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Preface

In the beginning, say 115 years ago, a book on vehicle
electrics would have been very small. A book on
vehicle electronics would have been even smaller!

As we continue our drive into the new millennium,
the subject of wvehicle electrics is becoming ever
larger. Despite the book likewise growing larger, some
aspects of this topic have inevitably had to be glossed
over, or left out. However, the book still covers all of
the key subjects and students, as well as general read-
ers, will find plenty to read in the new edition.

This third edition has once again been updated
and extended by the inclusion of more case studies
and technology sections in each chapter. Multiple
choice questions have also been added to most chap-
ters. Subject coverage soon gets into a good depth;
however, the really technical bits are kept in a sepa-
rate section of each chapter so you can miss them
out if you are new to the subject.

I have concentrated, where possible, on underlying
electrical and electronic principles. This is because
new systems are under development all the time.

Current and older systems are included to aid the
reader with an understanding of basic principles.

To set the whole automobile electrical subject in
context, the first chapter covers some of the signif-
icant historical developments and dares yet again to
speculate on the future ...

What will be the next major step in automobile
electronic systems? | predicted that the ‘auto-PC’
and ‘telematics’ would be key factors last time, and
this is still the case. However, as 42 V systems come
on line, there will be more electrical control of
systems that until recently were mechanically or
hydraulically operated — steer-by-wire, for exam-
ple. Read on to learn more ...

Also, don’t forget to visit http://www.automotive-
technology.co.uk where comments, questions and
contributions are always welcome. You will also
find lots of useful information, updates and news
about new books, as well as automotive software
and web links.

Tom Denton, 2004



Introduction to the third edition

The book has grown again! But then it was always
going to, because automobile electrical and elec-
tronic systems have grown. | have included just a
bit more coverage of basic electrical technology in
response to helpful comments received. This can be
used as a way of learning the basics of electrical and
electronic theory if you are new to the subject, or as
an even more comprehensive reference source for
the more advanced user. The biggest change is that
even more case studies are included, some very new
and others tried and tested — but they all illustrate
important aspects.

There has been a significant rationalization of
motor vehicle qualifications since the second edition.
However, with the move towards Technical Certifi-
cates, this book has become more appropriate
because of the higher technical content. AE&ES3 is
ideal for all MV qualifications, in particular:

e All maintenance and repair routes through the
motor vehicle NVQ and Technical Certificates.

o BTEC/Edexcel National and Higher National
qualifications.

e International MV qualifications such as C&G
3905.

e Supplementary reading for MV degree level
course.

The needs of these qualifications are met because
the book covers theoretical and practical aspects.
Basics sections are included for ‘new users’ and
advanced sections are separated out for more
advanced users, mainly so the ‘new users’ are not
scared off! Practice questions (written and multiple
choice) are now included that are similar to those
used by awarding bodies.

Keep letting me know when you find the odd
mistake or typo, but also let me know about new and
interesting technology as well as good web sites.
I will continue to do the same on my site so keep
dropping by.

Tom Denton, 2004
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1

Development of the automobile

electrical system

1.1 A short history

1.1.1 Where did it all begin?

The story of electric power can be traced back to
around 600 BC, when the Greek philosopher
Thales of Miletus found that amber rubbed with a
piece of fur would attract lightweight objects such
as feathers. This was due to static electricity. It is
thought that, around the same time, a shepherd in
what is now Turkey discovered magnetism in lode-
stones, when he found pieces of them sticking to
the iron end of his crook.

William Gilbert, in the sixteenth century, proved
that many other substances are ‘electric’ and that they
have two electrical effects. When rubbed with fur,
amber acquires ‘resinous electricity’; glass, however,
when rubbed with silk, acquires “vitreous electricity’.
Electricity repels the same kind and attracts the
opposite kind of electricity. Scientists thought that the
friction actually created the electricity (their word
for charge). They did not realize that an equal amount
of opposite electricity remained on the fur or silk.

A German, Otto Von Guerick, invented the first
electrical device in 1672. He charged a ball of sul-
phur with static electricity by holding his hand
against it as it rotated on an axle. His experiment
was, in fact, well ahead of the theory developed in
the 1740s by William Watson, an English physician,
and the American statesman Benjamin Franklin, that
electricity is in all matter and that it can be trans-
ferred by rubbing. Franklin, in order to prove that
lightning was a form of electricity, flew a kite during
a thunder-storm and produced sparks from a key
attached to the string! Some good did come from this
dangerous experiment though, as Franklin invented
the lightning conductor.

Alessandro Volta, an Italian aristocrat, invented
the first battery. He found that by placing a series of
glass jars containing salt water, and zinc and copper
electrodes connected in the correct order, he could
get an electric shock by touching the wires. This
was the first wet battery and is indeed the forerunner
of the accumulator, which was developed by the

French physicist Gaston Planche in 1859. This was a
lead-acid battery in which the chemical reaction that
produces electricity could be reversed by feeding
current back in the opposite direction. No battery or
storage cell can supply more than a small amount of
power and inventors soon realized that they needed
a continuous source of current. Michael Faraday,
a Surrey blacksmith’s son and an assistant to Sir
Humphrey Davy, devised the first electrical gener-
ator. In 1831 Faraday made a machine in which a
copper disc rotated between the poles of a large
magnet. Copper strips provided contacts with the
rim of the disc and the axle on which it turned; cur-
rent flowed when the strips were connected.

William Sturgeon of Warrington, Lancashire,
made the first working electric motor in the 1820s.
He also made the first working electromagnets and
used battery-powered electromagnets in a generator
in place of permanent magnets. Several inventors
around 1866, including two English electricians —
Cromwell Varley and Henry Wilde — produced per-
manent magnets. Anyos Jedlik, a Hungarian physi-
cist, and the American pioneer electrician, Moses
Farmer, also worked in this field. The first really
successful generator was the work of a German,
Ernst Werner Von Siemens. He produced his gener-
ator, which he called a dynamo, in 1867. Today, the
term dynamo is applied only to a generator that
provides direct current. Generators, which produce
alternating current, are called alternators.

The development of motors that could operate
from alternating current was the work of an
American engineer, Elihu Thomson. Thomson also
invented the transformer, which changes the voltage
of an electric supply. He demonstrated his invention
in 1879 and, 5 years later, three Hungarians, Otto
Blathy, Max Deri and Karl Zipernowksy, produced
the first commercially practical transformers.

It is not possible to be exact about who con-
ceived particular electrical items in relation to the
motor car. Innovations in all areas were thick and
fast in the latter half of the nineteenth century.

In the 1860s, Ettiene Lenoir developed the first
practical gas engine. This engine used a form of
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Figure 1.1 Future electronic systems (Source: Bosch Press)

Figure 1.2 Henry Ford’s first car, the Quadricycle

electric ignition employing a coil developed by
Ruhmkorff in 1851. In 1866, Karl Benz used a type
of magneto that was belt driven. He found this to be
unsuitable though, owing to the varying speed of
his engine. He solved the problem by using two pri-
mary cells to provide an ignition current.

In 1889, Georges Bouton invented contact break-
ers for a coil ignition system, thus giving positively
tuned ignition for the first time. It is arguable that this
is the ancestor of the present day ignition system.
Emile Mors used electric ignition on a low-tension
circuit supplied by accumulators that were recharged
from a belt-driven dynamo. This was the first success-
ful charging system and can be dated to around 1895.

The now formidable Bosch empire was started
in a very small way by Robert Bosch. His most
important area of early development was in con-
junction with his foreman, Fredrich Simms, when
they produced the low-tension magneto at the end
of the nineteenth century. Bosch introduced the
high-tension magneto to almost universal acceptance

[ Components 14V
=1 Components 42V

in 1902. The “H’ shaped armature of the very earli-
est magneto is now used as the Bosch trademark on
all the company’s products.

From this period onwards, the magneto was
developed to a very high standard in Europe, while
in the USA the coil and battery ignition system took
the lead. Charles F. Kettering played a vital role in
this area working for the Daytona electrical com-
pany (Delco), when he devised the ignition, starting
and lighting system for the 1912 Cadillac. Kettering
also produced a mercury-type voltage regulator.

The third-brush dynamo, first produced by
Dr Hans Leitner and R.H. Lucas, first appeared in
about 1905. This gave the driver some control over
the charging system. It became known as the con-
stant current charging system. By today’s standards
this was a very large dynamo and could produce only
about 8 A.

Many other techniques were tried over the next
decade or so to solve the problem of controlling out-
put on a constantly varying speed dynamo. Some
novel control methods were used, some with more
success than others. For example, a drive system,
which would slip beyond a certain engine speed,
was used with limited success, while one of my
favourites had a hot wire in the main output line
which, as it became red hot, caused current to
bypass it and flow through a ‘bucking’ coil to reduce
the dynamo field strength. Many variations of the
‘field warp’ technique were used. The control of
battery charging current for all these constant cur-
rent systems was poor and often relied on the driver
to switch from high to low settings. In fact, one of
the early forms of instrumentation was a dashboard
hydrometer to check the battery state of charge!

The two-brush dynamo and compensated voltage
control unit was used for the first time in the 1930s.
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Figure 1.3 Rotating magnet magneto

This gave far superior control over the charging
system and paved the way for the many other electri-
cal systems to come.

In 1936, the much-talked about move to positive
earth took place. Lucas played a major part in this
change. It was done to allow reduced spark plug
firing voltages and hence prolong electrode life.
It was also hoped to reduce corrosion between the
battery terminals and other contact points around
the car.

The 1950s was the era when lighting began to
develop towards today’s complex arrangements.
Flashing indicators were replacing the semaphore
arms and the twin filament bulb allowed more suit-
able headlights to be made. The quartz halogen
bulb, however, did not appear until the early 1970s.

Great improvements now started to take place
with the fitting of essential items such as heaters,
radios and even cigar lighters! Also in the 1960s and
1970s, many more optional extras became available,
such as windscreen washers and two-speed wipers.
Cadillac introduced full air conditioning and even a
time switch for the headlights.

The negative earth system was re-introduced in
1965 with complete acceptance. This did, however,
cause some teething problems, particularly with the
growing DIY fitment of radios and other accessories.
It was also good, of course, for the established auto-
electrical trade!

The 1970s also hailed the era of fuel injection
and electronic ignition. Instrumentation became far
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more complex and the dashboard layout was now
an important area of design. Heated rear windows
that worked were fitted as standard to some
vehicles. The alternator, first used in the USA
in the 1960s, became the norm by about 1974 in
Britain.

The extra power available and the stable supply of
the alternator was just what the electronics industry
was waiting for and, in the 1980s, the electrical sys-
tem of the vehicle changed beyond all recognition.

The advances in microcomputing and associated
technology have now made control of all vehicle
functions possible by electrical means. That is what
the rest of this book is about, so read on.

1.1.2 A chronological history

The electrical and electronic systems of the motor
vehicle are often the most feared, but at the same
time can be the most fascinating aspects of an
automobile. The complex circuits and systems now
in use have developed in a very interesting way.

For many historical developments it is not pos-
sible to be certain exactly who ‘invented’ a particu-
lar component, or indeed when, as developments
were taking place in parallel, as well as in series.

It is interesting to speculate on who we could call
the founder of the vehicle electrical system. Michael
Faraday of course deserves much acclaim, but then
of course so does Ettiene Lenoir and so does Robert
Bosch and so does Nikolaus Otto and so does ...

Perhaps we should go back even further to the
ancient Greek philosopher Thales of Miletus who,
whilst rubbing amber with fur, discovered static
electricity. The Greek word for amber is ‘elektron’.
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Thales of Miletus discovers static electricity by rubbing amber with fur.

William Gilbert showed that many substances contain “electricity’ and that, of the two types of
electricity he found different types attract while like types repel.

Otto Von Guerick invented the first electrical device, a rotating ball of sulphur.

Andreas Gordon constructed the first static generator.

Benjamin Franklin flew a kite in a thunderstorm!

Cugnot built a steam tractor in France made mostly from wood.

Luigi Galvani started a chain of events resulting in the invention of the battery.

The first battery was invented by Alessandro Volta.

Trevithick built a steam coach.

Electromagnetism was discovered by William Sturgeon.

Sir Humphery Davy discovered that breaking a circuit causes a spark.

Faraday discovered the principles of induction.

Ruhmkorff produced the first induction coil.

The accumulator was developed by the French physicist Gaston Planche.

Lenoir built an internal-combustion gas engine.

Lenoir developed “in cylinder’ combustion.

Lenoir produced the first spark-plug.

Lenoir produced a type of trembler coil ignition.

Robert Bosch was born in Albeck near Ulm in Germany.

Otto patented the four-stroke engine.

A break spark system was used in the Seigfried Marcus engine.

Otto improved the gas engine.

Hot-tube ignition was developed by Leo Funk.

Benz fitted his petrol engine to a three-wheeled carriage.

The motor car engine was developed by Gottlieb Daimler and Karl Benz.

Daimler fitted his engine to a four-wheeled carriage to produce a four-wheeled motorcar.

The Bosch low-tension magneto was used for stationary gas engines.

Hertz discovered radio waves.

Professor Ayrton built the first experimental electric car.

E. Martin used a mechanical system to show the word ‘STOP’ on a board at the rear of his car.

Georges Bouton invented contact breakers.

Panhard and Levassor started the present design of cars by putting the engine in the front.

The first successful electric car.

Emile Mors used accumulators that were recharged from a belt-driven dynamo.

Georges Bouton refined the Lenoir trembler coil.
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Figure 1.6 Sectional view of the Lucas type 6VRA Magneto

1896 Lanchester introduced epicyclic gearing, which is now used in automatic transmission.

1897 The first radio message was sent by Marconi.

1897 Bosch and Simms developed a low-tension magneto with the “‘H’ shaped armature, used for
motor vehicle ignition.

1899 Jenatzy broke the 100 kph barrier in an electric car.

1899 First speedometer introduced (mechanical).

1899 World speed record 66 mph — in an electric powered vehicle!

1901 The first Mercedes took to the roads.

1901 Lanchester produced a flywheel magneto.

1902 Bosch introduced the high-tension magneto, which was almost universally accepted.

1904 Rigolly broke the 100 mph barrier.

1905 Miller Reese invented the electric horn.

1905 The third-brush dynamo was invented by Dr Hans Leitner and R.H. Lucas.

1906 Rolls-Royce introduced the Silver Ghost.

1908 Ford used an assembly-line production to manufacture the Model T.

1908 Electric lighting appeared, produced by C.A. Vandervell.

1910 The Delco prototype of the electric starter appeared.

1911 Cadillac introduced the electric starter and dynamo lighting.

1912 Bendix invented the method of engaging a starter with the flywheel.

1912 Electric starting and lighting used by Cadillac. This ‘Delco’ electrical system was developed by
Charles F. Kettering.

1913 Ford introduced the moving conveyor belt to the assembly line.

1914 Bosch perfected the sleeve induction magneto.

1914 A buffer spring was added to starters.

1920 Duesenberg began fitting four-wheel hydraulic brakes.

1920 The Japanese made significant improvements to magnet technology.

1921 The first radio set was fitted in a car by the South Wales Wireless Society.

1922 Lancia used a unitary (all-in-one) chassis construction and independent front suspension.

1922 The Austin Seven was produced.

1925 Dr D.E. Watson developed efficient magnets for vehicle use.

1927 Segrave broke the 200 mph barrier in a Sunbeam.
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Figure 1.7 Distributor with contact breakers

1927
1928
1928

1929
1930
1930
1931
1931
1932

1934
1934
1936
1936
1937
1938
1939
1939
1939
1939
1940
1946
1947
1948
1948
1950
1951
1951
1952
1954
1954
1955

The last Ford model T was produced.

Cadillac introduced the synchromesh gearbox.

The idea for a society of engineers specializing in the auto-electrical trade was born in
Huddersfield, Yorkshire, UK.

The Lucas electric horn was introduced.

Battery coil ignition begins to supersede magneto ignition.

Magnet technologies are further improved.

Smiths introduced the electric fuel gauge.

The Vertex magneto was introduced.

The Society of Automotive Electrical Engineers held its first meeting in the Constitutional Club,
Hammersmith, London, 21 October at 3.30 pm.

Citroén pioneered front-wheel drive in their 7CV model.

The two-brush dynamo and compensated voltage control unit was first fitted.

An electric speedometer was used that consisted of an AC generator and voltmeter.

Positive earth was introduced to prolong spark-plug life and reduce battery corrosion.

Coloured wires were used for the first time.

Germany produced the Volkswagen Beetle.

Automatic advance was fitted to ignition distributors.

Car radios were banned in Britain for security reasons.

Fuse boxes start to be fitted.

Tachograph recorders were first used in Germany.

The DC speedometer was used, as were a synchronous rotor and trip meter.

Radiomobile company formed.

The transistor was invented.

Jaguar launched the XK120 sports car and Michelin introduced a radial-ply tyre.

UK manufacturers start to use 12 V electrical system.

Dunlop announced the disc brake.

Buick and Chrysler introduced power steering.

Development of petrol injection by Bosch.

Rover’s gas-turbine car set a speed record of 243 kph.

Bosch introduced fuel injection for cars.

Flashing indicators were legalized.

Citroén introduced a car with hydro-pneumatic suspension.
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Figure 1.8 Thrust SSC
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Key starting becomes a standard feature.

Wankel built his first rotary petrol engine.

Asymmetrical headlamps were introduced.

The first integrated circuit was developed.

BMC (now Rover Cars) introduced the Mini.

Alternators started to replace the dynamo.

The electronic flasher unit was developed.

Development work started on electronic control of anti-locking braking system (ABS).

Negative earth system reintroduced.

California brought in legislation regarding air pollution by cars.

In-car record players are not used with great success in Britain due to inferior suspension and
poor roads!

The Bosch Jetronic fuel injection system went into production.

Electronic speedometer introduced.

Gabelich drove a rocket-powered car, ‘Blue Flame’, to a new record speed of 1001.473 kph.

Alternators began to appear in British vehicles as the dynamo began its demise.

Dunlop introduced safety tyres, which seal themselves after a puncture.

Lucas developed head-up instrumentation display.

The first maintenance free breakerless electronic ignition was produced.

Lambda oxygen sensors were produced.

Barrett exceeded the speed of sound in the rocket-engined ‘Budweiser Rocket’ (1190.377 kph).

Bosch started series production of the Motronic fuel injection system.

The first mass-produced car with four-wheel drive, the Audi Quattro, was available.

BMW introduced the on-board computer.

Production of ABS for commercial vehicles started.

Austin Rover introduced the Maestro, the first car with a talking dashboard.

Richard Noble set an official speed record in the jet-engined ‘Thrust 2’ of 1019.4 kph.

The solar-powered ‘Sunraycer’ travelled 3000 km.

California’s emission controls aim for use of zero emission vehicles (ZEVs) by 1998.

The Mitsubishi Gallant was the first mass-produced car with four-wheel steering.

Alternators, approximately the size of early dynamos or even smaller, produced in excess of 100 A.

Fiat of Italy and Peugeot of France launched electric cars.

Fibre-optic systems used in Mercedes vehicles.

The European Parliament voted to adopt stringent control of car emissions.

Gas discharge headlamps were in production.

Japanese companies developed an imaging system that views the road through a camera.

A Japanese electric car reached a speed of 176 kph.

Emission control regulations force even further development of engine management systems.

Head-up vision enhancement systems were developed as part of the Prometheus project.
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Figure 1.9 Ford Mustang

1995 Greenpeace designed an environmentally friendly car capable of doing 67—78 miles to the gallon
(100 km per 3-3.5 litres).

1995 The first edition of Automobile Electrical and Electronic Systems was published!

1996 Further legislation on control of emissions.

1997 GM developed a number of its LeSabres for an Automated Highway System.

1998 Thrust SSC broke the sound barrier.

1998 Blue vision headlights started to be used.

1998 Mercedes ‘S’ class had 40 computers and over 100 motors.

1999 Mobile multimedia became an optional extra.

2000 Second edition of Automobile Electrical and Electronic Systems published!

2001 Global positioning systems start to become a popular optional extra.

2002 Full X-by-wire concept cars produced.

2003 Bosch celebrates 50 years of fuel injection.

2003 Ford develop the Hydrogen Internal Combustion Engine (H,ICE).

2004 Third edition of Automobile Electrical and Electronic Systems published!

And the story continues with you ...

1.2 Where next?

1.2.1 Current developments

Most manufacturers are making incremental improve-
ments to existing technology. However, electronic
control continues to be used in more areas of the
vehicle. The main ‘step change’ in the near future
will be the move to 42V systems, which opens the
door for other developments. The main changes
will be with the introduction of more X-by-wire
systems. Telematics will also develop further.
However, who really knows? Try the next section
for some new ideas.

1.2.2 An eye on the future

Evidently, my new car, which is due to arrive later
today, has a digital camera that will watch my eyes.

Something to do with stopping me from falling
asleep, | think. However, unless it pokes me in the
eye with a sharp stick it has its work cut out!
Anyway, it seems like a pointless system in a car
that drives itself most of the time.

I can’t wait for my new car to arrive.

The thing is, | intend to spend as much time sleep-
ing in my car as possible, well, when travelling long
distances anyway. The whole point of paying the extra
money for the ‘Professional’ instead of the ‘Home’
edition of the on-board software was so | could sleep
or at least work on long journeys. The fully integrated
satellite broadband connection impressed me too.
The global positioning system is supposed to be so
accurate you can even use it for parking in a tight
spot. Not that you need it to, because the auto park
and recharge was good even on my old car. The
data transfer rate, up to or down from the satellite,
is blistering — or so the 3D sales brochure said.



Figure 1.10 Sony concept vehicle interior (Source: Visteon)

This means | will be able to watch the latest HoloVids
when travelling, if I’m not working or sleeping. It will
even be useful for getting data to help with my work
as a writer. Thing is though, the maximum size of
most Macrosoft HoloWord documents is only about
4Th. A Terabyte is only a million Megabytes so |
won’t be using even half of the available bandwidth.

I hope my new car arrives soon.

I still like my existing car but it has broken down
on a number of occasions. In my opinion three
breakdowns in two years is not acceptable. And, on
the third occasion, it took the car almost four and a
half minutes to fix itself. | have come to expect a
better level of service than that. | do hope, however,
that the magnetic gas suspension is as good as the
MagnetoElastic system that | have gotten used to.

It took me a long time to decide whether to go
for the hybrid engine or to go fully electric. |
decided in the end that as the range of the batteries
was now over two hundred miles, it would be worth
the chance. After all, the tax breaks for a zero
emission car are considerable.

I will still take my new car down to the test track
because it is so much fun, but this time | have gone
for comfort rather than performance. Still, a 0 to 60
time of six seconds is not bad for a big comfortable,

Development of the automobile electrical system 9

electric powered family car. The gadget | am going
to enjoy most is the intelligent seat adjustment sys-
tem. Naturally, the system will remember and
adjust to previous settings when | unlock the car
(and it recognizes me of course). However, the new
system senses tension or changes in your body as
you sit down and makes appropriate adjustments to
the seat. Subtle temperature changes and massage
all take place without you saying anything.

I can’t wait much longer. Why isn’t the car
here yet?

My previous voice control system was good but a
bit slow at times. It had to use its colloquial database
every time | got mad with it and its built-in intelli-
gence was a bit limited. The new system is supposed
to be so smart that it even knows when to argue with
the driver. This will be useful for when | decide to
override the guidance system, as | have done on a
number of occasions and ended up getting lost every
time. Well, not really lost, because when | let the car
take over again we got back on the route within ten
minutes, but you know what | mean.

I’m also looking forward to using the computer-
enhanced vision system. Not that | will need to see
where I’m going most of the time, but it will be fun
being able to look into other people’s cars when
they think | can’t see. | wonder how well the record-
ing facility works.

Having a multi-flavour drinks dispenser will be
nice but unfortunately it doesn’t fill itself up, so if it
runs out between services | will have to learn how
to fill the water tank. | hope that improves for the
next model.

Servicing the new car is going to be much easier.
Evidently, all you have to do is take the car to the
local service centre (or send it on its own) and they
change the complete powertrain system for a new
one. Apparently it is cheaper to import new fully
integrated powertrain and chassis systems from
overseas than it is for our technicians to repair or
service the old ones! | expect it will take over an
hour for this though, so | will probably send the car
during the night or when | am working at home.

Surely the car should be here by now.

The most radical design aspect of my new car,
if it ever arrives, is the ability to switch off every
single driving aid and do it yourself! | can’t wait to
try this. However, | am led to believe that the insur-
ance cover is void if you use the car on the ‘Wired-
Roads’ (wi-ro for short). Evidently the chance of
having an accident increases a thousand fold when
people start driving themselves. Still, I’m going to
try it at some point! Problem is over ninety eight per-
cent of the roads are wi-ro now so | will have to take
care. The few that aren’t wi-ro have been taken over
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Figure 1.11 The Mondeo — a classic car (Source: Ford)

by that group of do-gooders, the ‘Friends of the
Classic Car’. You know, those people who still like to
drive things like the ancient Mondeo or Escort. To be
safe | will just use one of the test tracks.

It’s here, my new car it’s here!

It was a bit weird watching it turn up in my garage
with no driver, but everything looks just fine. It was
also a bit sad seeing my old car being towed away by
the Recovery Drone but at least the data transfer to
the new one went off without a problem. You know, |
will miss my old car. Hey, is that an unlisted feature of
my new car? | must check the ReadMe.HoloTxt file.

As | jumped in the car, the seat moved and it felt
like it was adjusting itself to my inner soul — it was
even better than | had hoped — it was just so com-
fortable. “Welcome sir’, said the car, and it made me
jump as it always does the first time! “‘Hello’ I replied
after a moment, ‘oh and please call me Tom’. ‘No
problem’, it answered without any noticeable delay.
“Would you like to go for a test drive Tom?” it asked
after a short but carefully calculated delay. I liked its
attitude so | said, “Yes, let’s go and see the boys down
at the test track’. “Would that be track five as usual
Tom?’ it continued. “Yes!” | answered, a bit sharper
than | had intended to, for this early in our relation-
ship at least. ‘If you prefer, | will deactivate my
intelligence subroutines or adjust them — you don’t
need to get cross with me!” “I’m not cross’, | told it
crossly, and then realized | was arguing with my car!
*Just take me to track five’, I told it firmly.

On the way it was so smooth and comfortable that
I almost fell asleep. Still, we got there, me and my
new friend the car, in less than half an hour which
was good. This was it then; | uncovered the master
driving aid control switch, keyed in my PIN and told
it to deactivate all assistance systems, engage the
steering stick and then leave it to me.

I like my new car!

I set off round the track, slowly at first because it
felt so strange, but it was just fantastic to be able to
control the car myself. It was even possible to steer
as well as speed up and slow down. Fantastic, yawn,
awesome ... However, | still, yawn, stretch, can’t
figure out why the car has cameras watching my
eyes. | mean, yawn, I’ve only been driving for a few
minutes and, yawn, I’m not sleepy at ...

Ouch! What was that? It felt like a sharp stick!

1.3 Self-assessment

1.3.1 Questions

1. State who invented the spark plug.

2. What significant event occurred in 18007

3. Make a simple sketch to show the circuit of a
magneto.

. Who did Frederick Simms work for?

5. Explain why positive earth vehicles were

introduced.

6. Explain why negative earth vehicles were
reintroduced.

. Which car was first fitted with a starter motor?

8. Charles F. Kettering played a vital role in the
early development of the automobile. What
was his main contribution and which company
did he work for at that time?

9. Describe briefly why legislation has a consider-
able effect on the development of automotive
systems.

10. Pick four significant events from the chronology
and describe why they were so important.

I

~

1.3.2 Project

Write a short article about driving a car in the year
2020.
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Electrical and electronic principles

2.1 Safe working practices

2.1.1 Introduction

Safe working practices in relation to electrical and
electronic systems are essential, for your safety as
well as that of others. You only have to follow two
rules to be safe.

e Use your common sense — don’t fool about.
e If in doubt — seek help.

The following section lists some particular risks
when working with electricity or electrical systems,
together with suggestions for reducing them. This is
known as risk assessment.

2.1.2 Risk assessment and
reduction

Table 2.1 lists some identified risks involved with
working on vehicles, in particular the electrical and

Table 2.1 Risks and risk reduction

electronic systems. The table is by no means exhaus-
tive but serves as a good guide.

2.2 Basic electrical
principles

2.2.1 Introduction

To understand electricity properly we must start by
finding out what it really is. This means we must
think very small (Figure 2.1 shows a representation
of an atom). The molecule is the smallest part of
matter that can be recognized as that particular mat-
ter. Sub-division of the molecule results in atoms,
which are the smallest part of matter. An element is
a substance that comprises atoms of one kind only.

The atom consists of a central nucleus made up
of protons and neutrons. Around this nucleus orbit
electrons, like planets around the sun. The neutron is
a very small part of the nucleus. It has equal positive

Identified risk Reducing the risk

Electric shock

Ignition HT is the most likely place to suffer a shock, up to 25000V is quite normal. Use insulated tools

if it is necessary to work on HT circuits with the engine running. Note that high voltages are also
present on circuits containing windings, due to back EMF as they are switched off — a few hundred volts

is common. Mains supplied power tools and their leads should be in good condition and using an earth

leakage trip is highly recommended
Sulphuric acid is corrosive so always use good personal protective equipment (PPE). In this case overalls

Battery acid

and, if necessary, rubber gloves. A rubber apron is ideal, as are goggles if working with batteries a lot
Raising or lifting vehicles  Apply brakes and/or chock the wheels when raising a vehicle on a jack or drive-on lift. Only jack under
substantial chassis and suspension structures. Use axle stands in case the jack fails

Running engines

Do not wear loose clothing, good overalls are ideal. Keep the keys in your possession when working on

an engine to prevent others starting it. Take extra care if working near running drive belts

Exhaust gases

Suitable extraction must be used if the engine is running indoors. Remember; it is not just the carbon

monoxide (CO) that might make you ill or even kill you, other exhaust components could cause asthma

or even cancer
Moving loads

Only lift what is comfortable for you; ask for help if necessary and/or use lifting equipment.As a general

guide, do not lift on your own if it feels too heavy!

Short circuits

Use a jump lead with an in-line fuse to prevent damage due to a short when testing. Disconnect the

battery (earth lead off first and back on last) if any danger of a short exists.A very high current can flow
from a vehicle battery, it will burn you as well as the vehicle

Fire Do not smoke when working on a vehicle. Fuel leaks must be attended to immediately. Remember the
triangle of fire — Heat/Fuel/Oxygen — don’t let the three sides come together

Skin problems

Use a good barrier cream and/or latex gloves.Wash skin and clothes regularly
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Figure 2.1 The atom

and negative charges and is therefore neutral and
has no polarity. The proton is another small part of
the nucleus, it is positively charged. The neutron is
neutral and the proton is positively charged, which
means that the nucleus of the atom is positively
charged. The electron is an even smaller part of the
atom, and is negatively charged. It orbits the nucleus
and is held in orbit by the attraction of the positively
charged proton. All electrons are similar no matter
what type of atom they come from.

When atoms are in a balanced state, the number
of electrons orbiting the nucleus equals the number of
protons. The atoms of some materials have electrons
that are easily detached from the parent atom and can
therefore join an adjacent atom. In so doing these
atoms move an electron from the parent atom to
another atom (like polarities repel) and so on through
material. This is a random movement and the
electrons involved are called free electrons

Materials are called conductors if the electrons
can move easily. In some materials it is extremely
difficult to move electrons from their parent atoms.
These materials are called insulators.

2.2.2 Electron flow and
conventional flow

If an electrical pressure (electromotive force or volt-
age) is applied to a conductor, a directional movement
of electrons will take place (for example when con-
necting a battery to a wire). This is because the elec-
trons are attracted to the positive side and repelled
from the negative side.

Certain conditions are necessary to cause an
electron flow:

e A pressure source, e.g. from a battery or generator.
e A complete conducting path in which the
electrons can move (e.g. wires).

Wires to complete the circuit

Switch

<>< Bulb

Battery !

[ S

-

Figure 2.2 A simple electrical circuit

An electron flow is termed an electric current.
Figure 2.2 shows a simple electric circuit where the
battery positive terminal is connected, through a
switch and lamp, to the battery negative terminal.
With the switch open the chemical energy of the
battery will remove electrons from the positive ter-
minal to the negative terminal via the battery. This
leaves the positive terminal with fewer electrons
and the negative terminal with a surplus of electrons.
An electrical pressure therefore exists between the
battery terminals.

With the switch closed, the surplus electrons at
the negative terminal will flow through the lamp
back to the electron-deficient positive terminal. The
lamp will light and the chemical energy of the bat-
tery will keep the electrons moving in this circuit
from negative to positive. This movement from
negative to positive is called the electron flow and
will continue whilst the battery supplies the
pressure — in other words whilst it remains charged.

e Electron flow is from negative to positive.

It was once thought, however, that current flowed
from positive to negative and this convention is still
followed for most practical purposes. Therefore,
although this current flow is not correct, the most
important point is that we all follow the same
convention.

e Conventional current flow is said to be from
positive to negative.

2.2.3 Effects of current flow

When a current flows in a circuit, it can produce
only three effects:

e Heat.
e Magnetism.
e Chemical effects.

The heating effect is the basis of electrical
components such as lights and heater plugs. The
magnetic effect is the basis of relays and motors
and generators. The chemical effect is the basis for
electroplating and battery charging.
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Figure 2.3 A bulb, motor and battery — heat, magnetic and
chemical effects
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Figure 2.4 An electrical circuit demonstrating links between
voltage, current, resistance and power

In the circuit shown in Figure 2.3 the chemical
energy of the battery is first converted to electrical
energy, and then into heat energy in the lamp
filament.

The three electrical effects are reversible. Heat
applied to a thermocouple will cause a small electro-
motive force and therefore a small current to flow.
Practical use of this is mainly in instruments. A coil
of wire rotated in the field of a magnet will produce
an electromotive force and can cause current to flow.
This is the basis of a generator. Chemical action,
such as in a battery, produces an electromotive force,
which can cause current to flow.

2.2.4 Fundamental quantities

In Figure 2.4, the number of electrons through the
lamp every second is described as the rate of flow.
The cause of the electron flow is the electrical pres-
sure. The lamp produces an opposition to the rate of
flow set up by the electrical pressure. Power is the
rate of doing work, or changing energy from one
form to another. These quantities as well as several
others, are given names as shown in Table 2.2.

If the voltage pressure applied to the circuit was
increased but the lamp resistance stayed the same,
then the current would also increase. If the voltage
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was maintained constant but the lamp was changed
for one with a higher resistance the current would
decrease. Ohm’s Law describes this relationship.

Ohm?’s law states that in a closed circuit “current is
proportional to the voltage and inversely proportional
to the resistance’. When 1 volt causes 1 ampere to
flow the power used (P) is 1 watt.

Using symbols this means:

\oltage = Current X Resistance
(V=1IR)or (R= VN or(l =VIR)

Power = Voltage X Current
(P=Vhor(l =P/N)or (V=P

2.2.5 Describing electrical
circuits

Three descriptive terms are useful when discussing
electrical circuits.

o Open circuit. This means the circuit is broken
therefore no current can flow.

e Short circuit. This means that a fault has caused a
wire to touch another conductor and the current
uses this as an easier way to complete the circuit.

e High resistance. This means a part of the circuit
has developed a high resistance (such as a dirty
connection), which will reduce the amount of
current that can flow.

2.2.6 Conductors, insulators
and semiconductors

All metals are conductors. Silver, copper and alu-
minium are among the best and are frequently used.
Liquids that will conduct an electric current, are
called electrolytes. Insulators are generally non-
metallic and include rubber, porcelain, glass, plas-
tics, cotton, silk, wax paper and some liquids. Some
materials can act as either insulators or conductors
depending on conditions. These are called semicon-
ductors and are used to make transistors and diodes.

2.2.7 Factors affecting the
resistance of a conductor

In an insulator, a large voltage applied will produce
a very small electron movement. In a conductor, a
small voltage applied will produce a large electron
flow or current. The amount of resistance offered by
the conductor is determined by a number of factors.

e Length — the greater the length of a conductor
the greater is the resistance.

o Cross-sectional area (CSA) — the larger the
cross-sectional area the smaller the resistance.
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Table 2.2 Quantities, symbols and units

Name Definition Common  Common Unit name Abbreviation

symbol formula

Electrical charge One coulomb is the quantity of electricity Q Q=1 coulomb C
conveyed by a current of | ampere in | second.

Electrical flow The number of electrons having passed a ) I=VIR ampere A

or current fixed point in | second.

Electrical A pressure of | volt applied to a circuit will 14 V=IR volt \%

pressure produce a current flow of | ampere if the circuit
resistance is | ohm.

Electrical This is the opposition to current flow in a material R R=Vil ohm Q

resistance or circuit when a voltage is applied across it.

Electrical Ability of a material to carry an electrical G G=IIR siemens S

conductance current. One siemens equals | ampere per volt
It was formerly called the mho, or reciprocal ohm.

Current density  The current per unit area. This is useful for ] J=1IA Am~2
calculating the required conductor (A = area)
cross-sectional areas.

Resistivity A measure of the ability of a material to p (rho) R=pL/A ohm- Om
resist the flow of an electric current. It is (L = length metre
numerically equal to the resistance of a sample of A = area)
unit length and unit cross-sectional area, and its
unit is the ohm-metre. A good conductor has a low
resistivity (1.7 X 10~8 Qm, copper); an insulator
has a high resistivity (10'> Qm, polyethane).

Conductivity The reciprocal of resistivity. o (sigma) o =llp ohm™’ Q 'm™!

metre !

Electrical power When a voltage of | volt causes a current of | P P=1Iv watt \
ampere to flow, the power developed is | watt. P=PR

P= VR

Capacitance Property of a capacitor that determines how @ C=Q/V C=¢gAld farad F
much charge can be stored in it for a given (A = plate area,d =
potential difference between its terminals. distance between,

& = permitivity of
dielectric)
Inductance Where a changing current in a circuit builds up L i=VIR(I — e~ Ry henry H

a magnetic field which induces an electromotive

force either in the same circuit and opposing
the current (self-inductance) or in another
circuit (mutual inductance).

e The material from which the conductor is
made — the resistance offered by a conductor will
vary according to the material from which it is
made. This is known as the resistivity or specific
resistance of the material.

e Temperature — most metals increase in resist-
ance as temperature increases.

Figure 2.5 shows a representation of the factors
affecting the resistance of a conductor.

2.2.8 Resistors and circuit
networks

Good conductors are used to carry the current with
minimum voltage loss due to their low resistance.
Resistors are used to control the current flow in a
circuit or to set voltage levels. They are made of
materials that have a high resistance. Resistors

intended to carry low currents are often made of
carbon. Resistors for high currents are usually wire
wound.

Resistors are often shown as part of basic elec-
trical circuits to explain the principles involved.
The circuits shown as Figure 2.6 are equivalent. In
other words, the circuit just showing resistors is
used to represent the other circuit.

When resistors are connected so that there is
only one path (Figure 2.7), for the same current to
flow through each bulb they are connected in series
and the following rules apply.

e Current is the same in all parts of the circuit.

e The applied voltage equals the sum of the volt
drops around the circuit.

e Total resistance of the circuit (Ry), equals the sum
of the individual resistance values (R; + R, etc).
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When resistors or bulbs are connected such that
they provide more than one path (Figure 2.8) for
the current to flow through and have the same volt-
age across each component they are connected in
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—i— >< Parallel
H circuit

Figure 2.8 Parallel circuit

parallel and the following rules apply.

e The voltage across all components of a parallel
circuit is the same.

e The total current equals the sum of the current
flowing in each branch.

e The current splits up depending on each compon-
ent resistance.

e The total resistance of the circuit (Ry) can be
calculated by

2.2.9 Magnetism and
electromagnetism

Magnetism can be created by a permanent magnet
or by an electromagnet (it is one of the three effects
of electricity remember). The space around a mag-
net in which the magnetic effect can be detected is
called the magnetic field. The shape of magnetic
fields in diagrams is represented by flux lines or
lines of force.
Some rules about magnetism:

e Unlike poles attract. Like poles repel.

e Lines of force in the same direction repel side-
ways, in the opposite direction they attract.

e Current flowing in a conductor will set up a mag-
netic field around the conductor. The strength of
the magnetic field is determined by how much
current is flowing.

e Ifaconductor is wound into a coil or solenoid, the
resulting magnetism is the same as a permanent
bar magnet.

Electromagnets are used in motors, relays and
fuel injectors, to name just a few applications. Force
on a current-carrying conductor in a magnetic field
is caused because of two magnetic fields interacting.
This is the basic principle of how a motor works.
Figure 2.9 shows a representation of these magnetic
effects.
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Figure 2.9 Magnetic fields

2.2.10 Electromagnetic
induction

Basic laws:

e \When a conductor cuts or is cut by magnetism,
a voltage is induced in the conductor.

e The direction of the induced voltage depends
upon the direction of the magnetic field and the
direction in which the field moves relative to the
conductor.

e The voltage level is proportional to the rate
at which the conductor cuts or is cut by the
magnetism.

This effect of induction, meaning that voltage is made
in the wire, is the basic principle of how generators
such as the alternator on a car work. A generator is a
machine that converts mechanical energy into elec-
trical energy. Figure 2.10 shows a wire moving in a
magnetic field.

2.2.11 Mutual induction

If two coils (known as the primary and secondary)
are wound on to the same iron core then any change
in magnetism of one coil will induce a voltage in to
the other. This happens when a current to the primary
coil is switched on and off. If the number of turns of
wire on the secondary coil is more than the primary,

Electricity is induced into the wire
as it moves up or down

Figure 2.10 Induction

a higher voltage can be produced. If the number of
turns of wire on the secondary coil is less than the pri-
mary a lower voltage is obtained. This is called ‘trans-
former action’ and is the principle of the ignition coil.
Figure 2.11 shows the principle of mutual induction.

The value of this ‘mutually induced’ voltage
depends on:

e The primary current.

e The turns ratio between primary and secondary
coils.

e The speed at which the magnetism changes.
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2.2.12 Definitions and laws

Ohm’s law

e For most conductors, the current which will
flow through them is directly proportional to the
voltage applied to them.

The ratio of voltage to current is referred to as
resistance. If this ratio remains constant over a wide
range of voltages, the material is said to be ‘ohmic’.

| — \Y
R

Where:

I = Current in amps

V = \oltage in volts

R = Resistance in ohms

Georg Simon Ohm was a German physicist, well
known for his work on electrical currents.

Lenz’s law

e The emfinduced in an electric circuit always acts
in a direction so that the current it creates around
the circuit will oppose the change in magnetic
flux which caused it.

Lenz’s law gives the direction of the induced emf
resulting from electromagnetic induction. The
‘opposing’ emf is often described as a ‘back emf’.

The law is named after the Estonian physicist
Heinrich Lenz.

Kirchhoff’s laws
Kirchhoff’s 1st law:

e The current flowing into a junction in a circuit
must equal the current flowing out of the junction.

This law is a direct result of the conservation of
charge; no charge can be lost in the junction, so any
charge that flows in must also flow out.
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Kirchhoff’s 2nd law:

e For any closed loop path around a circuit the sum
of the voltage gains and drops always equals zero.

This is effectively the same as the series circuit
statement that the sum of all the voltage drops will
always equal the supply voltage.

Gustav Robert Kirchhoff was a German physi-
cist; he also discovered caesium and rubidium.

Faraday’s law

e Any change in the magnetic field around a coil
of wire will cause an emf (voltage) to be induced
in the coil.

It is important to note here that no matter how the
change is produced, the voltage will be generated. In
other words, the change could be produced by chan-
ging the magnetic field strength, moving the magnetic
field towards or away from the coil, moving the coil
in or out of the magnetic field, rotating the coil rel-
ative to the magnetic field and so on! Faraday’s law
acts as a summary or reminder of the ways a volt-
age can be generated by a changing magnetic field.

LY
At

V=

Where:
V = Woltage generated in volts
N = Number of turns on the coil
B = Magnetic field strength in webbers per metre
squared (teslas)
A = Area of the pole perpendicular to the field in
metres squared
t = time in seconds
Michael Faraday was a British physicist and
chemist, well known for his discoveries of electro-
magnetic induction and of the laws of electrolysis.

Fleming’s rules

e Inan electrical machine, the First Finger lines up
with the magnetic Field, the seCond finger lines
up with the Current and the thuMb lines up with
the Motion.

Fleming’s rules relate to the direction of the magnetic
field, motion and current in electrical machines. The
left hand is used for motors, and the right hand for
generators (remember gener-righters).

The English physicist John Fleming devised
these rules.

Ampere’s law

e For any closed loop path, the sum of the length
elements times the magnetic field in the direction
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Figure 2.12 Fleming’s rules

of the elements is equal to the permeability
times the electric current enclosed in the loop.

In other words, the magnetic field around an electric
current is proportional to the electric current which
creates it and the electric field is proportional to the
charge which creates it. The magnetic field strength
around a straight wire can be calculated as follows:

Mol

27

Where:
B = Magnetic field strength in webbers per metre
squared (teslas)
o = Permeability of free space (for air this is about
4 X 10~ henrys per metre)
I = Current flowing in amps
r = radius from the wire
André Marie Ampére was a French scientist, known
for his significant contributions to the study of
electrodynamics.

Summary

It was tempting to conclude this section by stating
some of Murphy’s laws, for example:

e |If anything can go wrong, it will go wrong ...

e You will always find something in the last place
you look ...

e In a traffic jam, the lane on the motorway that
you are not in always goes faster ...

.. but I decided against it!

2.3 Electronic components
and circuits

2.3.1 Introduction

This section, describing the principles and applica-
tions of various electronic circuits, is not intended

to explain their detailed operation. The intention is
to describe briefly how the circuits work and, more
importantly, how and where they may be utilized in
vehicle applications.

The circuits described are examples of those
used and many pure electronics books are available
for further details. Overall, an understanding of
basic electronic principles will help to show how
electronic control units work, ranging from a sim-
ple interior light delay unit, to the most complicated
engine management system.

2.3.2 Components

The main devices described here are often known as
discrete components. Figure 2.13 shows the symbols
used for constructing the circuits shown later in this
section. A simple and brief description follows for
many of the components shown.

Resistors are probably the most widely used com-
ponent in electronic circuits. Two factors must be
considered when choosing a suitable resistor, namely
the ohms value and the power rating. Resistors are
used to limit current flow and provide fixed voltage
drops. Most resistors used in electronic circuits
are made from small carbon rods, and the size of
the rod determines the resistance. Carbon resistors
have a negative temperature coefficient (NTC) and
this must be considered for some applications. Thin
film resistors have more stable temperature proper-
ties and are constructed by depositing a layer of
carbon onto an insulated former such as glass. The
resistance value can be manufactured very accurately
by spiral grooves cut into the carbon film. For higher
power applications, resistors are usually wire wound.
This can, however, introduce inductance into a cir-
cuit. Variable forms of most resistors are available
in either linear or logarithmic forms. The resistance
of a circuit is its opposition to current flow.

A capacitor is a device for storing an electric
charge. In its simple form it consists of two plates
separated by an insulating material. One plate can
have excess electrons compared to the other. On
vehicles, its main uses are for reducing arcing
across contacts and for radio interference suppres-
sion circuits as well as in electronic control units.
Capacitors are described as two plates separated by
a dielectric. The area of the plates A, the distance
between them d, and the permitivity, &, of the dielec-
tric, determine the value of capacitance. This is
modelled by the equation:

C = ¢A/d

Metal foil sheets insulated by a type of paper are
often used to construct capacitors. The sheets are
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rolled up together inside a tin can. To achieve higher
values of capacitance it is necessary to reduce the
distance between the plates in order to keep the over-
all size of the device manageable. This is achieved by
immersing one plate in an electrolyte to deposit a
layer of oxide typically 10~#mm thick, thus ensuring
a higher capacitance value. The problem, however, is
that this now makes the device polarity conscious
and only able to withstand low voltages. Variable
capacitors are available that are varied by changing
either of the variables given in the previous equation.
The unit of capacitance is the farad (F). A circuit has
a capacitance of one farad (1F) when the charge
stored is one coulomb and the potential difference
is 1 V. Figure 2.14 shows a capacitor charged up from
a battery.

Diodes are often described as one-way valves
and, for most applications, this is an acceptable
description. A diode is a simple PN junction allow-
ing electron flow from the N-type material (nega-
tively biased) to the P-type material (positively
biased). The materials are usually constructed from
doped silicon. Diodes are not perfect devices and a
voltage of about 0.6V is required to switch the
diode on in its forward biased direction. Zener
diodes are very similar in operation, with the excep-
tion that they are designed to breakdown and con-
duct in the reverse direction at a pre-determined
voltage. They can be thought of as a type of pressure
relief valve.

Transistors are the devices that have allowed the
development of today’s complex and small elec-
tronic systems. They replaced the thermal-type
valves. The transistor is used as either a solid-state
switch or as an amplifier. Transistors are constructed
from the same P- and N-type semiconductor mater-
ials as the diodes, and can be either made in NPN or

Plates

Electrons are
repelled here from
the negative side
~<—— of the battery

Electrons are
attracted from here
to the battery
positive —_—

+ + + 4|+

Switch

When the switch is opened, the plates stay as shown.
This is simply called ‘charged up’

Figure 2.14 A capacitor charged up

PNP format. The three terminals are known as the
base, collector and emitter. When the base is supplied
with the correct bias the circuit between the collector
and emitter will conduct. The base current can be of
the order of 200 times less than the emitter current.
The ratio of the current flowing through the base
compared with the current through the emitter (1./1p),
is an indication of the amplification factor of the
device and is often given the symbol (.

Another type of transistor is the FET or field
effect transistor. This device has higher input
impedance than the bipolar type described above.
FETs are constructed in their basic form as n-channel
or p-channel devices. The three terminals are known
as the gate, source and drain. The voltage on the
gate terminal controls the conductance of the circuit
between the drain and the source.

Inductors are most often used as part of an oscil-
lator or amplifier circuit. In these applications, it is
essential for the inductor to be stable and to be of rea-
sonable size. The basic construction of an inductor is
a coil of wire wound on a former. It is the magnetic
effect of the changes in current flow that gives this
device the properties of inductance. Inductance is
a difficult property to control, particularly as the
inductance value increases due to magnetic coupling
with other devices. Enclosing the coil in a can will
reduce this, but eddy currents are then induced in the
can and this affects the overall inductance value. Iron
cores are used to increase the inductance value as
this changes the permeability of the core. However,
this also allows for adjustable devices by moving the
position of the core. This only allows the value to
change by a few per cent but is useful for tuning a
circuit. Inductors, particularly of higher values, are
often known as chokes and may be used in DC cir-
cuits to smooth the voltage. The value of inductance
is the henry (H). A circuit has an inductance of one
henry (1H) when a current, which is changing
at one ampere per second, induces an electromotive
force of one volt in it.

2.3.3 Integrated circuits

Integrated circuits (ICs) are constructed on a single
slice of silicon often known as a substrate. In an IC,
Some of the components mentioned previously can
be combined to carry out various tasks such as
switching, amplifying and logic functions. In fact,
the components required for these circuits can be
made directly on the slice of silicon. The great
advantage of this is not just the size of the ICs but
the speed at which they can be made to work due to
the short distances between components. Switching
speeds in excess of 1 MHz is typical.



There are four main stages in the construction of
an IC. The first of these is oxidization by exposing the
silicon slice to an oxygen stream at a high tempera-
ture. The oxide formed is an excellent insulator. The
next process is photo-etching where part of the oxide
is removed. The silicon slice is covered in a material
called a photoresist which, when exposed to light,
becomes hard. It is now possible to imprint the oxi-
dized silicon slice, which is covered with photoresist,
by a pattern from a photographic transparency. The
slice can now be washed in acid to etch back to the
silicon those areas that were not protected by being
exposed to light. The next stage is diffusion, where
the slice is heated in an atmosphere of an impurity
such as boron or phosphorus, which causes the
exposed areas to become p- or n-type silicon. The
final stage is epitaxy, which is the name given to crys-
tal growth. New layers of silicon can be grown and
doped to become n- or p-type as before. It is possible
to form resistors in a similar way and small values of
capacitance can be achieved. It is not possible to form
any useful inductance on a chip. Figure 2.15 shows a
representation of the ‘packages’ that integrated
circuits are supplied in for use in electronic circuits.

The range and types of integrated circuits now
available are so extensive that a chip is available for
almost any application. The integration level of chips
has now reached, and in many cases is exceeding,
that of VLSI (very large scale integration). This
means there can be more than 100 000 active elem-
ents on one chip. Development in this area is moving
so fast that often the science of electronics is now
concerned mostly with choosing the correct combin-
ation of chips, and discreet components are only used
as final switching or power output stages.

2.3.4 Amplifiers

The simplest form of amplifier involves just one
resistor and one transistor, as shown in Figure 2.16.
A small change of current on the input terminal will
cause a similar change of current through the tran-
sistor and an amplified signal will be evident at
the output terminal. Note however that the output

Figure 2.15 Typical integrated circuit package
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will be inverted compared with the input. This very
simple circuit has many applications when used
more as a switch than an amplifier. For example, a
very small current flowing to the input can be used
to operate, say, a relay winding connected in place
of the resistor.

One of the main problems with this type of tran-
sistor amplifier is that the gain of a transistor () can
be variable and non-linear. To overcome this, some
type of feedback is used to make a circuit with more
appropriate characteristics. Figure 2.17 shows a
more practical AC amplifier.

Resistors Rb; and Rb, set the base voltage of the
transistor and, because the base—emitter voltage is
constant at 0.6V, this in turn will set the emitter
voltage. The standing current through the collector

+V

ov

Figure 2.16 Simple amplifier circuit
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Figure 2.17 Practical AC amplifier circuit
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Figure 2.18 DC amplifier, long tail pair

and emitter resistors (R, and R,) is hence defined
and the small signal changes at the input will be
reflected in an amplified form at the output, albeit
inverted. A reasonable approximation of the voltage
gain of this circuit can be calculated as: R./R,

Capacitor C, is used to prevent any change in
DC bias at the base terminal and C, is used to
reduce the impedance of the emitter circuit. This
ensures that R, does not affect the output.

For amplification of DC signals, a differential
amplifier is often used. This amplifies the voltage
difference between two input terminals. The circuit
shown in Figure 2.18, known as the long tail pair,
is used almost universally for DC amplifiers.

The transistors are chosen such that their charac-
teristics are very similar. For discreet components,
they are supplied attached to the same heat sink
and, in integrated applications, the method of con-
struction ensures stability. Changes in the input will
affect the base—emitter voltage of each transistor in
the same way, such that the current flowing through
R. will remain constant. Any change in the tempera-
ture, for example, will effect both transistors in the
same way and therefore the differential output volt-
age will remain unchanged. The important property
of the differential amplifier is its ability to amplify
the difference between two signals but not the signals
themselves.

Rl
Feedback resistor
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Op amp L
( —V
oV
+V
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-V R,
Feedback

Non-inverting
amplifier
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Figure 2.19 Operational amplifier feedback circuits

Integrated circuit differential amplifiers are very
common, one of the most common being the 741
op-amp. This type of amplifier has a DC gain in the
region of 100 000. Operational amplifiers are used in
many applications and, in particular, can be used as
signal amplifiers. A major role for this device is also
to act as a buffer between a sensor and a load such as
adisplay. The internal circuit of these types of device
can be very complicated, but external connections
and components can be kept to a minimum. It is not
often that a gain of 100 000 is needed so, with simple
connections of a few resistors, the characteristics of
the op-amp can be changed to suit the application.
Two forms of negative feedback are used to achieve
an accurate and appropriate gain. These are shown in
Figure 2.19 and are often referred to as shunt feed-
back and proportional feedback operational amplifier
circuits.
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Figure 2.20 Frequency response of a 741 amplifier

The gain of a shunt feedback configuration is
_R
Rl
The gain with proportional feedback is

RZ
R +R,

An important point to note with this type of
amplifier is that its gain is dependent on frequency.
This, of course, is only relevant when amplifying
AC signals. Figure 2.20 shows the frequency response
of a 741 amplifier. Op-amps are basic building blocks
of many types of circuit, and some of these will be
briefly mentioned later in this section.

2.3.5 Bridge circuits

There are many types of bridge circuits but they are
all based on the principle of the Wheatstone bridge,
which is shown in Figure 2.21. The meter shown is
a very sensitive galvanometer. A simple calculation
will show that the meter will read zero when:

Rl — RS

R, R,

To use a circuit of this type to measure an
unknown resistance very accurately (R,), R; and R,
are pre-set precision resistors and R, is a precision
resistance box. The meter reads zero when the read-
ing on the resistance box is equal to the unknown
resistor. This simple principle can also be applied to
AC circuits to determine unknown inductance and
capacitance.
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Figure 2.21 Wheatstone bridge
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Figure 2.22 Bridge and amplifier circuit

A bridge and amplifier circuit, which may be
typical of a motor vehicle application, is shown in
Figure 2.22. In this circuit R; has been replaced by a
temperature measurement thermistor. The output of
the bridge is then amplified with a differential oper-
ational amplifier using shunt feedback to set the gain.

2.3.6 Schmitt trigger

The Schmitt trigger is used to change variable sig-
nals into crisp square-wave type signals for use in
digital or switching circuits. For example, a sine
wave fed into a Schmitt trigger will emerge as a
square wave with the same frequency as the input
signal. Figure 2.23 shows a simple Schmitt trigger
circuit utilizing an operational amplifier.

The output of this circuit will be either saturated
positive or saturated negative due to the high gain of
the amplifier. The trigger points are defined as the
upper and lower trigger points (UTP and LTP)
respectively. The output signal from an inductive
type distributor or a crank position sensor on a motor
vehicle will need to be passed through a Schmitt trig-
ger. This will ensure that either further processing is
easier, or switching is positive. Schmitt triggers can
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Figure 2.23 Schmitt trigger circuit utilizing an operational
amplifier

be purchased as integrated circuits in their own right
or as part of other ready-made applications.

2.3.7 Timers

In its simplest form, a timer can consist of two com-
ponents, a resistor and a capacitor. When the cap-
acitor is connected to a supply via the resistor, it is
accepted that it will become fully charged in 5CR
seconds, where R is the resistor value in ohms and
C is the capacitor value in farads. The time constant
of this circuit is CR, often-denoted .

The voltage across the capacitor (V), can be
calculated as follows:

Ve = V(I —e 'R

where V = supply voltage; t = time in seconds;
C = capacitor value in farads; R = resistor value in
ohms; e = exponential function.

These two components with suitable values can
be made to give almost any time delay, within rea-
son, and to operate or switch off a circuit using a
transistor. Figure 2.24 shows an example of a timer
circuit using this technique.

2.3.8 Filters

A filter that prevents large particles of contaminates
reaching, for example, a fuel injector is an easy con-
cept to grasp. In electronic circuits the basic idea is
just the same except the particle size is the frequency
of a signal. Electronic filters come in two main types.
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Figure 2.24 Example of a timer circuit
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Figure 2.25 Low pass and high pass filter circuits

A low pass filter, which blocks high frequencies, and
a high pass filter, which blocks low frequencies.
Many variations of these filters are possible to give
particular frequency response characteristics, such as
band pass or notch filters. Here, just the basic design
will be considered. The filters may also be active, in
that the circuit will include amplification, or passive,
when the circuit does not. Figure 2.25 shows the two
main passive filter circuits.

The principle of the filter circuits is based on the
reactance of the capacitors changing with frequency.
In fact, capacitive reactance, X. decreases with an



Collector

Emitter

Figure 2.26 Darlington pair

increase in frequency. The roll-off frequency of a
filter can be calculated as shown:

_ 1
27RC

where f = frequency at which the circuit response
begins to roll off; R = resistor value; C = capacitor
value.

It should be noted that the filters are far from per-
fect (some advanced designs come close though), and
that the roll-off frequency is not a clear-cut “‘off” but
the point at which the circuit response begins to fall.

2.3.9 Darlington pair

A Darlington pair is a simple combination of two
transistors that will give a high current gain, of typ-
ically several thousand. The transistors are usually
mounted on a heat sink and, overall, the device will
have three terminals marked as a single transistor —
base, collector and emitter. The input impedance of
this type of circuit is of the order of 1M (), hence it
will not load any previous part of a circuit connected
to its input. Figure 2.26 shows two transistors con-
nected as a Darlington pair.

The Darlington pair configuration is used for
many switching applications. A common use of
a Darlington pair is for the switching of the coil
primary current in the ignition circuit.

2.3.10 Stepper motor driver

A later section gives details of how a stepper motor
works. In this section it is the circuit used to drive the
motor that is considered. For the purpose of this
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Figure 2.27 Stepper motor control system
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Figure 2.28 Stepper motor driver circuit (power stage)

explanation, a driver circuit for a four-phase unipolar
motor is described. The function 