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Preface

The area of Electrical & Electronic Systems represents
one of the most important ‘enabling technologies’ of
the modern age. Such systems are used at the heart of a
wide range of products that extend from cars to aircraft,
and from mobile phones to nuclear power stations. For
this reason, all engineers, scientists and technologists
need a basic understanding of such systems, while
many will require a far more detailed knowledge of
this area.

The importance of this topic has led to the creation
of a large number of text books in this area, and read-
ers may wonder how this book differs from the many
others on offer. Perhaps the most significant character-
istic of this text is that it adopts a ‘top-down’ approach
to the subject which is not found in many of its com-
petitors. It begins by outlining the uses and character-
istics of electrical and electronic systems, before looking
in detail at their analysis. This gives readers an insight
into why topics are of importance before they are stud-
ied in detail, and greatly simplifies the learning process.

A great benefit of a top-down approach is that it
makes the book more accessible for all its potential
readers. For those who intend to specialise in electronic
or electrical engineering the material is presented in a
way that makes it easy to absorb, providing an excellent
grounding for further study. For those intending to spe-
cialise in other areas of engineering or science, the order
of presentation allows them to gain a good grounding in
the basics, and to progress into the detail only as far as
is appropriate for their needs.

Another unusual characteristic of this book is that it
integrates both electrical engineering and electronic
engineering within a single volume. This not only per-
mits the purchase of one book rather than two, but also
allows the two subjects to be integrated, to produce a
unified approach to these closely related areas.

Who should read this book

This text is intended for undergraduate students in all
fields of engineering and science. For students of elec-
tronics and electrical engineering it provides a first-
level introduction to electrical and electronic systems
that will provide a sound basis for further study. For
students of other disciplines it includes most of the
electrical and electronic material that they will need
throughout their course.

Assumed knowledge

The book assumes very little by way of prior know-
ledge, except for a basic understanding of school level
mathematics and a little physics. Most readers will
have met electrical concepts such as voltage, current
and Ohm’s law during their time at school, but a sum-
mary of such topics is included for those who would
like some revision of this material.

Companion website

The text is supported by a comprehensive companion
website that will greatly increase both your understand-
ing and your enjoyment of the book. The site contains
a range of support material, including computer-
marked self-assessment exercises for each chapter.
These exercises not only give you instant feedback on
your understanding of the material, but also give useful
guidance on areas of difficulty. To visit the site, go to
www.booksites.net/storey_elec
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Circuit simulation

Circuit simulation offers a powerful and simple means
of gaining an insight into the operations of electronic
circuits. Throughout the book there are numerous
Computer Simulation Exercises that support the
material in the text. These are marked by icons in the
margin. The exercises may be performed using any
circuit simulation package, although the use of PSpice
is recommended. PSpice is one of the most widely used
packages both within industry and within Universities
and Colleges. It comes as part of a suite of programs
that provides schematic capture of circuits and the
graphical display of simulation results.

PSpice simulation

Many students will have access to PSpice within their
University or College, but you may also obtain the
software for use on your own computer if you wish. A

student edition of the PSpice package can be down-
loaded free of charge from the manufacturer’s website
or obtained on a free CD. Details of how to get your
free copy of the simulation software are given on the
book’s companion website.

To simplify the use of simulation as an aid to under-
standing the material within the book, a series of
PSpice demonstration files can also be downloaded
from the website. The name of the relevant demon-
stration file is given in the margin under the computer
icon for the associated computer simulation exercise.
Computer icons are also found next to some circuit
diagrams where simulation files have been provided to
aid understanding of the operation of the circuit. The
demonstration files come with full details of how to
carry out the various simulation exercises.

Problems using simulation have also been included
within the exercises at the end of the various chapters.
These exercises do not have demonstration files and are
set to develop and test the reader’s understanding of the
use of simulation as well as the circuits concerned.
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To the instructor

A comprehensive set of online support material is
available for instructors using this book as a course
text. This includes a set of editable PowerPoint slides
to aid in the preparation of lectures, plus an instructor’s
manual that gives fully worked solutions to all the
numerical problems and sample answers for the vari-
ous non-numerical exercises. Guidance is also given
on course preparation and on the selection of topics
to meet the needs of students with different back-
grounds and interests. This material, together with the
various online study aids, simulation exercises and
self-assessment tests, should greatly assist both the
instructor and the student to gain maximum benefit
from courses based on this text. Instructors adopting
this book should visit the book’s companion website
at: www.booksites.net/storey_elec for details of how
to gain access to the secure website that holds the
instructor’s support material.
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Chapter 1

1.1

Introduction

Engineering Systems

When you have studied the material in this chapter you should be

able to:

o discuss the relevance of electrical and electronic engineering, and its
importance as an ‘enabling technology’;

o describe the characteristics and advantages of a ‘systems approach’
to engineering;

o list the main elements that form the basis of all electrical and
electronic systems and be able to cite real-world examples of such
components;

¢ identify the inputs and outputs of an engineering system and
understand the significance of the choice of system boundary;

o explain the varied characteristics of physical quantities and the need
to represent these quantities by electrical signals;

o use block diagrams to represent complex engineering systems.

As we begin our look at electrical and electronic systems it is perhaps
appropriate to start by explaining what is meant by the terms ‘electrical’
and ‘electronic’ in this context. Both terms relate to the use of electrical
energy but, unfortunately, different engineers use these terms in slightly
different ways. There are also variations in the ways these words are used
in different countries. ‘Electrical’ is often used to refer to applications that
are concerned with the generation, transmission or use of large amounts of
electrical energy. ‘Electronic’ applications often involve smaller amounts
of power, and in many cases the electrical energy is used to convey informa-
tion rather than as a source of power. Unfortunately, many situations do not
fall neatly within either of these two camps but occupy the middle ground
between them. For this reason, in this text we will assume the broad dis-
tinction outlined above but will be fairly liberal in our use of the two terms,
since much of the material covered is relevant to all forms of electrical and
electronic system.
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As well as understanding the meanings of the title of this text, it is also
important to understand the relevance of the material it contains. To do this
we need to look initially at the very nature of engineering.

1.1.1 The interdisciplinary nature of engineering

All real engineering projects of any size are inherently interdisciplinary.
One only has to look at a few examples of typical engineering projects,
such as cars, aircraft, heating systems or dams, to see the interaction and
interdependence of the various forms of expertise required.

A modern car, for example, is the result of many years of development
involving a wide range of engineering disciplines. Although it is tempting
to see this work simply as automotive engineering, in reality a majority of
the engineers working for automotive companies have qualifications in
other areas. Clearly, mechanical engineering plays a large part in the design
of the structure of the car and of its various mechanical components, such
as the body, the engine and the gearbox. However, modern vehicles also
contain a large number of electrical components, such as the battery, the
alternator and the ignition system. Electronic components are also numer-
ous, such as the engine management system, the anti-lock braking system
and any entertainment components. In modern cars it is not uncommon
for more than 40 percent of the cost of the vehicle to be within its various
electrical and electronic systems, many of which are computer-based.
Therefore, in addition to automotive and mechanical engineering, car pro-
duction also involves elements of electrical, electronic and computer systems
engineering. The metal parts of the car are often subjected to various anti-
corrosion treatments that fall within the area of chemical engineering, while
the process of actually assembling the car would normally be considered to
fall within manufacturing or industrial engineering.

It can be seen that the production of a modern car uses techniques and
skills from a wide range of engineering disciplines to produce a single,
high-quality product. Looking at any other large-scale project is likely to
produce a similar result, since all real projects of any size are inherently
multidisciplinary.

Since all real engineering projects require a wide range of engineering
skills, it might seem that engineers should be expert in all fields of engin-
eering. While this might be a utopian objective, the diversity of modern
engineering makes this completely impractical. No single person can
master all the engineering disciplines, and most would rather specialise
and become proficient in a particular field than study a wide range of sub-
jects at a lower level. However, it is essential that engineers can work
effectively alongside others with complementary skills, and this requires
that each member of the team has an appreciation of all aspects of the work.
For this reason, all engineers should have a broad-based education that
covers mathematics, basic science and what might be termed ‘enabling
technologies’ before specialising in a particular area. They will also need to
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gain an understanding of the application itself by obtaining experience in
the relevant industry or application domain.

1.1.2 Electrical and electronic systems as enabling
technologies

One can identify a number of engineering topics that could be considered
to be essential for all engineers. Without doubt the fundamentals of elec-
trical and electronic systems must fall within this group.

Almost all engineering projects have elements of electrical engineering
within them, and in recent years more and more applications have included
electronic or computer-based elements. Many engineers will wish to be
involved in the production of these electrical/electronic components and
will therefore require a detailed knowledge of their design and construction.
Other engineers, such as mechanical or civil engineers, are unlikely to be
responsible for the detailed design of complex electronic systems, but they
are likely to be involved in projects that include such systems. It is there-
fore essential that they understand the characteristics of such components
in order that they can interact with specialists in these areas, and to enable
them to take full advantage of the possibilities within these technologies.
Thus all engineers need a basic understanding of the characteristics and use
of electrical and electronic systems, while specialists in these areas also
require skills in design, analysis and construction.

1.1.3 A systems approach to engineering

Several areas of human endeavour are associated with the solution of
problems that involve great complexity. These include topics as diverse as
the comprehension of biological organisms, the proof of complex math-
ematical relationships and the rationalisation of philosophical arguments.
Over the years several distinct approaches have evolved for tackling such
problems, and many of these are of direct relevance to the production of
complex systems within engineering.

One method is to adopt what might be termed a systematic approach,
in which a complex problem or system is simplified by dividing it into
a number of smaller elements. These elements are then themselves sub-
divided, the process being repeated until the various constituents have been
devolved into elements that are sufficiently simple to be easily understood.
This approach is widely used within engineering in what is termed top-
down design, where a complex system is progressively divided into sim-
pler and simpler subsystems. This results in a series of modules that are of
a manageable level of complexity and size to allow direct implementation.
This approach is based, to some extent, on what might be seen as a ‘reduc-
tionist’ view, implying that a complex system is no more than the sum of
its parts.
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Systems

A problem with the reductionist view is that it ignores characteristics
that are features of the ‘whole’ rather than of individual components. These
systemic properties are often complex in nature and may relate to several
diverse aspects of the system. For example, the ‘ride’ and ‘feel’ of a car are
not determined by a single module or subsystem but by the interaction of a
vast number of individual components.

In recent years, modern engineering practice has evolved a more ‘hol-
istic’ approach that combines the best elements of a systematic approach
together with considerations of systemic issues. This results in what is
called a systems approach to engineering.

The systems approach has its origins back in the 1960s but has gained
favour within many engineering disciplines only recently. It is categorised
by a number of underlying principles, which include a strong emphasis on
the application of scientific methods, the use of systematic project manage-
ment techniques and, perhaps most importantly, the adoption of a broad-
based interdisciplinary or team approach. In addition to specialists from a
range of engineering disciplines, a project might also involve experts in
other fields such as artistic design, ergonomics, sociology, psychology or
law. A key feature of a systems approach is that it places as much import-
ance on identifying the relationships between components and events as
it does on identifying the characteristics of the components and events
themselves.

This text does not claim to provide a true ‘systems approach’ to the
material it covers. In many ways such a broad-based treatment would be
inappropriate for an introductory text of this kind. However, it does attempt
to present information on components and techniques within the context of
the systems in which they are used. For this reason, rather unusually, the
book starts by looking at electrical and electronic systems before describ-
ing in detail the components in them. This allows the reader to understand
why these components are required to have the characteristics that they
have and how the techniques relate to the applications in which they are
used.

Before looking at the nature of electrical and electronic systems, it is per-
haps appropriate to make sure that we understand what we mean by the
word system.

In an engineering context, a system can be defined as any closed volume
for which all the inputs and outputs are known. This definition allows us to
consider an infinite number of ‘systems’ depending on the volume of space
that we decide to select. However, in practice, we normally select our
‘closed volume’ to enclose a component, or group of components, that are
of interest to us. Thus we could select a volume that includes the compon-
ents that control the engine of a car and call this an ‘engine management
system’. Alternatively, we might select a larger volume that includes the
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Electrical and
electronic
systems

complete car and call this an ‘automotive system’. A larger volume might
include a complete ‘transportation system’, while a volume that contains
the Earth might be described as an ‘ecosystem’. Since we can freely select
the boundaries of our systems, we can use this approach to subdivide large
systems into smaller, more manageable blocks. For example, a car might be
considered as a large number of smaller systems (or subsystems), each
responsible for a different function.

As we change the elements within our ‘system’ we also change the
inputs and outputs. The signals going into and out from an engine manage-
ment system relate to the status, or condition, of various parts of the engine
and the car. If we consider the complete car as our system, then the inputs
include petrol, water and commands from the driver, while the outputs
include work (in the form of movement), heat and exhaust gases. If we look
at our planet as a single system, then the inputs and outputs are primarily
different forms of radiation. From outside a system, only the inputs and out-
puts are visible. However, it may be possible to learn something of the
nature of the system by observing the relationship between these inputs and
outputs. One way of describing the characteristics of any system is in terms
of the nature of the inputs and the outputs and the relationship between
them.

In some situations only particular inputs and outputs to a system are
of interest, and others may be completely ignored. For example, one input
to a mobile phone might be air entering or leaving its case. An electronic
engineer designing such a system might decide to ignore this form of input
and to concentrate only on those inputs related to the operation of the unit.
This general principle can be extended so that only particular kinds of input
and output are considered. Thus a company’s accounting system might
consider only the flow of money into and out of the company. This concept
can be extended so that the ‘volume’ of the system becomes nebulous, and
the system is effectively defined solely by its inputs, its outputs and the
relationship between them.

From the discussion above it is clear that the term ‘system’ could be applied
to any arrangement that has identifiable inputs and outputs. However, the
term is normally reserved for arrangements that perform some useful func-
tion, such as telephone systems or power generation systems.

If we look at a large number of electrical and electronic systems, it is
possible to identify a number of basic functions, or processes, that appear
again and again. These processes, each of which is concerned with elec-
trical energy in one form or another, can be divided into five main groups,
which are:

1. generation
2. transmission or communication
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3. control or processing
4. utilisation
5. storage.

Most electrical or electronic systems can be seen as a combination of ele-
ments within these groups, although the forms of these elements may vary
considerably.

1.3.1 Generation

In electrical systems, generation is often concerned with the production of
electricity for use as a power source. Elements within this group include the
electrical generators in power stations or hydroelectric dams. Smaller units,
such as the alternators used in cars, also fall within this group. In electronic
systems, generation is more often concerned with the production of small
electrical signals that are used to represent physical quantities, rather than
as a source of power. Many sensors produce electrical signals in response
to changes in their environment. These signals are usually relatively small
and would not represent a useful source of electrical energy. However, the
information that they convey may be extremely useful. An example of such
a sensor is a photodiode, which can produce an electrical signal related to
the amount of light falling on it. We will look at various sensors in more
detail in Chapter 3.

1.3.2 Transmission or communication

In electrical systems, transmission is often concerned with the distribution
of electrical power. This might involve overhead or underground power
cables or, in smaller applications, the use of thick copper wires. In elec-
tronic systems, communication is more often concerned with the transmis-
sion of information than it is with the transmission of power. This might
be achieved using electrical wires or fibre-optic cables. Alternatively,
information might be transmitted using radio (waves) or microwaves.

1.3.3 Control or processing

Control is related to command and regulation functions. The simplest
form of control is that of a switch, which allows or inhibits the flow of elec-
trical energy. Switches can take an almost limitless number of forms from
simple mechanical arrangements, such as domestic light switches, to high-
power switchgear, such as that used to control the flow of electricity on the
national power grid.

In addition to simple ON/OFF functions, elements within this group
can also be concerned with more complex forms of control. In electrical
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systems it is common to need to regulate or vary the power supplied to
some piece of apparatus, while in electronic systems it is often necessary to
perform extremely complex processing functions, perhaps using computer-
based techniques.

1.3.4 Utilisation

Utilisation is concerned with the use of electrical energy to perform some
useful function. In electrical systems this might involve the production of
heat, light or motion, while in electronic systems this might involve the
production of sound or the display of visual information. Elements within
this group are extremely varied, and it is these components that produce
the required output of a system.

1.3.5 Storage

Although electrical energy can be stored directly, as in a capacitor, in
many applications storage is achieved by converting electrical energy into
another form. Perhaps the most common form of electrical storage is the
use of rechargeable batteries, such as those used in cars. Here electrical
energy from the alternator is stored chemically in the battery in a way
that allows it to be converted back to an electrical form when required.
Other examples within the electrical area include the use of flywheels
and pumped water systems. In the former, an electric motor is used to spin
a flywheel, thus converting electrical energy into kinetic energy. At a later
time, the flywheel can be used to drive a generator, thus converting the
stored energy back into an electrical form. Some power stations use excess
output power to pump water to a raised reservoir. When required, this
stored potential energy can be converted to electrical energy by discharg-
ing the water through a turbine generator.

Electronic applications also employ methods of storing electrical
energy, though normally on a smaller scale. Here we are often more inter-
ested in storing information, as in the case of the random-access memory
(RAM) used in computers. Here the presence or absence of a small amount
of electrical charge is used to store a single element of information. By
combining a large number of such elements, it is possible to store the vast
amounts of data used by modern computers. These information storage
techniques differ from the electrical storage methods discussed earlier in
that the energy used cannot normally be recovered — it is the information
that is being stored, not the electrical energy itself. As in the electrical
examples, it is common for storage to be achieved by converting electrical
energy into another form. For example, in a videocassette information
is stored by converting an electrical signal into a magnetic pattern on
the tape.
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Figure 1.1 A power
distribution system
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1.3.6 System examples

Elements of these five basic functions may be combined to form a wide
range of different systems. However, if one looks at a large number of
such systems it is apparent that many fall within a few distinct categories.
These include arrangements that are responsible for:

« power generation and distribution;

« monitoring of some equipment or process;
« control of some equipment or process;

« signal processing;

« communication.

Figure 1.1 shows an example of the first of these groups — a power distri-
bution system. Here a power station is the generation element, switching
equipment corresponds to the control aspects, and high-voltage power lines
are responsible for transmission. In this example, the utilisation elements
are the domestic or industrial users of the distributed electricity. This
particular system does not include any storage elements, although these are
present in many power distribution networks. This might take the form of
a pumped storage system as discussed earlier.

You might like to identify other electrical or electronic systems and to
see if these fall within one of the categories listed above. You might also
like to identify the basic elements within these systems and decide which
of the five basic functions they represent.

In Section 1.2 we noted that a system may be described solely by its inputs,
its outputs and the relationship between them. This concept prompts us to
look at the nature of the inputs and outputs of a system and the way that
these interact with the system itself.

Figure 1.2 represents a generalised system, together with its inputs and
outputs. This diagram makes no assumptions about the form of any of its
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Figure 1.2 A generalised
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components, and this could represent a mechanical or biological system
just as easily as an electrical or electronic arrangement. Thus the inputs and
outputs in this case could be forces, temperatures, velocities or any other
physical quantities. Alternatively, they could be electrical quantities such
as voltages or currents.

When considering electrical and electronic systems, we are concerned
with arrangements that generate, or manipulate, electrical energy in one
form or another. However, the nature of the inputs and outputs to such sys-
tems may depend on where we choose to draw the system’s boundaries.
This is illustrated in Figure 1.3, which shows an arrangement involving an
audio amplifier, a microphone and a speaker. In Figure 1.3(a), we have
chosen to consider the microphone and speaker as parts of our system. Here
the input and output are in the form of sound waves. In Figure 1.3(b), we
are considering the system to consist only of the audio amplifier itself. Now
the microphone and speaker are external to the system, and the input and
output are in an electrical form.

In Figure 1.3, the microphone senses variations in the external environ-
ment (in this case sound waves) and represents them electrically for pro-
cessing within the electronic parts of the system. Conversely, the speaker
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Physical
quantities and
electrical signals

takes the electrical outputs produced by the system and uses them to affect
the external environment (again, in this case, by creating sound waves).
Components that interact with the outside world in this way are referred
to as sensors and actuators, and without such devices our electrical and
electronic systems would be useless. We will therefore look at a range of
such devices in Chapters 3 and 4. For the moment we will simply note that
such elements exist and that they can be used to enable a system to interact
with the world around it.

The electrical fluctuations produced by a sensor convey information about
some varying physical quantity. Such a representation is termed an elec-
trical signal. In Figure 1.3, the output of the microphone is an electrical
signal that represents the sounds that it detects. Similarly, the output from
the amplifier is an electrical signal that represents the sounds to be pro-
duced by the speaker. Signals may take a number of forms, but before dis-
cussing these it is perhaps appropriate to look at the nature of the physical
quantities that they may represent.

1.5.1 Physical quantities

The world about us may be characterised by a number of physical proper-
ties or quantities, many of which vary with time. Examples of these include
temperature, humidity, pressure, altitude, position and velocity. The time-
varying nature of such physical quantities allows them to be categorised
into those that vary in a continuous manner and those that exhibit a
discontinuous or discrete nature.

The vast majority of real-world physical quantities (such as temperature,
pressure and humidity) vary in a continuous manner. This means that they
change smoothly from one value to another, taking an infinite number of
values. In contrast, discrete quantities do not change smoothly but instead
switch abruptly between distinct values. Few natural quantities exhibit this
characteristic (although there are some examples, such as population), but
many man-made quantities are discrete.

1.5.2 Electrical signals

It is often convenient to represent a varying physical quantity by an elec-
trical signal. This is because the processing, communication and storage of
information is often much easier when it is represented electrically.
Having noted that physical quantities may be either continuous or dis-
crete in nature, it is not surprising that the electrical signals that represent
them may also be either continuous or discrete. However, there is not
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Figure 1.4 Examples of
analogue and digital signals
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necessarily a direct correspondence between these forms, since it may be
convenient to represent a continuous quantity by a discrete signal, or vice
versa. For reasons that are largely historical, continuous signals are norm-
ally referred to as analogue, while discrete signals are described as digital.

Both analogue and digital signals can take many forms. Perhaps one of
the simplest is where the voltage of a signal corresponds directly to the
magnitude of the physical quantity being represented. This format is
used for both the input and the output signals in Figure 1.3(b), where the
voltages of the signals correspond directly to fluctuations in the input and
output air pressure (sound). Most people will have seen the output of a
microphone displayed on an oscilloscope and noted the relationship
between the sound level and the magnitude of the displayed waveform.
Figure 1.4(a) shows an example of a typical analogue signal waveform.

Although it is very common to represent the magnitude of a continuous
quantity by the voltage of an electrical signal, many other forms are also
used. For example, it might be more convenient to represent the value of a
physical quantity by the magnitude of the current flowing in a wire (rather
than by the voltage on it), or by the frequency of a sinusoidal waveform.
These and other formats are used in certain situations, these being chosen
to suit the application.

Digital signals may also vary in form. Figure 1.4(b) shows a signal that
takes a number of discrete levels. It could be that this signal represents
numerical information, such as the number of people in a building. Since
the signal changes abruptly from one value to another it is digital in nature,
and in many cases such signals have a limited number of allowable values.
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Figure 1.5 An automotive
engine control unit (ECU)

The most common forms of digital signals are those that have only two pos-
sible values, as shown in Figure 1.4(c). Such signals, which are described
as binary signals, are widely used since they are produced by many simple
sensors and can be used to control many forms of actuator. For example, a
simple domestic light switch has two possible states (ON and OFF), and
therefore the voltage controlled by such a switch can be seen as a binary
signal representing the required state of the lights. In such an arrangement
the light bulb represents the ‘utilisation’ element of the arrangement (see
Section 1.3), which in this case is used in only two possible states (again,
ON and OFF). Many electrical and electronic systems are based on the
use of this form of ON/OFF control and therefore all make use of binary
signals of one form or another. However, binary signals are also used in
more sophisticated systems (such as those based on computers), since such
signals are very easy to process, store and communicate. We will return to
look at these issues in later chapters.

It is often convenient to represent a complex arrangement by a simplified
diagram that shows the system as a set of modules or blocks. This modu-
lar approach hides unnecessary detail and often aids comprehension. An
example of a typical block diagram is shown in Figure 1.5. This shows a
simplified representation of an engine control unit (ECU) that might be
found in a car. This diagram shows the major components of the system
and indicates the flow of energy or information between the various parts.
The arrows in the diagram indicate the direction of flow.

When energy or information flows from a component we often refer to
that component as the source of that energy or information. Similarly, when
energy or information flows into a component, we often say that the com-
ponent represents a load on the arrangement. Thus in Figure 1.5 we could
consider the various sensors and the power supply to be sources for the
ECU and the ignition coil to be a load.

In electrical systems a flow of energy requires an electrical circuit.
Figure 1.6 shows a simple system with a single source and a single load. In

Spark plugs
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Figure 1.6 Sources and loads

Figure 1.7 System partitioning
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this figure the source of energy is some form of sensor, and the load is some
form of actuator, perhaps representing a part of the ECU of Figure 1.5. In
other systems the source could be a generator or power storage device, and
the load could be any form of ‘utilisation’ element (see Section 1.3). In any
event the source is linked to the system by an input circuit, and the load is
connected by an output circuit.

We noted earlier that we are free to choose the boundaries of our system
to suit our needs. We might therefore choose to divide the system of Fig-
ure 1.6 into a number of subsystems, or modules, as shown in Figure 1.7.
This process is referred to as partitioning and can greatly simplify the
design of complex systems. It can be seen that the output of each of these
subsystems represents the input of the next. Thus the output of each module
represents a source, while the input of each module represents a load. In
the arrangements of Figures 1.6 and 1.7, each of the various modules has a
single input and a single output. In practice, modules may have multiple
inputs and outputs depending on the function of that part of the system.

We noted in the early stages of this chapter that a system may be defined
solely by its inputs, its outputs and the relationship between them. It fol-
lows that each of the modules in our system can be defined solely in terms
of the characteristics of the sources and loads that it represents and the
relationship between its input and output signals. The design of such sys-
tems therefore involves the production of modules that take signals from
appropriate input devices (be they sensors, generators or other modules)
and produce from them appropriate signals to drive the relevant output
devices (such as actuators). Therefore, before looking at the design of these
circuits, we must first know something of the nature of the signals asso-
ciated with these sensors and actuators. For this reason, we will look at
these devices in Chapters 3 and 4.

In order to look at signals, sensors and actuators in a meaningful way,
we need to understand something about basic electrical components and
circuits. Fortunately, almost all readers of this text will have covered this
material before progressing to this level of study. However, for complete-
ness, this material is reviewed in Chapter 2.
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Key points m Engineering is inherently interdisciplinary, and all engineers should

have an understanding of the basic principles of electrical and elec-
tronic engineering, if only so that they can talk intelligently to others
who are specialists in this area.

m Engineers often adopt a ‘systems approach’ to design, which com-
bines top-down systematic techniques with multidisciplinary systemic
methods.

m As far as its appearance from outside is concerned, a system can be
defined solely by its inputs, its outputs and the relationship between
them.

m Most electrical or electronic systems can be seen as combinations
of elements that are responsible for the generation, transmission
or communication, control or processing, utilisation, or storage of
electrical energy.

m Systems interact with the outside world through the use of sensors
and actuators.

m Physical quantities may be either continuous or discrete. It is often
convenient to represent physical quantities by electrical signals.
These may also be either continuous or discrete. Continuous signals
are normally referred to as analogue, while discrete signals are usu-
ally described as digital.

m Complex systems are often represented by block diagrams. These
hide unnecessary detail and can aid comprehension.

m Energy or information flows from a source and flows into a load. Any
module presents a load to whatever is connected to its input and
represents a source to whatever is connected to its output.

m In order to design electrical or electronic systems, we need to
understand the nature of the signals produced by the sensors and
actuators that form their input and output devices.

Exercises
1.1 Discuss the meanings of the terms ‘electrical approach and a systemic approach to design.
engineering’ and ‘electronic engineering’. Which of these methods is associated with a sys-
tems approach?
1.2 List ten fields of engineering that might be

associated with the construction of a railway 1.4 Describe briefly what is meant by a system.
system.

1.5  List five basic functions, or processes, that appear
Explain the distinction between a systematic in electrical and electronic systems.
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Exercises continued

1.6

1.7

1.8

1.9

Categorise each of the following into one of the
five groups described in the previous exercise: a
car battery; a computer monitor; a solar cell; a
light bulb; high-voltage power lines; a compact
disc (CD); and a traffic light sequencer.

Identify examples of systems that are electrical,
mechanical, hydraulic, pneumatic and biological,
and in each case describe the nature of the inputs
and outputs.

Explain why the choice of a system’s boundaries
affects the form of its inputs and outputs.

Identify five naturally occurring physical quantit-
ies not mentioned in the text that are continuous
in nature.

1.10

1.13

Identify five naturally occurring physical quantit-
ies not mentioned in the text that are discrete in
nature.

Give an example of a situation where a continu-
ous physical quantity is represented by a digital
signal.

Give an example of a situation where a discrete
physical quantity is represented by an analogue
signal.

Describe what is meant by ‘partitioning’ with
respect to the design of an electronic system.

Explain how a module in an electrical system
may be described in terms of ‘sources’ and ‘loads’.



Chapter 2

2.1

Introduction

Basic Electric Circuits
and Components

When you have studied the material in this chapter you should be

able to:

o give the Systéme International (SI) units for a range of electrical
quantities;

e use a range of common prefixes to represent multiples of these units;

o describe the basic characteristics of resistors, capacitors and
inductors;

o apply Ohm’s law, and Kirchhoff’s voltage and current laws, to simple
electrical circuits;

o calculate the effective resistance of resistors in series or in parallel,
and analyse simple resistive potential divider circuits;

o define the terms ‘frequency’ and ‘period’ as they apply to sinusoidal
quantities;

o draw the circuit symbols for a range of common electrical
components.

Most books on electrical and electronic engineering begin with a fairly
lengthy treatment of basic material such as systems of measurement (units),
Ohm’s law and circuit analysis. For reasons that are explained in some
detail in the Preface, this text adopts a different approach and attempts to
explain the nature and characteristics of engineering systems before look-
ing in detail at their analysis.

Most readers of this book will have met the basic concepts of electrical
circuits long before embarking on study at this level. Therefore, the early
chapters of the book assume only that the reader is familiar with this ele-
mentary material. Later, we will look at these basic concepts in some detail
and extend them to give a greater understanding of the behaviour of the
circuits and systems that we will have met by that time.

The list below gives an indication of the topics that you should be
familiar with before reading the following chapters.
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Systéeme
International
units

o The Systeme International (SI) units for quantities such as energy,
power, temperature, frequency, charge, potential, resistance, capacitance
and inductance. You should also know the symbols used for these units.

« The prefixes used to represent common multiples of these units and their
symbols (for example, 1 kilometre = 1 km = 1000 metres).

« Electrical circuits and quantities such as charge, e.m.f. and potential
difference.

« Direct and alternating currents.

» The basic characteristics of resistors, capacitors and inductors.

»  Ohm’s law, Kirchhoff’s laws and power dissipation in resistors.

» The effective resistance of resistors in series and parallel.

» The operation of resistive potential dividers.

« The terms used to describe sinusoidal quantities.

o The circuit symbols used for resistors, capacitors, inductors, voltage
sources and other common components.

If, having read through the list above, you are confident that you are
familiar with all these topics you can move on immediately to Chapter 3.
However, just in case there are a few areas that might need some rein-
forcement, the remainder of this chapter provides what might be seen as a
revision section on this material. This does not aim to give a detailed treat-
ment of these topics (where appropriate this will be given in later chapters)
but simply explains them in sufficient detail to allow an understanding of
the early parts of the book.

In this chapter, worked examples are used to illustrate several of the con-
cepts involved. One way of assessing your understanding of the various
topics is to look quickly through these examples to see if you can perform
the calculations involved, before looking at the worked solutions. Most
readers will find the early examples trivial, but experience shows that many
will feel less confident on those related to potential dividers. This is a very
important topic, and a clear understanding of these circuits will make it
much easier to understand the remainder of the book.

The exercises at the end of this chapter are included to allow you to test
your understanding of the ‘assumed knowledge’ listed above. If you can
perform these exercises easily you should have no problems with the tech-
nical content of the next few chapters. If not, you would be well advised to
invest a little time in looking at the relevant sections of this chapter before
continuing.

The Systeme International (SI) d’Unités (International System of Units)
defines units for a large number of physical quantities but, fortunately for our
current studies, we need very few of them. These are shown in Table 2.1.
In later chapters, we will introduce additional units as necessary, and
Appendix B gives a more comprehensive list of units relevant to electrical
and electronic engineering.
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Table 2.1 Some important
units

m Common

prefixes

Table 2.2 Common unit
prefixes

m Electrical

circuits

Quantity Quantity Unit Unit
symbol symbol
Capacitance C farad F
Charge 0 coulomb C
Current 1 ampere A
Electromotive force E volt \%
Frequency f hertz Hz
Inductance (self) L henry H
Period T second S
Potential difference Vv volt \Y
Power P watt W
Resistance R ohm Q
Temperature T kelvin K
Time t second S

Table 2.2 lists the most commonly used unit prefixes. These will suffice for
most purposes although a more extensive list is given in Appendix B.

Prefix Name Meaning
(multiply by)

T tera 10"

G giga 10°

M mega 10°

k kilo 10°

m milli 107

u micro 107

n nano 107

P pico 107"

2.4.1 Electric charge

Charge is an amount of electrical energy and can be either positive or
negative. In atoms, protons have a positive charge and electrons have an
equal negative charge. While protons are fixed within the atomic nucleus,
electrons are often weakly bound and may therefore be able to move. If
a body or region develops an excess of electrons it will have an overall
negative charge, while a region with a deficit of electrons will have a

positive charge.
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Figure 2.1 Electromotive force
and potential difference

2.4.2 Electric current

An electric current is a flow of electric charge, which in most cases is a flow
of electrons. Conventional current is defined as a flow of electricity from a
positive to a negative region. This conventional current is in the opposite
direction to the flow of the negatively charged electrons. The unit of cur-
rent is the ampere or amp (A).

2.4.3 Current flow in a circuit

A sustained electric current requires a complete circuit for the recirculation
of electrons. It also requires some stimulus to cause the electrons to flow
around this circuit.

2.4.4 Electromotive force and potential difference

The stimulus that causes an electric current to flow around a circuit is
termed an electromotive force or e.m.f. The e.m.f. represents the energy
introduced into the circuit by a source such as a battery or a generator.

The energy transferred from the source to the load results in a change in
the electrical potential at each point in the load. Between any two points in
the load there will exist a certain potential difference, which represents the
energy associated with the passage of a unit of charge from one point to the
other.

Both e.m.f. and potential difference are expressed in units of volts, and
clearly these two quantities are related. Figure 2.1 illustrates the relation-
ship between them: e.m.f. is the quantity that produces an electric current,
while a potential difference is the effect on the circuit of this passage of
energy.

Some students have difficulty in visualising e.m.f., potential difference,
resistance and current, and it is sometimes useful to use an analogy.
Consider, for example, the arrangement shown in Figure 2.2. Here a water
pump forces water to flow around a series of pipes and through some form
of restriction. While no analogy is perfect, this model illustrates the basic
properties of the circuit of Figure 2.1. In the water-based diagram, the
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Figure 2.2 A water-based
analogy of an electrical circuit

Figure 2.3 Indicating voltage
reference points
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water pump forces water around the arrangement and is equivalent to the
voltage source (or battery), which pushes electrical charge around the
corresponding electrical circuit. The flow of water through the pipe corres-
ponds to the flow of charge around the circuit and therefore the flow rate
represents the current in the circuit. The restriction within the pipe opposes
the flow of water and is equivalent to the resistance of the electrical circuit.
As water flows through the restriction the pressure will fall, creating a
pressure difference across it. This is equivalent to the potential difference
across the resistance within the electrical circuit. The flow rate of the water
will increase with the output pressure of the pump and decrease with the
level of restriction present. This is analogous to the behaviour of the elec-
trical circuit, where the current increases with the e.m.f. of the voltage
source and decreases with the magnitude of the resistance.

2.4.5 \Voltage reference points

Electromotive forces and potential differences in circuits produce different
potentials (or voltages) at different points in the circuit. It is normal to de-
scribe the voltages throughout a circuit by giving the potential at particular
points with respect to a single reference point. This reference is often called
the ground or earth of the circuit. Since voltages at points in the circuit are
measured with respect to ground, it follows that the voltage on the ground
itself is zero. Therefore, ground is also called the zero volt line of the circuit.

In a circuit, a particular point or junction may be taken as the zero volt
reference and this may then be labelled as 0 V, as shown in Figure 2.3(a).
Alternatively, the ground point of the circuit may be indicated using the
ground symbol, as shown in Figure 2.3(b).

Ground
oV hd hd I / symbol

(@) (b)
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Figure 2.4 Indicating voltages
in circuit diagrams
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2.4.6 Representing voltages in circuit diagrams

Conventions for representing voltages in circuit diagrams vary considerably
between countries. In the UK, and in this text, it is common to indicate a
potential difference by an arrow, which is taken to represent the voltage at
the head of the arrow with respect to that at the tail. This is illustrated in
Figure 2.4(a). In many cases, the tail of the arrow will correspond to the
zero volt line of the circuit (as shown in V, in the figure). However, it can
indicate a voltage difference between any two points in the circuit (as
shown by V).

In some cases, it is inconvenient to use arrows to indicate voltages in
circuits and simple labels are used instead, as shown in Figure 2.4(b). Here
the labels V. and V), represent the voltage at the corresponding points with
respect to ground (that is, with respect to the zero volt reference).

2.4.7 Representing currents in circuit diagrams

Currents in circuit diagrams are conventionally indicated by an arrow in the
direction of the conventional current flow (that is, in the opposite direction
to the flow of electrons). This was illustrated in Figure 2.1. This figure also
shows that for positive voltages and currents the arrow for the current
flowing out of a voltage source is in the same direction as the arrow repres-
enting its e.m.f. However, the arrow representing the current in a resistor is
in the opposite direction to the arrow representing the potential difference
across it.

The currents associated with electrical circuits may be constant or may vary
with time. Where currents vary with time they may also be unidirectional
or alternating.

When the current in a conductor always flows in the same direction this
is described as a direct current (DC). Such currents will often be associated
with voltages of a single polarity. Where the direction of the current peri-
odically changes, this is referred to as alternating current (AC), and such
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Resistors,
capacitors and
inductors

Ohm’s law

currents will often be associated with alternating voltages. One of the most
common forms of alternating waveform is the sine wave, as discussed in
Section 2.13.

2.6.1 Resistors

Resistors are components whose main characteristic is that they provide
resistance between their two electrical terminals. The resistance of a
circuit represents its opposition to the flow of electric current. The unit
of resistance is the ohm (£2). One may also define the conductance of a
circuit as its ability to allow the flow of electricity. The conductance of a
circuit is equal to the reciprocal of its resistance and has the units of
siemens (S). We will look at resistance in some detail in Chapter 12.

2.6.2 Capacitors

Capacitors are components whose main characteristic is that they exhibit
capacitance between their two terminals. Capacitance is a property of two
conductors that are electrically insulated from each other, whereby elec-
trical energy is stored when a potential difference exists between them.
This energy is stored in an electric field that is created between the two
conductors. Capacitance is measured in farads (F), and we will return to
look at capacitance in more detail in Chapter 13.

2.6.3 Inductors

Inductors are components whose main characteristic is that they exhibit
inductance between their two terminals. Inductance is the property of a
coil that results in an e.m.f. being induced in the coil as a result of a change
in the current in the coil. Like capacitors, inductors can store electrical
energy and in this case it is stored in a magnetic field. The unit of induct-
ance is the henry (H), and we will look at inductance in Chapter 14.

Ohm’s law states that the current / flowing in a conductor is directly propor-
tional to the applied voltage V and inversely proportional to its resistance
R. This determines the relationship between the units for current, voltage
and resistance, and the ohm is defined as the resistance of a circuit in which
a current of 1 amp produces a potential difference of 1 volt.

The relationship between voltage, current and resistance can be repres-
ented in a number of ways, including:
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Figure 2.5 The relationship
between V, I and R

V=1IR @.1)
1%

== 2.2)
1%

R= 2.3)

A simple way of remembering these three equations is to use the ‘virtual
triangle’ of Figure 2.5. The triangle is referred to as ‘virtual’ simply as a
way of remembering the order of the letters. Taking the first three letters
of VIRtual and writing them in a triangle (starting at the top) gives the
arrangement shown in the figure. If you place your finger on one of the
letters, the remaining two show the expression for the selected quantity. For
example, to find the expression for ‘V’ put your finger on the V and you see
I next to R, so V =1IR. Alternatively, to find the expression for ‘I’ put your
finger on the I and you are left with V above R, so I =V/R. Similarly,
covering ‘R’ leaves V over I, so R = V/L.

Voltage measurements (with respect to ground) on part of an electrical
circuit give the values shown in the diagram below. If the resistance of
R, is 220 Q, what is the current I flowing through this resistor?

—

Ry

Z/ 158V

R,

}/ 123V

Ry

T

From the two voltage measurements, it is clear that the voltage difference
across the resistor is 15.8 — 12.3 = 3.5 V. Therefore using the relationship

=Y
R
we have
1 £= 15.9 mA

=220
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E Kirchhoff’s laws

2.8.1 Current law

At any instant, the algebraic sum of all the currents flowing into any junc-
tion in a circuit is zero.

2I=0 (2.4)

A junction is any point where electrical paths meet. The law comes about
from consideration of conservation of charge — the charge flowing into a
point must equal that flowing out.

2.8.2 \Voltage law

At any instant, the algebraic sum of all the voltages around any loop in a
circuit is zero.

SV=0 2.5)

The term loop refers to any continuous path around the circuit, and the law
comes about from consideration of conservation of energy.

With both laws, it is important that the various quantities are assigned the
correct sign. When summing currents, those flowing into a junction are
given the opposite polarity to those flowing out from it. Similarly, when
summing the voltages around a loop, clockwise voltages will be assigned
the opposite polarity to anticlockwise ones.

Use Kirchhoff’s current law to determine the current I, in the following
circuit.

L=10A I,
B e

e -

el
Il
[5%)
=

T

From Kirchhoff’s current law
L=I-1
=10-3
=7A
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m Use Kirchhoff’s voltage law to determine the magnitude of V| in the
following circuit.

V=7V

From Kirchhoff’s voltage law (summing the voltages clockwise around the

loop)
E-V,-V,=0
or, rearranging
Vi=E-V,
=12-7
=5V

Power
dissipation  The instantaneous power dissipation P of a resistor is given by the prod-
in resistors uct of the voltage across the resistor and the current passing through it.
Combining this result with Ohm’s law gives a range of expressions for P.

These are:
P=VI (2.6)
P=IR 2.7)
2
p= % 2.8)

SRS | Determine the power dissipation in the resistor R; in the following circuit.

From Equation 2.7
P=IR
=3>%50
=450 W
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m Resistors

in series

Figure 2.6 Three resistors in
series

m Resistors

in parallel

Figure 2.7 Three resistors in
parallel

The effective resistance of a number of resistors in series is equal to the
sum of their individual resistances.

R=R +R,+R;+...+R, 2.9)

For example, for the three resistors shown in Figure 2.6 the total resistance
R is given by

R=R,+R,+R,

Ry R, Ry
— 1 1+ 1+

Determine the equivalent resistance of this combination.

R=10Q R,=20Q Ry=15Q Ry=25Q
— F— F— F— F—

From above
R=R +R,+R,;+R,
=10+20+15+25
=70Q

The effective resistance of a number of resistors in parallel is given by the
following expression:

11 1 1 1
L T I S (2.10)
R R R, R R

n

For example, for the three resistors shown in Figure 2.7 the total resistance
R is given by




CHAPTER 2 BASIC ELECTRIC CIRCUITS AND COMPONENTS 27

Example 2.6

Resistive
potential
dividers

Figure 2.8 A resistive potential

divider

Determine the equivalent resistance of this combination.

R=10Q
1
| I

R =20Q
1
| I

From above

1
R R R

'.R=%=6.67Q

Note that the effective resistance of a number of resistors in parallel will
always be less than that of the lowest-value resistor.

When several resistors are connected in series the current flowing through
each resistor is the same. The magnitude of this current is given by the
voltage divided by the total resistance. For example, if we connect three
resistors in series, as shown in Figure 2.8, the current is given by:
_ 14
R+R +R;
The voltage across each resistor is then given by this current multiplied by
its resistance. For example, the voltage V| across resistor R, will be given by

V=R =|—V &,
R+ R, + R,

. R, R

R 3
l— — — )—l
I
V
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Figure 2.9 The division of
voltages in a potential divider

Figure 2.10 A simple potential
divider

Example 2.7

R, R, R
" E Vy : v
A
V
o o

Therefore, the fraction of the total voltage across each resistor is equal to
its fraction of the total resistance, as shown in Figure 2.9, where

Ww__ & V»__ K& Vi K
V R+R+R V R+R+R V R+R+R,

or, rearranging

R R
V1=V—1 V2=V—2
R+R +R R + R, + R,
R
V, = 8
R + R, + R,

To calculate the voltage at a point in a chain of resistors, one must deter-
mine the voltage across the complete chain, calculate the voltage across
those resistors between that point and one end of the chain and add this to
the voltage at that end of the chain. For example, in Figure 2.10:

V=Vz+<vl—vz)ﬁ @.11)
T
Ry
—.
R,
v 1

2

Determine the voltage V in the following circuit.

IOVj

R =200Q

—

R,=300Q

OVJ
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As described above, we first determine the voltage across the chain (by
subtracting the voltages at either end of the chain). Then we calculate the
voltage across the relevant resistor and add this to the voltage at the appro-
priate end of the chain.

In this case one end of the chain of resistors is at zero volts, so the
calculation is very straightforward. The voltage across the chain is 10 V,
and V is simply the voltage across R,, which is given by

R,
R +R,

V=10

300
200 + 300

=6V

Note that a common mistake in such calculations is to calculate R, /(R, + R,),
rather than R,/(R, + R,). The value used as the numerator in this expression
represents the resistor across which the voltage is to be calculated.

Potentiometer calculations are slightly more complicated where neither
end of the chain of resistors is at zero volts.

Determine the voltage V in the following circuit.

15‘/1

Ri=1kQ

v

Ry=500Q

sv—T

Again, we first determine the voltage across the chain (by subtracting the
voltages at either end of the chain). Then we calculate the voltage across
the relevant resistor and add this to the voltage at the appropriate end of the
chain. Therefore

V=3+015-3) R,
R + R,
3410200
1000 + 500

=3+4

=7V
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m Sinusoidal

quantities

Figure 2.11 A sine wave

In this case we pick one end of the chain of resistors as our reference point
(we picked the lower end) and calculate the voltage on the output with
respect to this point. We then add to this calculated value the voltage at the
reference point.

Sinusoidal quantities have a magnitude that varies with time in a manner
described by the sine function. The variation of any quantity with time can
be described by drawing its waveform. The waveform of a sinusoidal
quantity is shown in Figure 2.11. The length of time between correspond-
ing points in successive cycles of the waveform is termed its period, which
is given the symbol 7. The number of cycles of the waveform within one
second is termed its frequency, which is usually given the symbol f.
The frequency of a waveform is related to its period by the expression

1
f=7 (2.12)

Magnitude

5

S EEPRN | What is the period of a sinusoidal quantity with a frequency of 50 Hz?

From above we know that

and therefore the period is given by

T=l=i=0.023=20ms
50

f
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Key points

The following are circuit symbols for a few basic electrical components.

wire (conductor) junctions wires crossing
(no junction)
| |
| I
resistor capacitor inductor
variable resistor switch lamp
o 72\
Iil /

e.m.f. (e.g. battery) e.m.f. (e.g. battery)
i
VT :

- -

Vv

ground (zero volts) voltmeter

L

voltage source

Vv

ammeter

In later chapters we will meet a number of additional component symbols,

but these are sufficient for our current needs.

Since this chapter introduces no new material there are very few
key points. However, the importance of a good understanding of this
‘assumed knowledge’' encourages me to emphasise the following:

m Understanding the next few chapters of the book relies on under-
standing the various topics covered in this chapter.

m A clear concept of voltage and current is essential for all readers.

m Ohm’s law and Kirchhoff’s voltage and current laws are used extens-

ively in later chapters.

m Experience shows that students have most problems with potential
dividers — a topic that is widely used in these early chapters. You are
therefore advised to make very sure that you are happy with this

material before continuing.
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Exercises
2.1 Give the prefixes used to denote the following A
powers: 107'%; 107%; 10°% 107%; 10%; 10% 10%; 10",
60 Q 60 Q 60 Q
2.2 Explain the difference between 1 ms, 1 m/s and
I mS. i
30Q
2.3 Explain the difference between 1 mQ and 1 MQ.
B
2.4 If a resistor of 1 kQ has a voltage of 5 V across (b)

it, what is the current flowing through it?

2.5 A resistor has 9 V across it and a current of 2.13 Calculate the effective resistance between the ter-
1.5 mA flowing through it. What is its resistance? minals A and B in the following arrangements.

2.6 Aresistor of 25 Q has a voltage of 25 V across it.
What power is being dissipated by the resistor?

2.7 If a 400 Q resistor has a current of 5 pA flowing
through it, what power is being dissipated by the
resistor?

2.8  What is the effective resistance of a 20 € resistor
in series with a 30 Q resistor?

2.9  What is the effective resistance of a 20 € resistor
in parallel with a 30 Q resistor?

2.10 What is the effective resistance of a series com-
bination of a 1 k€ resistor, a 2.2 kQ resistor and
a 4.7 kQ resistor?

2.11 What is the effective resistance of a parallel com-
bination of a 1 kQ resistor, a 2.2 kQ resistor and
a 4.7 kQ resistor?

2.14 Calculate the voltages V,, V, and Vj in the fol-

2.12 Calculate the effective resistance between the ter- .
lowing arrangements.

minals A and B in the following arrangements.

10Q 50 Q
Vi

20Q 100 Q



CHAPTER 2 BASIC ELECTRIC CIRCUITS AND COMPONENTS 33

Exercises continued

12V 12
1kQ 6kQ 2kQ
200 9v —] —] — 18V
@
"
25kQ
60 Q 9V | ]
v 20kQ |1,
(b)
0v
(b)
10Q
30Q
—
10 VT C) 8 -4V
400 0a |7
2V o

-(C) (©)
2.16 A sinusoidal quantity has a frequency of 1 kHz.

2.15 Calculate the voltages V,, V, and Vj in the fol- N .
What is its period?

lowing arrangements.

2.17 A sinusoidal quantity has a period of 20 ps. What
is its frequency?



Chapter 3

3.1

Introduction

Sensors

When you have studied the material in this chapter you should be

able to:

o discuss the role of sensors in electrical and electronic systems;

o outline the requirement for a range of sensors of different types to
meet the needs of varied applications;

o explain the meaning of terms such as range, resolution, accuracy,
precision, linearity and sensitivity, as they apply to sensors;

o describe the operation and characteristics of a variety of devices for
sensing various physical quantities;

o give examples from the diversity of sensing devices available and
outline the different characteristics of these components;

o discuss the need for interfacing circuitry to make the signals
produced by sensors compatible with the systems to which they are
connected.

In order to perform useful tasks electrical and electronic systems must
interact with the world about them. To do this they use sensors to sense
external physical quantities and actuators to affect or control them.

Sensors and actuators are often referred to as transducers. A transducer
is a device that converts one physical quantity into another, and different
transducers convert between a wide range of physical quantities. Examples
include a mercury-in-glass thermometer, which converts variations in tem-
perature into variations in the length of a mercury column, and a micro-
phone, which converts sound into electrical signals.

In this text we are primarily interested in transducers that are used in
electrical or electronic systems, so we are mainly interested in devices that
produce or use electrical signals of some form. Transducers that convert
physical quantities into electrical signals will normally be used to produce
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inputs for our system and will therefore be referred to as sensors.
Transducers that take electrical input signals and control or affect an
external physical quantity will be referred to as actuators. In this chapter
we will look at the characteristics of sensors and in the next we will con-
sider actuators.

Thermometers and microphones are both examples of sensors that con-
vert one form of analogue quantity into another. Other sensors can be used
with digital quantities, converting one digital quantity into another. Such
systems include all forms of event counter, such as those used to count the
number of people going through a turnstile.

A third class of sensors take an analogue quantity and represent it in a
digital form. In some instances the output is a simple binary representation
of the input, as in a thermostat, which produces one of two output values
depending on whether a temperature is above or below a certain threshold.
In other devices the analogue quantity at the input is represented by a multi-
valued output, as in the case of a digital voltmeter, where an analogue input
quantity is represented by a numerical (and therefore discrete) output.
Representing an analogue quantity by a digital quantity is, by necessity,
an approximation. However, if the number of allowable discrete states is
sufficient, the representation may be adequate for a given application.
Indeed, in many cases the error caused by this approximation is small com-
pared with the noise or other errors within the system and can therefore be
ignored.

For completeness one should say that there is a final group of sensors
that take a digital input quantity and use this to produce an analogue out-
put. However, such components are less common, and there are very few
widely used examples of such devices.

Almost any physical property of a material that varies in response to
some excitation can be used to produce a sensor. Commonly used devices
include those whose operation is:

o resistive

« inductive

« capacitive

« piezoelectric
« photoelectric
« elastic

« thermal.

The range of sensing devices available is vast, and in this chapter we will
restrict ourselves to a few examples that are widely used in electrical and
electronic systems. The examples chosen have been selected to show the
diversity of devices available and to illustrate some of their characteristics.
These examples include sensors for a variety of physical quantities and
devices that are both analogue and digital in nature. However, before we
start looking at individual devices it is appropriate to consider how we
quantify the performance of such components.
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Describing
sensor
performance

When describing sensors and instrumentation systems we make use of
a range of terms to quantify their characteristics and performance. It is
important to have a clear understanding of this terminology, so we will look
briefly at some of the more important terms.

3.2.1 Range

This defines the maximum and minimum values of the quantity that the
sensor or instrument is designed to measure.

3.2.2 Resolution or discrimination

This is the smallest discernible change in the measured quantity that the
sensor is able to detect. This is usually expressed as a percentage of the
range of the device; for example, the resolution might be given as 0.1 per-
cent of the full-scale value (that is, one-thousandth of the range).

3.2.3 Error

This is the difference between a measured value and its true value. Errors
may be divided into random errors and systematic errors. Random errors
produce scatter within repeated readings. The effects of such errors may
be quantified by comparing multiple readings and noting the amount of
scatter present. The effects of random errors may also be reduced by taking
the average of these repeated readings. Systematic errors affect all read-
ings in a similar manner and are caused by factors such as mis-calibration.
Since all readings are affected in the same way, taking multiple readings
does not allow quantification or reduction of such errors.

3.2.4 Accuracy, inaccuracy and uncertainty

The term accuracy describes the maximum expected error associated with
a measurement (or a sensor) and may be expressed as an absolute value or
as a percentage of the range of the system. For example, the accuracy of a
vehicle speed sensor might be given as +1 mph or as +0.5 percent of the
full-scale reading. Strictly speaking, this is actually a measure of its inac-
curacy, and for this reason the term uncertainty is sometimes used.

3.2.5 Precision

This is a measure of the lack of random errors (scatter) produced by a
sensor or instrument. Devices with high precision will produce repeated
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Figure 3.1 Accuracy and

precision

Temperature
sensors

Actual value X
y x x / Readings &X&
X XX
v + #
X X
X
(a) Low precision, (b) High precision, (c) High precision,
low accuracy low accuracy high accuracy

readings with very little spread. It should be noted that precision is very
often confused with accuracy, which has a very different meaning. A
sensor might produce a range of readings that are very consistent but that
are all very inaccurate. This is illustrated in Figure 3.1, which shows the
performance of three sensor systems.

3.2.6 Linearity

In most situations it is convenient to have a sensor where the output is
linearly proportional to the quantity being measured. If one were to plot a
graph of the output of a sensor against the measured quantity, a perfectly
linear device would produce a straight line going through the origin. In
practice real sensors will have some non-linearity, which is defined as the
maximum deviation of any reading from this straight line. Non-linearity is
normally expressed as a percentage of the full-scale value.

3.2.7 Sensitivity

This is a measure of the change produced at the output for a given change
in the quantity being measured. A sensor that has high sensitivity will pro-
duce a large change in its output for a given input change. The units of this
measure reflect the nature of the measured quantity. For example, for a tem-
perature sensor the sensitivity might be given as 10 mV/°C, meaning that
the output would change by 10 mV for every 1 °C change in temperature.

The measurement of temperature is a fundamental part of a large number of
control and monitoring systems, ranging from simple temperature-regulating
systems for buildings to complex industrial process-control plants.

Temperature sensors may be divided into those that give a simple binary
output to indicate that the temperature is above or below some threshold
value and those that allow temperature measurements to be made.
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Figure 3.2 Platinum resistance
thermometers (PRTSs)

Binary output devices are effectively temperature-operated switches, an
example being the thermostat, which is often based on a bimetallic strip.
This is formed by bonding together two materials with different thermal
expansion properties. As the temperature of the bimetallic strip increases it
bends, and this deflection is used to operate a mechanical switch.

A large number of different techniques are used for temperature meas-
urement, but here we will consider just three forms.

3.3.1 Resistive thermometers

The electrical resistance of all conducting materials changes with tem-
perature. The resistance of a piece of metal varies linearly with its absolute
temperature. This allows temperature to be measured by determining the
resistance of a sample of the metal and comparing it with its resistance at a
known temperature. Typical devices use platinum wire; such devices are
known as platinum resistance thermometers or PRTs.

PRTs can produce very accurate measurements at temperatures from
less than —150 °C to nearly 1000 °C to an accuracy of about 0.1 °C, or
0.1 percent. However, they have poor sensitivity. That is, a given change
in the input temperature produces only a small change in the output signal.
A typical PRT might have a resistance of 100 € at 0 °C, which increases to
about 140 Q at 100 °C. Figure 3.2(a) shows a typical PRT element. PRTs
are also available in other forms, such as the probe shown in Figure 3.2(b).

(a) A typical PRT element (b) A sheathed PRT

3.3.2 Thermistors

Like PRTs, these devices also change their resistance with temperature.
However, they use materials with high thermal coefficients of resistance to
give much improved sensitivity. A typical device might have a resistance
of 5kQ at 0°C and 100 Q at 100 °C. Thermistors are inexpensive and
robust but are very non-linear and often suffer from great variability in
their nominal value between devices. Figure 3.3(a) shows a typical disc
thermistor, while Figure 3.3(b) shows a device incorporating a threaded
section for easy attachment.
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Figure 3.3 Thermistors

Figure 3.4 A pn junction
temperature sensor

Light sensors

(a) A typical disc thermistor (b) A threaded thermistor

3.3.3 pn junctions

A pn junction is a semiconductor device that has the properties of a diode.
That is, it conducts electricity in one direction (when the device is said to
be forward-biased) but opposes the flow of electricity in the other direction
(when the device is said to be reverse-biased). The properties and uses of
semiconductor devices will be discussed in more detail in Chapter 19.

At a fixed current, the voltage across a typical forward-biased semicon-
ductor diode changes by about 2 mV per °C. Devices based on this prop-
erty use additional circuitry to produce an output voltage or current that is
directly proportional to the junction temperature. Typical devices might
produce an output voltage of 1 mV per °C, or an output current of 1 LA per
°C, for temperatures above 0 °C. These devices are inexpensive, linear and
easy to use but are limited to a temperature range from about —50 °C to
about 150 °C by the semiconductor materials used. Such a device is shown
in Figure 3.4.

Sensors for measuring light intensity fall into two main categories: those
that generate electricity when illuminated and those whose properties (for
example, their resistance) change under the influence of light. We will con-
sider examples of both of these classes of device.

3.4.1 Photovoltaic

Light falling on a pn junction produces a voltage and can therefore be used
to generate power from light energy. This principle is used in solar cells.
On a smaller scale, photodiodes can be used to measure light intensity,
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Figure 3.5 Light sensors

(a) A photodiode (b) A light-dependent resistor (LDR)

since they produce an output voltage that depends on the amount of light
falling on them. A disadvantage of this method of measurement is that
the voltage produced is not related linearly to the incident light intensity.
Figure 3.5(a) shows examples of typical photodiode light sensors.

3.4.2 Photoconductive

Photoconductive sensors do not generate electricity, but their conduction of
electricity changes with illumination. The photodiode described above as a
photovoltaic device may also be used as a photoconductive device. If a
photodiode is reverse-biased by an external voltage source, in the absence
of light it will behave like any other diode and conduct only a negligible
leakage current. However, if light is allowed to fall on the device, charge
carriers will be formed in the junction region and a current will flow. The
magnitude of this current is proportional to the intensity of the incident
light, making it more suitable for measurement than the photovoltaic
arrangement described earlier.

The currents produced by photodiodes in their photoconductive mode
are very small. An alternative is to use a phototransistor, which com-
bines the photoconductive properties of the photodiode with the current
amplification of a transistor to form a device with much greater sensitivity.
The operation of transistors will be discussed in later chapters.

A third class of photoconductive device is the light-dependent resistor
or LDR. As its name implies, this is a resistive device that changes its resist-
ance when illuminated. Typical devices are made from materials such as
cadmium sulphide (CdS) which have a much lower resistance when illu-
minated. One advantage of these devices in some applications is that they
respond to different wavelengths of light in a manner similar to the human
eye. Unfortunately, their response is very slow, taking perhaps 100 ms to
respond to a change in illumination compared with a few microseconds, or
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a Force sensors

Figure 3.6 A strain gauge

less, for the semiconductor junction devices. A typical LDR is shown in
Figure 3.5(b).

In addition to sensors that measure light intensity there are also a large
number of sensors that use light to measure other quantities, such as posi-
tion, motion and temperature. We will look at an example of such a sensor
in Section 3.6 when we consider opto-switches.

3.5.1 Strain gauge

The resistance between opposite faces of a rectangular piece of uniform
electrically conducting material is proportional to the distance between the
faces and inversely proportional to its cross-sectional area. The shape of
such an object may be changed by applying an external force to it. The term
stress is used to define the force per unit area applied to the object, and the
term strain refers to the deformation produced. In a strain gauge, an applied
force deforms the sensor, increasing or decreasing its length (and its cross-
section) and therefore changing its resistance. Figure 3.6 shows the con-
struction of a typical device.

The gauge is in the form of a thin layer of resistive material arranged to
be sensitive to deformation in only one direction. The long thin lines of
the sensor are largely responsible for the overall resistance of the device.
Stretching or compressing the gauge in the direction shown will extend or
contract these lines and will have a marked effect on the total resistance.
The comparatively thick sections joining these lines contribute little to the
overall resistance of the unit. Consequently, deforming the gauge perpen-
dicular to the direction shown will have little effect on the total resistance
of the device.

In use, the gauge is bonded to the surface in which strain is to be meas-
ured. The fractional change in resistance is linearly related to the applied
strain. If it is bonded to a structure with a known stress-to-strain character-
istic, the gauge can be used to measure force. Thus it is often found at the
heart of many force transducers or load cells. Similarly, strain gauges may
be connected to diaphragms to produce pressure sensors.

Direction of sensitivity
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m Displacement

Sensors

Figure 3.7 Inductive
displacement or proximity
sensors

Displacement or position may be sensed using a very wide range of methods,
including resistive, inductive, mechanical and optical techniques. As with
many classes of sensor, both analogue and digital types are used.

3.6.1 Potentiometers

Resistive potentiometers are among the most common position transducers,
and most people will have encountered them as the controls used in radios
and other electronic equipment. Potentiometers may be angular or linear,
consisting of a length of resistive material with an electrical terminal at
each end and a third terminal connected to a sliding contact on to the resist-
ive track. When used as a position transducer, a potential is placed across
the two end terminals and the output is taken from the terminal connected
to the sliding contact. As the sliding contact moves the output voltage
changes between the potentials on each end of the track. Generally, there
is a linear relationship between the position of the slider and the output
voltage.

3.6.2 Inductive sensors

The inductance of a coil is affected by the proximity of ferromagnetic mater-
ials, an effect that is used in a number of position sensors. One of the sim-
plest of these is the inductive proximity sensor, in which the proximity of
a ferromagnetic plate is determined by measuring the inductance of a coil.
Figure 3.7 shows examples of typical proximity sensors. We will return to
consider the operation of such devices in Chapter 14 after we have looked
at electromagnetism. In that chapter, we will also look at another inductive
displacement sensor — the linear variable differential transformer or
LVDT.
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Figure 3.8 Switch position
Sensors

3.6.3 Switches

The simplest digital displacement sensors are mechanical switches. These
are used in many forms and may be manually operated or connected to a
mechanism of some form. Manually operated switches include toggle
switches, which are often used as power ON/OFF switches on electrical
equipment, and momentary-action pushbutton switches as used in com-
puter keyboards. It may not be immediately apparent that switches of this
type are position sensors, but clearly they output a value dependent on the
position of the input lever or surface and are therefore binary sensors.

When a switch is connected to some form of mechanism, its action as a
position sensor becomes more obvious. A common form of such a device
is the microswitch, which consists of a small switch mechanism attached
to a lever or push-rod, allowing it to be operated by some external force.
Microswitches are often used as limit switches, which signal that a mech-
anism has reached the end of its safe travel. Such an arrangement is shown
in Figure 3.8(a). Switches are also used in a number of specialised position-
measuring applications, such as liquid level sensors. One form of such a
sensor is shown in Figure 3.8(b). Here the switch is operated by a float,
which rises with the liquid until it reaches some specific level.

Microswitch
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(a) Limit switch (b) Float switch

3.6.4 Opto-switches

In addition to the use of mechanical switches, position can also be sensed
using devices such as the opto-switch, which, as its name suggests, is a
light-operated switch.

The opto-switch consists of a light sensor, usually a phototransistor, and
a light source, usually a light-emitting diode (LEDs will be described in the
next chapter), housed within a single package. Two physical arrangements
are widely used, as illustrated in Figure 3.9.

Figure 3.9(a) shows a reflective device in which the light source and
sensor are mounted adjacent to each other on one face of the unit. The
presence of a reflective object close to this face will cause light from the
source to reach the sensor, causing current to flow in the output circuit.
Figure 3.9(b) shows a slotted opto-switch in which the source and sensor
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Figure 3.9 Reflective and
slotted opto-switches

Figure 3.10 An absolute
position encoder

Source

Sensor

Source

Sensor

(a) A reflective opto-switch (b) A slotted opto-switch

are arranged to face each other on either side of a slot in the device. In the
absence of any object in the slot, light from the source will reach the
sensor, and this will produce a current in the output circuit. If the slot is
obstructed, the light path will be broken and the output current will be
reduced.

Although opto-switches may be used with external circuitry to measure
the current flowing and thus to determine the magnitude of the light reach-
ing the sensor, it is more common to use them in a binary mode. In this
arrangement, the current is compared with some threshold value to decide
whether the opto-switch is ON or OFF. In this way, the switch detects the
presence or absence of objects, the threshold value being adjusted to vary
the sensitivity of the arrangement. We will consider some applications of
the opto-switch later in this section.

3.6.5 Absolute position encoders

Figure 3.10 illustrates the principle of a simple linear absolute position
encoder. A pattern of light and dark areas is printed on to a strip and is
detected by a sensor that moves along it. The pattern takes the form of a
series of lines that alternate between light and dark. It is arranged so that
the combination of light and dark areas on the various lines is unique at
each point along the strip. The sensor, which may be a linear array of photo-
transistors or photodiodes, one per line, picks up the pattern and produces
an appropriate electrical signal, which can be decoded to determine the
sensor’s position. The combination of light and dark lines at each point
represents a code for that position.

Coded strip Sensor
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Figure 3.11  An incremental
position encoder

Since each point on the strip must have a unique code, the number of
distinct positions along the strip that can be detected is determined by the
number of lines in the pattern. For a sensor of a given length, increasing the
number of lines in the pattern increases the resolution of the device but also
increases the complexity of the detecting array and the accuracy with which
the lines must be printed.

Although linear absolute encoders are available, the technique is more
commonly applied to angular devices. These often resemble rotary poten-
tiometers, but they have a coded pattern in a series of concentric rings in
place of the conducting track and an array of optical sensors in place of the
wiper. Position encoders have excellent linearity and a long life, but they
generally have poorer resolution than potentiometers and are usually more
expensive.

3.6.6 Incremental position encoders

The incremental encoder differs from the absolute encoder in that it has
only a single detector, which scans a pattern consisting of a regular series
of stripes perpendicular to the direction of travel. As the sensor moves over
the pattern, the sensor will detect a series of light and dark regions. The
distance moved can be determined by counting the number of transitions.
One problem with this arrangement is that the direction of motion cannot
be ascertained, as motion in either direction generates similar transitions
between light and dark. This problem is overcome by the use of a second
sensor, slightly offset from the first. The direction of motion may now be
determined by noting which sensor is first to detect a particular transition.
This arrangement is shown in Figure 3.11, which also illustrates the signals
produced by the two sensors for motion in each direction.

In comparison with the absolute encoder, the incremental encoder has
the disadvantage that external circuitry is required to count the transitions,
and that some method of resetting this must be provided to give a reference
point or datum. However, the device is simple in construction and can pro-
vide high resolution. Again, both linear and angular devices are available.
Figure 3.12 shows a small angular incremental position encoder.

e

I

Motion Motion
left to right
right to left
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Figure 3.12 An angular
incremental position encoder

Figure 3.13 Examples of
displacement sensors using
counting

3.6.7 Other counting techniques

Incremental encoders employ event counting to determine displacement.
Several other techniques use this method, and Figure 3.13 shows two
examples.

Figure 3.13(a) shows a technique that uses an inductive proximity sen-
sor, as described earlier in this section. Here a ferromagnetic gear wheel is
placed near the sensor; as the wheel rotates the teeth pass close to the sen-
sor, increasing its inductance. The sensor can therefore detect the passage
of each tooth and thus determine the distance travelled. A great advantage
of this sensor is its tolerance to dirty environments.

Figure 3.13(b) shows a sensor that uses the slotted opto-switch dis-
cussed earlier. This method uses a disc that has a number of holes or slots
spaced equally around its perimeter. The disc and opto-switch are mounted
such that the edge of the disc is within the slot of the switch. As the disc
rotates the holes or slots cause the opto-switch to be periodically opened
and closed, producing a train of pulses with a frequency determined by the
speed of rotation. The angle of rotation can be measured by counting the
number of pulses. A similar method uses an inductive proximity sensor in
place of the opto-switch, and a ferromagnetic disc.

Ferromagnetic -~~~y  Proximity ™\

gear wheel detector
N S
Slotted

opto-switch

| —

(a) Inductive sensor (b) Opto-switch sensor
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m Motion sensors

3.6.8 Rangefinders

Measurement of large distances usually requires a non-contact method.
Both passive systems (which simply observe their environment) and act-
ive systems (which send signals out into the environment) are available.
Passive techniques include optical triangulation methods, in which two
slightly displaced sights are aligned on a common target. The angular
difference between the two sights can then be measured using one of the
angular sensors described above. Trigonometry is then used to calculate the
distance between the sights and the target. This method is employed in
rangefinding equipment used for surveying. Active systems transmit either
sound or electromagnetic energy and detect the energy reflected from a
distant object. By measuring the time taken for the energy to travel to the
object and back to the transmitter, the distance between them may be deter-
mined. Because the speed of light is so great, some optical systems use
the phase difference between the transmitted and received signals, rather
than time of travel, to determine the distance (phase difference, and its
measurement, will be discussed in Chapter 11).

In addition to the measurement of displacement, it is often necessary to
determine information concerning the motion of an object, such as its
velocity or acceleration. These quantities may be obtained by differenti-
ation of a position signal with respect to time, although such techniques
often suffer from noise, since differentiation tends to amplify high-frequency
noise present in the signal. Alternatively, velocity and acceleration can be
measured directly using a number of sensors.

The counting techniques described earlier for the measurement of dis-
placement can also be used for velocity measurement. This is achieved by
measuring the frequency of the waveforms produced instead of counting
the number of pulses. This gives a direct indication of speed. In fact, many
of the counting techniques outlined earlier are more commonly used for
speed measurement than for measurement of position. In many applications
the direction of motion is either known or is unimportant, and these tech-
niques often provide a simple and inexpensive solution.

Direct measurement of acceleration is made using an accelerometer.
Most accelerometers make use of the relationship between force, mass and
acceleration:

force = mass X acceleration

A mass is enclosed within the accelerometer. When the device is subjected
to acceleration the mass experiences a force, which can be detected in a
number of ways. In some devices a force transducer, such as a strain gauge,
is incorporated to measure the force directly. In others, springs are used to
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Figure 3.14 A microphone

interfacing

convert the force into a corresponding displacement, which is then meas-
ured with a displacement transducer. Because of the different modes of
operation of the devices, the form of the output signal also varies.

A number of techniques are used to detect sound. These include carbon
(resistive) microphones, capacitive microphones, piezoelectric micro-
phones and moving-coil microphones. Of these, the last are probably the
most common. A moving-coil microphone consists of a permanent magnet
and a coil connected to a diaphragm. Sound waves move the diaphragm,
which causes the coil to move with respect to the magnet, thus generating
an electrical signal. This process is illustrated in Figure 3.14. The genera-
tion of electrical currents using electromagnetism is discussed in later
chapters.

Sound Microphone
waves output voltage

Microphone

=

Many electrical and electronic systems require their inputs to be in the form
of electrical signals in which the voltage or current of the signal is related
to the physical quantity being sensed. While some sensors produce an out-
put voltage or current that is directly related to the physical quantity being
measured, others require additional circuitry to generate such signals.
The process of making the output of one device compatible with the input
of another is often referred to as interfacing. Fortunately, the circuitry
required is usually relatively simple, and this section gives a few examples
of such techniques.

3.9.1 Resistive devices

In a potentiometer, the resistance between the central moving contact and
the two end terminals changes as the contact is moved. This arrangement
can easily be used to produce an output voltage that is directly related to
the position of the central contact. If a constant voltage is placed across
the outer terminals of a potentiometer, the voltage produced on the centre
contact varies with its position. If the resistance of the track varies linearly,
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Figure 3.15 Using a resistive
sensor in a potential divider

Sensor \ v,
R gupepup

ov

Figure 3.16 Using a resistive
sensor with a constant current
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then the output voltage will be directly proportional to the position of the
centre contact, and hence to the input displacement.

Many sensors represent changes in a physical quantity by changes in
resistance. Examples include platinum resistance thermometers, photocon-
ductive sensors and some forms of microphone. One way of converting a
changing resistance into a changing voltage is to use the sensor in a poten-
tial divider circuit, as illustrated in Figure 3.15(a), where R, represents the
variable resistance of the sensor.

The output voltage V, of this arrangement is given by the expression

R

S

R +R,

and clearly the output voltage V, varies with the sensor resistance R,. An
example of the use of this arrangement is shown in Figure 3.15(b), which
depicts a simple light meter based on a light-dependent resistor (LDR).
Light falling on the resistor affects its resistance (as discussed in Section
3.4), which in turn determines the output voltage of the circuit. The LDR
shown changes its resistance from about 400 € (at 1000 lux) to about 9 kQ
(at 10 lux), which will cause the output voltage V, to change from about
6V to about 11.5 V in response to such changes in the light level.

While the arrangement of Figure 3.15(a) produces an output voltage that
varies with the sensor resistance R, this is not a linear relationship. One
way of producing a voltage that is linearly related to the resistance of a sen-
sor is to pass a constant current through the device, as shown in Figure 3.16.
From Ohm'’s law, the output of the circuit is given by

V.= IR,

and since [ is constant, the output is clearly linearly related to the sensor
voltage. The constant current / in the figure comes from some external cir-
cuitry — not surprisingly, such circuits are called constant current sources.

3.9.2 Switches

Most switches have two contacts, which are connected electrically when
the switch is in one state (the closed state) and disconnected (or open
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Figure 3.17 Generating a
binary signal using a switch
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circuit) when the switch is in the other state (the open state). This arrange-
ment can be used to generate binary electrical signals simply by adding a
voltage source and a resistance, as shown in Figure 3.17(a). When the
switch is closed, the output is connected to the zero volts line and there-
fore the output voltage V, is zero. When the switch is open, the output is no
longer connected to the zero volts line but is connected through the resist-
ance R to the voltage supply V. The output voltage will therefore be equal
to the supply voltage minus any voltage drop across the resistance. This
voltage drop will be determined by the value of the resistance R and the
current flowing into the output circuit. If the value of R is chosen such that
this voltage drop is small compared with V, we can use the approxima-
tion that the output voltage is zero when the switch is closed and V when it
is open. The value chosen for R clearly affects the accuracy of this approx-
imation; we will be looking at this in later chapters when we consider
equivalent circuits.

One problem experienced by all mechanical switches is that of switch
bounce. When the moving contacts in the switch come together, they have
a tendency to bounce rather than to meet cleanly. Consequently, the elec-
tric circuit is first made, then broken, then made again, sometimes several
times. This is illustrated in Figure 3.17(b), which shows the output voltage
of the circuit of Figure 3.17(a) as the switch is closed. The length of the
oscillation will depend on the nature of the switch but might be a few
milliseconds in a small switch and perhaps tens of milliseconds in a large
circuit breaker. Switch bounce can cause severe problems, particularly if
contact closures are being counted. Although good mechanical design can
reduce this problem it cannot be eliminated, making it necessary to over-
come this problem in other ways. Several electronic solutions are possible,
and it is also possible to tackle this problem using computer software tech-
niques in systems that incorporate microcomputers.

Although the above discussion assumes the use of a mechanical switch,
the circuit of Figure 3.17(a) can also be used with an opto-switch sensor.
Optical switches do not produce a perfect ‘closed circuit’ when activated,
but the effective resistance of the device does change dramatically between
its ON and OFF states. Therefore, by choosing an appropriate value for the
external resistance R, it can be arranged that the circuit produces a binary
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Sensors —
a summary

voltage signal that changes from approximately zero to approximately V
volts, depending on the state of the switch. Optical switches do not suffer
from switch bounce.

3.9.3 Capacitive and inductive devices

Sensors that change their capacitance or inductance in response to external
influences normally require the use of alternating current (AC) circuitry.
Such circuits need not be complicated, but they do involve techniques that
are yet to be discussed in this text. We will therefore leave further con-
sideration of such circuits until later.

It is not the purpose of this section to provide an exhaustive list of all pos-
sible sensors. Rather, it sets out to illustrate some of the important classes
of sensor that are available and to show the ways in which they provide
information. It will be seen that some sensors generate output currents
or voltages related to changes in the quantity being measured. In doing so
they extract power from the environment and can deliver power to external
circuitry (although usually the power available is small). Examples of
such sensors are photovoltaic sensors and moving-coil microphones.

Other devices do not deliver power to external circuits but simply
change their physical attributes, such as resistance, capacitance or induct-
ance, in response to variations in the quantity being measured. Examples
include resistive thermometers, photoconductive sensors, potentiometers,
inductive position transducers and strain gauges. When using such sensors,
external circuitry must be provided to convert the variation in the sensor
into a useful signal. Often this circuitry is very simple, as illustrated in the
last section.

Unfortunately, some sensors do not produce an output that is linearly
related to the quantity being measured (for example, a thermistor). In these
cases, it may be necessary to overcome the problem by using electronic
circuitry or processing to compensate for any non-linearity. This process is
called linearisation. The ease or difficulty of linearisation depends on the
characteristics of the sensor and the accuracy required.

Selecting an appropriate sensor for a computer mouse.

In this chapter, we have looked at a number of displacement and motion
sensors. Armed with this information, we will select a suitable method of
determining the displacement of a mouse for use as a computer pointing
device. The resolution of the sensing arrangement should be such that
the user can select an individual pixel (the smallest definable point in the
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display). A typical screen might have a 1024 x 768 pixel display, although
displays may have a resolution several times greater than this. Movement
of the cursor from one side of the screen to the other should require a move-
ment of the mouse of a few centimetres (the sensitivity of the mouse is
often selectable using software in the computer).

A mouse normally senses motion using a small rubber ball that projects
from its base. As the mouse is moved over a horizontal surface, the ball
rotates about two perpendicular axes, and this motion is used to determine
the position of a cursor on a computer screen.

We have looked at several sensors that may be used to measure angu-
lar position. These include simple potentiometers and position encoders.
Sensing the absolute position of the ball (and hence the mouse) could
represent a problem, since for high-performance displays this could require
a resolution of better than one part in 2000. Sensors with such a high resolu-
tion are often expensive and physically large. In this application, it is
probably more appropriate to sense relative motion of the mouse. This
reduces the complexity of the sensing mechanism and also means that the
mouse is not tied to a fixed absolute position.

Measurement of the relative motion of the rubber ball suggests the use
of some form of incremental sensor. This could use a proprietary incre-
mental encoder, but because this is a very high-volume application, it is
likely that a more cost-effective solution could be found. The diagram
below shows a possible arrangement based on the use of slotted wheels and
optical sensors (as described in Section 3.6).

Rubber ball Spring-loaded roller

Slotted wheel

Rollers I]\
LED Phototransistor LED

Phototransistor

(a) Plan view (b) Side view

In order to resolve rotation of the ball into two perpendicular components,
the ball is pressed against two perpendicular rollers by a third, spring-
loaded roller. Rotation of the ball in a particular direction causes one or
both of the sensing rollers to turn. Each of these rollers is connected to a
slotted wheel that is placed between two slotted optical switches. The
switches are positioned to allow the direction of rotation to be detected in
a manner similar to that shown in Figure 3.11. The signals from the sensors
are fed to the computer, which keeps track of the movement of the ball
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and hence determines the appropriate cursor position. This arrangement
has a range limited only by the method used to count the moving slots. The
sensitivity is determined by the relative sizes of the ball and the pulleys,
and by the number of slots in the wheels.

Key points m A wide range of sensors is available to meet the needs of a spectrum
of possible applications.

m Some sensors produce an output voltage or current that is related to
the quantity being measured. They therefore supply power (albeit in
small quantities).

m Other devices simply change their physical attributes, such as resist-
ance, capacitance or inductance, in response to changes in the
measured quantity.

m Interfacing circuitry may be required with some sensors to produce a
signal in the desired form.

m Some sensors produce an output that is linearly related to the quan-
tity being measured.

m Other devices are non-linear in operation.

m In some applications linearity is unimportant. For example, a proxim-
ity detector may simply be used to detect the presence or absence
of an object.

m In other applications, particularly where an accurate measurement is
required, linearity is of more importance. In such applications, we will
use either a sensor that has a linear characteristic or some form of
linearisation to overcome non-linearities in the measuring device.

Exercises

3.1 Explain the meanings of the terms °‘sensor’, 3.6 Whatis the principal advantage and disadvantage
‘actuator’ and ‘transducer’. of platinum resistance thermometers (PRTs) when
making accurate temperature measurements?

3.2 What is meant by the resolution of a sensor? .
3.7 A PRT has a resistance of 100 Q at 0 °C and

a temperature coefficient of +0.385 Q per °C.
What would be its resistance at 100 °C?

The PRT is connected to an external circuit
that measures the resistance of the sensor by
3.4 Define the terms ‘accuracy” and ‘precision’. passing a constant current of 10 mA through it

and measuring the voltage across it. What would
3.5 Give an example of a digital temperature sensor. this voltage be at 100 °C?

3.3 Explain the difference between random and sys-
tematic errors.



54

ELECTRICAL & ELECTRONIC SYSTEMS

Exercises continued

3.8

3.9

3.10

3.11

3.12

3.13

The PRT described in the last exercise is con-
nected as shown in the diagram below to form an
arrangement where the output voltage V, is deter-
mined by the temperature of the PRT.

10Vj

OVJ

Derive an expression for V, in terms of the tem-
perature of the PRT.

The resistance of the PRT is linearly related to
its absolute temperature. Is V, linearly related to
temperature?

How do thermistors compare with PRTs?

pn junction temperature sensors are inexpensive,
linear and easy to use. However, they do have
certain limitations, which restricts their use.
What are these limitations?

Why might one choose to use a photodiode as
a photoconductive light sensor rather than in a
photovoltaic mode?

What is the advantage of a phototransistor light
sensor in comparison with a photodiode sensor?

In what situations might one use a slow light-
dependent resistor sensor in preference to a much
faster photodiode or phototransistor sensor?

3.14

3.15

3.16

3.17

3.18

3.19

3.20

Explain the meanings of the terms ‘stress’ and
‘strain’.

Suggest a suitable method for using a strain gauge
to measure the vertical force applied to the end of
a beam that is supported at one end.

Suggest a suitable method of employing two
strain gauge to measure the vertical force applied
to the end of a beam that is supported at one end.
Why might this approach be used in preference to
that described in the last exercise?

Describe two methods of measurement that
would be suitable for a non-contact, automatic
rangefinder for distances up to 10 m.

In an earlier exercise, we considered a PRT that
has a resistance of 100 Q at 0 °C and a temperat-
ure coefficient of +0.385 Q per °C. If such a
device is connected to a constant current source
of 10 mA, in an arrangement as shown in Figure
3.16, what would be the output voltage of the
arrangement at 0 °C?

What would be the sensitivity of this arrange-
ment (in mV/°C) at temperatures above 0 °C?

The arrangement of Figure 3.17 produces an
output of 0 V if the switch is closed and V if the
switch is open. Devise a similar circuit that
reverses these two voltages.

Suggest ten physical quantities, not discussed in
this chapter, that are measured regularly, giving
in each case an application where this measure-
ment is required.



Chapter 4

4.1

Introduction

Actuators

When you have studied the material in this chapter you should be

able to:

o discuss the need for actuators in electrical and electronic systems;

o describe a range of actuators, both analogue and digital, for
controlling various physical quantities;

o explain the requirement for actuators with different properties for use
in different situations;

o describe the use of interface circuitry to match a particular actuator
to the system that drives it.

Sensors provide only half of the interaction required between an electrical
system and its surroundings. In addition to being able to sense physical
quantities in their environment, systems must also be able to affect the out-
side world in some way so that their various functions can be performed.
This might require the system to move something, change its temperature
or simply provide information via some form of display. All these functions
are performed by actuators.

As with the sensors discussed in the last chapter, actuators are trans-
ducers since they convert one physical quantity into another. Here we are
interested in actuators that take electrical signals from our system and use
them to vary some external physical quantity. As one would expect, there
are a large number of different forms of actuator, and it would not be appro-
priate to attempt to provide a comprehensive list of such devices. Rather,
this chapter sets out to show the diversity of such devices and to illustrate
some of their characteristics.
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m Heat actuators

m Light actuators

Figure 4.1 LED seven-segment
displays

Most heating elements may be considered as simple resistive heaters,
which output the power that they absorb as heat. For applications requiring
only a few watts of heat output, ordinary resistors of the appropriate power
rating may be used. Special heating cables and elements are available for
larger applications, which may dissipate many kilowatts.

Most lighting for general illumination is generated using conventional
incandescent or fluorescent lamps. The power requirements of such devices
can range from a fraction of a watt to hundreds or perhaps thousands of watts.

For signalling and communication applications, the relatively low speed
of response of conventional lamps makes them unsuitable, and other tech-
niques are required.

4.3.1 Light-emitting diodes

One of the most common light sources used in electronic circuits is the
light-emitting diode or LED. This is a semiconductor diode constructed in
such a way that it produces light when a current passes through it. A range
of semiconductor materials can be used to produce infrared or visible light
of various colours. Typical devices use materials such as gallium arsenide,
gallium phosphide or gallium arsenide phosphide.

The characteristics of these devices are similar to those of other semi-
conductor diodes (which will be discussed in Chapter 19) but with differ-
ent operating voltages. The light output from an LED is approximately
proportional to the current passing through it; a typical small device might
have an operating voltage of 2.0 V and a maximum current of 30 mA.

LEDs can be used individually or in multiple-element devices. One
example of the latter is the LED seven-segment display shown in Fig-
ure 4.1. This consists of seven LEDs, which can be switched ON or OFF
individually to display a range of patterns.
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Infrared LEDs are widely used with photodiodes or phototransistors
to enable short-range wireless communication. Variations in the current
applied to the LED are converted into light with a fluctuating intensity,
which is then converted back into a corresponding electrical signal by the
receiving device. This technique is widely used in remote control applica-
tions for televisions and video recorders. In these cases, the information
transmitted is generally in a digital form. Because there is no electrical con-
nection between the transmitter and the receiver, this technique can also be
used to couple digital signals between two circuits that must be electrically
isolated. This is called opto-isolation. Small self-contained opto-isolators
are available that combine the light source and sensor in a single package.
The input and output sections of these devices are linked only by light,
enabling them to produce electrical isolation between the two circuits.
This is particularly useful when the two circuits are operating at very dif-
ferent voltage levels. Typical devices will provide isolation of up to a few
kilovolts.

4.3.2 Liquid crystal displays

Liquid crystal displays (LCDs) consist of two sheets of polarised glass
with a thin layer of oily liquid sandwiched between them. An electric field
is used to rotate the plane of polarisation of the liquid in certain regions,
making some parts of the display opaque while others are transparent. The
display segments can be arranged to create specific patterns (such as those
of seven-segment displays) or in a matrix to allow any characters or images
to be displayed.

A great advantage of LCDs (compared with LEDs) is that they are able
to use ambient light, greatly reducing power consumption and allowing
them to be used in a wide range of low-power applications. When insuffi-
cient ambient light is available they can also be backlit, although this
increases their power consumption considerably. LCDs are widely used in
wristwatches, mobile phones and many forms of battery-operated elec-
tronic equipment. They are also used in computer displays and other high-
resolution applications. An example of a small LCD module is shown in
Figure 4.2.

4.3.3 Fibre-optic communication

For long-distance communication, the simple techniques used in televi-
sion remote-control units are not suitable as they are greatly affected by
ambient light, that is, light present in the environment. This problem can be
overcome by the use of a fibre-optic cable, which captures the light from
the transmitter and passes it along the cable to the receiver without inter-
ference from external light sources. Fibres are usually made of either an
optical polymer or glass. The former are inexpensive and robust, but their
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Figure 4.2 A liquid crystal
display module
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high attenuation makes them suitable for only short-range communications
of up to about 20 metres.

Glass fibres have a much lower attenuation and can be used over sev-
eral hundred kilometres, but they are more expensive that polymer fibres.
For long-range communications, the power available from a conventional
infrared LED is insufficient. In such applications laser diodes may be used.
These combine the light-emitting properties of an LED with the light
amplification of a laser to produce a high-power, coherent light source.

In practice, actuators for producing force, displacement and motion are
often closely related. A simple DC permanent magnet motor, for example,
if opposed by an immovable object, will apply a force to that object deter-
mined by the current in the motor. Alternatively, if resisted by a spring, the
motor will produce a displacement that is determined by its current and, if
able to move freely, it will produce a motion related to the current. We will
therefore look at several actuators that can be used to produce each of these
outputs, as well as some that are designed for more specific applications.

4.4.1 Solenoids

A solenoid consists of an electrical coil and a ferromagnetic slug that can
move into, or out of, the coil. When a current is passed through the
solenoid, the slug is attracted towards the centre of the coil with a force
determined by the current in the coil. The motion of the slug may be
opposed by a spring to produce a displacement output, or the slug may
simply be free to move. Most solenoids are linear devices, the electric cur-
rent producing a linear force/displacement/motion. However, rotational
solenoids are also available that produce an angular output. Both forms
may be used with a continuous analogue input, or with a simple ON/OFF
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Figure 4.3 Small linear
solenoids

(digital) input. In the latter case, the device is generally arranged so that
when it is energised (that is, turned ON) it moves in one direction until it
reaches an end stop. When de-energised (turned OFF) a return spring forces
it to the other end of its range of travel, where it again reaches an end
stop. This produces a binary position output in response to a binary input.
Figure 4.3 shows examples of small linear solenoids.

4.4.2 Meters

Panel meters are important output devices in many electronic systems pro-
viding a visual indication of physical quantities. Although there are various
forms of panel meter, one of the simplest is the moving-iron meter, which
is an example of the rotary solenoid described above. Here a solenoid
produces a rotary motion, which is opposed by a spring. This produces an
output displacement that is proportional to the current flowing through the
coil. A needle attached to the moving rotor moves over a fixed scale to indi-
cate the magnitude of the displacement. Moving-iron meters can be used
for measuring AC or DC quantities. They produce a displacement that is
related to the magnitude of the current and is independent of its polarity.

Although moving-iron meters are used in some applications, a more
common arrangement is the moving-coil meter. Here, as the name implies,
it is the coil that moves with respect to a fixed magnet, producing a meter
that can be used to determine the polarity of a signal as well as its magni-
tude. The deflection of a moving-coil meter is proportional to the average
value of the current. AC quantities can be measured by incorporating a
rectifier and applying suitable calibration. However, it should be noted
that the calibration usually assumes that the quantity being measured is
sinusoidal, and incorrect readings will result if other waveforms are used
(this issue will be discussed in Chapter 11). Examples of typical moving-
coil meters are shown in Figure 4.4.

Typical panel meters will produce a full-scale deflection for currents of
50 uA to 1 mA. Using suitable series and shunt resistances, it is possible to
produce meters that will display either voltages or currents with almost any
desired range.
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Figure 4.4 Moving-coil meters

Figure 4.5 A simple stepper
motor
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4.4.3 Motors

Electric motors fall into three broad types: AC motors, DC motors and step-
per motors. AC motors are primarily used in high-power applications and
situations where great precision is not required. Control of these motors is
often by simple ON/OFF techniques, although variable-power drives are
also used. We will return to look at the operation of AC motors in more
detail in Chapter 23.

DC motors are extensively used in precision position-control sys-
tems and other electronic systems, particularly in low-power applications.
These motors have very straightforward characteristics, with their speed
being determined by the applied voltage and their torque being related to
their current. The speed range of DC motors can be very wide, with some
devices being capable of speeds from tens of thousands of revolutions per
minute down to a few revolutions per day. Some motors, in particular DC
permanent-magnet motors, have an almost linear relationship between
speed and voltage and between torque and current. This makes them par-
ticularly easy to use. DC motors will be considered in more detail in
Chapter 23.

Stepper motors, as their name implies, move in discrete steps. The
motor consists of a central rotor surrounded by a number of coils (or wind-
ings). The form of a simple stepper motor is shown in Figure 4.5, and a
typical motor is shown in Figure 4.6.

Rotor
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Figure 4.6 A typical stepper
motor

Diametrically opposite pairs of coils are connected together so that
energising any one pair of coils will cause the rotor to align itself with that
pair. By applying power to each set of windings in turn, the rotor is made
to ‘step’ from one position to another and thus generate rotary motion. In
order to reduce the number of external connections to the motor, groups of
coils are connected together in sequence. In the example shown, every third
coil is joined to give three coil sets, which have been labelled A, B and C.
If initially winding A is energised, the rotor will take up a position aligned
with the nearest winding in the A set. If now A is de-energised and B is
activated, the motor will ‘step’ around to align itself with the next coil. If
now B is de-energised and C is activated, the rotor will again step to the
adjacent coil. If the activated coil now reverts to A, the rotor will move on
in the same direction to the next coil, since this is the closest coil in the A
set. In this way, the rotor can be made to rotate by activating the coils in
the sequence ‘ABCABCA ... . If the sequence in which the windings are
activated is reversed (CBACBAC .. .), the direction of rotation will also
reverse. Each element in the sequence produces a single step that results in
an incremental movement of the rotor.

The waveforms used to activate the stepper motor are binary in nature,
as shown in Figure 4.7. The motor shown in Figure 4.5 has twelve coils,
and consequently twelve steps would be required to produce a complete
rotation of the rotor. Typical small stepper motors have more than twelve
coils and might require 48 or 200 steps to perform one complete revolution.
The voltage and current requirements of the coils will vary with the size
and nature of the motor.

The speed of rotation of the motor is directly controlled by the frequency
of the waveforms used. Some stepper motors will operate at speeds of



62

ELECTRICAL & ELECTRONIC SYSTEMS

Figure 4.7  Stepper motor
current waveforms
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several tens of thousands of revolutions per minute, but all have a limited
rate of acceleration determined by the inertia of the rotor. All motors have
a ‘maximum pull-in speed’, which is the maximum speed at which they can
be started from rest without losing steps. To operate at speeds above this
rate, they must be accelerated by gradually increasing the frequency of the
applied waveforms. Since the movement of the rotor is directly controlled
by the waveforms applied to the coils, the motor can be made to move
through a prescribed angle by applying an appropriate number of trans-
itions to the coils. This is not possible using a DC motor, since the speed of
rotation is greatly affected by the applied load.

4.5.1 Speakers

Most speakers (or loudspeakers) have a fixed permanent magnet and a
movable coil connected to a diaphragm. Input to the speaker generates a
current in the coil, which causes it to move with respect to the magnet,
thereby moving the diaphragm and generating sound. The nominal imped-
ance of the coil in the speaker is typically in the range 4 to 15 Q, and the
power-handling capacity may vary from a few watts for a small domestic
speaker to several hundreds of watts for speakers used in public address
systems.

4.5.2 Ultrasonic transducers

At very high frequencies, the permanent-magnet speakers described earlier
are often replaced by piezoelectric actuators. Such transducers are usually
designed to operate over a narrow range of frequencies.
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Actuator
interfacing

The actuators discussed above all consume electrical power in order to vary
some external physical quantity. Therefore the process of interfacing is
largely concerned with the problem of enabling an electrical or electronic
system to control the power in such as device.

4.6.1 Resistive devices

Where an actuator is largely resistive in nature, as in a resistive heating ele-
ment, then the power dissipated in the device will be related to the voltage
applied to it by the relationship

VZ
"R

P

Here the power supplied to the actuator is simply related to the voltage
applied across it. In such cases, the problems of interfacing are largely
related to the task of supplying sufficient power to drive the actuator. In the
case of devices requiring just a few watts (or less), this is relatively simple.
However, as the power requirements increase, the task of supplying this
power becomes more difficult. We will consider methods of driving high
power loads when we look at power electronic circuits in Chapter 22.

One way of simplifying the control of high-power devices is to operate
them in an ON/OFF manner. Where a device can be turned ON or OFF
manually, this can be achieved using a simple mechanical switch. Alternat-
ively, this function can be achieved under system control using an electric-
ally operated switch (we will look at the operation of such circuits at a
later stage).

In many cases, it is necessary to vary the power dissipated in an actu-
ator rather than just to turn it ON and OFF. This may also be achieved using
switching techniques in some cases. By repeatedly turning a device ON and
OFF at high speed, it is possible to control the power dissipated in the com-
ponent by altering the fraction of time for which the device is ON. Such
techniques are used in conventional domestic light dimmers.

4.6.2 Capacitive and inductive devices

Capacitive and inductive actuators, such as motors and solenoids, create
particular interfacing problems. This is particularly true when using the
switching techniques described above. We will leave discussion of these
problems until we have looked at capacitance and inductance in more
detail.
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Actuators —
a summary

All the actuators we have discussed take an electrical input signal and from
it generate a non-electrical output. In each case, power is taken from the
input in order to apply power at the output. The power requirements are
quite small in some cases, such as an LED or a panel meter, which consume
only a fraction of a watt. In other cases the power required may be con-
siderable. Heaters and motors, for example, may consume hundreds or even
thousands of watts.

The efficiency of conversion also varies from device to device. In a
heater, effectively all the power supplied by the input is converted to heat.
We could say that the conversion efficiency is 100 percent. LEDs, however,
despite being one of the more efficient methods of converting electrical
power into light, have an efficiency of only a few percent, the remaining
power being dissipated as heat.

Some actuators can be considered as simple resistive loads in which the
current will vary in direct proportion to the applied voltage. Most heaters
and panel meters would come into this category. Other devices, such as
motors and solenoids, have a large amount of inductance as well as resist-
ance, while others possess a large capacitance. Such devices behave very
differently from simple resistive loads, particularly when a rapidly chang-
ing signal is applied. A third group of devices are non-linear and cannot be
represented by simple combinations of passive components. LEDs and
semiconductor laser diodes come into this third group. When designing
electronic systems, it is essential to know the characteristics of the various
actuators to be used so that appropriate interfacing circuitry can be produced.

Selecting an appropriate actuator for a wristwatch.

In this chapter, we have looked at a number of forms of electric motor. Here
we will use this information to illustrate the selection of an actuator for a
given application. In this case, we need to select an electric motor to drive
the hands in a conventional quartz wristwatch.

At the heart of a modern wristwatch is a quartz crystal, vibrating at about
32,000 times per second. This is used with appropriate electronic circuitry
to produce a train of pulses with a frequency of precisely 1 Hz. This signal
is used to drive the second hand of the watch, which then drives the minute
and hour hands through a series of gears. Our task, therefore, is to select a
motor to produce a rotation of precisely one revolution per minute from a
train of pulses.

While it is possible to produce DC motors that will rotate at such low
speeds, such motors are usually physically too large for this application. A
more attractive option would be to use a DC motor at a higher speed and to
use some form of reduction gearbox to reduce the speed appropriately.
However, the primary problem with the use of a DC motor (or indeed an
AC motor) in this application relates to the difficulty of accurately con-
trolling the speed.
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Since in this application our time reference comes from a train of digital
pulses, it makes sense to use a digital actuator in the form of a stepper
motor. A typical wristwatch would incorporate a stepper motor that rotates
once for every sixty input pulses. This is connected directly to the second
hand, which therefore ‘steps’ around by one second for each pulse. A 60:1
reduction gear arrangement then drives the minute hand, and a similar
arrangement drives the hour hand. Fortunately, it is possible to produce
very small stepper motors that consume very little power, making them
ideal for this application.

Key points All useful systems need to affect their environment in order to per-
form their intended functions.
Systems affect their environment using actuators.
Most actuators take power from their inputs in order to deliver power
at their outputs. The power required varies tremendously between
devices.
Some devices consume only a fraction of a watt. Others may con-
sume hundreds or perhaps thousands of watts.
In most cases, the energy conversion efficiency of an actuator is less
than 100 percent, and sometimes it is much less.
Some actuators resemble resistive loads, while others have consider-
able capacitance or inductance. Others still are highly non-linear in
their characteristics.
The ease or difficulty of driving actuators varies with their
characteristics.
Exercises
4.1  Explain the difference between a transducer and 4.5 What forms of light actuator would typically
an actuator. be used for general illumination? What would
be a typical range for the output power for such
4.2 What form of device would normally be used as devices?
a heat actuator when the required output power is
a few watts? 4.6 Why are conventional light bulbs unsuitable
for signalling and communication applications?
4.3 What form of heat actuator would be used in What forms of transducer are used in such
applications requiring a power output of several applications?
kilowatts?
4.7 How do light-emitting diodes (LEDs) differ from
4.4 Estimate the efficiency of a typical heat actuator. conventional semiconductor diodes?
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Exercises continued

4.8

4.9

4.10

4.11

4.12

4.13

4.14

What would be a typical value for the operating
voltage of an LED, and what would be a typical
value for its maximum current?

From the information given for the last exercise,
what would be a typical value for the maximum
power dissipation of an LED?

In addition to displaying the digits 0-9, the
seven-segment display of Figure 4.1 can be used
to indicate some alphabetic characters (albeit in
a rather crude manner). List the upper and lower
case letters that can be shown in this way and
give examples of simple status messages (such as
‘Start’ and ‘Stop’) that can be displayed using an
array of these devices.

Briefly describe the operation and function of an
opto-isolator.

What environmental factor causes problems for
optical communication systems using conven-
tional LEDs and photo-detectors? How may this
problem be reduced?

What form of optical fibre would be preferred for
communication over a distance of several kilo-
metres? What form of light source would norm-
ally be used in such an arrangement?

Explain how a single form of transducer might be
used as a force actuator, a displacement actuator
or a motion actuator.

4.15

4.16

4.17

4.18

4.19

4.20

4.21

4.22

4.23

4.24

4.25

Describe the operation of a simple solenoid.

Explain how a solenoid may be used as a binary
position actuator.

Explain why a simple panel meter may be
thought of as a rotary solenoid.

What is the most common form of analogue
panel meter? What would be typical operating
currents for such devices?

List three basic forms of electric motor.

What form of motor would typically be used in
high-power applications?

What form of motor might be used in an applica-
tion requiring precise position control?

Briefly describe the operation of a stepper motor.

How are the speed and the direction of rotation of
a stepper motor controlled?

What would be a typical value for the impedance
of the coil of a loudspeaker?

Explain how the power dissipated in an actu-
ator may be varied using an electrically operated
switch.



Chapter 5

5.1

Introduction

Signals and Data
Transmission

When you have studied the material in this chapter you should be

able to:

o list a range of analogue and digital signal types that are widely used
in modern electronic systems;

o characterise signals in terms of a range of physical attributes and
properties;

o describe the limitations imposed on electrical signals by electronic
circuits and communications channels;

o explain the need to change the frequency range of signals in some
situations and outline several modulation techniques for achieving
this;

o discuss the problems associated with distortion and noise in
electrical and electronic circuits.

In Chapter 1 we looked at the nature of physical quantities, such as tem-
perature, pressure and humidity, which characterise the environment in
which we live. We also noted that it is often convenient to represent these
quantities by electrical signals, since this can simplify the processing,
communication and storage of information relating to these quantities. In
Chapter 3, we looked at examples of sensors that perform the task of pro-
ducing an electrical representation of a physical quantity, and in Chapter 4
we considered the reverse operation of taking an electrical signal and using
this to vary some external physical quantity. In this chapter, we will
complete this investigation by looking in more detail at the nature and
characteristics of electrical signals of different types.

Electrical signals can take many forms and in particular they can be
either analogue or digital in nature. In the next few sections, we will look
at some widely used signal formats and at examples of their use.
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ﬂ Analogue signals

Figure 5.1 Voltage
representation of a sound
waveform

m Digital signals

We noted in Chapter 1 that analogue signals are free from discontinuities
and can take an infinite number of values.

The use of analogue electrical signals dates back to the early nineteenth
century to the work of scientists such as Michael Faraday, Luigi Galvani
and Alessandro Volta. In 1876, the Scottish inventor Alexander Graham
Bell demonstrated the first telephone system and later, in 1899, the Italian
Guglielmo Marconi used analogue signals for wireless communications
between England and France. Over the following decades a range of new
technologies were developed, including television, sound recording and
mobile communications. In each case these technologies were initially
based on the use of analogue signals of one form or another, although
digital techniques are also widely used in these areas. Analogue signals can
take an almost limitless number of forms and are used in almost all forms
of electrical or electronic system.

Perhaps the simplest form of analogue signal to understand is where a
physical quantity is represented by a voltage (or sometimes a current) that
is directly proportional to that quantity. This is a very common signal
format in electronic systems, and in Chapter 3 we met several sensors that
are designed to produce such signals. Examples include a pn-junction
temperature sensor, which produces an output voltage that is directly pro-
portional to temperature, and a photovoltaic light sensor, which produces
an output voltage directly proportional to light intensity. Many systems use
simple voltage signals of this type, and most readers will have come across
these in various applications. For example, many readers will have used an
oscilloscope to look at voltage signals representing music or speech in an
audio system. Here the voltage of the waveform represents the variation in
air pressure associated with the sound. This is illustrated in Figure 5.1.

Pressure v

—

In Chapter 1, we saw that digital signals can take only certain discrete
values, with discontinuities marking the transitions between them. In most
applications only two values are used, producing a binary signal. In some
cases these two values are represented by the presence or absence of a
voltage on a wire or conductor, so it is common to refer to the two values
as ON and OFF. It is also common to give the values the labels 1 and 0.
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Figure 5.2 A simple digital
signal

Figure 5.3 Morse code
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Perhaps the most common form of binary digital signal is where the two
values are represented by different voltages. An example of such a signal is
shown in Figure 5.2.

As with their analogue counterparts, the use of digital signals has a
long and distinguished history. In 1837, two Englishmen, William Cooke
and Charles Wheatstone, produced the first practical telegraph instrument,
which was used for railway communications. At around the same time, the
American Samuel Morse developed his famous signalling code for sending
text over such a channel. Morse’s code represents individual characters by
combinations of short and long pulses, as illustrated in Figure 5.3.

For several decades, long-distance communication was dominated by
the digital technology of the telegraph. Then, forty years after its invention,
it was largely overshadowed by the development of the telephone. This
took analogue speech signals and transmitted them directly, without the
need for coding and decoding of the information at either end. The domina-
tion of analogue techniques in communications was to last for nearly a
hundred years until the development of advanced digital communication
methods during the second half of the twentieth century. This, together with
the development of powerful computers, has revolutionised all aspects of
engineering and, in turn, all aspects of our lives. Digital technology now
dominates many areas of electronics, including computing, communica-
tions and control. The reasons for this dominance are numerous. Some will
be discussed in later sections of this chapter, while others will become
apparent in later chapters.

The simple digital signal of Figure 5.2 represents the state of a single
binary quantity. It could, for example, represent the output of a binary sen-
sor such as a switch. In Chapter 3, we looked at a simple interfacing circuit
that could be used to produce a binary voltage signal from a switch, and this
is shown symbolically in Figure 5.4. The information represented by such
a signal could be represented by a single binary variable or binary digit.
A binary digit is usually referred to as a bit (this being an abbreviation
for binary digit), and the signals of Figures 5.2 and 5.4 therefore represent
single-bit quantities.
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Figure 5.4 A switch as a
single-bit information source

Figure 5.5 A multiple-bit
information source
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While there are many applications for single-bit signals there is also
a need to represent more complex digital information. It could be, for
example, that we wish to represent the state of not one switch, but a group
of many switches as shown in Figure 5.5.

Rather than represent the state of many switches by a group of separate
signals, it is sometimes more convenient to group the information together
into a single digital word. Logically, a word that represents n independent
binary digits is referred to as an n-bit word. We could therefore represent
the state of the four switches of Figure 5.5 by a single 4-bit word.

While multiple-bit words can be used to represent arrays of switches,
they can also be used to represent other forms of information. A 4-bit
word can represent the sixteen possible combinations of the states of four
switches, but it could also represent the sixteen different states of another
form of digital variable. By choosing a digital word of an appropriate
length, we can create digital variables with any desired number of states.

A digital variable of n bits can take 2" different values and can therefore
represent 2" different values or states. For example, an 8-bit variable can
take 256 values. We could therefore use an 8-bit variable to represent the
state of eight switches, a number in the range 0 to 255 or perhaps a single
printable character (there being more than enough scope to represent all
the alphabetic, numeric and punctuation characters in a single 8-bit word).
For reasons that will become apparent in later chapters, we often select par-
ticular word lengths in preference to others. 8-bit words are particularly
common and are given the special name of bytes.
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Figure 5.6 Parallel and serial
data formats

How many different values can be represented by binary words of 8, 16
and 32 bits?

An n-bit word can take 2" different values. Therefore:
An 8-bit word can take 2° =256 values
A 16-bit word can take 2'° = 65,536 values
A 32-bit word can take 2*? = 4,294,967,296 values

If a quantity is represented by a digital word, the number of bits in the
word determines the resolution of the representation. This in turn limits the
accuracy that can be associated with such quantities.

Determine the resolution of quantities represented by words of 8, 16
and 32 bits.

An 8-bit word can take 256 values. This gives a resolution of 1 part in 256,
or about 0.39%.

A 16-bit word can take 65,536 values. This gives a resolution of 1 part
in 65,536 or about 0.0015%.

A 32-bit word can take 4,294,967,296 values. This gives a resolution of
1 part in 4,294,967,296 or about 0.000000023%.

Having arranged our information into digital words, we are now faced with
the problem of how to represent these words by appropriate signals, for
example when we wish to transmit this information from one place to
another. One approach is simply to generate a series of voltage signals on
an appropriate number of separate signal lines. Clearly, since an n-bit word
represents the states of n binary variables, we would need n separate lines
to represent it (plus an earth connection). This would be referred to as a
parallel data format and is illustrated in Figure 5.6(a). Alternatively, we
could opt to transmit the data on a single signal line by sending the digits
one after another. This is referred to as a serial data format and is shown
in Figure 5.6(b). Each approach has its advantages and disadvantages.
The parallel format is faster, since all the data is sent in one go, but this

Data word Data word
1 1.0 0 1 0 1 0 1 1 0 0 1 0 1 0

[ &-o
—ov 5V

— 5V
— 0V
— 0V
— 35V 0v t
— 5V

(a) Parallel (b) Serial
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m Signal

properties

Figure 5.7 Unipolar and
bipolar signals

approach requires many separate lines. The serial format is much slower
but has the advantage of requiring only a single line (plus an associated
earth line). We will return to this topic in later chapters when we look at
data communication in more detail.

Electrical signals may be characterised in a number of ways. First, we could
describe the range of the amplitude of the signal in terms of its maximum
and minimum values. In the case of binary voltage signals, this would
require us to define the voltages used to represent the two possible states of
the signal. Second, we could say something about the polarity of the signal.
Some signals are unipolar (that is, they have voltages or currents of only
one polarity), while others are bipolar (that is, they have both positive and
negative values). Examples of unipolar and bipolar waveforms are shown
in Figure 5.7. Electrical signals that repeatedly change from positive to
negative are also referred to as alternating signals, and we will learn more
about this important class of signals in Chapter 11.

Another important characteristic of a signal is the range of frequencies
present within it. For example, a human voice might contain frequencies
from about 50 Hz to about 7 kHz (depending on the person concerned), and
a high-quality microphone might convert this information into an electrical
signal with a similar range of frequencies. One way of describing the fre-
quencies present in a physical quantity or a signal is to draw its frequency
spectrum, which shows the magnitude of its various frequency compon-
ents. A signal that is a simple sinusoid of a fixed frequency has a spectrum
that consists of a single line at that frequency, the height of the line
representing its magnitude. A signal that is formed by the addition of two
sinusoidal signals has a spectrum with two lines, and this principle can be
extended to represent signals formed from various sinusoidal components.

Nvave 1 B

(a) Unipolar

v v
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(b) Bipolar
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Example 5.4

Figure 5.8 A line spectrum

A signal consists of a sinusoidal voltage with a frequency of 1 kHz and
a magnitude of 2 V. Sketch its frequency spectrum.

Since the signal consists of a single frequency, its spectrum is a single line,
its length indicating its magnitude.

Amplitude

2V

1kHz Frequency

A signal is formed by adding two sinusoidal voltages. The first has a fre-
quency of 1 kHz and a magnitude of 2 V. The second has a frequency
of 1.5 kHz and a magnitude of 1 V. Sketch the frequency spectrum of
this signal.

This signal has two frequency components and therefore has two lines in its
spectrum.

Amplitude

AY

1kHz 1.5kHz Frequency

Complex waveforms might contain components of several discrete fre-
quencies, resulting in a line spectrum as illustrated in Figure 5.8. However,
it is more common for signals to have a broad spread of frequency compon-
ents, resulting in a continuous distribution of frequencies. This results in a
continuous spectrum. An example of such a spectrum is shown in Figure
5.9, which shows a possible frequency spectrum for a speech waveform.
Frequency spectra can be plotted in a number of ways. The vertical axis,
representing the magnitude of the quantity, might be used to represent the

Amplitude

Frequency
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Figure 5.9 A frequency

spectrum for a speech waveform
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voltage of a frequency component of an electrical signal, but it could
alternatively represent the magnitude of some physical quantity. It is also
common to plot the power associated with a particular component in a
signal rather than its magnitude. In electrical signals, power is proportional
to the square of the voltage of the component. In such cases, the spectrum
is sometimes referred to as a power spectrum. It is also common to plot
spectra against a logarithmic frequency axis.

The frequencies present in a spectrum relate to the rate at which the
quantity changes. Rapidly changing events correspond to high frequencies,
while slow fluctuations relate to low-frequency components.

While a signal may have either a continuous or a discrete spectrum, all
signals will tend to occupy a certain frequency range. The difference
between the highest and lowest frequencies present in a signal is termed its
bandwidth. For example, a signal with a frequency range from 1 kHz to
4 kHz would have a bandwidth of 3 kHz.

A typical human speech might have a frequency range from about
50 Hz to about 7 kHz. Estimate the bandwidth of such speech.

The bandwith is simply the difference between the maximum and minimum
frequencies present. In this case

bandwidth =7 kHz — 50 Hz
=6.95 kHz
=~ 7 kHz

In practice, all physical systems impose restrictions on the signals that can
be used with them. For example, all systems will have limits to the magni-
tude of the input signals that they can accept and to the output signals that
they can produce.

Systems also have limits to the range of frequencies over which they
will operate, and signal components outside this range may be distorted or
even removed. For example, while typical speech might have a frequency
range from about 50 Hz to 7 kHz, a conventional telephone channel only
transmits frequencies from about 300 Hz to about 3400 Hz. This removes
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Figure 5.10 The effects of a
restricted frequency range

Figure 5.11 The effects of an
ill-matched frequency response

Amplitude
Speech Speech after transmission by telephone
/ ~
~ ~
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Vi \
T T T T
50 Hz 300 Hz 34kHz 7kHz Frequency

high- and low-frequency components from the signal, distorting its spectrum
as shown in Figure 5.10. The result is a signal with reasonable intelligibil-
ity but poor overall quality.

The range of frequencies over which a system or component operates is
related to its frequency response. In the next chapter, we will consider this
topic in some detail and will see how this term is defined. For the moment,
it is adequate to consider that it simply represents the limits of a system’s
frequency range. We have already noted that the bandwidth of a signal is
given by the difference between the highest and lowest frequencies present
in it. We can adopt a similar notation to describe the bandwidth of a com-
munications channel or other system, as the difference between the highest
and lowest frequencies over which it will operate. Again, we will look at a
more precise definition of this term in the next chapter.

In Figure 5.10, we saw the effects of transmitting a signal over a chan-
nel (in this case a telephone line) that has a smaller bandwidth than the
signal itself. Problems may also arise when the channel, though of adequate
bandwidth, has a frequency response that does not correspond to the
frequency range of the signal to be transmitted. This is illustrated in Fig-
ure 5.11. Here the channel has sufficient bandwidth to transmit the signal,
but the frequency ranges of the signal and channel are different. The prob-
lems of mismatched frequency ranges can be tackled through the use of
modulation, which allows us to change the frequency range of a signal.

Amplitude
Spectrum of
original signal
Frequency
Amplitude
Frequency response of
transmission channel
Frequency
Amplitude
Spectrum of signal
after transmission

Frequency
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a Modulation

Figure 5.12  Amplitude and
frequency modulation

Most readers will be aware of at least two commonly used forms of modu-
lation, since these are used for radio broadcasting. These are amplitude
modulation (AM) and frequency modulation (FM), which are used to
convert signals with frequencies in the normal audio range (from a few tens
of hertz to a few kilohertz) into signals with frequencies appropriate for
radio transmission (perhaps from hundreds of kilohertz up to hundreds of
megahertz).

These techniques are illustrated in Figure 5.12. Here a low-frequency
input signal, as shown in Figure 5.12(a), is to be transmitted over some
form of communications channel. Modulation is performed using a carrier
signal, as shown in Figure 5.12(b), of a frequency appropriate to the channel

(a) The input signal

WUV

(b) The carrier signal

it

(d) A frequency-modulated signal
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Figure 5.13 Modulation spectra

to be used. In practice, the carrier would often have a frequency several
orders of magnitude greater that of the input signal. In the figure, this has
been reduced so that the effects of modulation are more apparent. Ampli-
tude modulation can be performed in many ways, an example being shown
in Figure 5.12(c). Here the amplitude of the carrier is varied (or modulated)
to represent the instantaneous magnitude of the input signal. You will
observe that the envelope of the resultant waveform mirrors the shape
of the original waveform. Figure 5.12(d) shows an example of frequency
modulation, where the amplitude of the carrier is kept constant but its fre-
quency is modulated to represent the input signal.

Amplitude modulation and frequency modulation each have their own
characteristics, but both have the effect of shifting the frequency range of
the signal. In each case, the carrier wave is being varied in some way, and
therefore the resulting modulated signal is no longer a pure sinusoid. It
therefore contains components at frequencies other than that of the original
carrier. However, in each case the resultant spectrum is centred on the car-
rier frequency. Therefore, by appropriate choice of this carrier frequency,
the input signal can be shifted to any appropriate frequency band. This pro-
cess is illustrated in Figure 5.13, which shows how the frequency range of
a signal might be changed by modulation. Note that in this example there
is not a simple shift of the frequency components of the original signal. The
spectral content of a modulated signal is dependent on the modulation
method used.

Amplitude and frequency modulation can also be used with digital
signals, as shown in Figure 5.14. Such techniques are used in a range of
applications. For example, such techniques are used by computer modems
to convert the digital information produced by computers into a form
appropriate for transmission over a telephone line. Here the carrier fre-
quency would be chosen to lie within the frequency range of the telephone
line, which we have previously noted is from about 300 Hz to 3.4 kHz.
When applied to digital signals, these techniques are often given particular

Amplitude
L ............. Frequency
(a) Spectrum of original signal
Amplitude
............. ‘ Frequency
(b) Spectrum of carrier signal
Amplitude
............. I ! Frequency

(c) Spectrum of modulated signal
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Figure 5.14 Digital modulation

techniques

Demodulation
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(a) Amplitude modulation

Input Modulated
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0 . — t 3

(b) Frequency modulation

names. The technique illustrated in Figure 5.14(a) is known as amplitude
shift keying (or ASK), while that shown in Figure 5.14(b) is called fre-
quency shift keying (or FSK). A third form of modulation, phase shift
keying (PSK), is also widely used, including in high-speed computer
modems. Phase and phase shift will be discussed in Chapter 11.

The process of modulation would be of little benefit if we could not at
some later stage recover our original signal. This is achieved through
demodulation.

The circuitry required to demodulate a signal will depend on the modu-
lation method that has been used. In some cases, it is necessary for the
demodulator to generate a carrier signal similar to that used during modu-
lation and to use this to reverse the frequency-shifting operation to repro-
duce the original waveform. In other cases a simpler approach is possible.
For example, with the waveform of Figure 5.12(c) the original signal is
represented by the ‘envelope’ of the modulate signal. This can be recovered
easily using a circuit known as an envelope detector. Such circuitry is
very simple and is found, for example, in even rudimentary radio receivers
such as ‘crystal sets’. We will look at a circuit for such a demodulator in
Chapter 19.

The basic principles of modulation and demodulation are shown in
Figure 5.15. Here an input signal (which could be analogue or digital) is
first modulated to make it compatible with a particular communications
channel. This channel could be a radio link, a fibre-optic cable or any other
form of channel. After modulation, the resultant signal is transmitted and is
then demodulated to recover the original signal.
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Figure 5.15 Modulation and
demodulation

a Multiplexing

Figure 5.16 Frequency
multiplexing

Modulated
signal

Demodulated

) ) ) ) signal
/\/\\ J
Modulator Demodulator =3
-~

Carrier signal

Input signal

The ability to shift the frequency range of a signal through modulation also
allows us to make more effective use of the bandwidth of a communication
channel by combining several signals together. This process is known as
multiplexing and is illustrated in Figure 5.16. Here four independent sig-
nals are combined to form a single multiplexed signal that can be trans-
mitted down a single communications channel. The signals are combined
in this way by using a different carrier frequency when modulating each
signal. In this way, a very large number of signals can be transmitted simul-
taneously on a single pair of copper wires, a single optical fibre, or a single
radio channel. At the receiving end, the signals are separated by the reverse
process of demultiplexing the transmitted signal.

The process described here is often known as frequency-division
multiplexing, since the frequency range of the channel is divided into a
number of separate sub-channels that can each carry an individual signal.
All readers will be familiar with the use of frequency-division multiplexing

Signal 1
1.,
Signal 2
1,
Signal 3
1.,
Signal 4
1,
Signal ~ Signal  Signal  Signal
Frequency 1 ) 3 4
multiplexed
signal X
- /
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m Distortion

and noise

Figure 5.17 Examples of the
effects of distortion on a sine
wave

in the transmission of radio signals. Here the wide frequency spectrum
available to radio signals is used to transmit a large number of separate
radio stations at different frequencies. Here the demultiplexing is per-
formed by the radio receiver, which is tuned to select one station from the
many available. Frequency-division multiplexing is also widely used to
transmit multiple signals over other forms of communication channel.

Multiplexing can also be performed by dividing the fime available on
a channel between a number of signals. This is known as time-division
multiplexing and is also widely used, particularly for the transmission of
digital signals.

No electrical or electronic circuits are perfect, and one of the ways in which
circuit imperfections manifest themselves is in the distortion of signals that
pass through them. Distortion can take many forms, and Figure 5.17 shows
some examples of different types of distortion, as they might effect a sinu-
soidal signal.
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(a) Sine wave

Vv
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Figure 5.17(a) shows a sinusoidal signal that represents the input to a
circuit. Figures 5.17(b) and 5.17(c) show the effects of different forms of
non-linearity in the circuit, the first resulting in clipping of the waveform
and the second resulting in crossover distortion. Figure 5.17(d) shows the
effects of harmonic distortion, where a circuit adds additional compon-
ents to a signal at frequencies that are multiples of the signal frequency. In
practice, all circuits alter the signals that pass through them in a range of
ways, including elements of each of these and other forms of distortion.

The importance of distortion will depend very much on the application.
In an audio amplifier, large amounts of distortion would be audible and
would degrade the quality of the sound produced. In a temperature-
measuring system, distortion might result in a reduction in the accuracy of
the measurements. Although some distortion is always present, its magni-
tude will depend on the circuit techniques used. Good design must ensure
that the distortion is at an acceptable level for a given application.

Signals are also affected by noise. This is a random fluctuation of a
signal that is produced either by variations in the system or by external
effects of the environment. It has a number of causes and is always present
in electronic systems.

Since the amount of noise produced in a system is not related to the
input signal, its effects will be most marked when the input signal is small.
This effect is readily experienced when listening to a radio or tape player.
Noise, experienced as a background ‘hiss’, is much more apparent during
quiet, rather than loud, passages.

Figure 5.18 illustrates the effects of noise on both analogue and digital
signals. It can be seen that the addition of noise to the signals changes the
waveforms in both cases. However, in the digital case it is still apparent
which parts of the signal represent the higher voltage and which the lower,
and it is therefore possible to extract the original information from the
signal. This is not the case with the analogue signal, where separating the
noise from the original signal is not usually possible. This illustrates an
important distinction between analogue and digital signals, which will be
developed further in later chapters.

An important distinction between distortion and noise is that distortion
is systematic and is repeatable, while noise is random and is therefore not
repeatable. If a signal is passed repeatedly through a particular circuit, then
the distortion produced on each occasion will be the same, while the noise
added to it will be different each time.

In electronic circuits, the presence of distortion and noise often limits the
ultimate performance of a system. One of the major tasks of electronic
design is to reduce the magnitude of these effects.
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Figure 5.18 The effects of
noise on analogue and digital
signals
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(a) Original analogue signal
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(b) Analogue signal with noise

(c) Original digital signal

(d) Digital signal with noise

It is often convenient to represent physical quantities by electrical
signals, since this can simplify processing, transmission and storage.

Electrical signals can take many forms and can be either analogue or
digital.

Both analogue and digjtal signals have been used since the early
nineteenth century, and both play a vital role in modern electronics.

In many cases, analogue signals take the form of a varying voltage,
where the magnitude of the voltage is directly proportional to some
physical quantity.

Digital signals often take the form of a varying voltage, where the
magnitude of the voltage alternates between two specific voltages to
represent the 1’s and O’s of a binary quantity.
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In some cases, digital information may be combined to form digital
words, which represent several separate bits of information. These
words may be transmitted or processed in parallel or in series.

Signals may be unipolar or bipolar in nature. The frequencies present
in the signal are described by the signal’s frequency spectrum.

All physical systems impose restrictions on the amplitude and fre-
quency range of the signals that can be used with them.

Modulation can be used to alter the characteristics of a signal to
make it compatible with a particular transmission channel or system.

Multiplexing, and the reverse process of demultiplexing, allows us to
combine several signals on to a single communications channel to
make more efficient use of the channel’s capacity.

All electrical circuits add distortion and noise to the signals that pass
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through them.

Exercises

51

52

53

5.4

5.5

5.6

5.7

5.8

Why is it often attractive to represent physical
quantities by electrical signals, rather than by
some other means?

Give an example of the use of analogue electrical
signals in the nineteenth century.

Give an example of a sensor that produces a volt-
age that is directly related to the physical quantity
being sensed.

Give an example of an actuator where the output
physical quantity is directly related to the voltage
of the signal applied to it.

Describe a common signal format for represent-
ing binary quantities.

Give an example of the use of digital electrical
signals in the nineteenth century.

How many different values can be represented by
a single bit of information?

How many different values can be represented by
a single 12-bit digital word?

5.9

5.10

5.11

5.12

5.13

5.14

5.15

What would be the resolution of a quantity rep-
resented by a 12-bit word?

A system requires that a temperature be measured
and stored to an accuracy of better than 1 percent.
What is the minimum word length required to
achieve this accuracy?

What are the advantages and disadvantages of
transmitting information in a serial format rather
than a parallel format?

Define the terms ‘unipolar’ and ‘bipolar’ as they
apply to electrical signals.

What characteristics of a signal are described by
its frequency spectrum?

Sketch the frequency spectrum of a signal that is
formed by the addition of a sinusoidal signal with
a magnitude of 3 V and a frequency of 100 Hz,
and a sinusoidal signal with a magnitude of 2 V
with a frequency of 50 Hz.

Explain, in general terms, what is meant by the
frequency range and the bandwidth of a signal.
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Exercises continued

5.16

5.17

5.18

5.19

5.20

5.21

A signal has a frequency range that extends from
1 kHz to 10 kHz. What is the bandwidth of this
signal?

What is meant by the frequency response of a
system?

Why is it important to match the frequency range
of a system to the range of the signals with which
it is to be used?

Explain what is meant by the term ‘modulation’.

Modulation has the effect of ‘shifting’ the fre-
quency range of a signal. For what reason might
one wish to perform this operation?

Explain briefly the relationship between an
amplitude-modulated signal and the waveform
that it represents.

5.22

5.23

5.24

5.25

5.26

5.27

5.28

5.29

Explain briefly the relationship between a
frequency-modulated signal and the waveform
that it represents.

Explain the role of a carrier signal in amplitude
modulation.

How is the frequency of the carrier signal
selected?

Explain what is meant by ASK, FSK and PSK.
What is meant by the term ‘envelope detection’?

How does multiplexing allow more effective use
of channel bandwidth?

Explain the difference between distortion and
noise.

How do the characteristics of analogue and digital
techniques differ with respect to noise?



Chapter 6

6.1

Introduction

Amplification

When you have studied the material in this chapter you should be

able to:

o explain the concept of amplification;

o give examples of both active and passive amplifiers;

e use simple ‘equivalent circuits’ to determine the gain of an amplifier;

o discuss the effects of ‘input resistance’ and ‘output resistance’ on
the voltage gain of an amplifier and use these quantities to calculate
loading effects;

o define terms such as output power, power gain, voltage gain and
frequency response;

o determine the effects of connecting several amplifiers in series;

o describe several common forms of amplifier, including differential and
operational amplifiers.

In earlier chapters, we noted that many electrical and electronic systems
comprise one or more sensors, which take information from the ‘real
world’; one or more actuators, which allow the system to output informa-
tion to the real world; and some form of processing, which makes signals
associated with the former appropriate for use with the latter. Although the
form of the processing that is required varies greatly from one application
to another, one element that is often required is amplification.

Simplistically, amplification means making things bigger, and the
converse operation, attenuation, means making things smaller. These basic
operations are fundamental to many systems, including both electrical and
non-electrical applications.

Examples of non-electronic amplification are shown in Figure 6.1. The
first shows a lever arrangement. Here the force applied at the output is
greater than that applied at the input, and we have therefore amplified the
input force. However, the distance moved by the output is less that that
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Figure 6.1 Examples of
mechanical amplifiers
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moved at the input. Thus, although the force has been amplified, the dis-
placement has been reduced or attenuated. Note that, if the positions of
the input and the output of the lever were reversed, we would produce an
arrangement that amplified movement but attenuated force.

The second example in Figure 6.1 shows a pulley arrangement. As in the
first example this produces a greater force at the output than is applied at
the input, but the distance moved at the output is less than that at the input.
Thus again we have a force amplifier but a movement attenuator.

In the lever arrangement shown in Figure 6.1(a), the direction of the
output force is the same as that of the input. Such an amplifier is referred
to as a non-inverting amplifier. In the pulley arrangement of Figure 6.1(b),
a downward force at the input results in an upward force at the output and
we have what is termed an inverting amplifier. Different arrangements of
levers and pulleys may be either inverting or non-inverting.

Both the examples of Figure 6.1 are passive systems. That is, they have
no external energy source other than the inputs. For such systems, the out-
put power (that is, the power delivered at the output) can never be greater
than the input power (that is, the power absorbed by the input) and in
general it will be less because of losses. In our examples, losses would be
caused by friction at the fulcrum and at the pulleys.

In order to be able to provide power gain, some amplifiers are not
passive but active. This means that they have some form of external energy
source that can be harnessed to produce an output that has more power than
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Figure 6.2 A torque amplifier
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the input. Figure 6.2 shows an example of such an amplifier, called a
torque amplifier. This consists of a rotating shaft with a rope or cable
wound around it. The amplifier can be used as a power winch and is often
found in boats and ships. One end of the rope (the output) is attached to a
load, and a control force is applied to the other end (the input). If no force
is applied to the input, the rope will hang loosely around the rotating shaft
and little force will be applied at the output. The application of a force to
the input tightens the rope around the shaft and increases the friction
between them. This frictional force is applied to the rope and results in a
force being exerted at the output. The greater the force applied to the input,
the greater the frictional force experienced by the rope and the greater the
force exerted at the output. We therefore have an amplifier where a small
force applied at the input generates a larger force at the output. The magni-
tude of the amplification may be increased or decreased by changing the
number of turns of the rope around the drum.

It should be noted that since the rope is continuous the distance moved
by the load at the output is equal to the distance moved by the rope at the
input. However, the force applied at the output is greater than that at the
input, and the arrangement therefore delivers more power at the output than
it absorbs at the input. It therefore provides not only force amplification
but also power amplification. The extra power available at the output is
supplied by the rotating shaft and will result in an increased drag being
experienced by whatever force is causing it to rotate.

In electronics there are also examples of both passive and active amplifiers.
Examples of the former include a step-up transformer, where an alternating
voltage signal applied to the input will generate a larger voltage signal at
the output. Although the voltage at the output is increased, the ability of the
output to provide current to an external load is reduced. The power supplied
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to a load will always be less than the power absorbed at the input. Thus a
transformer may provide voltage amplification, but it cannot provide power
amplification.

Although there are several examples of passive electronic amplifiers, the
most important and useful electronic amplifiers are active circuits. These
take power from an external energy source, usually some form of power
supply, and use it to boost the input signal. Unless the text indicates
differently, for the remainder of this book when we use the term amplifier,
we will be referring to an active electronic amplifier.

We saw earlier when looking at mechanical amplifiers that several dif-
ferent forms of amplification are possible. Such devices can, for example,
be movement amplifiers or force amplifiers, and they can provide power
amplification or attenuation. Electronic amplifiers may also be of different
types. One of the most common is the voltage amplifier, the main function
of which is to take an input voltage signal and to produce a corresponding
amplified voltage signal. Also of importance is the current amplifier,
which takes an input current signal and produces an amplified current sig-
nal. Usually, both these types of amplifier, as a result of the amplification,
also increase the power of the signal. However, the term power amplifier
is usually reserved for circuits that have the primary function of supplying
large amounts of power to a load. Clearly, power amplifiers must also pro-
vide either voltage or current amplification, or both.

The amplification produced by a circuit is described by its gain, which
is often given the symbol A. From the above we can define three quantities,
namely voltage gain, current gain and power gain. These quantities are
given by the expressions

voltage gain (A,) = =2 6.1)

RSIRS

current gain (4;) = % (6.2)

power gain (4,) = (6.3)

v

where V,, I, and P, represent the input voltage, input current and input
power, respectively, and V,, I, and P, represent the output voltage, output
current and output power, respectively. Initially, we will look at voltage
amplification and leave consideration of current and power amplification
until later. Note that, if the polarity of the input and output voltages of an
amplifier are different, the gain of a circuit will be negative. Thus a non-
inverting amplifier has a positive gain, while an inverting amplifier has a
¥, negative gain.
A widely used symbol for an amplifier is shown in Figure 6.3. This
1 device has a single input and produces an amplification determined by the
= circuitry used. In this case, the input and output quantities are voltages and
Figure 6.3 An amplifier the circuit is described by its voltage gain.
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and loads

Figure 6.4 System partitioning

In any electrical circuit, voltages must be measured with respect to some
reference voltage or reference point. As discussed in Chapter 2, this point
is often called the ground or earth of the circuit and is given the symbol
shown in the diagram. In some cases, the earth line is not shown in the
diagram, and the input and output voltages are simply labelled V; and V, as
described in Section 2.4.

You will notice that the diagram of Figure 6.3 does not show any con-
nection to a power source. In practice, the electronic amplifier would
require some form of power supply to enable it to boost the input signal.
However, we normally omit the power supply from such diagrams for
reasons of clarity. The diagram represents the functionality of the arrange-
ment rather than its detailed circuitry. If we were to attempt to construct
this circuit, we would need to remember to include an appropriate power
supply with connections to the amplifier.

In order for the amplifier to perform some useful function, something
must be connected to the input to provide an input signal, and something
must be connected to the output to make use of the output signal. In a
simple application, the input signal could come directly from a sensor and
the output could drive an actuator. Alternatively, the input and output could
be connected to other electronic circuits. In Chapter 1, we noted that the
transducer or circuitry providing an input to the amplifier is called the
source, while the transducer or circuitry connected to the output is called
the load of the amplifier.

An ideal voltage amplifier would always give an output voltage that was
determined only by the input voltage and the gain, irrespective of what was
connected to the output (the load). Also an ideal amplifier would not affect
the signal produced by the source. In fact, real amplifiers cannot fulfil these
requirements. To understand why this is so, we need to know more about
the nature of sources and loads.

At the end of Chapter 1, we looked at the process of partitioning a complex
system into a number of distinct modules, as illustrated in Figure 6.4. We
noted that the output of each module represents a source, while the input of
each module represents a load. We also noted that, as far as its external
appearance is concerned, a module can be described simply in terms of the
nature of its inputs, its outputs and the relationship between them. This
allows us to describe the operation of modules, such as amplifiers, by what
is termed an equivalent circuit. This is a simplified representation of the

SENSOR COMPLETE SYSTEM ACTUATOR
Source Load Source Load Source Load Source : Load
I
' i Subsystem |  Subsystem | . Subsystem [f .
|
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Amplifier

Figure 6.5 An equivalent
circuit of the input of an
amplifier

module that does not attempt to describe the internal construction of the
unit but simply to model its external characteristics. Since an amplifier,
or any other module, can be characterised by the nature of its inputs, its
outputs and the relationship between them, we clearly need some way of
describing these module attributes.

6.3.1 Modelling the input of an amplifier

To model the characteristics of the input of an amplifier, we need to be able
to describe the way in which it appears to circuits that are connected to it.
In other words, we need to model how it appears when it represents the load
of another circuit.

Fortunately, in most cases the input circuitry of an amplifier can be
modelled adequately by a single fixed resistance, which is termed its input
resistance and which is given the symbol R,. What this means is that, when
an external voltage source applies an input voltage to the amplifier, the cur-
rent that flows into the amplifier is related to the voltage as if the input were
a simple resistance of value R,. Therefore, an adequate model of the input
of an amplifier is that shown in Figure 6.5. Such a model is termed the
equivalent circuit of the input.

6.3.2 Modelling the output of an amplifier

To model the characteristics of the output of an amplifier, we need to be
able to describe the way in which it appears to circuits that are connected
to it. In other words, we need to model how it appears when it represents a
source to another circuit.

If one takes a voltage source, such as a battery, and connects it across
a resistance R, the current that flows / is related to the battery voltage V by
Ohm’s law:

J=—
R

If we connect the terminals of the source together, R =0, so the current
should be infinite. Of course, in practice the current is not infinite, because
any real voltage source has some resistance associated with it. We can
represent a real voltage source by an ideal voltage generator (that is, a volt-
age generator that has no internal resistance) in series with a resistance.
This arrangement is shown in Figure 6.6(a). An ideal voltage generator is
normally represented by the circular symbol shown in Figure 6.6(b). This
form of representation is an example of a Thévenin equivalent circuit. We
will return to look in detail at the use of such circuits in Chapter 12.

Since we now have an equivalent circuit of a voltage source, we can use
this to model the output of our amplifier. This is shown in Figure 6.7. Here
the voltage to be produced by the amplifier is represented by the voltage V,
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Figure 6.6 An equivalent
circuit of a voltage source

Figure 6.7 An equivalent
circuit of the output of an
amplifier

Figure 6.8 Representing gain
in an equivalent circuit

(@ (b)

and R, represents the resistance associated with the output circuitry; this is
termed the output resistance of the circuit. The actual voltage that is pro-
duced at the output of the circuit V, is equal to V minus the voltage drop
across R,. The magnitude of this voltage drop is given by Ohm’s law and
is equal to the product of R, and the current flowing though this resistance.

6.3.3 Modelling the gain of an amplifier

Having successfully modelled the input and the output of our amplifier, we
now need to turn our attention to the relationship between them. This is
clearly the gain of the amplifier.

The gain of an amplifier can be modelled through the use of a controlled
voltage source: that is, a source in which the voltage is controlled by some
other quantity in the circuit. Such sources are also known as dependent
voltage sources. In this case, the controlled voltage source produces a
voltage that is equal to the input voltage of the amplifier multiplied by the
circuit’s gain. This is illustrated in Figure 6.8, where a voltage source pro-
duces a voltage equal to A, V..

It should be noted that we are currently considering an equivalent cir-
cuit of an amplifier and not its physical implementation. You should not
concern yourself with how a controlled voltage source operates, since it is
simply a convenient way of modelling the operation of the circuit.

Controlled
voltage

m--- N source
V; ' ; ATVT
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Figure 6.9 An equivalent
circuit of an amplifier

m Equivalent

circuit of
an amplifier

Example 6.1

Amplifier

Since we now have equivalent circuits for the input, the output and the
gain of a module, we are in a position to draw an equivalent circuit for the
amplifier of Figure 6.3. This is shown in Figure 6.9. The input voltage of
the circuit V, is applied across the input resistance R,, which models the
relationship between the input voltage and the corresponding input current.
The voltage gain of the circuit A, is represented by the controlled voltage
source, which produces a voltage of A, V,. The way in which the output
voltage of the circuit changes with the current taken from the circuit is
modelled by placing a resistor in series with the voltage source. This is
the output resistance R, of the circuit. You will notice that the equivalent
circuit has two input terminals and two output terminals as in the amplifier
shown in Figure 6.3. The lower terminal in each case forms a reference
point, since all voltages must be measured with respect to some reference
voltage. In this circuit, the input and the output references are joined
together. This common reference point is often joined to the earth or
chassis of the system (as in Figure 6.3), and its potential is then taken as
the 0 V reference.

Note that the equivalent circuit does not show any connection to a power
source. The voltage source in the equivalent circuit would in practice
take power from an external power supply of some form, but in this cir-
cuit we are only interested in its functional properties, not its physical
implementation.

The advantage of an equivalent circuit is that it allows us easily to
calculate the effects that external circuits (which also have input and output
resistance) will have on the amplifier. This is illustrated in the following
example.

An amplifier has a voltage gain of 10, an input resistance of 1 kQ and
an output resistance of 10 Q. The amplifier is connected to a sensor that
produces a voltage of 2 V and has an output resistance of 100 Q, and
to a load resistance of 50 Q2. What will be the output voltage of the
amplifier (that is, the voltage across the load resistance)?
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First we draw an equivalent circuit of the amplifier, the sensor and the load.

Amplifier Load

1kQ 50Q

The input voltage is applied across a potential divider formed by R, and R,.
From Chapter 2, we know how to calculate the resulting voltage, V,, which
is given by

_ R
R +R
~ 1kQ
T 100 Q +1kQ

=182V

i s

This voltage is amplified by the voltage source, and the resultant voltage is
applied across a second potential divider formed by R, and R,, therefore the
output voltage is given by

v, =AY
R, + R,
I T
10 Q +50 Q

50 Q
10 Q +50 Q

=10x1.82

=152V

As defined in Equation 6.1, the voltage gain of an amplifier is the ratio of
the output voltage to the input voltage.

Calculate the voltage gain of the circuit of Example 6.1.

Yo (152 ¢ 44

voltage gain (A,) = —
ge gain (4,) Vo182

Examples 6.1 and 6.2 show that, when an amplifier is connected to a source
and a load, the resulting output voltage may be considerably less than one
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Example 6.3

might have expected given the source voltage and the voltage gain of
the amplifier in isolation. The input voltage to the amplifier is less than the
source voltage due to the effects of the source resistance. Similarly, the
output voltage of the circuit is affected by the load resistance as well as
the characteristics of the amplifier. This effect is known as loading. The
lower the resistance that is applied across the output of a circuit the more
heavily it is loaded, since more current is drawn from it.

Computer Simulation Exercise 6.1

Simulate the circuit of Example 6.1 and experiment with different
values for the various resistors, noting the effect on the voltage gain
of the circuit. How should the resistors be chosen to maximise the
voltage gain? In other words, under what conditions are the loading
effects at a minimum?

From the above example, it is clear that the gain produced by an amplifier
is greatly affected by circuitry that is connected to it. For this reason,
we should perhaps refer to the gain of the amplifier in isolation as the
unloaded amplifier gain, since it is the ratio of the output voltage to the
input voltage in the absence of any loading effects. When we connect a
source and a load to the amplifier we produce potential dividers at the
input and output, which reduce the effective gain of the circuit. You will
remember that we noted the importance of potential dividers in Chapter 2
when we discussed their behaviour.

Earlier in this chapter, we noted that an ideal voltage amplifier would
not affect the circuit to which it was connected and would give an output
that was independent of the load. This implies that it would draw no cur-
rent from the source and would be unaffected by loading at the output.
Consideration of the analysis of Example 6.1 shows that this requires the
input resistance R; to be infinite and the output resistance R, to be zero.
Under these circumstances, the effects of the two potential dividers are
removed and the voltage gain of the complete circuit becomes equal to the
voltage gain of the unloaded amplifier, irrespective of the source and load
resistance. This is illustrated in Example 6.3.

An amplifier has a voltage gain of 10, an infinite input resistance and
zero output resistance. The amplifier is connected, as in Example 6.1, to
a sensor that produces a voltage of 2 V and has an output resistance of
100 Q, and to a load resistance of 50 Q2. What will be the output voltage
of the amplifier?

As before, we first draw an equivalent circuit of the amplifier, the sensor
and the load.
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Amplifier

Ry,
50 Q

From the diagram

i s

" R +R

When R, is much larger than R, this approximates to

i s

" R +R,

and therefore the output voltage is given by
v, = AVV,-L
R, +R,
oy 08
0+50Q
=10V,
=10 x 2
=20V

The arrangement now has a voltage gain of 10, and there are no loading

effects.

No real amplifier can have an infinite input resistance or zero output resist-
ance. However, if the input resistance is large compared with the source
resistance and the output resistance is small compared with the load resist-
ance, the effects of these resistances will be small and may often be
neglected. This will produce the maximum voltage gain from the circuit.
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a Output power

Table 6.1 Variation of output
voltage and output power with
load resistance in the circuit of
Example 6.1

For these reasons, a good voltage amplifier is characterised by a high input
resistance and a low output resistance.

In the last section, we looked at the performance of an amplifier in terms
of its voltage gain and how this performance is affected by internal and
external resistances. We will now consider the performance of the amplifier
in terms of the power that it can deliver to an external load.

The power dissipated in the load resistor (the output power P,) of a
circuit is simply

V2
= RL

P

o

(6.4)

Calculate the output power of the circuit of Example 6.1.

From the earlier analysis, the output voltage V, of the circuit is 15.2 V, and

the load resistance is 50 Q. Therefore, the output power is

_V: o152y
R, 50

P

o

=46 W

In the previous section, we noted that, unless the output resistance of an
amplifier is zero, the voltage gain achieved is affected by the ratio of the
load resistance to the output resistance. Therefore, for a given amplifier
(with a particular value of output resistance) and a given input voltage, the
output voltage will vary with the resistance of the load connected to it.
Since the output power is related to the output voltage, it is clear that the
output power will also vary with the load resistance. These two dependen-
cies are illustrated in Table 6.1, which shows the output voltage and output
power produced by the circuit of Example 6.1 for different values of load
resistance.

You will notice that the output voltage increases steadily as the resist-
ance of the load is increased. This is because the output rises as the
amplifier is less heavily loaded.

Load resistance, R, (Q) Output voltage, V (V) Output power, P,(W)

1 1.65 2.7
2 3.03 4.6
3 4.20 59
10 9.10 8.3
33 14.0 59
50 15.2 4.6

100 16.5 2.7
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However, the power output initially rises as the resistance of the load
is increased from 1 Q until a maximum is reached. It then drops as the
load is increased further. To investigate this effect, we need to look at
the expression for the output voltage of the circuit. From the analysis
of Example 6.1, we know that this is

R
V= AVt
R, + R,
Since the power dissipated in a resistance is given by V%R, the power dis-
sipated in the load resistance (the output power P,) is given by

2
R
; [Av‘/illj
P = Yo _\ R+R) _ szzL
COR R, " (R R)

By differentiating this expression for P, with respect to R, it is easy to show
that this expression has a maximum value when

R, =R,

This is left as an exercise for the reader.

Substituting for the component values used in Example 6.1 shows that
maximum power should be dissipated in the load when its resistance is
equal to R, which is 10 Q. The tabulated data in Table 6.1 confirms this
result.

Thus in circuits in which the output characteristics can be adequately
represented by a simple resistance, maximum power is transferred to the
load when the load resistance is equal to the output resistance. This result
holds for transfers between any two circuits and is a simplified statement of
the maximum power theorem. We will return to this theorem when we
look at power transfer in more detail in Chapter 16.

The process of choosing a load to maximise power transfer is called
matching and is a very important aspect of circuit design in certain areas.
However, it should be remembered that, since maximum power transfer
occurs when the load and output resistances are equal, the voltage gain is
far from its maximum value under these conditions. In voltage amplifiers,
it is more common to attempt to maximise input resistance and minimise
output resistance to maximise voltage gain.

Use the circuit of Computer Simulation Exercise 6.1 to investigate the
way in which the power output of the circuit is affected by the value of
the load resistance R, .

Use the simulator’s sweep facility to determine the value of R, that
results in the maximum power output for a given value of R,. Repeat
this for a range of values of R,.
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Power gain

The power gain of an amplifier is the ratio of the power supplied by the
amplifier to a load, to the power absorbed by the amplifier from its source.
The input power can be calculated from the input voltage and the input
current or, by applying Ohm’s law, from a knowledge of the input resist-
ance and either the input voltage or current. Similarly, the output power can
be determined from the output voltage and output current, or from one of
these and a knowledge of the load resistance.

Calculate the power gain of the circuit of Example 6.1.

To determine the power gain, first we need to calculate the input power P,
and the output power P,.
From the example, we have that V;=1.82 V and R, = 1 kQ. Therefore

_ Va8

) =33 mW
R 1000

We also know that V,=15.2 V and R, = 50 Q. Therefore

V2 52y
R, 50

P

o

=462 W

The power gain is then given by

P, 4.62
power gain (A,) = — = 62 _ 1400

P 00033

Note that when calculating the input power we use R; but when calculating
the output power we use R, (not R,). We are calculating the power delivered
to the load, not the power dissipated in the output resistance.

You will note from Example 6.5 that even a circuit with a relatively low
voltage gain (in this case it is 15.2/1.82 = 8.35) can have a relatively high
power gain (in this case, over a thousand). The power gain of a modern
electronic amplifier may be very high, gains of 10° or 107 being common.
With these large numbers, it is often convenient to use a logarithmic
expression of gain rather than a simple ratio. This can be done using
decibels.

The decibel (dB) is a dimensionless figure for power gain and is defined
by

P
power gain (dB) = 10 1ogH)F2 (6.5)

1

where P, is the output power and P, is the input power of the amplifier or
other circuit.
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Figure 6.10 Calculating the
gain of several stages in series

Table 6.2 Expressing power
amplification and attenuation in
decibels

Express a power gain of 1400 in decibels.

P,
power gain (dB) = 10 long2

1

=10 log,,(1400)
=10x3.15
=31.5dB

Decibels may be used to represent both amplification and attenuation,
and, in addition to making large numbers more manageable, the use of
decibels has several other advantages. For example, when several stages
of amplification or attenuation are connected in series (this is often refer-
red to as cascading circuits), the overall gain of the combination can be
found simply by adding the individual gains of each stage when these are
expressed in decibels. This is illustrated in Figure 6.10. The use of decibels
also simplifies the description of the frequency response of circuits, and
we will return to look at this further in Chapter 17 when we will study the
frequency characteristics of circuits in some detail.

For certain values of gain, the decibel equivalents are easy to remember
or to calculate using mental arithmetic. Since log,, nis simply the power to
which 10 must be raised to equal n, for powers of ten it is easy to calculate.
For example, log,, 10 =1, log,, 100 =2, log,, 1000 = 3, and so on. Sim-
ilarly, log,, 1/10 =—1, log,, 1/100 = -2 and log,, 1/1000 = —3. Therefore,
gains of 10, 100 and 1000 are simply 10 dB, 20 dB and 30 dB respectively,
and attenuations of 1/10, 1/100 and 1/1000 are simply —10 dB, —20 dB
and —30 dB. A circuit that doubles the power has a gain of +3 dB, while a
circuit that halves the power has a gain of —3 dB. A circuit that leaves the
power unchanged (a power gain of 1) has a gain of 0 dB. These results are
summarised in Table 6.2.

Overall gain =45 dB

v,

0

Power gain (ratio) Decibels (dB)

1000 30
100 20
10 10
2 3
1 0
0.5 -3
0.1 -10
0.01 =20

0.001 =30
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In many cases, our knowledge of a circuit relates to its voltage gain rather
than to its power gain. Clearly, these two measures are related, and we
know that the power dissipated in a resistance R is related to the applied
voltage V by the expression V*R. Therefore, the gain of an amplifier
expressed in decibels can be written as

. P, VIR,
ower gain (dB) = 10 log,,— =10 log,,——
power gain (dB) g0p 802k,
where V, and V, are the input and output voltages, respectively, and R, and
R, are the input and load resistances, respectively.
If, and only if, R, and R, are equal, the power gain of the amplifier is
given by
2

. V,
power gain (dB) = 10 logm#
1

v,
=20 long2

1

=20 log,, (voltage gain)

Some networks do have equal input and load resistance, and in these cases
it is often useful to express the gain in decibels rather than as a simple ratio.
Note that it is not strictly correct to say, for example, that a circuit has a
voltage gain of 10 dB, even though you will often hear such statements.
Decibels represent power gain, and what is meant is that the circuit has a
voltage gain that corresponds to a power gain of 10 dB. However, it is very
common to describe the voltage gain of a circuit in dB as

v,
voltage gain (dB) = 20 1081072 (6.6)
1

even when R, and R, are not equal.

Since power is proportional to the square of a voltage, the polarity of a
voltage does not affect the power associated with it. Consequently, the gain
in dB is calculated from the magnitude of the voltage gain, irrespective of
its sign.

Calculate the gain in decibels of circuits that have power gains of 5, 50
and 500 and voltage gains of 5, —50 and 500.

Power gain of 5 Gain (dB) = 10 log,,(5) 7.0dB
Power gain of 50 Gain (dB) = 10 log,(50) 17.0dB
Power gain of 500 Gain (dB) = 10 log,,(500) 27.0dB
Voltage gain of 5 Gain (dB) =20 log,,(5) 14.0 dB
Voltage gain of —50 Gain (dB) =20 log,(50) 34.0dB
Voltage gain of 500 Gain (dB) =20 log,,(500) 54.0 dB
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Example 6.8

Converting from gains expressed in decibels to simple power or voltage
ratios requires the reversal of the operations used above. For example, since

power gain (dB) = 10 log,,(power gain)
it follows that

10 log,,(power gain) = power gain (dB)

in (dB
logio(power gain) = L2Yer g4 (4B)
10
power gain = antilog,, (%gm(dB))
power gain = 10 10 .
Similarly,
voltage gain = 10 20 (6.8)

Express gains of 20 dB, 30 dB and 40 dB as both power gains and volt-
age gains.

20 dB 20 =10 log,,(power gain)
power gain = antilog,,(2) power gain = 100
=10
20 =20 log,,(voltage gain)
power gain = antilog,,(1) voltage gain = 10
=10
30dB 30 =10 log,(power gain)
power gain = antilog,,(3) power gain = 1000
=10°
30 =20 log,,(voltage gain)
power gain = antilog,,(1.5) voltage gain =31.6
— 10].5
40 dB 40 =10 log,,(power gain)
power gain = antilog,,(4) power gain = 10,000
=10*

40 =20 log,,(voltage gain)
power gain = antilog,((2) voltage gain = 100
=10°
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Frequency
response and
bandwidth

We noted in Chapter 5 that all real systems have limitations to the range of
frequencies over which they will operate, and consequently amplifiers are
subject to such restrictions. In some cases, it is also desirable to limit the
range of frequencies that are amplified by a circuit. In general, an amplifier
will be required to deliver a particular amount of gain over a particular
range of frequencies. The gain of the circuit within this normal operating
range is termed its mid-band gain.

The range of frequencies over which an amplifier operates is determined
by its frequency response, which describes how the gain of the amplifier
changes with frequency. The gain of all amplifiers falls at high frequencies,
although the frequency at which this effect becomes apparent will vary
depending on the circuits and components used. This fall in gain at high
frequencies can be caused by a number of effects, including the presence of
stray capacitance within the circuit. We will look at the nature of these
effects in Chapter 13 when we look at capacitance in detail. In some
amplifiers the gain also falls at low frequencies.

In order to quantify these high- and low-frequency effects, we can define
the frequencies at which the gain begins to fall. However, since this fall
occurs progressively we need to define a point at which we will consider
the gain to have changed appreciably. The point chosen is what is called the
half-power point, where the power gain of the circuit has fallen to one-half
of its mid-band value. From our earlier discussions, we know that this
corresponds to a fall in gain of 3 dB relative to its mid-band value. Since
power is proportional to the square of the voltage, a fall in power gain of
one-half corresponds to a fall in voltage gain to 1/¥2, or about 0.707 of its
mid-band value.

The frequency corresponding to the half-power point is called the
cut-off frequency of the circuit. All circuits will have an upper cut-off
frequency, while some will also have a lower cut-off frequency. This
is illustrated in Figure 6.11. The diagram of Figure 6.11(a) shows the
frequency response of an amplifier that has both upper and lower cut-off
frequencies. In this graph the gain of the amplifier is plotted against fre-
quency. Figure 6.11(b) shows the response of a similar amplifier, but this
time the gain is plotted in decibels. Figure 6.11(c) shows the response of an
amplifier that has no lower cut-off. In this last circuit, the gain of the circuit
is constant at low frequencies.

The width of the frequency range of a circuit is termed its bandwidth.
In circuits with both an upper and a lower cut-off frequency, this is simply
the difference between these two frequencies. In circuits that have only
an upper cut-off frequency, the bandwidth is the difference between this
and 0 Hz and is therefore numerically equal to the upper cut-off frequency.
This is shown in Figure 6.12.

As was noted in the last chapter, limitations on the frequency range of
an amplifier can cause distortion of the signal being amplified. For this
reason, it is important that the bandwidth and the frequency range of the
amplifier are appropriate for the signals being used.
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Figure 6.11 Examples of Voltage gain Mid-band gain
amplifier frequency response p
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n Differential

amplifiers The amplifiers considered so far take as their input a single voltage that is
measured with respect to some reference voltage, which is usually the
‘ground’ or ‘earth’ reference point of the circuit (0 V). An amplifier of this
form is shown in Figure 6.3. Some amplifiers have not one but two inputs
and produce an output proportional to the difference between the voltages
on these inputs. Such amplifiers are called differential amplifiers, an
example of which is shown in Figure 6.13.
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Figure 6.13 A differential
amplifier

Figure 6.14 Comparison of
single and differential input
methods

Since a differential amplifier takes as its input the difference between
two input voltages, it effectively subtracts the voltage on one input from
that on the other to form its input signal. Consequently, we need to differ-
entiate between the two input terminals, and for this reason the two inputs
are labelled ‘+” and ‘—’. The former is called the non-inverting input
because a positive voltage on this input with respect to the other input will
cause the output to become positive. The latter is called the inverting input
because a positive voltage on this input with respect to the other input will
cause the output to become negative.

Since a differential amplifier produces an output that is proportional
to the difference between two input signals, it is clear that, if the same volt-
age is applied to both inputs, no output will be produced. Voltages that are
common to both inputs are called common-mode signals, while voltage
differences between the two inputs are termed differential-mode signals.
A differential amplifier is designed to amplify differential-mode signals
while ignoring (or rejecting) common-mode signals.

The ability to reject common-mode signals while amplifying differential-
mode signals is often extremely useful. An example that illustrates this is
the transmission of signals over great distances. Consider the situations
illustrated in Figure 6.14. Figure 6.14(a) shows a sensor connected to a
single-input amplifier by a long cable. Any long cable is influenced by elec-
tromagnetic interference (EMI), and inevitably some noise will be added
to the signal from the sensor. This noise will be amplified along with the

Sensor Output

e
—_—

(a) Single-input amplifier

T Output

______________________ [

(b) Differential-input amplifier
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Figure 6.15 An equivalent
circuit for a differential amplifier

Differential amplifier

AV,
=AWV~ V)

wanted signal and will therefore appear at the output along with the wanted
signal. Figure 6.14(b) shows a similar sensor connected by a twin-conductor
cable to the inputs of a differential amplifier. Again the cable will be
affected by noise, but in this case, because of the close proximity of the two
cables (which are kept as close as possible to each other), the noise picked
up by each cable will be almost identical. Therefore, at the amplifier this
noise appears as a common-mode signal and is ignored, while the signal
from the sensor is a differential-mode signal and is amplified.

In Figure 6.9, we looked at an equivalent circuit for a single-input ampli-
fier and we then went on to look at the uses of such an equivalent circuit in
determining loading effects. We can also construct an equivalent circuit for
a differential amplifier, and this is shown in Figure 6.15. You will note that
it is very similar in form to that of Figure 6.9 but that the input voltage V;
is now defined as the difference between two input voltages V, and V_, and
that there is no connection between this second input and ground.

A common form of differential amplifier is the operational amplifier
(or op-amp). These are constructed by fabricating all the necessary com-
ponents on a single chip of silicon to form a monolithic integrated circuit
or IC.

In Section 6.4, when looking at voltage amplifiers, we concluded that a
good voltage amplifier is characterised by a high input resistance and a low
output resistance. Operational amplifiers have a very high input resistance
(of perhaps several megohms or even gigohms) and a low output resist-
ance (of a few ohms or tens of ohms). They also have a very high gain, of
perhaps 10° or 10°. For these reasons, operational amplifiers are extremely
useful ‘building blocks’ for constructing not only amplifiers but also a wide
range of other circuits. We will therefore return to look at op-amps in more
detail in Chapter 8.

Unfortunately, despite their many attractive characteristics, op-amps
suffer from variability. That is to say, their attributes (such as gain and
input resistance) tend to vary from one device to another and may also
change for a particular device with variations in temperature or over time.
We therefore need techniques for overcoming this variability and for
tailoring the characteristics of the devices to match the requirements of
particular applications. Techniques for achieving these goals are discussed
in Chapter 7.
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Simple
amplifiers

=

(1AY

Figure 6.16 A simple potential
divider

V
R’y
Control
device
— 7,
v BN

J_()V

Figure 6.17 The use of a
control device

Key points

Operational amplifiers are fairly complex circuits that contain a number
of semiconductor devices. Amplifiers may also be formed using single
transistors or other active devices. Before we look at the operation of
transistors, it is perhaps worth seeing how a single control device may be
used to form an amplifier.

Consider the circuit of Figure 6.16. This shows a pair of resistors
arranged as a potential divider. The output voltage V, is related to the
circuit parameters by the expression

— R,
R +R,

o

If the variable resistance R, is adjusted to equal R,, the output voltage V,
will clearly be half the supply voltage V. If R, is reduced, V, will also be
reduced. If R, is increased, V, will increase. If we replace R, by some, as yet
undefined, control device that has an input voltage V; that controls its
resistance, varying V; will vary the output voltage V,. Figure 6.17 shows
such an arrangement.

In fact, the control device does not have to be a voltage-controlled resist-
ance. Any device in which the current is determined by a control input may
be used in such an arrangement, and if the gain of the control device is
suitable it can be used as an amplifier.

Simple amplifiers of this type are used extensively in all forms of elec-
tronic circuit, and we will be returning to them when we have considered
the operation of some active components that can be used as control devices
in such arrangements. Unfortunately, as with operational amplifiers, these
control devices suffer from variability, and again we need a method of
overcoming this problem. This is the topic of the next chapter.

m Amplification is a fundamental part of most electronic systems.
m Amplifiers may be active or passive.

m The power delivered at the output of a passive amplifier cannot be
greater than that absorbed at its input. An example of a passive elec-
trical amplifier is a transformer.

m Active amplifiers take power from some external energy source and
so can produce power amplification. Most electronic amplifiers are
active.

m When designing and analysing amplifiers, equivalent circuits are
invaluable. They allow the interaction of the circuit with other com-
ponents to be investigated without a detailed knowledge or under-
standing of the internal construction of the amplifier.

m Amplifier gains are often measured in decibels (dB).
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The gain of all amplifiers falls at high frequencies. In some cases the
gain also falls at low frequencies. The upper cut-off frequency and
the lower cut-off frequency (if this exists) are the points at which the
gain falls by 3 dB compared with its mid-band value. The difference
between these two values (or between the upper cut-off frequency
and zero if no lower cut-off frequency exists) defines the bandwidth
of the amplifier.

Differential amplifiers take as their input the difference between two
input signals.

Operational amplifiers (op-amps) are a common form of differential
amplifier. These have many desirable attributes but suffer from
variability.

In many applications simple amplifiers, perhaps based on single tran-

sistors, may be more appropriate than more complex circuits.

Exercises

6.1

6.2

6.3

6.4

6.5

Sketch lever arrangements that represent:
(a) anon-inverting force amplifier;

(b) a non-inverting force attenuator;

(c) an inverting force amplifier;

(d) an inverting force attenuator.

Sketch a pulley arrangement that represents a
non-inverting force amplifier.

Is the torque amplifier of Figure 6.2 an invert-
ing or a non-inverting amplifier? How could this
arrangement be modified to produce an amplifier
of the other type?

Conventional automotive hydraulic braking sys-
tems are an example of passive amplifiers. What
physical quantity is being amplified?
Such systems may also be regarded as attenu-
ators. What physical quantity is being attenuated?
Power-assisted automotive brakes are active
amplifiers. What is the source of power?

Identify examples (other than those given in
the text and in earlier exercises) of both passive
and active amplifiers for which the operation is
mechanical, hydraulic, pneumatic, electrical and
physiological. In each case, identify the physical

6.6

6.8

6.9

6.10

6.11

quantity that is amplified and, for the active
examples, the source of power.

If an amplifier has a voltage gain of 25, determine
the output voltage when the input voltage is 1 V.

If an amplifier has an input voltage of 2 V and an
output voltage of 0.2 V, what is its voltage gain?

An amplifier has an unloaded voltage gain of
20, an input resistance of 10 kQ and an output
resistance of 75 Q. The amplifier is connected
to a voltage source of 0.5 V, which has an output
resistance of 200 €, and to a load resistor of
1 kQ. What will be the value of the output
voltage?

What is the voltage gain of the amplifier in the
arrangement in Exercise 6.87

Calculate the input power, the output power and
the power gain of the arrangement in Exercise 6.8.

Confirm your results for Exercises 6.8 and 6.9
using computer simulation. You may wish to
start with the circuit of Computer Simulation
Exercise 6.1.
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6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

An amplifier has an unloaded voltage gain of
500, an input resistance of 250 k€2 and an output
resistance of 25 Q. The amplifier is connected to
a voltage source of 25 mV, which has an output
resistance of 4 kQ, and to a load resistor of 175 Q.
What will be the value of the output voltage?

What is the voltage gain of the amplifier in the
arrangement of Exercise 6.12?

Calculate the input power, the output power
and the power gain of the arrangement in Exer-
cise 6.12.

Confirm your results for Exercises 6.12 and
6.13 using computer simulation. You may wish
to start with the circuit of Computer Simulation
Exercise 6.1.

A displacement sensor produces an output of
10 mV per centimetre of movement and has an
output resistance of 300 €. It is connected to an
amplifier that has an unloaded voltage gain of 15,
an input resistance of 5 kQ and an output resist-
ance of 150 Q. If the output of the amplifier is
connected to a voltmeter with an input resistance
of 2 k€, what voltage will be displayed on the
voltmeter for a displacement of the sensor of
1 metre?

Confirm your result for Exercise 6.16 using com-
puter simulation. You may wish to start with the
circuit of Computer Simulation Exercise 6.1.

By differentiating the expression
RL
(R.+ R,

with respect to R, confirm the condition for max-
imum power transfer given in Section 6.5.

P, = AV}

Under what conditions is the gain of a circuit
given by the following expression?

gain (dB) = 20 logm%

1

6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

6.28

Convert the following into decibels.
(a) A power gain of 10.

(b) A voltage gain of 1.

(c) A power gain of 0.5.

(d) A voltage gain of 1,000,000.

Determine the following:

(a) The power gain of a circuit with a gain of
20 dB.

(b) The voltage gain of a circuit with a gain of
20 dB.

(c) The power gain of a circuit with a gain of
—-15 dB.

(d) The voltage gain of a circuit with a gain of
—-15 dB.

An amplifier with a gain of 25 dB is connected
in series with an amplifier with a gain of 15 dB
and with a circuit that produces an attenuation of
10 dB (that is, a gain of —10 dB). What is the gain
of the overall arrangement (in dB)?

An amplifier has a mid-band gain of 25 dB. What
will be its gain at its upper cut-off frequency?

An amplifier has a mid-band voltage gain of 10.
What will be its voltage gain at its upper cut-off
frequency?

A circuit has a lower cut-off frequency of 1 kHz
and an upper cut-off frequency of 25 kHz. What
is its bandwidth?

A circuit has no lower cut-off frequency but has
an upper cut-off frequency of 5 MHz. What is its
bandwidth?

A differential amplifier has a voltage gain of
100. If a voltage of 18.3 V is applied to its non-
inverting input, and a voltage of 18.2 V is applied
to its inverting input, what will be its output
voltage?

What are the minimum and maximum values of
the output voltages that can be produced by the
arrangement shown in Figure 6.17?



Chapter 7

7.1

Introduction

Control and Feedback

When you have studied the material in this chapter you should be

able to:

o outline the basic principles of control systems;

o explain the concepts of ‘open-loop’ and ‘closed-loop’ systems and
give electronic, mechanical and biological examples of each;

o discuss the role of feedback and closed-loop control in a range of
automatic control systems;

¢ identify the major components of feedback systems;

o analyse the operation of simple feedback systems and describe the
interaction between component values and system characteristics;

o describe the uses of negative feedback in overcoming problems of
variability in active devices such as operational amplifiers;

o explain the importance of negative feedback in improving bandwidth,
input resistance, output resistance and distortion.

In Chapter 1 we identified control as one of the basic functions performed
by a large number of engineering systems. In simple terms, control involves
ensuring that a particular operation or task is performed correctly, and it is
therefore associated with concepts such as regulation and command. While
control can be associated with human activities, such as organisation and
management, we are more concerned here with control systems, which
perform tasks automatically. However, the basic principles involved are
very similar.

Invariably, the goal of a control system is to determine the value, or
state, of one or more physical quantities. For example, a pressure regulator
might aim to control the pressure in a vessel, while a climate control
system might aim to determine the temperature and humidity in a building.
The control system affects the various physical quantities by using appro-
priate actuators, and if we choose to consider our system to include these
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actuators (as discussed in Chapter 1) then the output of our system can be
considered to be the physical quantity, or quantities, being controlled.
Thus, in the example given earlier, the output of our pressure regulation
system might be considered to be the actual pressure present within the
vessel. The inputs to the control system will determine the value of the out-
put that is produced, but the form of the inputs will depend on the nature of
the system.

To illustrate this latter point, let us consider two possible methods of
controlling the temperature in a room. The first is to use a heater that has
a control that varies the heat output. The user sets the control to give a cer-
tain heat output and hopes that this will achieve the desired temperature. If
the setting is too low the room will not reach the desired value, while if
the setting is too high the temperature will rise above the desired value.
If an appropriate setting is chosen the room should stabilise at the right
temperature, but it will become too hot or too cold if external factors, such
as the outside temperature or the level of ventilation, are changed.

An alternative approach is to use a heater equipped with a temperature
controller. The user then sets the required temperature and the controller
increases or decreases the heat output to achieve and then maintain this
value. It does this by comparing the desired and actual temperatures and
using the difference between them to determine the appropriate heat
output. Such a system should maintain the temperature of the room, even
if external factors change.

Note that in these two methods of temperature control the inputs to the
system are quite different. In the first, the input determines the heat to be
produced by the heater, while, in the second, the input sets the required
temperature.

The alternative strategies discussed above illustrate two basic forms of con-
trol, and these are illustrated in Figure 7.1. In this figure, the user is simply
the person using the system, the goal is the desired result and the output
of the system is the achieved result. In the example above, the goal is the
required room temperature and the output is the actual room temperature.
The forward path is the part of the system that affects the output in
response to its input. In our examples, this is the element that produces
heat. In practice, the forward path will also have inputs that provide it with
power, but these are not normally shown in this form of diagram. As in the
diagrams of amplifiers in the last chapter, we are interested in the function-
ality of the arrangement, not its implementation.

Figure 7.1(a) shows what is termed an open-loop control system, and
this corresponds to the first of our two heating methods. Here the user of
the system has a goal (in our example, this is the required temperature) and
uses knowledge of the characteristics of the system to select an appropriate
input to the forward path. In our example, this represents the user selecting
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Figure 7.1 Open-loop and
closed-loop systems
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(b) A closed-loop system

an appropriate setting for the heat control. The forward path takes this input
and generates a corresponding output (which in our example is the actual
room temperature). The closeness of the output to the goal will depend on
how well the input is selected. However, even if the input is chosen well,
changes in the characteristics of the forward path (the heater) or in the
environment (such as changes in the level of ventilation in the room) will
affect the output, and perhaps make it move further from the goal.

An alternative approach is shown in Figure 7.1(b). This shows a closed-
loop control system, which corresponds to the second of our heating
methods. Again the user of the system has a goal, but in this case the user
‘inputs’ this goal directly into the system. Closed-loop systems make use of
a feedback path through which information about the output is fed back for
comparison with the goal. In this case, the difference between the output
and the goal represents the current error in the operation of the system.
Therefore, the output is subtracted from the goal to produce an error
signal. If the output is less than the goal (in our example, the actual tem-
perature is less than the required temperature), this will produce a positive
error signal, which will cause the output to increase, reducing the error. If
the output is greater than the goal (in our example, the actual temperature
is more than the required temperature), this results in a negative error sig-
nal, which will cause the output to fall, again reducing the error. In this way,
the system drives the output to match the goal. One of the many attractive
characteristics of this approach is that it automatically compensates for
variations in the system or in the environment. If for any reason the output
deviates from the goal, the error signal will drive the system to bring the
output back to the required value.

Open-loop systems rely on knowledge of the relationship between the
input and the output. This relationship may be ascertained, or adjusted, by
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Automatic
control systems

Figure 7.2 Examples of
automatic control systems

a process of calibration. Closed-loop systems operate by measuring the
actual output of the system and using this information to drive it to the
required value.

Almost all forms of automatic control are based on the use of closed-loop
systems. Examples include not only a wide range of man-made systems but
also those in the natural world. Figure 7.2 shows examples of automatic
control arrangements. In each case, the forward path of the system includes
some form of actuator that controls the output of the system. A sensor then
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Feedback
systems

detects the output and produces a signal that can be fed back to achieve
effective control.

Figure 7.2(a) represents an arrangement similar to the example used
above. Here the forward path is the heating element, and the feedback
path includes a temperature sensor. The input could be in the form of an
electrical signal, in which case an electrical sensor and comparator would
be used. Alternatively, the input could be mechanical (in the form of the
position of a dial perhaps), in which case the sensor might also produce
a mechanical output, which would be compared directly with the input.
Heater control can be performed using analogue techniques, but it is more
common to use a digital (usually binary) approach. In this case, the heater
is turned on or off, depending on whether the temperature is below or above
the required temperature.

Figure 7.2(b) shows one of many electronic automatic control systems
found in cars. Here the cruise control uses an actuator connected to the
throttle to vary the power produced by the engine. This in turn affects the
speed of the car, which is sensed by a speed sensor. This information is
fed back to allow the cruise control to keep the speed constant, despite
variations in driving conditions or the inclination of the road.

Almost all organisms use closed-loop techniques to co