly to look for clipping, ringing
and other distortions. If we get back to a stage from
which no signal reaches the speaker, or distortion is
severe, the fault must be located in this stage. Then
we examine this stage more closely. Alternatively, we
can work in the opposite direction. We supply the
input of the system with an audio signal from a radio
tuner or disc player. Then we use a signal tracer (a
simple audio-frequency amplifier with a speaker) to
follow the signal through the system from input to
output. Again we note the stage at which the signal is
lost and investigate this stage in more detail.

Sometimes it is helpful to use both techniques,
working in from both ends of the system to arrive at
the site of the trouble.

DIGITAL CIRCUITS
The preliminary techniques, such as checking power
supplies and circuit boards, are the same for digital
circuits as for analogue circuits. Cold soldered joints
or cracks in the circuit board tracks can cause a loss
of logic signal between the output of one gate and the
input of the next.

A common fault is for an input to be unconnected
to the power rails or to a logic output. This can hap-
pen because of incorrect wiring, a bent IC pin, or a
dry solder joint. An unconnected CMOS input will
then ‘float’, staying in one state for some time but
occasionally changing polarity. Output from the IC
will vary according to whether the disconnected input
is temporarily high or low.

With TTL, an unconnected input usually acts as if
it is receiving a high logic level. If outputs of a logic
IC are not firmly low or high it may be because of
lack of connection on the IC power input pins to the
power lines. If there is no connection to the 0 V line,
output voltages tend to be high or intermediate in
level. If there is no connection to the positive line,
the IC may still appear to be working because it is
able to obtain power through one of its other input
terminals which has high logic level applied to it. But
output logic levels will not be firmly high or low, and
the performance of the IC will be affected. This situa-
tion can lead to damage to the IC.

The more detailed checks require the use of spe-
cial equipment. A logic probe is the simplest and
most often used of these. It is usually a hand-held
device, with a metal probe at one end for touching
against terminals or the pins of the logic ICs. The
probe is usually powered from the positive and 0 V
lines of the circuit under test. In this way the probe is
working on the same voltage as the test circuit and is
able to recognise the logic levels correctly. The sim-
plest logic probes have three LEDs to indicate logic
high, logic low and pulsing.

The third function is very important because the
level at a given pin may be rapidly alternating between
high and low. With an ordinary testmeter the reading
obtained is somewhere between the two levels. We
can not be certain whether this indicates a steady volt-
age at some intermediate level (which probably indi-
cates a fault) or whether it is rapidly alternating
between high and low logical levels (which probably
means that it is functioning correctly).

With a logic probe, the ‘high’ and ‘low’ LEDs
may glow slightly, but this again could mean either an
intermediate level or rapid alternation. The ‘pulsing’
LED indicates clearly that the voltage is alternating.

Some probes also have a pulse stretcher LED.
Many circuits rely on high or low triggering pulses
that are far too short to produce a visible flash on
the ‘high’ or ‘low’ LEDs. The pulse stretcher flashes
for an appreciable time (say 0.5 s) whenever the
probe detects a pulse, even if it lasts only a few
milliseconds.

A related device is the logic pulser, which pro-
duces very short pulses that effectively override the
input from other logic gates. They can be used in
a similar way to an audio signal generator to follow
the passage through a system of a change in logic
level.

A logic analyser is used for analysing faults in
complex logic systems. These can accept input from
several (often up to 32) points in the system and
display them in various combinations and on a
range of time-scales. It can detect and display
glitches in the system as short as 5 ns duration. The
existence of a glitch indicates that there is an unex-
pected race in the system, producing incorrect logic
levels.

Glitch

An unintended short pulse resulting from timing errors in
logic circuits
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Race

When two or more signals are passing through a logical
system, one or more of them may be slightly delayed,
perhaps because a certain device has a longer delay time
than the others. Logic levels do not change at precisely
expected times and the result is often a glitch.

There are also input circuits triggered by various
input combinations, making it possible to identify
particular events in the system and examine circuit
behaviour as they occur. A logic analyser requires
expertise on the part of the operator, both in using the
equipment and in interpreting its results.

Signature analysis is a technique for checking
that each part of a logical circuit is acting correctly.
When the system has been assembled and found to
operate correctly, its inputs are fed with a repeating
cycle of input signals. The voltage levels at each key
point in the system are monitored and recorded for
each stage in the cycle. These are the signatures for
each point.

If the system develops a fault, its inputs are put
through the same cycle and the signatures monitored
at each key point. If the inputs of a device have the
correct signatures but its outputs show incorrect sig-
natures it indicates that the device is faulty. This
technique is one that can be made automatic, so that
circuit boards may be tested by computer. Very com-
plicated systems can be put through the testing cycle
in a very short time. But the input sequence must be
expertly planned, or there may be errors that the test
fails to reveal.

SOFTWARE FAULTS
When a system is controlled by a microprocessor or a
microcontroller it may happen that the fault lies not
in the hardware but in the software. The tests
described above fail to show anything wrong with the
power supplies, the circuit board, the wiring or the
individual components, but still the system operates
wrongly. It may be that there is a bug in the program,
even one that was there from the beginning. In many
programs there are routines that are seldom used and
it is relatively easy for a bug to lurk there while the
rest of the program functions correctly.

Bug

A software fault which causes the microprocessor to per-
form the wrong action.

Eventually the faulty routine is called and the bug
has its effect. The same thing can happen as a result
of faulty copying of a program or if one of the ele-
ments in a RAM is faulty. It is necessary only for a
single ‘0’ to change to a ‘1’ or the other way about.
Then the machine code is altered, with possibly dra-
matic effects.

TESTING SOFTWARE
Thorough testing of programs at the development
stage is essential if all bugs in a program are to be
found and eliminated. Although programs can be
developed using an assembler or a high-level lan-
guage on a computer, the only way that it can be
completely tested is to run it on the system itself.

This is often done by using an in-circuit emula-
tor. The emulator is connected into the system by
plugging its connector into the socket that the sys-
tem’s microprocessor would normally occupy. The
emulator acts in the same way as the microprocessor
would act, but it has the advantage that it can easily
be reprogrammed if the program does not control the
system correctly.

The program can be run and stopped at any stage
to allow readings to be taken or to examine the con-
tent of memory and of registers in the microproces-
sor. When the program has been perfected, it is burnt
into a PROM for use in the system, and the actual
microprocessor chip replaces the emulator.

An emulator is an expensive piece of equipment
so its use is limited to industries in which relatively
complex logical systems are being produced on a
large scale.

Emulators are usually able to simulate a number
of different popular microprocessors, which saves
having to have a different one for every processor
used. But when a new processor is produced, there
may not be an emulator to use for testing circuits
based on the new processor. This limits the use of
in-circuit emulation to the well-tried processors.

QUESTIONS ON SYSTEMS WITH FAULTS
1 Select one of the circuits described below and list all

the things that can possibly go wrong with it. For
each possible fault, describe the symptoms you
would expect the circuit to show, state what tests you
would perform to confirm that the fault exists, and
briefly state how you would attempt to cure it.
(a) common-emitter amplifier.
(b) common-drain amplifier.
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(c) thermostat circuit using a thermistor, a BJT and
a relay.

(d) BJT differential amplifier.
(e) tuned amplifier.
(f) non-inverting op amp circuit.
(g) op amp adder.
(h) precision half-wave rectifier.
(i) BJT push-pull power amplifier.
(j) triac lamp dimmer.
(k) half adder.
(l) magnitude comparator.

(m) pulse-generator based on NAND gates.
(n) astable based on 7555 ic.
(o) microcontroller receiving input from a light-

dependent resistor, and sending output to a

MOSFET, which switches on a lamp in dark
conditions.

2 What are the main questions to ask when presented
with a faulty circuit or system?

3 List the common faults that should be looked for first
when checking a faulty circuit. Explain how to test
for them.

4 What simple items of equipment can be used to test
an analogue circuit? Explain how to use each item.

5 What simple items of equipment can be used to look
for faults in a digital circuit? Explain how to use
each item.

Explain briefly (a) the main uses of an oscilloscope,
(b) signature analysis, and (c) in-circuit emulation.
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Supplements

B. Answers to Self-Test Questions

Some answers show the actual calculated value (to 3
significant figures) and, in brackets, the most appro-
priate standard value.

Page 1: Conductors are copper wire, brass switch
and breadboard contacts, metal film of resistor, elec-
trodes and electrolyte of cells. Insulators are PVC
insulation of wire, plastic parts of switch and bread-
board, plastic diode body and silicon substrate of
diode.

Page 13: 0.886 �.
Page 15: 4.35 A (5 A).
Page 17: 1(a) 350 � (360 �), 1(b) 1.47 k� (1.5 k�),
2 6.67 mA.
Page 20: 13.4 mA.
Page 27: a 240 � and 300 �, 4.69 V, b 2.7 � and
3.3 �, 1.33 V.
Page 31: 1 4.17 mF, 2 20 V.
Page 42: 1 3.63 ms, 2 103 k� (100 k�).
Page 43: 407 Hz, 2.47.
Page 45: a 48.2 �, b 816 �, c 2.2 k�, d 329 Hz.
Page 45: a 106 k�, 10.6 k�, 1.06 k�, b 9646 Hz,
c At 10 kHz, R 5 470 �, XC 5 7.23 �; at 500 kHz,
R 5 470 �, XC 5 0.145 �.
Page 55: 5.04 V.
Page 64: 1 125 mS, 2 91.5 mV, 200 k�, 750 k�.
Page 64: 60 � (62 �).
Page 72: 412.
Page 73: 3 k�.
Page 74: 5.89 pF (5 pF).
Page 76: 10 000.
Page 80: a XC 5 2022 �; XL 5 1991 �, b XC 5
XL 5 2006 �, c XC 5 1981 �; XL 5 2032 �.
Page 90: 1 Positive, 2 Negative.
Page 91: 373, 2.2 k�.
Page 92: 2.19 k� (2.2 k�).
Page 93: 1 9.18, 2 1 T�, 3 29.4 k� (30 k�).
Page 100: 20.106 V.
Page 104: Possible values: R1 5 3 k�, R2 5 2 k�,
R3 5 1 M�, R4 5 200 k�.

Page 106: Possible values: R1 5 240 k�,
R2 5 270 k�, R3 5 240 k�, R4 5 100 k�.
Page 113: 15.4 kHz.
Page 123: source follower, emitter follower.
Page 144: 6.39 V, 5.95 V.
Page 146: a 400 mA, b 11.1 V, c 7.5 V, 5 W,
d 9.1 �, 2 W.
Page 154: (a) Practically unlimited, (b) 1.
Page 158: (a) 0 for A 5 1, B 5 0, C 5 0, 1 for all
other inputs, (b) As in this table:

Inputs Outputs

C B A 1 2 3 4

0 0 0 1 1 0 1
0 0 1 0 0 0 1
0 1 0 1 1 1 0
0 1 1 0 1 1 0
1 0 0 1 1 1 0
1 0 1 0 0 1 1
1 1 0 1 1 1 0
1 1 1 0 1 1 0

Page 169: (a) 1, (b) 00
Page 229: 14.7 dB.
Page 250: The maximum rate at which the output
voltage can change.
Page 255: None
Page 260: 67 cm.
Page 266: (a) 1205 kHz. (b) 455 kHz.

Answers to other questions with numerical answers, to
questions with very short answers, and to multiple
choice questions are on the Companion website.

The site also has interactive questions.
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Index

4-input circuits and logical operations, 159
7LS47 BCD decoder driver, 200�1, 203
74LS221 monostable pulse generator, 179�80
555 timer IC circuit, 42�3
4511 CMOS BCD decoder-latch-driver,

200�2
4518 counter, 188�9
7805 integrated circuit, 146�7

A
Accumulators (microprocessors), 306
Active filters:

bandpass, 114�15
bandstop, 115�16
description, 111
first-order, 111�12
frequency response, 112�13
highpass first-order, 113
second-order, 114

Actuators:
neural networks, 348
robotic systems, 342, 344�5

ADCs see analogue-to-digital converters
Address busses and processing, 304
Address registers (microprocessors), 306
Addressing and processing, 309�10
Adjustable regulators and power supplies,

147
Alternating current (AC) switching, 133�4
Alternating signals and capacitors, 43�4
ALU see arithmetic/logic unit
Aluminium electrolytic capacitors, 33�4
AM see amplitude modulation
American National Standards Institute

(ANSI), 356
Amplitude modulation (AM), 234�5
Analogue audio systems:

enclosures, 223
equalisers, 220�1
mixers, 220�1
power amplifiers, 222
processing, 220�1
speakers, 222�3

Analogue circuits and faults, 291�2
Analogue multimeters, 274
Analogue-to-digital converters (ADCs):

description, 203
dual slope, 206
flash, 203�5
flowcharts, 318�19
microcontrollers, 306, 308
multi-bit input, 299

sigma delta, 206�7
successive approximation, 205�6

Analogue/digital transmission comparison
(telecommunications), 239�41

AND gates:
ladder logic, 337�8
logical, 316
logical identities, 357�8
operation, 149�50
wave forms, 322

Angular position, 280
ANNs see artificial neural networks
ANSI see American National Standards

Institute
Answers to questions, 361
Antennas and radio transmission, 260�1
Arbitrary truth tables and logical

combinations, 172�4
Arithmetic/logic unit (ALU), 306, 310
Artificial neural networks (ANNs):

feedforward network, 348
mathematical models, 348�9
operational amplifiers, 347
pattern recognition, 349�50
quantitative input and output, 350

ASCII (American Standard Code for
Information Interchange), 242

Assembler programming language:
abbreviations, 332�3
breakpoint, 330
comments, 330
configuring pins as outputs, 333�4
description, 329�31
input and output

data direction register, 333
ports, 333

INTCON, 332�3
interrupt control, 332�3
mnemonics, 330, 332
MPLABt, 331
OCR imaginary controller, 335
programs, 332, 334

Astable multivibrator circuits
and capacitors, 43

Asynchronous data transmission, 241
Audio and video systems:

analogue audio systems, 220�1
CD/DVD players, 218�19
computer audio/video, 220
description, 217
flash memory, 219
hard disk drives, 219

input, 217�18
microphones, 219�20
radio tuners, 218

Automatic door control and programming
outputs, 322�4

Avalanche photodiodes (APDs), 255

B
Baffles and speakers, 223
Bandpass active filters, 114�15
Bandstop active filters, 115�16
Bandwidth:

characteristic impedance, 249
optical fibres, 255

Bar encoders, 298
BASIC (Beginner’s All Purpose Symbolic

Instruction Code):
interrupts, 324
programming, 313, 335�6

Baud rates, 238
BCD counters, 188�9
BER see bit error ratio
Bicolour LEDs, 197�8
Binary input, 297
Binary to decimal converter and logical

combinations, 169
Bistable circuits, 177
Bistable latch circuits, 181
Bit:

definition, 303
polling, 318
rates, 238

Bit error ratio (BER), 238
Bits to terabytes (processing), 303�4
BJTs (bipolar junction transistors):

amplifiers
common collector, 75�6
common-emitter, 71�3
Darlington pair, 76�7
description, 81
differential, 77�8
frequency response, 74�5, 76
stability, 73�4
tuned, 79�80

data, 20�1
microcontrollers, 306
MOSFETs comparison, 22
noise reduction, 228
switches, 14�15

Boolean symbols and logical operations, 157
Breadboards and logical operations, 161�2
Broadcasting and radio transmission, 258
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Bugs in software, 293
Busses see processing
Byte definition, 303

C
C (programming language), 313
C-D see common-drain
C-S see common source
Cable transmission:

cable types, 247�8
characteristic impedance, 249
crosstalk, 251
description, 247
line driving, 249�51
transmission lines, 248�9

Cache memory and microcomputers, 305
Capacitance:

farad units, 31
networks, 355

Capacitive sensors for instrumentation
systems, 272�3

Capacitors:
aluminium electrolytic, 33�4
applications

alternating signals, 43�4
astable multivibrator circuits, 43
current, 48�9
cut-off point, 46
cycles/phase, 48
delay, 41
frequency response, 46
highpass phase response, 49
impedance, 45
impedance/frequency, 45�6
lowpass filters, 44�5, 46�7
monostable vibrator circuits, 41�2
phase, 47�8
resistance/reactance, 45
timer IC, 42�3

ceramic disc, 33
charge retention, 291
charging, 36�7
codes, 356
coupling, 34�5
decoupling, 35�6
description, 31
discharging, 37
electrolytic, 33�4
multi-layer ceramic, 33
parallel/series, 31�2
polycarbonate, 32�3
polyester, 32
polypropylene, 33
polystyrene, 32
selection, 32
tantalum bead, 34
variable, 34

Carry flag (microprocessors), 306
CD/DVD players, 218�19
Cellular phones, 266
Central processing unit (CPU):

flowcharts, 313�14, 319
microcontrollers, 306
operation, 311

the stack, 326
watchdog timer, 311

Ceramic disc capacitors, 33
Characteristic impedance and cable

transmission, 249
Circuit diagrams, 356�7
Circuit switching in telecommunications, 242�3
Class A power amplifiers, 75, 124
Class B power amplifiers, 124�5
Clocked interrupts, 324�5
Clocked logic circuits, 181, 183
Closed-loop systems, 277
CMOS see complementary MOSFET logic
CMOS4016 IC, 212
Coaxial cables, 248
Colpitts oscillator, 120
Combinatorial logic, 167
Common-collector amplifiers, 75�6
Common-drain (C-D) MOSFET amplifiers,

67�8
Common-emitter BJT amplifiers, 71�3
Common-source (C-S) MOSFET amplifiers,

63, 66
Companding (compressing and expanding) in

telecommunications, 228
Comparators and flowcharts, 320
Complementary MOSFET logic (CMOS):

astable circuits, 180�1
description, 153
digital circuits, 292
logical operations, 164
TTL comparison, 153�4

Computers:
audio/video systems, 220
mainframe, 303
micro, 304�5
mini, 303
neuro, 347
personal, 303
super, 303

Conditional jumps (arithmetic and logic), 315
Conductors:

description, 2
diodes, 8
holes, 7
semiconductors, 6

Contact bounce and flowcharts, 319�20
Continuing to N counter, 189
Control busses and processing, 304
Converter circuits:

ADCs, 203�5
description, 203

Cosmic electromagnetic action, 227
Counters:

BCD, 188�9
continuing to N, 189
decoding outputs, 189�90
dividing and counting, 185�6
dynamic RAM, 193
flash memory, 193�4
J-K counter, 186
memory control, 194
ripple, 187�8
rising edges, 185

static RAM, 193
synchronous counters, 188
up/down counters, 186�7
walking ring, 191�3

Crossover distortion and class B power
amplifiers, 124�5

Crosstalk in cable transmission, 251
Current:

capacitors, 48�9
circuits, 3
power amplifiers, 123�4

D
DACs see digital-to-analogue converters
Darlington pair BJT amplifiers, 76�7
Data:

busses and processing, 304
distributors and logical combinations,

171�2
operational amplifiers., 94�5
RAM, 317
registers, 190
selectors and logical combinations, 171
serial form, 241

Data direction register (assembler
programming), 333

Data-type flip-flop circuits, 181�2
DC see direct current
De Morgan’s Law, 163�4, 357
Dead bands and servos, 281
Decimal to binary converter and logical

combinations, 168�9
Delays:

capacitors, 41
logical sequences, 178�9

Demultiplexer see data distributor
Designing circuits and logical operations,

160�1
Diacs, 137
Differential BJT amplifiers, 77�9
Digital circuits and faults, 292�3
Digital multimeters, 274
Digital transmission in telecommunications,

237�8
Digital-to-analogue converters (DACs):

description, 203
microcontrollers, 308
multi-bit output, 300
op amp adder, 207�8
R-2R ladder, 208�9
wave forms, 321�2

Digital/analogue transmission comparison
(telecommunications), 239�41

Diodes:
bridges and power supplies, 146
conduction, 8
current and voltage, 5�6
introduction, 5
photo, 12, 342
protective, 16
reverse bias, 6
Zener, 145

Dipole antennas, 260�1
Direct addressing (programming), 325�6
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Direct current (DC):
description, 1
switching, 132�3

Directional transmission (radio), 261�2
Displays:

LEDs, 197�9
liquid crystal, 199�200
robotic systems, 345

Dividing and counting, 185�6
Domain addresses, 244
Dot matrix display, (LEDs), 199
Down counters, 186�7
DRAM see dynamic RAM
Dual slope ADC, 206
Dynamic RAM (DRAM) and counters/

registers, 193

E
ECL see emitter coupled logic
Eddy currents, 59
EEROMs see electrically erasable ROMs
Electric fields, 51
Electric generators, 60
Electric motors, 60
Electrical conduction and noise, 228
Electrical quantities/units, 353�4
Electrically erasable ROMs (EEROMs), 305, 325
Electro-cardiographs, 98
Electro-encephelograms, 98
Electromagnetic interference (EMI):

cosmic action, 227
electrical machines, 227
mains hum, 227
switch mode power regulation, 212
switching noise, 227
thunderstorms, 227

Electromagnetic spectrum and radio
transmission, 257�8

Electronic control systems:
description, 277
feedback in a thermostat, 278�9
position control, 280�1
regulators and servos, 277�8
rotational speed control, 279�80
temperature control, 278

EMF-generating sensors for instrumentation
systems, 271�2

EMI see electromagnetic interference
Emitter coupled logic (ECL), 154�5
Enclosures and speakers, 223
Exclusive-NOR ICs, 163
Exclusive-OR:

gates, 151�2, 213
ICs, 163

Exponential curves, 36

F
False triggering and thyristors/triacs, 136�7
Farad (F) unit of capacitance, 31
Faults see systems with faults
Feedback:

automatic door control, 323�4
logic circuits, 177
negative, 16, 93, 277

positive, 119
thermostats, 278�9

Feeder cables and antennas, 260
Feedforward network and artificial neural

networks, 348
Ferrite, 56
Ferromagnetism, 53�4
Fetch-execute cycle and processing, 310�11
Field Effect Transistors (FETs) amplifiers:

microcontrollers, 306
microphones, 220

Fields:
electric, 51
ferromagnetism, 53�4
magnetic, 51�2

First-order active filters, 111�12
Flash converter, 203�5
Flash memory:

audio and video systems, 219
counters/registers, 193�4

Fleming:
left hand rule, 51�2
right hand rule, 52

Flicker noise, 228
Flip-flops and logical sequences, 177�8,

181�3
Flowcharts:

arithmetical/logical routines, 315�16
handling data, 317
initialisation, 314�15
inputs

analogue sensors, 318�19
comparators, 320
contact bounce, 319�20
counting events, 318
registering a keypress, 317
subroutines, 318

programming, 313�14
timing routines

delays, 316
nested loops, 316
timing an operation, 316�17

FM see frequency modulation
Forward voltage drop, 2, 8
Frequency division multiplexing, 238�9, 266
Frequency modulation (FM):

description, 235
telecommunications, 228

Frequency re-use and mobile telephones, 267
Frequency response:

active filters, 112�13
BJTs, 74�5, 76
capacitors, 46
MOSFET amplifiers, 66
operational amplifiers, 93

Frequency shift keying (FSK), 237
FSK see frequency shift keying
Full adder (logical combinations), 168�9
Fullwave controlled rectifiers and thyristors,

134�5
Fullwave rectified power supplies:

bridge, 143
IC regulation, 146
Zener regulated, 142

G
Gates see logical circuits
Gigabyte (GB) definition, 303
Global System Mobile, 266
Graded index (optical fibre), 254
Gray Code, 299
Gray encoder, 306
Ground waves and radio transmission, 258

H
Half adder (logical combinations), 168
Handshaking and multi-bit input, 299
Hard disk drives, 219
Heater switches, 15�16
Heating and power amplifiers, 125�7
Henry (H) unit, 55
High current and power supplies, 145�6
High-level languages, 313, 335
Highpass first-order active filters, 113
Highpass phase response and capacitors, 49
Hunting and servo systems, 281
Hysteresis:

ferromagnetism, 54
input routines, 319
transistor switches, 19

I
IC see integrated circuits
Impedance (Z) and capacitors, 45�6
In-circuit emulators, 293
Indicator lamps, 16�17
Indirect addressing (programming), 325�6
Inductive sensors for instrumentation systems,

273�4
Inductors:

description, 55
energy transfers, 57
L-C network, 57�8
quality factor, 80
reactance, 56
RL filters, 58�9
transformers, 59�60
tuning coils, 56
types, 56�7

Input and output:
isolated inputs, 299
microcomputers, 305
microelectronic systems, 297
multi-bit input, 298�9
multi-bit output, 300
neural networks, 350
one-bit input, 297�8
one-bit output, 299�300

Instruction register (microprocessors), 306
Instrumentation amplifier (in amp), 270
Instrumentation systems:

capacitive sensors, 272�3
EMF-generating sensors, 271�2
inductive sensors, 273�4
measurement

displays, 274�5
voltage, 270

resistive sensors, 272
sensors, 271
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Instrumentation systems: (Continued)
signal processing and output, 274
telemetry, 269�70

Insulators (non-conductors), 2
INTCON and assembler programming

language, 332�3
Integrated circuits (ICs): 7805, 146�7

CMOS4016, 212
description, 211
exclusive-NOR, 163
exclusive-OR gates, 163
Intel Teraflop, 211
low scale integration, 211�13
measurement displays, 275
phase locked loop, 213�14
power amplifiers, 128�9
power supply regulation, 146

robotic systems software, 342�4
switch mode power regulators, 212
switched capacitor filters, 212�13
timers, 42�3

Intel Teraflop IC, 211
Interfaces and input/output, 297
Interference and noise, 227�8
Internet protocol, 244�6
Interrupt control and assembler programming

language, 332�3
Interrupt service routine (ISR), 324, 326
Interrupts in programming:

arithmetic errors, 324
change of input, 325
clocked, 324�5
debugging, 324
flags, 325
interrupt service routine, 324, 326
logical errors, 324
peripherals, 325
polling, 325
timer overflow, 325
writing data to EEROMs, 325

Inverting amplifiers, 66
Inverting operational amplifiers, 90�3,

101�4
Inverting Schmitt trigger operational

amplifier, 101�4
IP see internet protocol
Ironbridge Power Station, Shropshire, 274
Isolated inputs, 299
ISR see interrupt service routine

J
J-K:

counter, 186
flip-flop circuits, 183

JFETs (junction field effect transistors):
amplifiers

description, 83, 85
frequency response, 84
output resistance, 84
transconductance, 83�4

Jitter in telecommunications, 239
Johnson (thermal) noise, 228
Junction field effect transistors (JFETs), noise

reduction, 228

K
Karnaugh maps and logical operations, 160�1
Kilobyte (KB) definition, 303
Kirchhoff’s Current Law (KCL), 354
Kirchhoff’s Voltage Law (KVL), 354�5

L
Ladder logic, 313, 317, 336�9
Laws for circuit analysis, 354�5
LCDs see liquid crystal displays
LDRs see light-dependent resistors
Leading zero blanking, 173
LEDs see light-emitting diodes
LEGO Mindstorms robots, 344�5
Lenz’s Law, 55
Light:

receivers and optical fibres, 254�5
sensors for robotic systems, 342�3

Light-dependent resistors (LDRs), 14, 342
Light-emitting diodes (LEDs):

BASIC programming, 336
bicolour, 197�8
description, 197
dot matrix display, 199
LCDs, 200
lookup tables, 320�1
optical fibres, 254
optical mice, 257
outputs, 320
programming languages, 329, 333�4
robots, 343, 345
seven-segment displays, 198�9, 200
starburst display, 199

Light-sensitive alarms, 13
Limit switches for robots, 343�4
Line driving and cable transmission, 249�51
Line regulation and power supplies, 147
Line-of-sight and radio transmission, 260
Linear inductive position sensor (LIPS), 273
Linear position, 280
LIPS see linear inductive position sensor
Liquid crystal displays (LCDs):

computer audio/video, 220
description, 199�200
lookup tables, 320

LM317 adjustable regulator (power supplies),
147

Load regulation and power supplies, 145, 147
Local telephone networks, 242
Logic:

analysers, 292
control and transistor switches, 19�22
feedback, 177
probes, 292
pulsers, 292
software, 174�5

Logic families:
CMOS, 153, 154
ECL, 154�5
TTL, 152�3, 153�4

Logical circuits:
AND gates, 149�50
exclusive-OR gate, 151�2, 213
logic families, 152

NAND and NOR gates, 153
NOT gates, 150�1
operations, 149
OR gates, 150

Logical combinations:
arbitrary truth tables, 172�4
binary to decimal converter, 169
data distributor, 171�2
data selector, 171
decimal to binary converter, 168�9
description, 167
full adder, 168�9
half adder, 168
logic in software, 174�5
magnitude comparator, 168
majority logic, 167�8
parity tree, 168
priority encoder, 179�80
programmable array logic, 174
ROM, 174

Logical errors and interrupts, 324
Logical identities, 357�8
Logical operations:

AND gates in flowcharts, 316
Boolean symbols, 157�8
breadboards, 161�2
designing circuits, 160�1
Karnaugh maps, 160�1
NAND and NOR gates, 162�3
operators, 157
OR gates in flowcharts, 316
predicting output, 157�9
simulators, 161�2, 164�5

Logical sequences:
bistable latch, 181
clocked logic, 181, 183
CMOS astable circuit, 180�1
delays, 178�9
flip-flops

circuits, 183
data-type, 181�2
J-K, 183
set-reset, 177�8
toggle, 182�3

monostable circuits, 179�80
sequential logic, 177

Lookup tables and outputs, 320�1
Loudspeakers for robots, 344�5
Low scale integration (LSI), 211�12
Lowpass filters and capacitors, 44�5, 46�7
LSI see low scale integration
Lumped equivalents in transmission lines, 248

M
Machine code, 313, 329
Magnetic fields:

description, 51�2, 52�3
reluctance, 53
robots, 344
screening, 60

Magnitude comparators and logical
combinations, 168

Mainframe computers, 303
Mains hum, 227
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Majority logic, 167�8
Mathematical models for neural networks,

348�9
Measuring voltage and instrumentation

systems, 270
Mechanical effects and noise, 227�8
Medium scale integration (MSI), 167
Megabyte (MB) definition, 303
Memory:

control for counters/registers, 194
maps, 309
microprocessors, 332 see also random

access; read-only
Message switching in telecommunications,

243�4
Microcomputers:

cache memory, 305
clock, 305
electrically erasable ROMs, 305
external peripherals, 305
input/output devices, 305�6
random-access memory, 305
read-only memory, 305

Microcontrollers:
central processing unit, 306
‘computer on a chip’, 303
description, 306�7
features, 308

Microphones:
description, 219�20
robotic systems, 344

Microphony in cables/valves, 227
Microprocessors:

accumulator, 306
address register, 306
arithmetic/logic unit, 306
carry flag, 306
program counter, 306
stack pointer, 306
status register, 306
system clock, 306
zero flag, 306

Mnemonics and assembler programming
language, 330, 332

Mobile platform robots, 341
Mobile switching centres, 266
Mobile telephones and radio transmission,

266�7
Monostable pulse generators and logical

sequences, 179�80
Monostable vibrator circuits and capacitors,

41�2
MOSFETs (metal oxide silicon field effect

transistors):
amplifiers

applications, 68�9
biasing, 64
C-5, 66
common-drain, 67�8
common-source, 63
coupling, 64
frequency response, 66
output resistance, 65
output voltage, 64�5

phase, 66
power, 125
testing, 65�6
transconductance, 63�4, 66�7
types, 69

BJTs, 14�15, 22
capacitors, 34�5
data, 21
noise reduction, 228
robots, 344
switching

circuits, 12�13
lamps, 11�12, 21�2

types, 18
‘Motor-boating’ oscillation, 35�6
Motors for robots, 344
Moving coil multimeters, 274
MPLABt assembler programming language,

331
MSI see medium scale integration
Multi-bit input:

Gray Code, 299
micro electronic systems, 298�9

Multi-bit output, 300
Multi-layer ceramic capacitors, 33
Multiplexer see data selector
Multiplication (arithmetic and logic), 315

N
NAND gates, 153, 162�3
Negative binary numbers, 358�9
Negative feedback, 16, 93, 277
Negative temperature coefficient (ntc), 15,

356
Networks:

capacitance, 355
neural, 347�50
resistance, 355
resonant, 355
telecommunications, 241
transformers, 355�6

Neural networks:
artificial, 347�50
mathematical models, 348�9
neurons, 347
pattern recognition, 349�50
quantitative input and output, 350

Neurocomputers, 347
Neurons and neural networks, 347
Noise:

attenuation, 228
electrical conduction, 228
electromagnetic interference, 227
mechanical effects, 227�8
microphony, 227
reduction, 229�30
signal processing, 228�9
signal-to-noise ratio, 229
sources, 227
telecommunications, 228

Non-inverting operational amplifiers:
description, 93
Schmitt trigger, 104�6, 319

Non-return-to-zero (NRZ) coding, 237

NOR gates, 153, 162�3
NOT gates, 150�1, 299
NRZ see non-return-to-zero
ntc see negative temperature coefficient
Number systems, 358
Nybble definition, 303

O
Obstacle avoidance programs

for robots, 343
OCR imaginary controller and assembler

programming, 335
Ohm’s Law, 3, 354
One-bit input, 297�8
One-bit output, 299�300
Open-loop systems, 277
Operational amplifiers (op amps):

applications
adder, 97
adder DAC, 207�8
bridge measurements, 99�100
difference, 97�8
input resistance, 98
integrators, 100�1
inverting Schmitt trigger, 101�4
medical instrumentation, 98�9
non-inverting Schmitt trigger, 104�6
ramp generator, 101
ramp/square wave generators, 106�8

data, 94�5
differential output, 87�8
frequency and gain, 88�9
frequency response, 93
ideal, 88
input voltage offset, 88
inverting, 90�3
neural networks, 347
non-inverting, 93
packages, 87
practical, 88
selection, 95
slew rate, 88
terminals, 87
voltage comparator, 89�90
voltage follower, 93�4

Optical fibres:
advantages

bandwidth, 255
cable cost, 255
corrosion, 255
immunity from EMI, 255
safety, 255
security, 255

light
receivers, 254�5
reflection/refraction, 253�4
sources, 254
transmission, 253�4

Optical mice and radio transmission, 257
OR gates:

logical, 316
logical identities, 357�8
operation, 150
wave forms, 322
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Oscillators:
Colpitts, 120
description, 119
phase shift, 119
Wien Bridge, 120�1

Outputs:
multi-bit, 300
one-bit, 299�300 see also inputs and

outputs
Overheating alerts, 17

P
p-type:

semiconductors, 7
silicon, 7

Packer assembler/dissembler (PAD), 243�4
Packet switching in telecommunications,

243�4
PAD see packer assembler/dissembler
PAM see pulse amplitude modulation
Parallel busses and processing, 304
Parallel form data, 241
Parasitic elements in directional transmission,

261
Parity trees and logical combinations, 168
Passive filters, 111
Pattern recognition in neural networks,

349�50
PC see program counter
PCM see pulse code modulation
Pd see potential difference
Personal computers, 303
Phase:

capacitors, 47�8
MOSFETs, 66

Phase locked loop (PLL) IC, 213�14
Phase shift oscillators, 119
Photodiodes, 12, 342
Phototransistors, 255
PIC16F690 controller, 310�11
PID see proportional-integral-derivative
PIN photodiodes, 255
PLCs see Programmable Logic Controllers
PLL see phase locked loop
Polling and registers, 318
Polycarbonate capacitors, 32�3
Polyester capacitors, 32
Polypropylene capacitors, 33
Polystyrene capacitors, 32
Position control (electronic control), 280�1
Positive feedback, 119
Potential difference (pd), 2�3
Potential dividers:

current and PD, 25
description, 25
internal resistance, 28�9
load, 26
measurement errors, 27�8
precision, 26�7
sensors, 27
variable, 28

Power amplifiers:
analogue audio systems, 222
class A, 75, 124

class B, 124�5
current, 123�4
description, 123
heat sinks, 126�7
heating problems, 125�6
integrated circuits, 128�9
thermal resistance, 127�8

Power equation, 3
Power supplies:

adjustable regulators, 147
description, 141
diode bridge, 146
fullwave rectified

bridge circuit, 143
IC regulated, 146
Zener regulated, 142

high current, 145�6
output, 142
rectification, 142
regulation

line, 147
load, 145, 147
Zener diodes, 145�7

resistor power rating, 145
ripple, 143�4
robotic systems, 342
safety, 147
smoothing, 142�4
Zener ratings, 145

PPM see pulse position modulation
Predicting output and logical operations,

157�9
Primary connection points

(telecommunications), 242
Priority encoders and logical combinations,

179�80
Process control systems:

description, 283
proportional control, 283�5
proportional-integral control, 285�7
proportional-integral derivative, 287

Processing:
addressing, 309�10
bits to terabytes, 303�4
busses

address, 304
contention, 304
control, 304
data bus, 304
parallel bus, 304
serial bus, 304

description, 303
fetch-execute cycle, 310�11
microcomputers, 304�5
microcontrollers, 303, 306�8
microprocessors, 306
operation, 310�11
personal computers, 303
programmable logic controllers, 308�9

Program counter (PC) for microprocessors,
306

Programmable array logic, 174
Programmable Logic Controllers (PLCs):

isolated input, 299

ladder logic, 313, 336�8
processing, 308�9

Programming:
BASIC, 313, 335�6
C, 313
direct/indirect addressing, 325�6
flowcharts, 313�20
interrupts, 324�5
ladder logic, 313, 317
machine code, 313, 329
op code, 313
outputs

automatic door control, 322�4
flash an LED, 320
lookup tables, 320�1
stepper motor, 322
wave forms, 321�2

the stack, 326
Programming languages:

assembler, 329�35
BASIC, 313, 335�6
C, 313
ladder logic, 336�9
machine code, 313, 329

Proportional control for process systems,
283�5

Proportional-integral control for process
systems, 285�7

Proportional-integral-derivative (PID) control
for process systems, 287

Protective diodes, 16
Pulse amplitude modulation (PAM), 235�6
Pulse code modulation (PCM), 236�40
Pulse duration modulation, 235�6
Pulse modulation, 235�6
Pulse position modulation (PPM), 236
Pulse rate in telecommunications, 239
Pulse stretchers, 292
Pulse width modulation (PWM), 235�6
PWM see pulse width modulation

Q
Quality factor and inductors, 80
Quantisation noise, 228

R
R-2R ladder DAC, 208�9
Radiation pyrometer, 270
Radio frequency interference (RFI) and

thyristors/triacs, 137
Radio transmission:

antennas, 260�1
broadcasting, 258
directional transmission, 261�2
electromagnetic spectrum, 257�8
ground waves, 258
mobile telephones, 266�7
optical mice, 257
receivers, 264�5, 265�6
sky waves, 259�60
superhet receivers, 265�6
transmitting circuits, 262�3

Radio tuners, 218
RAM see random-access memory
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Ramp/square wave generator operational
amplifiers, 106�8

Random-access memory (RAM):
data, 317
microcomputers, 305, 308
the stack, 326

Reactance and inductors, 56
Read-only memory (ROM):

assembler language, 330
logical combinations, 174
microcomputers, 305
microcontrollers, 307

Receivers for radio transmission, 264�5,
265�6

Registers:
data, 190
dynamic RAM, 193
flash memory, 193�4
memory control, 194
rising edges, 185
shift, 190�1
static RAM, 193

Regulation of power supplies:
integrated circuits, 146�7
load/line, 145, 147

Regulators for electronic control systems,
277�8

Remote sensing, 269
Repeaters/regenerators in telecommunications,

228
Resistance and circuits, 3
Resistance networks, 355
Resistive sensors for instrumentation systems,

272
Resistor power rating and power supplies, 145
Resistors:

printed code, 356
temperature coefficient, 356
values, 356

Resonant networks, 355
Return-to-zero (RZ) coding, 237
Reverse bias and diodes, 6, 12
RFI see radio frequency interference
Ripple counters, 187�8
Ripple effect in power supplies, 143�4
Rise time and pulse shape, 239
Rising edges in counters and registers, 185
RL filters and inductors, 58�9
Robotic systems:

actuators
loudspeakers, 344�5
motors, 344
outputs, 342

displays, 345
humanoids, 343
industry, 341�2
LEDs, 343, 345
light sensors, 342�3
magnetic field sensor, 344
microphones, 344
mobile platform robots, 341
power supplies, 342
sensors, 342
software, 342

stationary robots, 341
touch sensitive sensors, 342�4

Robots in industry, 341�2
ROM see read-only memory
Rotational speed control (electronic control),

279�80
RS-232 standard in telecommunications,

241�2
RZ see return-to-zero (RZ)

S
Safety and power supplies, 147
Schmitt trigger:

input/output, 298
inverting op amp, 101�4
noise in pulses, 240
non-inverting op amp, 104�6, 319
transistor switch, 16

Seamless hand-over and mobile telephones,
267

Second-order active filters, 114
Self induction, 55
Semiconductors:

conduction, 6
description, 2
p-type, 7

Sensors, robotic systems, 342
Sensors for instrumentation systems, 271
Sequential logic, 177
Serial busses and processing, 304
Serial form data, 241
Servos:

dead bands, 281
electronic control systems, 277�8
hunting, 281
position control, 280

Set-reset (SR) flip-flops, 177
Seven-segment displays, 198�9, 200
Shot noise, 228
Sigma delta ADC, 206�7
Signal processing and noise, 228�9
Signal-to-noise (SNR) ratio, 229
Signature analysis in digital circuits, 293
Silicon controlled rectifier (SCR) see thyristor
Silicon controlled switch (SCS) see thyristor
Silicon (p-type), 7
Simulators and logical operations, 161�2,

164�5
Sine waves, 44
Skip distance (radio transmission), 260
Sky waves and radio transmission, 259�60
Slew rate, 88, 250
Small scale integration (SSI), 167, 211
Smoothing of power supplies, 142�4
Snap action and transistor switches, 18�19
SNR see signal-to-noise
Software:

bugs, 293
faults, 293
robotic systems, 342
testing, 293

Solenoids, 19
Speakers:

baffles, 223

crossover network, 223
description, 222
enclosures, 223
sub-woofers, 223
tweeters, 222
woofers, 222

SR see set-reset
SSI see small scale integration
Stable circuits, 177
the Stack, 326
Stack pointer (microprocessors), 306
Standing wave antenna, 261
Starburst display, (LEDs), 199
Static RAM in counters/registers, 193
Stationary robots, 341
Status registers (microprocessors), 306
Stepper motor and programming outputs, 322
Sub-woofers (speakers), 223
Successive approximation ADC, 205�6
Super-computers, 303
Superhet receivers for radio transmission,

265�6
Switch mode power regulators, 212
Switched capacitor filters, 212�13
Switching:

alternating current, 133�4
DC, 132�3
lamps, 11�12
transistors, 11�23

Symbols for circuit diagrams, 356�7
Synchronous counters, 188
Synchronous data transmission, 241
System clocks and microprocessors, 306
Systems with faults:

analogue circuits, 291�2
causes, 289
common faults, 291
digital circuits, 292�3
inspection, 290
preliminary diagnosis, 290�1
reports, 289�90
software, 293

T
Tantalum bead capacitors, 34
TCP see transmission control protocol
Telecommunications:

amplitude modulation, 234�5
analogue/digital transmission comparison,

239�41
ASCII code, 242
carriers and modulation, 234�5
circuit switching, 242�3
companding, 228
description, 233
digital transmission, 237�8
frequency division multiplexing, 238�9
frequency modulation, 228, 235
frequency shift keying, 237
jitter, 239
message switching, 243�4
networks, 241
noise, 228
pulse amplitude modulation, 235�6
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Telecommunications: (Continued)
pulse code modulation, 236�7, 239�40
pulse modulation, 235�6
pulse position modulation, 236
pulse rate, 239
pulse width modulation, 235�6
repeaters/regenerators, 228
RS-232 standard, 241�2
stages, 233�4
TCP/IP, 244�6
time division multiplexing, 238
transmission rates, 238

Telemetry and instrumentation systems,
269�70

Temperature control and electronic control
systems, 278

Thermal noise, 228
Thermal resistance and power amplifiers,

127�8
Thermistors, 15, 16
Thermocouples, 271
Thermopiles, 272
Thermostats and feedback, 278�9
Three-state outputs, 304
Thunderstorms, 227
Thyristors:

action, 131�2
description, 131
false triggering, 136�7
firing pulses, 135�6
full-wave controlled rectifiers, 134�5
integral cycle control, 137�9
radio frequency interference, 137
switching

AC, 133�4
DC, 132�3

triacs, 135
Time division multiplexing, 238, 266
Timer integrated circuits and capacitors,

42�3
Toggle flip-flop circuits and logical

sequences, 182�3
Total reflection, 253
Touch sensitive sensors for robotic systems,

342�3
Transconductance:

JFET amplifiers, 83�4

MOSFET amplifiers, 63�4
Transducers, 271
Transformers, 59�60

networks, 355�6
Transistor switches:

BJTs, 14�15, 20�2
circuits, 12�13, 23
heaters, 15�16
hysteresis, 19
indicator lamps, 16�17
inverse action, 17
lamps, 11�12
light-sensitive alarms, 13�14
logical control, 19�22
MOSFETs, 11�15, 18, 21�2
overheating alerts, 17
pnp/npn comparison, 17�18
protective diodes, 16
Schmitt trigger, 16
sensors, 12
snap action, 18�19
system design, 13
thermistors, 15, 16
variations, 13

Transistor-transistor logic (TTL), 152�3,
153�4, 180

digital circuits, 292
processing, 303

Transmission:
lines, 248
rates in telecommunications, 238 see also

optical fibres; radio transmission
Transmission control protocol (TCP), 244�6
Travelling wave antennas, 261
TRF see tuned radio frequency receiver
Triacs:

false triggering, 136�7
firing pulses, 135�6
integral cycle control, 137�9
radio frequency interference, 137
thyristors, 135

TTL see transistor-transistor logic
Tuned amplifiers, 79�80
Tuned radio frequency receiver (TRF), 264
Tuning coils, 56
Tweeters (speakers), 222
Twisted pair cables, 247

U
Universal Serial Bus (USB), 305
Universal Synchronous Asynchronous

Receiver Transmitter (USART), 317
Up counters, 186�7

V
Variable capacitors, 34
Variable potential dividers, 28
VCO see voltage controlled oscillator
Very large scale integration (VLSI):

integrated circuits, 211
microcontrollers, 306
microprocessors, 304
neural networks, 347

Virtual cells, 8
Voltage controlled oscillator (VCO), 213�14
Voltage follower and operational amplifiers,

93�4
Volts and circuits, 3

W
Walking ring counters, 191�3
Watchdog timer, 311, 314
Wave forms and programming, 321�2
Waveguides and cable transmission, 248
White noise, 228
Wien Bridge oscillator, 120�1
Woofers (speakers), 222
World wide web (www):

artificial neural networks, 351
audio-video equipment, 225
electronics, 9
integrated circuits, 213
magnetism, 53
memory, 196
oscillators, 121

Y
Yagi arrays in directional transmission, 262

Z
Zener diodes, 142, 145�7
Zener ratings and power supplies, 145
Zero flag (microprocessors), 306, 311
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