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Preface

Automobile electrical and electronic systems are at the same time the most
complex yet most interesting aspects of a vehicle. Well, they are to me
anyway, which is why | am particularly pleased to have produced the fourth
edition of this book!

In this edition you will find more details on EVs and HEVs as well as some
of the latest ideas about vehicle networks and much more. This book is the
second in the ‘Automotive Technology: Vehicle Maintenance and Repair’
series:

e Automobile Mechanical and Electrical Systems
e Automobile Electrical and Electronic Systems, 4th edition
¢ Automobile Advanced Fault Diagnosis, 3rd edition

Ideally, you will have studied the mechanical book, or have some experience,
before starting on this one. If not, it does start with the basics. This is the
first book of its type to be published in full colour, and concentrates on
electrical and electronic principles as well as comprehensive case studies
and examples. It will cover everything you need to advance your studies to a
higher level, no matter what qualification (if any) you are working towards.

I hope you find the content useful and informative. Comments, suggestions
and feedback are always welcome at my website: www.automotive-
technology.co.uk. You will also find links to lots of free online resources to help
with your studies.

The final chapter of this book contains assignments, questions, research
topics and more. You can look at this at any time or wait until you have studied
the rest of the book.

Good luck and | hope you find automotive technology as interesting as | still
do.


http://www.automotive-technology.co.uk.
http://www.automotive-technology.co.uk.
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OBD2/SAE terminology

ABS
AC

AC

AIR
A/T
SAP

B+
BARO
CAC
CFI

CL
CKP
CKP REF
CMP
CMP REF
co
Co,
CPP
CTOX
CTP
DEPS
DFCO
DFI
DLC
DPF
DTC
DTM
EBCM
EBTCM
EC
ECM
ECL
ECT
EEPROM
EFE
EGR
EGRT
El

EM

antilock brake system

air conditioning

air cleaner

secondary air injection
automatic transmission or transaxle
accelerator pedal

battery positive voltage
barometric pressure

charge air cooler

continuous fuel injection
closed loop

crankshaft position sensor
crankshaft reference
camshaft position sensor
camshaft reference

carbon monoxide

carbon dioxide

clutch pedal position
continuous trap oxidizer
closed throttle position
digital engine position sensor
decel fuel cut-off mode
direct fuel injection

data link connector

diesel particulate filter
diagnostic trouble code
diagnostic test mode
electronic brake control module

electronic brake traction control module

engine control

engine control module
engine coolant level

engine coolant temperature

electrically erasable programmable read only memory

early fuel evaporation
exhaust gas recirculation
EGR temperature
electronic ignition
engine modification
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EPROM
ESC
EVAP
FC
FEEPROM
FF

FP
FPROM
FT
FTP
GCM
GEN
GND
H,0
HO2S
HO2s1
HO2s2
HO2s3
HC
HVS
HVAC

IAC
IAT

Icm
IFI
IFS
/M
IPC
ISC
KOEC
KOEO
KOER
KS
KSM
LTFT
MAF
MAP
MC
MDP
MFI
MIL
MPH
MST
MVZ
NVRAM
NO,
02s
OBD
OBDI
OBDII
oc

erasable programmable read only memory
electronic stability control

evaporative emission system

fan control

flash electrically erasable programmable read only memory

flexible fuel
fuel pump
flash erasable programmable read only memory
fuel trim

federal test procedure

governor control module

generator

ground

water

heated oxygen sensor

upstream heated oxygen sensor

up or downstream heated oxygen sensor
downstream heated oxygen sensor
hydrocarbon

high voltage switch

heating ventilation and air conditioning system
intake air

idle air control

intake air temperature

ignition control circuit

ignition control module

indirect fuel injection

inertia fuel shutoff
inspection/maintenance

instrument panel cluster

idle speed control

key on, engine cranking

key on, engine off

key on, engine running

knock sensor

knock sensor module

long term fuel trim

mass airflow sensor

manifold absolute pressure sensor
mixture control

manifold differential pressure

multiport fuel injection

malfunction indicator lamp

miles per hour

manifold surface temperature

manifold vacuum zone

non-volatile random access memory
oxides of nitrogen

oxygen sensor

on-board diagnostics

on-board diagnostics generation one
on-board diagnostics, second generation
oxidation catalyst
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oL
osc
PAIR
PCM
PCV
PNP
PROM
PSA
PSP
PTOX
RAM
RM
ROM
rpm
sC
SCB
SDM
SFI
SRI
SRT
STFT
B
TBI
TC
TCC
TCM
TFP
TP
TPS
TVW
TWC
TWC+OC
VAF
VCM
VR
Vs
VSS
WU-TWC
woT
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Glossary of abbreviations and acronyms

output device monitor

open loop

oxygen sensor storage
pulsed secondary air injection
powertrain control module
positive crankcase ventilation
park/neutral switch

program read only memory
pressure switch assembly
power steering pressure
periodic trap oxidizer

random access memory
relay module

read only memory

revolutions per minute
supercharger

supercharger bypass

sensing diagnostic mode
sequential fuel injection
service reminder indicator
system readiness test

short term fuel trim

throttle body

throttle body injection
turbocharger

torque converter clutch
transmission or transaxle control module
throttle fluid pressure

throttle position

throttle position sensor
thermal vacuum valve

three way catalyst

three way + oxidation catalytic converter
volume airflow

vehicle control module
voltage regulator

vehicle sensor

vehicle speed sensor

warm up three way catalytic converter
wide open throttle

OEM and other terminology

A

AC
A/F
AT
AAV
ABS
ABSV
AC
ACTS

amps

air conditioning

air/fuel ratio

automatic transmission
anti-afterburn valve (Mazda)

antilock brake system

air bypass solenoid valve (Mazda)
alternating current

air charge temperature sensor (Ford)
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AERA
AFM
AFS
AIR
AIS
AIS
ALCL
ALDL
API
APS
APS
ASD
ASDM
ASE
ATC
ATDC
ATF
ATMC
ATS
AWD
BARO
BAT
BCM
BHP
BID
BMAP
BP
BPS
BPT
BTC
BTDC
Btu
(]

C3
C3l
C4
CAAT
CAFE
CALPAK
CANP
CARB
CAS
CAS
CcC
CcC
CCC
CCD
CCEl
CCEV
CCOoT
CCP
ccv
CDI

Automotive Engine Rebuilders Assn.

air flow meter

air flow sensor (Mitsubishi)

Air Injection Reaction (GM)

Air Injection System (Chrysler)

automatic idle speed motor (Chrysler)
assembly line communications link (GM)
assembly line data link (GM)

American Petroleum Institute

absolute pressure sensor (GM)
atmospheric pressure sensor (Mazda)
automatic shutdown relay (Chrysler)

airbag system diagnostic module (Chrysler)
Automotive Service Excellence

after top centre

after top dead centre

automatic transmission fluid

Automotive Training Managers Council

air temperature sensor (Chrysler)

all-wheel drive

barometric pressure sensor (GM)

battery

body control module (GM)

brake horsepower

Breakerless Inductive Discharge (AMC)
barometric/manifold absolute pressure sensor (Ford)
backpressure sensor (Ford)

barometric pressure sensor (Ford & Nissan)
back-pressure transducer

before top centre

before top dead centre

British thermal units

Celsius

Computer Command Control system (GM)
Computer Controlled Coil Ignition (GM)
Computer Controlled Catalytic Converter system (GM)
Council of Advanced Automotive Trainers
corporate average fuel economy
calibration pack

canister purge solenoid valve (Ford)
California Air Resources Board

Clean Air System (Chrysler)

crank angle sensor

catalytic converter

cubic centimetres

Computer Command Control system (GM)
computer controlled dwell (Ford)

Coolant Controlled Idle Enrichment (Chrysler)
Coolant Controlled Engine Vacuum Switch (Chrysler)
clutch cycling orifice tube

controlled canister purge (GM)

canister control valve

Capacitor Discharge Ignition (AMC)



CEAB
CEC
CECU
CER
CESS
CFC
CFI
cfm
CID
CID
CIS
CMP
COP
CP
CP
CPI
CPU
CSC
CSSA
CSSA
CSSH
CTAV
CTO
CTS
CTS
CTvS
cvccC
CVR
dB
DC
DEFI
DERM
DFS
DIS
DIS
DLC
DOHC
DOT
DPF
DRBII
DRCV
DSSA
DVDSV
DVDV
DVOM
EACV
EBCM
EBM
ECA
ECCS
ECM
ECS
ECT
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cold engine air bleed

Crankcase Emission Control System (Honda)
central electronic control unit (Nissan)

cold enrichment rod (Ford)

cold engine sensor switch
Chlorofluorocarbons

Cross Fire Injection (Chevrolet)

cubic feet per minute

cubic inch displacement

cylinder identification sensor (Ford)
Continuous Injection System (Bosch)
camshaft position sensor (GM)

Coil On Plug ignition

canister purge (GM)

crankshaft position sensor (Ford)

Central Port Injection (GM)

central processing unit

Coolant Spark Control (Ford)

Cold Start Spark Advance (Ford)

Cold Start Spark Advance (Ford)

Cold Start Spark Hold (Ford)

Cold Temperature Actuated Vacuum (Ford)
Coolant Temperature Override Switch (AMC)
charge temperature switch (Chrysler)
coolant temperature sensor (GM)

choke thermal vacuum switch

Compound Vortex Controlled Combustion system (Honda)
control vacuum regulator (Ford)

decibels

direct current

Digital Electronic Fuel Injection (Cadillac)
diagnostic energy reserve module (GM)
deceleration fuel shutoff (Ford)

Direct Ignition System (GM)

Distributorless Ignition System (Ford)

data link connector (GM)

dual overhead cams

Department of Transportation

diesel particulate filter

Diagnostic Readout Box (Chrysler)
distributor retard control valve

Dual Signal Spark Advance (Ford)
differential vacuum delay and separator valve
distributor vacuum delay valve

digital volt ohm meter

electronic air control valve (Honda)
electronic brake control module (GM)
electronic body module (GM)

electronic control assembly

Electronic Concentrated Control System (Nissan)
electronic control module (GM)
Evaporation Control System (Chrysler)
engine coolant temperature (Ford & GM)
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ECU
EDIS
EEC
EEC
EECS
EEPROM
EFC
EFC
EFCA
EFE
EFI
EGO
EGRPS
EGR-SV
EGRTV
El

ELB
EMI
EOS
EPA
EPOS
EPROM
ESA
ESC
ESS
EST
EVP
EVRV

F

FBC
FBCA
FCA
FCS
FDC

Fl

FLS
FMVSS
ft.Ib.
FUBAR
FWD
gal
GND
GPM
HAIS
HEGO
HEI

Hg

hp

I/P

IAC
IAT
IATS

IC

electronic control unit (Ford, Honda & Toyota)
Electronic Distributorless Ignition System (Ford)
Electronic Engine Control (Ford)

Evaporative Emission Controls (Ford)
Evaporative Emissions Control system (GM)

electronically erasable programmable read only memory chip

electronic feedback carburettor (Chrysler)
electronic fuel control

electronic fuel control assembly (Ford)
Early Fuel Evaporation system (GM)
electronic fuel injection

exhaust gas oxygen sensor (Ford)

EGR valve position sensor (Mazda)
EGR solenoid valve (Mazda)

EGR thermo valve (Chrysler)

electronic ignition (GM)

Electronic Lean Burn (Chrysler)
electromagnetic interference

exhaust oxygen sensor

Environmental Protection Agency

EGR valve position sensor (Ford)
erasable programmable read only memory chip
Electronic Spark Advance (Chrysler)
Electronic Spark Control (GM)
Electronic Spark Selection (Cadillac)
Electronic Spark Timing (GM)

EGR valve position sensor (Ford)
electronic vacuum regulator valve for EGR (GM)
Fahrenheit

feedback carburettor system (Ford & Mitsubishi)
feedback carburettor actuator (Ford)
fuel control assembly (Chrysler)

fuel control solenoid (Ford)

fuel deceleration valve (Ford)

fuel injection

fluid level sensor (GM)

Federal Motor Vehicle Safety Standards
foot pound

Fracked Up Beyond All Repair
front-wheel drive

gallon

ground

grams per mile

Heated Air Intake System (Chrysler)
heated exhaust gas oxygen sensor
High Energy Ignition (GM)

mercury

horsepower

instrument panel

idle air control (GM)

inlet air temperature sensor (Ford)
intake air temperature sensor (Mazda)
integrated circuit
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ID

IGN
IIIBDFI
IM240
IMI
ISC
ISC
ISO
ITCS
ITS
JAS
kHz
KISS
Km
kPa
KS

KV

L

Ib. ft.
LCD
LED
MACS
MAF
MAMA
MAP
MAP
MAT
MCS
MCT
MCU
MFI
MIL
MISAR

MPFI
MPG
MPH
MPI
ms
MSDS
mV
NACAT
NATEF
NHTSA
Nm
OBD
oC

oD

OE
OEM
OHC
ORC

T & T
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idle control solenoid (GM)

inside diameter

ignition

If it isn’t broke don'’t fix it
inspection/maintenance 240 program
Institute of the Motor Industry

idle speed control (GM)

idle speed control (GM)

International Standards Organization
Ignition Timing Control System (Honda)
idle tracking switch (Ford)

Jet Air System (Mitsubishi)

kilohertz

Keep It Simple Stupid!

kilometres

kilopascals

knock sensor

kilovolts

litters

pound feet

liquid crystal display

light emitting diode

Mobile Air Conditioning Society

mass airflow sensor

Midwest Automotive Media Assn.
manifold absolute pressure

Motorist Assurance Program

manifold air temperature

mixture control solenoid (GM)
manifold charge temperature (Ford)
Microprocessor Controlled Unit (Ford)
multiport fuel injection

malfunction indicator lamp
Microprocessed Sensing and Automatic Regulation (GM)
millimetres

multi point fuel injection

miles per gallon

miles per hour

multi-port injection

millisecond

material safety data sheet

millivolts

National Assn. of College Automotive Teachers
National Automotive Technician’s Education Foundation
National Highway Traffic Safety Administration
Newton meters

on-board diagnostics

oxidation converter (GM)

outside diameter

original equipment

original equipment manufacture
overhead cam

oxidation reduction catalyst (GM)
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OS oxygen sensor
OSAC Oirifice Spark Advance Control (Chrysler)
P/B power brakes
P/N  part number
PA pressure air (Honda)
PAFS Pulse Air Feeder System (Chrysler)
PAIR Pulsed Secondary Air Injection system (GM)
PCM powertrain control module (supersedes ECM)
PECV power enrichment control valve
PERA Production Engine Rebuilders Assn.
PFl port fuel injection (GM)
PGM-FI Programmed Gas Management Fuel Injection (Honda)
PIP  profile ignition pickup (Ford)
PPM parts per million
PROM program read only memory computer chip
PS power steering
PSI pounds per square inch
pt. pint
PVA ported vacuum advance
PVS ported vacuum switch
PVS ported vacuum switch
QS9000 Quality assurance standard for OEM part suppliers
Qt. quart
RABS Rear wheel Antilock Brake System (Ford)
RFl radio frequency interference
rpm revolutions per minute
RPO regular production option
RWAL Rear Wheel Antilock brake system (GM)
RWD rear-wheel drive
SAE Society of Automotive Engineers
SAVM  spark advance vacuum modulator
SCC Spark Control Computer (Chrysler)
SDI  Saab Direct Ignition
SES service engine soon indicator (GM)
SFlI  Sequential Fuel Injection (GM)
SIR  Supplemental Inflatable Restraint (air bag)
SMPI  Sequential Multiport Fuel Injection (Chrysler)
SOHC single overhead cam
SPOUT  Spark Output signal (Ford)
SRDV spark retard delay valve
SRS Supplemental Restraint System (air bag)
SS speed sensor (Honda)
SSI  Solid State Ignition (Ford)
STS Service Technicians Society
TA temperature air (Honda)
TABPV throttle air bypass valve (Ford)
TAC thermostatic air cleaner (GM)
TACH tachometer
TAD Thermactor air diverter valve (Ford)
TAV temperature actuated vacuum
TBI throttle body injection
TCC torque converter clutch (GM)
TCCS Toyota Computer Controlled System



TCS
TDC
TIC
TIV
TKS
TP
TPI
TPMS
TPP
TPS
TPT
TRS
TSP

TVS
TVS

VAC
VAF
vCC
VvDC
VDV
VIN
VSM
VSS
wWoT
wWoT
WSS
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Transmission Controlled Spark (GM)
top dead centre

thermal ignition control (Chrysler)
Thermactor idle vacuum valve (Ford)
throttle kicker solenoid (Ford)
throttle position sensor (Ford)

Tuned Port Injection (Chevrolet)

Tire Pressure Monitor System
throttle position potentiometer
throttle position sensor

throttle position transducer (Chrysler)
Transmission Regulated Spark (Ford)
throttle solenoid positioner (Ford)
throttle valve

thermal vacuum switch

thermal vacuum switch (GM)
thermal vacuum valve (GM)

volts

volts alternating current

vane airflow sensor

viscous converter clutch (GM)

volts direct current

vacuum delay valve

vehicle identification number
vehicle security module

vehicle speed sensor

wide open throttle

wide open throttle switch (GM)
wheel speed sensor
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CHAPTER

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 lodestones, 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, m
amber acquires ‘resinous electricity’; glass, however, when rubbed with silk, The story of electric power can be

acquires ‘vitreous electricity’. Electricity repels the same kind and attracts the traced back to around 600 BC.
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 sulphur 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 transferred 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 generator. In 1831 Faraday
made a machine in which a copper disc rotated between the poles of a large

Alessandro Volta, an Italian aristocrat,
invented the first battery.



William Sturgeon of Warrington,
Lancashire, made the first working
electric motor in the 1820s.
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developed the first practical gas
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coil ignition system.
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magnet. Copper strips provided contacts with the rim of the disc and the axle on
which it turned; current 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 permanent magnets. Anyos Jedlik, a Hungarian
physicist, 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 generator, 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 conceived 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 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 primary cells to provide an ignition current.

In 1889, Georges Bouton invented contact breakers 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 successful 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 conjunction 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

@ Claw-pole altemator [0 Components 14V
@ DC/DC-Converter 14V/42V =3 Components 42V
— bi-directional =

@ Signal and output distributor
— Decentral fusing
— Diagnostics
@ Energy management
— Coordination of
alternator,
power consumers (i) ¥
and drive train |
® Dual- battery electrical
system
— Reliable starting
— Safety
(By-wire-systems)

Figure 1.1 Future electronic systems (Source: Bosch Media)



Figure 1.2 1897 The De Dion-Bouton three-wheeler, with Bosch magneto

to almost universal acceptance in 1902. The ‘H’ shaped armature of the very
earliest magneto is now used as the Bosch trademark on all the company’s
products. Bosch actually created the first working magneto in 1897.

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 company (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 constant 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 output 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 current 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. This gave far superior control over the charging system
and paved the way for the many other electrical systems to come.

In 1936, the much-talked about move to positive earth took place (in the UK
mostly). Lucas played a major part in this change. It was done to allow reduced
spark plug firing voltages and hence prolong electrode life — however, there is
much debate over the reasons. 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



The 1970s hailed the era of fuel
injection and electronic ignition.

The advances in micro-
computing and associated
technology have now made
control of all vehicle functions
possible by electrical means.
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Figure 1.3 Magneto (Source: Bosch Media)

twin filament bulb allowed more suitable 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 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 system
of the vehicle changed beyond all recognition.

The advances in micro-computing 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
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Figure 1.4 A 1913 Bosch headlight

automobile. The complex circuits and systems now in use have developed in a
very interesting way.

For many historical developments it is not possible to be certain exactly who
‘invented’ a particular 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 m

of Miletus who, whilst rubbing amber with fur, discovered static electricity. The The Greek word for amber is
Greek word for amber is ‘elektron’. ‘elektron’.
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Figure 1.5 A complete circuit diagram
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€600 BC Thales of Miletus discovers static electricity by rubbing amber with fur.

cAD1550 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.

1672 Otto Von Guerick invented the first electrical device, a rotating ball of
sulphur.

1742 Andreas Gordon constructed the first static generator.
1747 Benjamin Franklin flew a kite in a thunderstorm!
1769 Cugnot built a steam tractor in France made mostly from wood.

1780 Luigi Galvani started a chain of events resulting in the invention of the
battery.

1800 The first battery was invented by Alessandro Volta.

1801 Trevithick built a steam coach.

1825 Electromagnetism was discovered by William Sturgeon.

1830 Sir Humphery Davy discovered that breaking a circuit causes a spark.
1831 Faraday discovered the principles of induction.

1851 Ruhmkorff produced the first induction coil.

1859 The accumulator was developed by the French physicist Gaston Planche.
1860 Lenoir built an internal-combustion gas engine.

1860 Lenoir developed ‘in cylinder’ combustion.

1860 Lenoir produced the first spark-plug.

1861 Lenoir produced a type of trembler coil ignition.

1861 Robert Bosch was born in Albeck near Ulm in Germany.

1870 Otto patented the four-stroke engine.

1875 A break spark system was used in the Seigfried Marcus engine.

1876 Otto improved the gas engine.

1879 Hot-tube ignition was developed by Leo Funk.

1885 Benz fitted his petrol engine to a three-wheeled carriage.

1885 The motor car engine was developed by Gottlieb Daimler and Karl Benz.

1886 Daimler fitted his engine to a four-wheeled carriage to produce a four-
wheeled motorcar.

1887 The Bosch low-tension magneto was used for stationary gas engines.
1887 Hertz discovered radio waves.
1888 Professor Ayrton built the first experimental electric car.

1889 E. Martin used a mechanical system to show the word ‘STOP’ on a board
at the rear of his car.

1889 Georges Bouton invented contact breakers.

1891 Panhard and Levassor started the present design of cars by putting the
engine in the front.

1894 The first successful electric car.

1895 Emile Mors used accumulators that were recharged from a belt-driven
dynamo.

1895 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.



Automobile electrical and electronic systems

Figure 1.7 Distributor with contact breakers

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.

1927 The last Ford model T was produced.

1928 Cadillac introduced the synchromesh gearbox.

1928 The idea for a society of engineers specializing in the auto-electrical trade
was born in Huddersfield, Yorkshire, UK.

1929 The Lucas electric horn was introduced.

1930 Battery coil ignition begins to supersede magneto ignition.
1930 Magnet technologies are further improved.

1931 Smiths introduced the electric fuel gauge.

1931 The Vertex magneto was introduced.

1932 The Society of Automotive Electrical Engineers held its first meeting in the
Constitutional Club, Hammersmith, London, 21 October at 3.30 pm.

1934 Citroén pioneered front-wheel drive in their 7CV model.

1934 The two-brush dynamo and compensated voltage control unit was first
fitted.

1936 An electric speedometer was used that consisted of an AC generator and
voltmeter.

1936 Positive earth was introduced to prolong spark-plug life and reduce battery
corrosion.

1937 Coloured wires were used for the first time.

1938 Germany produced the Volkswagen Beetle.

1939 Automatic advance was fitted to ignition distributors.
1939 Car radios were banned in Britain for security reasons.
1939 Fuse boxes start to be fitted.
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Figure 1.8 Thrust SSC

1939 Tachograph recorders were first used in Germany.

1940 The DC speedometer was used, as were a synchronous rotor and trip meter.
1946 Radiomobile company formed.

1947 The transistor was invented.

1948 Jaguar launched the XK120 sports car and Michelin introduced a radial-ply
tyre.

1948 UK manufacturers start to use 12 V electrical system.
1950 Dunlop announced the disc brake.

1951 Buick and Chrysler introduced power steering.

1951 Development of petrol injection by Bosch.

1952 Rover’s gas-turbine car set a speed record of 243 kph.
1954 Bosch introduced fuel injection for cars.

1954 Flashing indicators were legalized.

1955 Citroén introduced a car with hydro-pneumatic suspension.
1955 Key starting becomes a standard feature.

1957 Wankel built his first rotary petrol engine.

1957 Asymmetrical headlamps were introduced.

1958 The first integrated circuit was developed.

1959 BMC (now Rover Cars) introduced the Mini.

1960 Alternators started to replace the dynamo.

1963 The electronic flasher unit was developed.

1965 Development work started on electronic control of anti-locking braking
system (ABS).

1965 Negative earth system reintroduced.
1966 California brought in legislation regarding air pollution by cars.

1966 In-car record players are not used with great success in Britain due to
inferior suspension and poor roads!
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1967 The Bosch Jetronic fuel injection system went into production.
1967 Electronic speedometer introduced.

1970 Gabelich drove a rocket-powered car, ‘Blue Flame’, to a new record speed
of 1001.473 kph.

1970 Alternators began to appear in British vehicles as the dynamo began its
demise.

1972 Dunlop introduced safety tyres, which seal themselves after a puncture.
1972 Lucas developed head-up instrumentation display.

1974 The first maintenance free breakerless electronic ignition was produced.
1976 Lambda oxygen sensors were produced.

1979 Barrett exceeded the speed of sound in the rocket-engined ‘Budweiser
Rocket’ (1190.377 kph).

1979 Bosch started series production of the Motronic fuel injection system.

1980 The first mass-produced car with four-wheel drive, the Audi Quattro, was
available.

1981 BMW introduced the on-board computer.
1981 Production of ABS for commercial vehicles started.
1983 Austin Rover introduced the Maestro, the first car with a talking dashboard.

1983 Richard Noble set an official speed record in the jet-engined ‘Thrust 2’ of
1019.4 kph.

1987 The solar-powered ‘Sunraycer’ travelled 3000 km.

1988 California’s emission controls aim for use of zero emission vehicles (ZEVs)
by 1998.

1989 The Mitsubishi Gallant was the first mass-produced car with four-wheel
steering.

1989 Alternators, approximately the size of early dynamos or even smaller,
produced in excess of 100 A.

1990 Fiat of Italy and Peugeot of France launched electric cars.

1990 Fibre-optic systems used in Mercedes vehicles.

1991 The European Parliament voted to adopt stringent control of car emissions.
1991 Gas discharge headlamps were in production.

1992 Japanese companies developed an imaging system that views the road
through a camera.

1993 A Japanese electric car reached a speed of 176 kph.

1993 Emission control regulations force even further development of engine
management systems.

1994 Head-up vision enhancement systems were developed as part of the
Prometheus project.

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.
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Figure 1.9 Ford Mustang

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 (H2ICE).

2004 Third edition of Automobile Electrical and Electronic Systems published!

2005 FreeScale Semiconductor paved the way for the autonomous car
by becoming the first company to offer both integrated and stand-alone
FlexRay(TM) controllers.

2006 More sensors such as yaw are integrated into a single control chip.
2007 Tesla Roadster EV first on sale.

2008 BMW'’s safety and assistance telematics service, ConnectedDrive released
in the UK.

2009 Experimentation with car platooning by Volvo and others as part of the
SARTRE project.

2009 KERS first used in formula 1.
2010 Twin motor wipers go into production.

2011 This fourth edition of Automobile Electrical and Electronic Systems was
published!

2012 The semantic web changes automotive training systems...
2013 F1 uses light hybrid engines...
20-- And the story continues with you...

11



12

Automobile electrical and electronic systems

1.2 Where next?

1.2.1 Current developments

Greater electronic control continues to be a key area of development on the

car. However, an emerging technology is the networked car and the endless
possibilities that this could bring — some good, some bad of course. Hybrid cars
are now mainstream and full EVs will not be far behind.

An area that | speculate may become more significant is the use of satellite
navigation systems for far more than getting you to a destination. One area
of research is looking at adapting the engine operating characteristics and
maximum speed — based on where the car is on the map. Scary!

The next three sections are reprints from the first three editions of this book
where | speculated, to the point of fantasy, where the automotive electrical
system would end up. Somewhat spookily many of the ideas | came up with are
now available.

Section 1.2.4 dares to speculate even further but it is not a very long story...

1.2.2 Auto-electrical systems in the next
millennium

(First published 1995)

Imagine what a vehicle will be like which is totally controlled by electronic
systems. Imagine a vehicle with total on board diagnostic systems to pin-point
any fault and the repairs required. Imagine a vehicle controlled by a 64 bit
computer system with almost limitless memory. Imagine a vehicle with artificial
intelligence to take all the operating decisions for you which also learns what
you like and where you are likely to go. Finally imagine all of the above ideas
combined with an automatic guidance system which works from cables laid
under the road surface. Imagine what it would be like when it really went wrong!

However, picture this: Monday morning 15 January 2020, 08:00 hours. You are
due at work by 09:00 which is just enough time to get there even though it is only
fifteen miles away (the fourteen lane M25 soon filled to capacity), but at least
access to the wire guided lane helps.

A shiver of cold as you walk from the door of your house through the layer of
snow makes you glad you paid the extra for the XYZ version of the ‘car’. As you
would expect the windows of the car are already defrosted and as you touch the
thumb print recognition padd and the door opens slowly a comforting waft of
warm air hits you. It is still a little difficult to realise that the car anticipated that
you would need it this morning and warmed the interior ready for your arrival.

Once the door is closed and the seat belts lift ready for you to snap into place

a message appears on the windscreen. ‘Good morning Tom’, you find that a

little irritating as usual, ‘All systems are fully operational except the rear collision
avoidance radar’ (again). ‘I have taken the liberty of switching to a first line
back-up system and have made a booking with the workshop computer via the
radio modem link.” You can’t help but feel some control has been lost, but still it's
one less thing for you to worry about. ‘Shall we begin the journey, | have laid in

a course for your work, is this correct?’ Being able to speak to your car was odd
at first but one soon gets used to these things. ‘Yes’, you say, and the journey
begins.
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It is always comforting to know that the tyre pressures and treads automatically
adjust to the road and weather conditions. Even the suspension and steering

is fine tuned. The temperature as usual is now just right, without you even
having to touch a control. This is because the temperature and climate control
system soon learned that you prefer to feel very warm when you first sit in the
car but like to cool the temperature down as the journey progresses. A small
adjustment to the humidity would seem to be in order so you tell the car. ‘I will
ensure | remember the change in future’, appears on the screen.

Part way in to the journey the car slows down and takes a turning not part of
your usual route to work. The car decides to override the block you placed on
audio communication, as it knows you will be wondering what happened. ‘Sorry
about the change of route Tom but the road report transmission suggested this
way would be quicker due to snow clearing.” ‘We will still be at work on time.’

The rest of the journey is uneventful and as usual you spend time working on
some papers but can’t resist seeing if you can hear when the diesel engine takes
over from the electric. It's very difficult though because the active noise reduction
is so good these days.

The car arrives at your place of work and parks in its usual place. For a change
you remember to take the control unit with you so the car doesn’t have to remind
you again. It’s very good really though, as the car will not work without it and

you can use it to tell the car when you need it next and so on. The car can also
contact you if for example unauthorised entry is attempted.

Finally one touch on the outside control padd and the doors close and lock
setting the alarm system at the same time.

While you are at work the car runs its fifth full diagnostic check of the day and

finds no further faults. The sodium batteries need topping up so the car sets a

magnetic induction link with the underground transformer and the batteries are
soon fully charged.

The car now drops into standby mode after having set the time to start preparing
for your journey home which it has learnt has an 85% probability of being via the
local pub...

1.2.3 Automobile systems in the next millennium -
“‘The modern driver’

(First published 2000)

The best thing about wire guided car systems is that you can still take control
from time to time! | often do some work as my car is taking me on a journey,
which is good. Today though - is a day off.

‘Please enter details of your journey,” said the car in its uncannily human voice.
The voice can be adjusted, but it’s even worse when it sounds like Professor
Stephen Hawking. ‘I’'m going to drive for a change’ | told it, but as usual it
persisted, ‘Would you like me to plan the best route?’ ‘No!’ | said, ‘not today.’

‘All diagnostic routines have been run during the night and no faults found,’ it
continued. At this point | told it quite succinctly, not to speak again unless in an
emergency. After accessing its ‘colloquial database’, it appeared to understand -
and stopped talking!

Today | wanted to really drive. Pulling out of the garage | set off towards my
favourite test track. It was the proactive suspension that | wanted to put through
its paces. As well as the obvious surface scanning lasers, the new system
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uses magnetoelastic springs. This system could, in theory, not only change the
suspension stiffness on each wheel instantly, it could also change the damping
characteristics. We will see!

As usual | tried to feel when the electric motor cut out and the turbine cut in, but
as usual, | couldn’t. The high performance electromechanical torque storage
system made sure of that.

Passing other cars on the road reminded me of my first time driving with a joystick
instead of a steering wheel, it was weird, too much like a three-dimensional
computer simulation. However, now | am used to it | don’t think | could go back!

| was about half way to the test track, according to the guidance system, when
the unthinkable happened - the car stopped. ‘What’s going on’ | demanded, and,
as the car had interpreted this event as an emergency, it answered, ‘An unknown
system error has occurred, please wait for further details.’ | explained that it
should proceed with all haste. Again the ‘colloquial database’ must have been
useful because it said ‘Accessing at maximum speed, please be patient.’

Three minutes later the system stated up again like nothing had happened. ‘All
systems fully functional using first line backups’ the car announced, with what
could only be described as a little pride in its artificial voice. ‘What was wrong?’
| asked, which seemed like a reasonable question at the time. ‘A comparative
run time error occurred in the second parallel processor line due to an incorrect
digital signal response from the main sensor area network data bus responsible
for critical system monitoring,’ the car replied. “You mean a wire fell off’ | said.
‘Yes’ it admitted after consulting its ‘concise lexicographical response database’.
| think it’s about time somebody invented a system that could bypass faults to
repair itself, without having to stop the car. That three minutes could have been
important!

At last | reached the test track and switched the car into full sports mode.

‘All vehicle control systems adjusted to optimum settings for test track seven,’
the car told me. Test track seven is great for putting the car through its paces.
It has banked corners, ‘S’ bends, cobbled surface sections and even a water
splash. There were only a few other drivers on the track so today was going to
be the day.

| pulled out on to the track and floored the pedal. The car took off like crazy with
the traction control allowing just enough wheel spin to gain maximum possible
acceleration. The active steering felt great on the first corner; | could feel it
fighting the tendency to oversteer by adjusting the four-wheel steering as well
as diverting drive from one wheel to another. Plunging into the water trap at

full speed nearly fooled the steering — but not quite. The wipers even switched
on just before the water hit the screen. As | accelerated out of the ‘S’ bends
another car pulled out of a side lane right in front of me — | noticed just in time.

| hit the brakes as hard as | could and the ABS stopped me in plenty of time.
Off | went again, this time on to the cobbled section although it didn’t feel any
different to the rest of the smooth track. | was just about to tell the car to check
its magnetoelastic suspension system, when | realised that it must have been
working! Just as | was about to finish my first lap, the head up display flashed
‘Automatic Overtake?’ in front of me. ‘Go for it!’ | shouted and the car overtook
the one in front like it was standing still. This was a great day for driving.

On the way home, as usual, the car had predicted that | would be going via the
local pub and had set a route accordingly. | parked the car, well it parked itself
really, in the inductive recharge slot, and | went in for a well-earned drink.

| couldn’t wait to tell my friends what real driving was all about.
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1.2.4 An eye on the future

(First published 2004)

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

The thing is | intend to spend as much time sleeping 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 onboard soft-
ware 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 anyway. 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 4Tb. A
Terabyte is only a million Megabytes so | won’t be using even half of the available
bandwidth. | hope my new car arrives soon.

| 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
become 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 really gone for comfort rather than performance. Still a 0

to 60 time of six seconds is not bad for a big comfortable, electric powered
family car. The gadget | am going to enjoy most is the intelligent seat adjustment
system. Naturally, the system will remember and adjust to previous settings when
I unlock the car (and it recognises me of course). However, the new system even
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 even saying anything. | 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 intelligence
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 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
I will need to see where I’'m going most of the time but it will be fun being able to
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look into other people’s cars when they think | can’t see. | wonder how well the
recording 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 insurance 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 percent of the roads are wi-ro
now so | will have to take care. The few that aren’t wi-ro have been taken over
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 herel!

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 comfortable.
‘Welcome sir,” said the car, and it made me jump as it always does the first
time! ‘Hello’ | 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. | 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, well, for this early in our relationship anyway. ‘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 realised | was arguing
with my car! ‘Just take me to track five,’ | told it firmly.

On the way, it was just so smooth and comfortable that | almost fell asleep. Still
we got there, me and my new friend the car, in less than half an hour so that 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. | like my new car!

| 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.
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1.2.5 The death of the car - Energise?

(First published 2011)

Most of the time now | don’t go to work; this is not because | don’t have a car
anymore, but because | don’t really need to travel. Anything | can do at work |
can do at home because of the ‘uber-fast’ Internet connection that allows full 3D
conferencing and access to all the data in the world via the semantic web.

Of course when | do need a car | just call one up and it delivers itself within 10
or 15 minutes and, when | tell it my destination, off | go under full GPS guided
control.

Mind you, when the new point-to-point particle transporter (PTPPT) system is
finished even the GPS car will not be needed.

However, | am glad | kept my old BMW 5 series M-Sport to play in at the week-
ends; it only has something like ten ECUs, three communication networks, GPRS
connected systems, central ISO electronic control and throttle by wire so it is
pretty easy to repair.

® Definition

PTPPT: Point-to-point particle
fransporter.

Ah, those were the days...

Figure 1.11 Sony concept vehicle
interior (Source: Visteon)

Figure 1.10 Robert Bosch built his first magneto ignition device in 1887 for a mechanical
engineer. The ignition unit, used in a stationary petrol/gasoline engine, aroused Robert Bosch's
technical curiosity
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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 [f 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 electronic systems. The table is by no means
exhaustive 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 matter. 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 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

f Safety first

The key to safe working: Common

sense.
electron
proton
®
g
£
® o
®

neutron
nucleus

Figure 2.1 The atom
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Table 2.1 Risks and risk reduction

Identified risk Reducing the risk

Electric shock

lgnition HT is the most likely place to suffer a shock, up to 40 000 Volts 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. Only work on HEV and EVs if training in the high voltage systems.

Battery acid

Sulphuric acid is corrosive so always use good PPE. In this case, overalls 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 and 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 falils.

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 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 bat-
tery (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.

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 voltage) is applied to a conductor,
a directional movement of electrons will take place (for example when connecting
a battery to a wire). This is because the electrons are attracted to the positive
side and repelled from the negative side.

Certain conditions are necessary to cause an electron flow:

¢ A pressure source, e.g. from a battery or generator.
e A complete conducting path in which the electrons can move (e.g. wires).
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Figure 2.2 Electronic components have made technology such as the 200+ km/h Tesla
Roadster possible (Source: Tesla Motors)

An electron flow is termed an electric current. Figure 2.3 shows a simple electric
circuit where the battery positive terminal is connected, through a switch and Switch
lamp, to the battery negative terminal. With the switch open the chemical energy
of the battery will remove electrons from the positive terminal 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 Figure 2.3 A simple electrical circuit
through the lamp back to the electron-deficient positive terminal. The lamp will

light and the chemical energy of the battery 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.

L. Ik

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

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:

® Heat
e Magnetism
e Chemical.

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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The three electrical effects are
reversible.

Automobile electrical and electronic systems

Heating
effect
in a bulb

o B

Magnetic effect
in a motor
or generator

Chemical effect
in the battery

Figure 2.4 A bulb, motor and battery — heat, magnetic and chemical effects

In the circuit shown in Figure 2.4 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 electromotive 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 2.5, 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
pressure. 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 on page 28.

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
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:
Voltage = Current X Resistance
(V=1IR)or (R=V/l)or (I = V/R)
Power = Voltage X Current
(P=Vhor(l=P/V)or (V=P/)

2.2.5 Describing electrical circuits

Three descriptive terms are useful when discussing electrical circuits.

e 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.

¢ 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.
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Current flow

The battery  __

has avoltage | v

or pressure. | P ><> R

Ahigher The bulb has

Er:aelf:ur:\eo ::" —I_ a resistance to

current flow « ﬂovy. A highgr
The power of a bulb Fes starite Wil

reduce the

says how much energy

it will convert to heat

and light. Higher power
makes more light so more
current will flow

flow of current

Figure 2.5 An electrical circuit demonstrating links between voltage, current, resistance and
power

2.2.6 Conductors, insulators and semiconductors

All metals are conductors. Silver, copper and aluminium 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, plastics, cotton, silk, wax paper and some liquids. Some materials can
act as either insulators or conductors depending on conditions. These are called
semiconductors 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 (Figure 2.6).

® Length - the greater the length of a conductor the greater is the resistance.

e Cross-sectional area (CSA) — the larger the cross-sectional area the smaller the
resistance.

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 resistance as temperature increases.

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 electrical circuits to explain the
principles involved. The circuits shown as Figure 2.7 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 2.8), for the
same current to flow through each bulb they are connected in series and the
following rules apply.

23
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Resistors are used to control the
current flow in a circuit or to set
voltage levels.
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Electrical conductor Increased length
increases resistance

=) )

Increased cross-sectional area
reduces resistance

Q)

Different materials have
different resistances

-

Temperature changes resistance
Resistance of most metals

increases as
— temperature
increases
o
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Figure 2.6 Factors affecting electrical resistance

O,

|
[

)
Is represented by

i N ey

|
N

T Figure 2.7 An equivalent circuit

Figure 2.8 Series circuit ) ) o
e Current is the same in all parts of the circuit.

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

e Total resistance of the circuit (RT) equals the sum of the individual resistance
values (R, + R, etc.).

I <>< When resistors or bulbs are connected such that they provide more than one
path (Figure 2.9 shows two paths) for the current to flow through and have the
same voltage across each component they are connected in parallel and the

—[— following rules apply.
’ e The voltage across all components of a parallel circuit is the same.
Figure 2.9 Parallel circuit e The total current equals the sum of the current flowing in each branch.
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e The current splits up depending on each component resistance.
¢ The total resistance of the circuit (RT) can be calculated by

1/R, =1/R, + 1/R, or
R, =R, XR)/(R, +R)

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
magnet 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.

¢ Lines of force in the same direction repel sideways, in the opposite direction
they attract.

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

¢ [f a conductor 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 2.10 shows a representation of these magnetic
fields.

Current flowing

Current flowing
towards us

away from us

Section of a motor

Figure 2.10 Magnetic fields
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Definition

A generator is a machine that
converts mechanical energy into
electrical energy.

Transformer action is the principle
of the ignition caill,
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Figure 2.12 Mutual induction
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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.

* 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 electrical energy. Figure 2.11
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, a higher voltage can be produced. If the number of turns of wire on the
secondary coil is less than the primary a lower voltage is obtained. This is called
‘transformer action’ and is the principle of the ignition coil. Figure 2.12 shows
the principle of mutual induction. The value of this ‘mutually induced’ voltage
depends on:

® The primary current.
® The turns ratio between primary and secondary coils.
* The speed at which the magnetism changes.

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’.
V=IR
where: | = Current in amps, V = Voltage in volts, R = Resistance in ohms.
Georg Simon Ohm was a German physicist, well known for his work on electrical
currents.
Lenz’s law

* The emf induced 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.
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Kirchhoff’s laws

Kirchhoff’s 1st law:

¢ 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.

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 physicist; he also discovered caesium
and rubidium.

Faraday’s law

¢ 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
changing 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
relative to the magnetic field and so on!

Michael Faraday was a British physicist and chemist, well known for his
discoveries of electromagnetic induction and of the laws of electrolysis.

Fleming’s rules

¢ In an 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

¢ For any closed loop path, the sum of the length elements times the magnetic
field in the direction 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.

André Marie Ampere 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 [f anything can go wrong, it will go wrong ...

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

27

Figure 2.13 Fleming's rules
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¢ |n a traffic jam, the lane on the motorway that you are not in always goes

faster ...
... but | decided against it!

Table 2.2 Quantities, symbols and units

Definition

Common formula

Abbreviation

Electrical One coulomb is the quantity of electricity Q Q=1 coulomb C
charge conveyed by a current of one ampere in
one second.
Electrical flow  The number of electrons past a fixed / [=V/R ampere A
or current point in one second
Electrical A pressure of 1 volt applied to a circuit V V=IR Volt V
pressure will produce a current flow of 1 amp if the
circutt resistance is 1 ohm.
Electrical This is the opposition to current flowina R R=V/ ohm 9}
resistance material or circuit when a voltage is ap-
plied across it.
Electrical Ability of a material to carry an electrical G G=1/R siemens S
conductance  current. One siemens equals one am-
pere per volt. It was formerly called the
mho or reciprocal ohm.
Current The current per unit area. This is useful J J=I/A Am=
density for 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 Qm
resist the flow of an electric current. It is (L = length meter
numerically equal to the resistance of a A = area)
sample of unit length and unit cross-
sectional area, and its unit is the ohmme-
ter. A good conductor has a low resistivity
(1.7 x 108Q m copper); an insulator has
a high resistivity (10  m polyethane)
Conductivity ~ The reciprocal of resistivity o(sigma) o=1/p ohm Q'm!
meter~'
Electrical When a voltage of 1 volt causes a cur- = P =y watt W
power rent of 1 amp to flow the power devel- P=HR
oped is 1 watt. P=V/R
Capacitance  Property of a capacitor that determines C C=QV farad F
how much charge can be stored in it for C =eAMd
a given potential difference between its (A = plate area, d =
terminals distance between, e =
permittivity of dielectric)
Inductance Where a changing current in a circuit L ; _Z“ —e*’M) (i= henry H
builds up a magnetic field which induces R

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

instantaneous current,
R =resistance, L =
inductance, t = time,

e = base of natural logs)

(Continued)
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Definition Common formula Abbreviation

Table 2.2 (Continued)

Magnetic field Magnetic field strength is one of two H H =B, amperes  A/m
strength or ways that the intensity of a magnetic field (u, being the magnetic ~ per meter  (An older unit
intensity can be expressed. A distinction is made permeability of space) for magnetic
between magnetic field strength H and field strength is
magnetic flux density B. the oersted: 1
A/m =0.01257
oersted)
Magnetic flux A measure of the strength of a magnetic & (phi) & = UHA weber Wb
field over a given area. (L = magnetic permea-

bility, H = magnetic field
intensity, A = area)

Magnetic flux  The density of magnetic flux, one tesla B B =H/A tesla T
density is equal to one weber per square meter. B=Hxu
Also measured in Newton-meters per (L = magnetic perme-
ampere (Nm/A) ability of the substance,
A = area)

2.3 Electronic components and circuits

2.3.1 Introduction

This section, describing the principles and applications 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 simple 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
2.14 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 component 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 properties 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
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inductance into a circuit. Variable forms of most resistors are available in either
linear or logarithmic forms. The resistance of a circuit is its opposition to current
flow. .

Y . . . o . . Negative temperature coefficient
A capacitor is a device for storing an electric charge. In its simple form it consists (NTO): As temperature increases,
of two plates separated by an insulating material. One plate can have excess resistance decreases.
electrons compared to the other. On vehicles, its main uses are for reducing
arcing across contacts and for radio interference suppression 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
permittivity (€), of the dielectric, determine the value of capacitance. This is
modelled by the equation:

C=¢A/Md

Metal foil sheets insulated by a type of paper are often used to construct
capacitors. The sheets are 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 overall size of the device manageable. This is achieved by
immersing one plate in an electrolyte to deposit a layer of oxide typically 104 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 (1 F) when the charge stored

is one coulomb and the potential difference is 1 V. Figure 2.15 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 allowing electron
flow from the N-type material (negatively 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 0.6 V is required to switch the diode
on in its forward biased direction. Zener diodes are very similar in operation, with
the exception that they are designed to breakdown and conduct in the reverse

Plates

Electrons are

repelled here from

the negative side
<+—— of the battery

Electrons are
attracted from here
to the battery
positve ~ ——

+ + + + |+

~ ‘ |- | -
Switch I

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

Figure 2.15 A capacitor charged up
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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 electronic 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 materials as the diodes,
and can be either made in NPN or 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./1), 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.

A further and important development in transistor technology is the insulate gate
bipolar transistor (IGBT). The insulated gate bipolar transistor (Figure 2.16) is a
three-terminal power semiconductor device, noted for high efficiency and fast
switching. It switches electric power in many modern appliances: electric cars,
trains, variable speed refrigerators, air-conditioners and even stereo systems
with switching ampilifiers. Since it is designed to rapidly turn on and off,
amplifiers that use it often synthesize complex waveforms with pulse width
modulation and low-pass filters.

Inductors are most often used as part of an oscillator or amplifier circuit. In these
applications, it is essential for the inductor to be stable and to be of reasonable
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 circuits to smooth the voltage. The value of

Figure 2.16 IGBT packages (Source: Telsa Motors)
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inductance is the henry (H). A circuit has an inductance of one henry (1 H) 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
temperature. 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 oxidized 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 crystal 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 2.18 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 elements on

=

Figure 2.18 Typical integrated circuit
Figure 2.17 Integrated circuit components package
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Figure 2.19 Simple ampilifier circuit
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one chip. Development in this area is moving so fast that often the science of
electronics is now concerned mostly with choosing the correct combination 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 2.19. A small change of current on the input terminal will cause
a similar change of current through the transistor and an amplified signal will
be evident at the output terminal. Note however that the output 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 transistor 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
2.20 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 0.6 V, this in turn will set the emitter voltage.
The standing current through the collector and emitter resistors (Rc and Re) 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: Rc/Re.

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 Re
does not affect the output.

+V
Rb, R,
Output
C, c
Input | | b
F Decoupling

capacitor

Rb, e
CZ

Figure 2.20 Practical AC amplifier circuit
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Figure 2.21 DC amplifier, long tail pair

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 2.21, known as the long tail pair, is used almost universally for DC
amplifiers.

The transistors are chosen such that their characteristics are very similar. For
discreet components, they are supplied attached to the same heat sink and, in
integrated applications, the method of construction 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 Re will remain constant. Any change
in the temperature, for example, will affect both transistors in the same way and
therefore the differential output voltage 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.

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 a display. 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 2.22 and are often referred to as shunt feedback and
proportional feedback operational amplifier circuits.

The gain with shunt (parallel) feedback is: -R,/R,
The gain with proportional feedback is: R,/(R, + R,)
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Figure 2.22 Operational amplifier feedback circuits

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 2.23 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.

Operational amplifier gain is
dependent on frequency.

Gain
100 000—
10 000
1000
100
10
| | | 1
10 100 1000 10000
Frequency Hz

Figure 2.23 Frequency response of a 741 amplifier
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Figure 2.24 \Wheatstone bridge

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 2.24. The meter shown is a very
sensitive galvanometer. A simple calculation will show that the meter will read
zero when:

R/R, = R/R,

To use a circuit of this type to measure an unknown resistance very accurately
(R1), R3 and R4 are pre-set precision resistors and R2 is a precision resistance
box. The meter reads zero when the reading 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.

A bridge and amplifier circuit, which may be typical of a motor vehicle
application, is shown in Figure 2.25. In this circuit R, has been replaced by a
temperature measurement thermistor. The output of the bridge is then amplified
with a differential operational amplifier using shunt feedback to set the gain.

2.3.6 Schmitt trigger

The Schmitt trigger is used to change variable signals into crisp square-wave
type signals for use in digital or switching circuits. For example, a sine wave fed

Thermistor ﬁ
-t°

amp

Il

|

Figure 2.25 Bridge and ampilifier circuit.
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Figure 2.26 Schmitt trigger circuit utilizing an operational amplifier

into a Schmitt trigger will emerge as a square wave with the same frequency as
the input signal. Figure 2.26 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 trigger. This will ensure that either further processing
is easier, or switching is positive. Schmitt triggers can 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 components, a resistor and

a capacitor. When the capacitor 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 (Vc), can be calculated as follows:

V= V(I - e
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 reason, and to operate or switch off a circuit using a transistor.
Figure 2.27 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 concept to grasp. In electronic circuits the basic idea is just
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Relay coil
for example

Figure 2.27 Example of a timer circuit

the same except the particle size is the frequency of a signal. Electronic filters
come in two main types: 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 2.28 shows the two
main passive filter circuits.

Low pass filter R
£ = b
I
e,
High pass filter l (S

Figure 2.28 Low pass and high pass filter circuits
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L i! ¥ "l’ II The principle of the filter circuits is based on the reactance of the capacitors
Definition b changing with frequency. In fact, capacitive reactance, X decreases with an

Reactance: The non-resistive increase in frequency. The roll-off frequency of a filter can be calculated as
component of impedance in an shown:

AC circuit, due to the effect of 1

inductance or capacitance or = -

both. It also causes the current to 2nFRC

be out of phase with the voltage. 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 perfect (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 typically 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 1MQ, hence it will not load any previous part of a
m circuit connected to its input. Figure 2.29 shows two transistors connected as a
The Darlington pair configuration Darlington pair.

is used for many switching
applications.

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

Collector

Emitter

Figure 2.29 Darlington pair
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Figure 2.30 Stepper motor control system

explanation, a driver circuit for a four-phase unipolar motor is described. The
function of a stepper motor driver is to convert the digital and ‘wattless’ (no
significant power content) process control signals into signals to operate the
motor coils. The process of controlling a stepper motor is best described with
reference to a block diagram of the complete control system, as shown in
Figure 2.30.

The process control block shown represents the signal output from the main
part of an engine management ECU (electronic control unit). The signal is then
converted in a simple logic circuit to suitable pulses for controlling the motor.
These pulses will then drive the motor via a power stage. Figure 2.31 shows a
simplified circuit of a power stage designed to control four motor windings.

2.3.11 Digital to analogue conversion

Conversion from digital signals to an analogue signal is a relatively simple
process. When an operational amplifier is configured with shunt feedback the
input and feedback resistors determine the gain.

Gain = -R/R,
If the digital-to-analogue converted circuit is connected as shown in Figure 2.32
then the ‘weighting’ of each input line can be determined by choosing suitable
resistor values. In the case of the four-bit digital signal, as shown, the most
significant bit will be amplified with a gain of one. The next bit will be amplified
with a gain of 1/2, the next bit 1/4 and, in this case, the least significant bit will
be amplified with a gain of 1/8. This circuit is often referred to as an adder. The
output signal produced is therefore a voltage proportional to the value of the
digital input number.

+V
Stepper
Motor
Coils
Inputs from
Logic Stage
oV

Figure 2.31 Stepper motor driver circuit (power stage)

a
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Figure 2.32 Digital-to-analogue converter

The main problem with this system is that the accuracy of the output depends
on the tolerance of the resistors. Other types of digital-to-analogue converter
are available, such as the R2R ladder network, but the principle of operation is
similar to the above description.

2.3.12 Analogue to digital conversion

The purpose of this circuit is to convert an analogue signal, such as that received
from a temperature thermistor, into a digital signal for use by a computer or

a logic system. Most systems work by comparing the output of a digital-to-
analogue converter (DAC) with the input voltage. Figure 2.33 is a ramp analogue-
to-digital converter (ADC). This type is slower than some others but is simple in

Clock
D—__H Counter

®
@
Output
utpu ®
L 2
pAC |
a
b Analogue Input
———————
Comparator
Output

until
Input a = Input b

Figure 2.33 Ramp analogue to digital converter
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operation. The output of a binary counter is connected to the input of the DAC,
the output of which will be a ramp. This voltage is compared with the input
voltage and the counter is stopped when the two are equal. The count value

is then a digital representation of the input voltage. The operation of the other
digital components in this circuit will be explained in the next section.

ADCs are available in IC form and can work to very high speeds at typical
resolutions of one part in 4096 (12-bit word). The speed of operation is critical
when converting variable or oscillating input signals. As a rule, the sampling rate
must be at least twice the frequency of the input signal.

2.4 Digital electronics

2.4.1 Introduction to digital circuits

With some practical problems, it is possible to express the outcome as a simple
yes/no or true/false answer. Let us take a simple example: if the answer to either
the first or the second question is ‘yes’, then switch on the brake warning light, if
both answers are ‘no’ then switch it off.

1. Is the handbrake on?
2. Is the level in the brake fluid reservoir low?

In this case, we need the output of an electrical circuit to be ‘on’ when either one
or both of the inputs to the circuit are ‘on’. The inputs will be via simple switches
on the handbrake and in the brake reservoir. The digital device required to carry
out the above task is an OR gate, which will be described in the next section.

Once a problem can be described in logic states then a suitable digital or logic
circuit can also determine the answer to the problem. Simple circuits can also be
constructed to hold the logic state of their last input — these are, in effect, simple
forms of ‘memory’. By combining vast quantities of these basic digital building
blocks, circuits can be constructed to carry out the most complex tasks in a
fraction of a second. Due to integrated circuit technology, it is now possible to
create hundreds of thousands if not millions of these basic circuits on one chip.
This has given rise to the modern electronic control systems used for vehicle
applications as well as all the countless other uses for a computer.

In electronic circuits, true/false values are assigned voltage values. In one
system, known as TTL (transistor-transistor-logic), true or logic ‘1’, is represented
by a voltage of 5 V and false or logic ‘0’, by OV.

2.4.2 Logic gates

The symbols and truth tables for the basic logic gates are shown in Figure 2.34.
A truth table is used to describe what combination of inputs will produce a
particular output.

The AND gate will only produce an output of ‘1’ if both inputs (or all inputs as it

can have more than two) are also at logic ‘1’. Output is ‘1’ when inputs A AND B
are ‘1°.

The OR gate will produce an output when either A OR B (OR both), are ‘1’. Again
more than two inputs can be used.

A NOT gate is a very simple device where the output will always be the opposite
logic state from the input. In this case A is NOT B and, of course, this can only be
a single input and single output device.
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Definition

DAC: Digital-to-analogue converter.
ADC: Analogue-to-digital converter.

If a problem can be described in
logic states then a digital or logic
circuit can also determine the

answer to the problem.

A truth table is used to describe what
combination of inputs will produce a
particular output.



a Automobile electrical and electronic systems

NOT
a b
E g )
0 1
AND
a_ a b G
- B
b 0 | 0
| | |
a OR a b c
> 0 0 0
b | 0
0
|
NAND

Iv |~
uﬁ
-—|o|—olm
—|—lOololo

a

»

n
-|o|—|olw
-0 o
O|0|O|=—|Nn

U
o)
—lol=lol»
bl bt L L4 A4
o|—|—lo|n

Figure 2.34 | ogic gates and truth tables

The AND and OR gates can each be combined with the NOT gate to produce the
NAND and NOR gates, respectively. These two gates have been found to be the
most versatile and are used extensively for construction of more complicated logic
circuits. The output of these two is the inverse of the original AND and OR gates.

The final gate, known as the exclusive OR gate, or XOR, can only be a two-input
device. This gate will produce an output only when A OR B is at logic ‘1’ but not
when they are both the same.

2.4.3 Combinational logic

Circuits consisting of many logic gates, as described in the previous section, are
called combinational logic circuits. They have no memory or counter circuits and
can be represented by a simple block diagram with N inputs and Z outputs. The
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Figure 2.35 Combinational logic to compare inputs

first stage in the design process of creating a combinational logic circuit is to
define the required relationship between the inputs and outputs.

Let’s consider a situation where we need a circuit to compare two sets of three
inputs and, if they are not the same, to provide a single logic ‘1’ output. This is
oversimplified, but could be used to compare the actions of a system with twin
safety circuits, such as an ABS electronic control unit. The logic circuit could be
made to operate a warning light if a discrepancy exists between the two safety
circuits. Figure 2.35 shows the block diagram and one suggestion for how this
circuit could be constructed.

Referring to the truth tables for basic logic circuits, the XOR gate seemed the
most appropriate to carry out the comparison: it will only produce a ‘0’ output
when its inputs are the same. The outputs of the three XOR gates are then
supplied to a three-input OR gate which, providing all its inputs are ‘0’, will
output ‘0’. If any of its inputs change to ‘1’ the output will change to ‘1’ and the
warning light will be illuminated.

Other combinations of gates can be configured to achieve any task. A popular
use is to construct an adder circuit to perform addition of two binary numbers.
Subtraction is achieved by converting the subtraction to addition (4 -3 = 1 is the
same as 4 + [-3] = 1). Adders are also used to multiply and divide numbers, as
this is actually repeated addition or repeated subtraction.

2.4.4 Sequential logic

The logic circuits discussed above have been simple combinations of various
gates. The output of each system was only determined by the present inputs.
Circuits that have the ability to memorize previous inputs or logic states, are
known as sequential logic circuits. In these circuits the sequence of past inputs

determines the current output. Because sequential circuits store information
after the inputs are removed, they are the basic building blocks of computer m
memories. Circuits that have the ability to

Basic memory circuits are called bistables as they have two steady states. memorize previous inputs or logic

. states, are known as sequential
They are, however, more often referred to as flip-flops. logic cirauts.

There are three main types of flip-flop: an RS memory, a D-type flip-flop and a
JK-type flip-flop. The RS memory can be constructed by using two NAND and —



Counters are constructed from a
series of bistable devices.
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two NOT gates, as shown in Figure 2.33 next to the actual symbol. If we start
with both inputs at ‘0’ and output X is at ‘1’ then as output X goes to the input of
the other NAND gate its output will be ‘0’. If input A is now changed to ‘1’ output
X will change to ‘0’, which will in turn cause output Y to go to ‘1’. The outputs
have changed over. If A now reverts to ‘1’ the outputs will remain the same until
B goes to ‘1’, causing the outputs to change over again. In this way the circuit
remembers which input was last at ‘1’. If it was A then X'is ‘0’ and Y is ‘17, if it
was B then Xis ‘1’ and Y is ‘0’. This is the simplest form of memory circuit. The
RS stands for set-reset.

The second type of flip-flop is the D-type. It has two inputs labelled CK (for
clock) and D; the outputs are labelled Q and Q-. These are often called ‘Q’

and ‘not Q’. The output Q takes on the logic state of D when the clock pulse is
applied. The JK-type flip-flop is a combination of the previous two flip-flops. It
has two main inputs like the RS type but now labelled J and K and it is controlled
by a clock pulse like the D-type. The outputs are again ‘Q’ and ‘not Q’. The
circuit remembers the last input to change in the same way as the RS memory
did. The main difference is that the change-over of the outputs will only occur on
the clock pulse. The outputs will also change over if both J and K are at logic ‘1’,
this was not allowed in the RS type.

2.4.5 Timers and counters

A device often used as a timer is called a ‘mono-stable’ as it has only one steady
state. Accurate and easily controllable timer circuits are made using this device.
A capacitor and resistor combination is used to provide the delay. Figure 2.36
shows a monostable timer circuit with the resistor and capacitor attached.

Every time the input goes from 0 to 1, the output Q will go from 0 to 1 for t
seconds. The other output Q will do the opposite. Many variations of this type of
timer are available. The time delay (t) is usually 0.7RC.

Counters are constructed from a series of bistable devices (Figure 2.37). A binary
counter will count clock pulses at its input. Figure 2.38 shows a four-bit counter
constructed from D-type flip-flops. These counters are called ‘ripple through’

or non-synchronous, because the change of state ripples through from the

least significant bit and the outputs do not change simultaneously. The type of
triggering is important for the system to work as a counter. In this case, negative
edge triggering is used, which means that the devices change state when the
clock pulse changes from ‘1’ to ‘0’. The counters can be configured to count up
or down.

In low-speed applications, ‘ripple through’ is not a problem but at higher speeds
the delay in changing from one number to the next may be critical. To get over
this asynchronous problem a synchronous counter can be constructed from

R
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—— - ——ef
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Figure 2.36 Monostable timer circuit with a resistor and capacitor attached
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Figure 2.37 D-type and JK-type flip-flop (bistables). A metnod using NAND gates to make an
RS type is also shown

Definition

Bit: 1 oit

Nioble: 4 bits

Byte: 8 bits

kb: kilobit

Figure 2.38 Four-bit counter from D-type flip-flops kB: kilobyte (1024 bits)

Word: A defined number of bits.

JK-type flip-flops, together with some simple combinational logic. Figure 2.39
shows a four-bit synchronous up-counter.

With this arrangement, all outputs change simultaneously because the

combinational logic looks at the preceding stages and sets the JK inputs to a ‘1’ — } Q
if a toggle is required. Counters are also available ‘ready-made’ in a variety of €] CK J
forms including counting to non-binary bases in the up or down mode. K Q
2.4.6 Memory circuits —4

Electronic circuits constructed using flip-flops as described above are one form
of memory. If the flip-flops are connected as shown in Figure 2.40 they form a

simple eight-bit word memory. This, however, is usually called a register rather
than memory.
Eight bits (binary digits) are often referred to as one byte. Therefore, the register >

shown has a memory of one byte. When more than one register is used, an

address is required to access or store the data in a particular register. Figure 2.41
shows a block diagram of a four-byte memory system. Also shown is an address
bus, as each area of this memory is allocated a unique address. A control bus is Inpak s —=5 Output
also needed as explained below.

In order to store information (write), or to get information (read), from the system

shown, it is necessary first to select the register containing the required data. €
—=<
—»{] Q - -
3 (&8 A <] B <] C 1 D
K Q| - LD o~ e —

Count input

Figure 2.40 Eight-bit register using
Figure 2.39 Four-bit synchronous up-counter flip-flops
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Figure 2.41 Four-byte memory card with address lines and decoders

This task is achieved by allocating an address to each register. The address bus
in this example will only need two lines to select one of four memory locations
using an address decoder.

The addresses will be binary; ‘00’, ‘01°, ‘10’ and ‘11’ such that if ‘11’ is on

the address bus the simple combinational logic (AND gate), will only operate
one register, usually via a pin marked CS or chip select. Once a register has
been selected, a signal from the control bus will ‘tell’ the register whether to
read from or write to, the data bus. A clock pulse will ensure all operations are
synchronized.

This example may appear to be a complicated way of accessing just four bytes
of data. In fact, it is the principle of this technique, which is important, as the
same method can be applied to access memory chips containing vast quantities
of data. Note that with an address bus of two lines, 4 bytes could be accessed
(22 4). If the number of address lines was increased to eight, then 256 bytes
would be available (28 256). Ten address lines will address one kilobyte of data
and so on.

The memory, which has just been described, together with the techniques used
to access the data are typical of most computer systems. The type of memory is
known as random access memory (RAM). Data can be written to and read from
this type of memory but note that the memory is volatile, in other words it will
‘forget’ all its information when the power is switched off!

Another type of memory that can be ‘read from’ but not ‘written to’ is known

as read only memory (ROM). This type of memory has data permanently stored
and is not lost when power is switched off. There are many types of ROM, which
hold permanent data, but one other is worthy of a mention, that is EPROM. This
stands for erasable, programmable, read only memory. Its data can be changed
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with special equipment (some are erased with ultraviolet light), but for all other
purposes its memory is permanent. In an engine management electronic control
unit (ECU), operating data and a controlling program are stored in ROM, whereas i
instantaneous data (engine speed, load, temperature etc.) are stored in RAM.

2.4.7 Clock or astable circuits l \

Control circuits made of logic gates and flip-flops usually require an oscillator
circuit to act as a clock. Figure 2.42 shows a very popular device, the 555-timer 588
chip.

The external resistors and capacitor will set the frequency of the output due
to the charge time of the capacitor. Comparators inside the chip cause the

output to set and reset the memory (a flip-flop) as the capacitor is charged and E—
discharged alternately to 1/3 and 2/3 of the supply voltage. The output of the
chip is in the form of a square wave signal. The chip also has a reset pin to stop L

—_ ov

or start the output.

Figure 2.42 Astable circuit using a

5551C
2.5 Microprocessor systems

2.5.1 Introduction

The advent of the microprocessor has made it possible for tremendous advances
in all areas of electronic control, not least of these in the motor vehicle. Designers
have found that the control of vehicle systems — which is now required to meet
the customers’ needs and the demands of regulations — has made it necessary
to use computer control. Figure 2.43 shows a block diagram of a microcomputer
containing the four major parts. These are the input and output ports, some form
of memory and the CPU or central processing unit (microprocessor). It is likely
that some systems will incorporate more memory chips and other specialized
components. Three buses carrying data, addresses and control signals link each
of the parts shown. If all the main elements as introduced above are constructed
on one chip, it is referred to as a microcontroller.

2.5.2 Ports

The input port of a microcomputer system receives signals from peripherals or
external components. In the case of a personal computer system, a keyboard is

ROM

Output
port

Input
port

Microprocessor

RAM

Figure 2.43 Basic microcomputer block diagram
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one provider of information to the input port. A motor vehicle application could
be the signal from a temperature sensor, which has been analogue to digital
converted. These signals must be in digital form and usually between 0 and

5 V. A computer system, whether a PC or used on a vehicle, will have several
input ports.

The output port is used to send binary signals to external peripherals. A personal
computer may require output to a monitor and printer, and a vehicle computer
may, for example, output to a circuit that will control the switching of the ignition
coil.

2.5.3 Central processing unit (CPU)

The central processing unit or microprocessor is the heart of any computer
system. It is able to carry out calculations, make decisions and be in control

of the rest of the system. The microprocessor works at a rate controlled by a
system clock, which generates a square wave signal usually produced by a
crystal oscillator. Modern microprocessor controlled systems can work at clock
speeds in excess of 300 MHz. The microprocessor is the device that controls the
computer via the address, data and control buses. Many vehicle systems use
microcontrollers and these are discussed later in this section.

2.5.4 Memory

The way in which memory actually works was discussed briefly in an earlier
section. We will now look at how it is used in a microprocessor controlled
system. Memory is the part of the system that stores both the instructions for
the microprocessor (the program) and any data that the microprocessor will need
to execute the instructions.

It is convenient to think of memory as a series of pigeon-holes, which are each
able to store data. Each of the pigeon-holes must have an address, simply to
distinguish them from each other and so that the microprocessor will ‘know’ where
a particular piece of information is stored. Information stored in memory, whether
it is data or part of the program, is usually stored sequentially. It is worth noting
that the microprocessor reads the program instructions from sequential memory
addresses and then carries out the required actions. In modern PC systems,
memories can be of 128 megabytes or more! Vehicle microprocessor controlled
systems do not require as much memory but mobile multimedia systems will.

2.5.5 Buses

A computer system requires three buses to communicate with or control its
operations. The three buses are the data bus, address bus and the control bus.
Each one of these has a particular function within the system.

The data bus is used to carry information from one part of the computer to
another. It is known as a bi-directional bus as information can be carried in any
direction. The data bus is generally 4, 8, 16 or 32 bits wide. It is important to note
that only one piece of information at a time may be on the data bus. Typically, it
is used to carry data from memory or an input port to the microprocessor or from
the microprocessor to an output port. The address bus must first address the
data that is accessed.

The address bus starts in the microprocessor and is a unidirectional bus. Each
part of a computer system, whether memory or a port, has a unique address in
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binary format. Each of these locations can be addressed by the microprocessor
and the held data placed on the data bus. The address bus, in effect, tells the
computer which part of its system is to be used at any one moment.

Finally, the control bus, as the name suggests, allows the microprocessor, in the
main, to control the rest of the system. The control bus may have up to 20 lines
but has four main control signals. These are read, write, input/output request
and memory request. The address bus will indicate which part of the computer
system is to operate at any given time and the control bus will indicate how that
part should operate. For example, if the microprocessor requires information
from a memory location, the address of the particular location is placed on the
address bus. The control bus will contain two signals, one memory request and
one read signal. This will cause the contents of the memory at one particular
address to be placed on the data bus. These data may then be used by the
microprocessor to carry out another instruction.

2.5.6 Fetch-execute sequence

A microprocessor operates at very high speed, controlled by the system clock.
Broadly speaking, the microprocessor has a simple task. It has to fetch an
instruction from memory, decode the instruction and then carry out or execute the
instruction. This cycle, which is carried out relentlessly (even if the instruction is

to do nothing), is known as the fetch—-execute sequence. Earlier in this section it
was mentioned that most instructions are stored in consecutive memory locations
such that the microprocessor, when carrying out the fetch—-execute cycle, is
accessing one instruction after another from sequential memory locations.

The full sequence of events may be very much as follows.

e The microprocessor places the address of the next memory location on the
address bus.

e At the same time a memory read signal is placed on the control bus.

e The data from the addressed memory location are placed on the data bus.

e The data from the data bus are temporarily stored in the microprocessor.

e The instruction is decoded in the microprocessor internal logic circuits.

e The ‘execute’ phase is now carried out. This can be as simple as adding two
numbers inside the microprocessor or it may require data to be output to a
port. If the latter is the case, then the address of the port will be placed on the
address bus and a control bus ‘write’ signal is generated.

The fetch and decode phase will take the same time for all instructions, but the
execute phase will vary depending on the particular instruction. The actual time
taken depends on the complexity of the instructions and the speed of the clock
frequency to the microprocessor.

2.5.7 A typical microprocessor

Figure 2.44 shows the architecture of a simplified microprocessor, which contains
five registers, a control unit and the arithmetic logic unit (ALU).

The operation code register (OCR) is used to hold the op-code of the instruction
currently being executed. The control unit uses the contents of the OCR to
determine the actions required. The temporary address register (TAR) is used to
hold the operand of the instruction if it is to be treated as an address. It outputs
to the address bus. The temporary data register (TDR) is used to hold data, which
are to be operated on by the ALU, its output is therefore to an input of the ALU.
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One operating cycle in a
microprocessor is known
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A microprocessor operates at
very high speed, controlled by the
system clock.



Automobile electrical and electronic systems

Data bus

Address bus

NONC

Z X

= )

ALU

| <5

Control

Clock

Figure 2.44 Simplified microprocessor with five registers, a control unit and the ALU or
arithmetic logic unit

The ALU carries out additions and logic operations on data held in the TDR and

the accumulator. The accumulator (AC) is a register, which is accessible to the
programmer and is used to keep such data as a running total.

The instruction pointer (IP) outputs to the address bus so that its contents can

be used to locate instructions in the main memory. It is an incremental register,

meaning that its contents can be incremented by one directly by a signal from
the control unit.

Execution of instructions in a microprocessor proceeds on a step by step basis,
controlled by signals from the control unit via the internal control bus. The control

unit issues signals as it receives clock pulses.

The process of instruction execution is as follows:

1.
. Control unit sends out control signals.

. Action is initiated by the appropriate components.

. Control unit receives the clock pulse.

. Control unit sends out control signals.

. Action is initiated by the appropriate components. And so on.

O A~ ONDN

Control unit receives the clock pulse.

A typical sequence of instructions to add a number to the one already in the
accumulator is as follows:

1.
. Main memory is read and contents placed on the data bus.
. Data on the data bus are copied into OCR.

. IP contents incremented by one.

. IP contents placed on the address bus.

. Main memory is read and contents placed on the data bus.
. Data on the data bus are copied into TDR.

. ALU adds TDR and AC and places result on the data bus.

. Data on the data bus are copied into AC.

. IP contents incremented by one.

© 0O NO O A~AWONDN

-
o

IP contents placed on the address bus.
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The accumulator now holds the running total. Steps 1 to 4 are the fetch
sequence and steps 5 to 10 the execute sequence. If the full fetch—-execute
sequence above was carried out, say, nine times this would be the equivalent of
multiplying the number in the accumulator by 10! This gives an indication as to
just how basic the level of operation is within a computer.

Now to take a giant step forwards. It is possible to see how the microprocessor

in an engine management ECU can compare a value held in a RAM location with
one held in a ROM location. The result of this comparison of, say, instantaneous
engine speed in RAM and a pre-programmed figure in ROM, could be to set the

ignition timing to another pre-programmed figure.

2.5.8 Microcontrollers

As integration technology advanced it became possible to build a complete
computer on a single chip. This is known as a microcontroller. The
microcontroller must contain a microprocessor, memory (RAM and/or ROM),
input ports and output ports. A clock is included in some cases.

A typical family of microcontrollers is the ‘Intel’ 8051 series. These were first
introduced in 1980 but are still a popular choice for designers. A more up-to-date
member of this family is the 87C528 microcontroller which has 32K EPROM, 512
bytes of RAM, three (16 bit) timers, four I/O ports and a built in serial interface.

Microcontrollers are available such that a pre-programmed ROM may be included.
These are usually made to order and are only supplied to the original customer.
Figure 2.45 shows a simplified block diagram of the 8051 microcontroller.

Port 0 Port 2

I L1
RAM
address P RAM ] | I
register —‘/—‘
ROM
1 |
—~
1w
B Reg | A Reg | TRoP | e
Reg
T
Reg

Program
status
word

Control Instruction |]

Unit Reg |

Figure 2.45 Simplified block diagram of the 8051 microcontroller
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2.5.9 Testing microcontroller systems

If a microcontroller system is to be constructed with the program (set of
instructions) permanently held in ROM, considerable testing of the program is
required. This is because, once the microcontroller goes into production, tens if not
hundreds of thousands of units will be made. A hundred thousand microcontrollers
with a hard-wired bug in the program would be a very expensive error!

There are two main ways in which software for a microcontroller can be tested.
The first, which is used in the early stages of program development, is by a
simulator. A simulator is a program that is executed on a general purpose
computer and which simulates the instruction set of the microcontroller. This
method does not test the input or output devices.

The most useful aid for testing and debugging is an in-circuit emulator. The
emulator is fitted in the circuit in place of the microcontroller and is, in turn,
connected to a general purpose computer. The microcontroller program can then
be tested in conjunction with the rest of the hardware with which it is designed to
work. The PC controls the system and allows different procedures to be tested.
Changes to the program can easily be made at this stage of the development.

2.5.10 Programming

To produce a program for a computer, whether it is for a PC or a microcontroller-
based system is generally a six-stage process.

1 Requirement analysis

This seeks to establish whether in fact a computer-based approach is in fact the
best option. It is, in effect, a feasibility study.

2 Task definition

The next step is to produce a concise and unambiguous description of what is to
be done. The outcome of this stage is to produce the functional specifications of
the program.

3 Program design

The best approach here is to split the overall task into a number of smaller tasks.
Each of which can be split again and so on if required. Each of the smaller tasks
can then become a module of the final program. A flow chart like the one shown
in Figure 2.46 is often the result of this stage, as such charts show the way
subtasks interrelate.

4 Coding

This is the representation of each program module in a computer language.

The programs are often written in a high-level language such as Turbo C, Pascal
or even Basic. Turbo C and C are popular as they work well in program modules
and produce a faster working program than many of the other languages.

When the source code has been produced in the high-level language, individual
modules are linked and then compiled into machine language - in other words
a language consisting of just ‘1s’ and ‘0s’ and in the correct order for the
microprocessor to understand.

5 Validation and debugging

Once the coding is completed it must be tested extensively. This was touched
upon in the previous section but it is important to note that the program must be
tested under the most extreme conditions. Overall, the tests must show that, for
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Figure 2.46 Computer program flowchart

an extensive range of inputs, the program must produce the required outputs. In
fact, it must prove that it can do what it was intended to do! A technique known
as single stepping where the program is run one step at a time, is a useful aid for
debugging.

6 Operation and maintenance

Finally, the program runs and works but, in some cases, problems may not show
up for years and some maintenance of the program may be required for new
production; the Millennium bug, for example!

The six steps above should not be seen in isolation, as often the production of a
program is iterative and steps may need to be repeated several times.

Some example programs and source code examples can be downloaded from
my web site (the URL address is given in the preface).

2.6 Measurement

2.6.1 What is measurement

Measurement is the act of measuring physical quantities to obtain data that
are transmitted to recording/display devices and/or to control devices. The
term ‘instrumentation’ is often used in this context to describe the science and
technology of the measurement system.

The first task of any measurement system is to translate the physical value to be
measured, known as the measurand, into another physical variable, which can
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be used to operate the display or control device. In the motor vehicle system,
the majority of measurands are converted into electrical signals. The sensors that
carry out this conversion are often called transducers.

2.6.2 A measurement system

A complete measurement system will vary depending on many factors but many
vehicle systems will consist of the following stages.

1. Physical variable.
2. Transduction.

3. Electrical variable.

4. Signal processing.

5. A/D conversion.

6. Signal processing.

7. Display or use by a control device.

Some systems may not require Steps 5 and 6. As an example, consider a
temperature measurement system with a digital display. This will help to illustrate
the above seven-step process.

1. Engine water temperature.

2. Thermistor.

3. Resistance decreases with temperature increase.

4. Linearization.

5. A/D conversion.

6. Conversion to drive a digital display.

. Digital read-out as a number or a bar graph.

~J

Figure 2.47 shows a complete measurement system as a block diagram.

2.6.3 Sources of error in measurement

An important question to ask when designing an instrumentation or
measurement system is: What effect will the measurement system have on the
variable being measured?

Consider the water temperature measurement example discussed in the previous
section. If the transducer is immersed in a liquid, which is at a higher temperature
than the surroundings, then the transducer will conduct away some of the heat
and lower the temperature of the liquid. This effect is likely to be negligible in

this example, but in others, it may not be so small. However, even in this case

it is possible that, due to the fitting of the transducer, the water temperature
surrounding the sensor will be lower than the rest of the system. This is known

as an invasive measurement. A better example may be that if a device is fitted
into a petrol pipe to measure flow rate, then it is likely that the device itself

will restrict the flow in some way. Returning to the previous example of the
temperature transducer it is also possible that the very small current passing
through the transducer will have a heating effect.

Signal .
Sensor | processing | A/D | Driver || Display

Figure 2.47 Measurement system block diagram
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Errors in a measurement system affect the overall accuracy. Errors are also
not just due to invasion of the system. There are many terms associated with
performance characteristics of transducers and measurement systems.
Some of these terms are considered below.

Errors in a measurement system
affect the overall accuracy.
Accuracy

A descriptive term meaning how close the measured value of a quantity is to its
actual value. Accuracy is expressed usually as a maximum error. For example, if
a length of about 30 cm is measured with an ordinary wooden ruler then the error
may be up to 1 mm too high or too low. This is quoted as an accuracy of 1 mm.
This may also be expressed as a percentage which in this case would be 0.33%.
An electrical meter is often quoted as the maximum error being a percentage

of full-scale deflection. The maximum error or accuracy is contributed to by a
number of factors explained below.

Resolution

The ‘fineness’ with which a measurement can be made. This must be
distinguished from accuracy. If a quality steel ruler were made to a very high
standard but only had markings or graduations of one per centimetre it would
have a low resolution even though the graduations were very accurate.

Hysteresis

For a given value of the measurand, the output of the system depends on
whether the measurand has acquired its value by increasing or decreasing from
its previous value. You can prove this next time you weigh yourself on some
scales. If you step on gently you will ‘weigh less’ than if you jump on and the
scales overshoot and then settle.

Repeatability

The closeness of agreement of the readings when a number of consecutive
measurements are taken of a chosen value during full range traverses of the
measurand. If a 5 kg set of weighing scales was increased from zero to 5 kg in
1 kg steps a number of times, then the spread of readings is the repeatability.
It is often expressed as a percentage of full scale.

Zero error or zero shift

The displacement of a reading from zero when no reading should be apparent.
An analogue electrical test meter, for example, often has some form of
adjustment to zero the needle.

Linearity

The response of a transducer is often non-linear (see the response of a
thermistor in the next section). Where possible, a transducer is used in its linear
region. Non-linearity is usually quoted as a percentage over the range in which
the device is designed to work.

Sensitivity or scale factor

A measure of the incremental change in output for a given change in the input
quantity. Sensitivity is quoted effectively as the slope of a graph in the linear
region. A figure of 0.1 V/°C for example, would indicate that a system would
increase its output by 0.1 V for every 1 °C increase in temperature of the input.

Response time

The time taken by the output of a system to respond to a change in the input.
A system measuring engine oil pressure needs a faster response time than a fuel
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tank quantity system. Errors in the output will be apparent if the measurement is
taken quicker than the response time.

Looking again at the seven steps involved in a measurement system will highlight
the potential sources of error.

. Invasive measurement error.

. Non-linearity of the transducer.

. Noise in the transmission path.

. Errors in amplifiers and other components.

. Quantization errors when digital conversion takes place.

. Display driver resolution.

. Reading error of the final display.

N OO O~ OON=

Many good textbooks are available for further study, devoted solely to the
subject of measurement and instrumentation. This section is intended to provide
the reader with a basic grounding in the subject.

2.7.1 Thermistors

Thermistors are the most common device used for temperature measurement on
a motor vehicle. The principle of measurement is that a change in temperature
will cause a change in resistance of the thermistor, and hence an electrical signal
proportional to the measured can be obtained.

Most thermistors in common use are of the negative temperature coefficient
(NTC) type (but not all). The actual response of the thermistors can vary but
typical values for those used in motor vehicles will vary from several kilo ohms
(k€2) at 0 °C to a few hundred ohms at 100 °C. The large change in resistance
for a small change in temperature makes the thermistor ideal for most vehicles’
uses. It can also be easily tested with simple equipment.

Thermistors are constructed of semiconductor materials such as cobalt or nickel
oxides. The change in resistance with a change in temperature is due to the
electrons being able to break free from the covalent bonds more easily at higher
temperatures; this is shown in Figure 2.49(i). A thermistor temperature measuring
system can be very sensitive due to large changes in resistance with a relatively
small change in temperature. A simple circuit to provide a varying voltage signal
proportional to temperature is shown in Figure 2.49(ii). Note the supply must be
constant and the current flowing must not significantly heat the thermistor. These
could both be sources of error.

The temperature of a typical thermistor will increase by 1 °C for each 1.3 mW

of power dissipated. Figure 2.49(jii) shows the resistance against temperature
curve for a thermistor. This highlights the main problem with a thermistor, its
non-linear response. Using a suitable bridge circuit, it is possible to produce
non-linearity that will partially compensate for the thermistor’s non-linearity. This
is represented by Figure 2.49(iv). The combination of these two responses is also
shown. The optimum linearity is achieved when the mid points of the temperature
and the voltage ranges lie on the curve. Figure 2.49(v) shows a bridge circuit for
this purpose. It is possible to work out suitable values for R1, R2 and R3. This
then gives the more linear output as represented by Figure 2.49(vi). The voltage
signal can now be A/D converted if necessary, for further use.
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Figure 2.49 (i) How a thermistor changes resistance; (i) circuit to provide a varying voltage
signal proportional to temperature; (jii) resistance against temperature curve for a thermistor;
(iv) non-linearity to compensate partially for the thermistor's non-linearity; (v) bridge circuit to
achieve maximum linearity; (vi) final output signal

The resistance Rt of a thermistor decreases non-linearly with temperature
according to the relationship:

R, = Ae®7
where: R, = resistance of the thermistor, T = absolute temperature, B = characteristic
temperature of the thermistor (typical value 3000 K), A = constant of the thermistor.
For the bridge configuration as shown V_ is given by:

v,—v [ R __PR,
° °*lR,+R, R,+R,

By choosing suitable resistor values the output of the bridge will be as shown in
Figure 2.49 (vi). This is achieved by substituting the known values of R at three
temperatures and deciding that, for example, V. =0at 0 °C, V_ = 0.5V at 50 °C
andV_=1Vat 100 °C.

2.7.2 Thermocouples

If two different metals are joined together at two junctions, the thermoelectric
effect known as the Seebeck effect takes place. If one junction is at a higher
temperature than the other junction, then this will be registered on the meter.
This is the basis for the sensor known as the thermocouple. Figure 2.50

shows the thermocouple principle and appropriate circuits. Notice that the
thermocouple measures a difference in temperature that is T, - T,. To make the
system of any practical benefit then T, must be kept at a known temperature.
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Figure 2.50 Thermocouple principle and circuits

The lower figure shows a practical circuit in which, if the connections to the
meter are at the same temperature, the two voltages produced at these junctions
will cancel out.

Cold junction compensation circuits can be made to compensate for changes in
temperature of T,. These often involve the use of a thermistor circuit.

Thermocouples are in general used for measuring high temperatures. A
thermocouple combination of a 70% platinum and 30% rhodium alloy in a
junction with a 94% platinum and 6% rhodium alloy, is known as a type B
thermocouple and has a useful range of 0-1500 °C. Vehicle applications are in
areas such as exhaust gas and turbo charger temperature measurement.

2.7.3 Inductive sensors

Inductive-type sensors are used mostly for measuring speed and position of a
rotating component. They work on the very basic principle of electrical induction
(a changing magnetic flux will induce an electromotive force in a winding).
Figure 2.51 shows the inductive sensor principle and a typical device used as a
crankshaft speed and position sensor.

The output voltage of most inductive-type sensors approximates to a sine

wave. The amplitude of this signal depends on the rate of change of flux. This

is determined mostly by the original design: by the number of turns, magnet
strength and the gap between the sensor and the rotating component. Once

in use though, the output voltage increases with the speed of rotation. In the
majority of applications, it is the frequency of the signal that is used. The most
common way of converting the output of an inductive sensor to a useful signal is
to pass it through a Schmitt trigger circuit. This produces constant amplitude but
a variable frequency square wave.

In some cases the output of the sensor is used to switch an oscillator on and off
or quench the oscillations. A circuit for this is shown in Figure 2.52. The oscillator
produces a very high frequency of about 4 MHz and this when switched on and
off by the sensor signal and then filtered, produces a square wave. This system
has a good resistance to interference.



%‘&

Electrical and electronic principles 61
Input Intermediate Output
Inductive
sensor C,
_]_C, Filter|
Toothed
wheel

Figure 2.53 Inductive sensor on an engine

2.7.4 Hall Effect giEsiiniton
Hall Effect: The production of
The Hall Effect was first noted by a Dr E.H. Hall: it is a simple principle, as shown a voltage difference across an
in Figure 2.54. If a certain type of crystal is carrying a current in a transverse | slectrical conoluctor, transverse to an

magnetic field then a voltage will be produced at right angles to the supply a magnetic field peroendicular to the
current. The magnitude of the voltage is proportional to the supply current and current. This effect was discovered
to the magnetic field strength. Figures 2.55 and 2.56 show part of a Bosch by Edwin Hall in 1879.

distributor, the principle of which is to ‘switch’ the magnetic field on and off using
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Figure 2.54 Hall Effect principle
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Figure 2.55 Hall Effect sensor used in a distributor

Figure 2.56 Hall Effect distributor

a chopper plate. The output of this sensor is almost a square wave with constant
amplitude.

The Hall Effect can also be used to detect current flowing in a cable. The
magnetic field produced around the cable is proportional to the current flowing.

Hall Effect sensors are very popular. This is partly due to their reliability but also
the fact that they directly produce a constant amplitude square wave in speed
measurement applications and a varying DC voltage for either position sensing
or current sensing.

A number of new sensors are becoming available. Hall Effect sensors are now
often used in place of inductive sensors for applications such as engine speed
and wheel speed. The two main advantages are that measurement of lower
(or even zero) speed is possible and the voltage output of the sensors is
independent of speed. Figure 2.57 shows a Hall Effect sensor used to sense
wheel speed.

2.7.5 Strain gauges

Figure 2.58 shows a simple strain gauge together with a bridge and amplifier
circuit used to convert its change in resistance into a voltage signal. The second
strain gauge is fitted on the device under test but in a non-strain position to



Electrical and electronic principles

Resistance increases

as gauge bends

Strain
gauges

Stable |
supply

Figure 2.58 Strain gauge and a bridge circuit

compensate for temperature changes. Quite simply, when a strain gauge is
stretched its resistance will increase, and when it is compressed its resistance
decreases.

Most strain gauges consist of a thin layer of film that is fixed to a flexible backing
sheet, usually paper. This, in turn, is bonded to the part where strain is to be
measured. The sensitivity of a strain gauge is defined by its ‘gauge factor’.

AR/R
E

K =

where: K = gauge factor; R = original resistance; AR = change in resistance;
E = strain (change in length/original length, I/1).

Most resistance strain gauges have a resistance of about 100 and a gauge factor
of about 2.

Strain gauges can be used indirectly to measure engine manifold pressure.
Figure 2.59 shows an arrangement of four strain gauges on a diaphragm forming
part of an aneroid chamber used to measure pressure. When changes in
manifold pressure act on the diaphragm the gauges detect the strain. The output
of the circuit is via a differential amplifier as shown, which must have a very high
input resistance so as not to affect the bridge balance. The actual size of this
sensor may be only a few millimetres in diameter. Changes in temperature are
compensated for, as all four gauges would be affected in a similar way, thus the
bridge balance would remain constant.

2.7.6 Variable capacitance

The value of a capacitor is determined by the surface area of its plates, the
distance between the plates and the nature of the dielectric. Sensors can be
constructed to take advantage of these properties. Three sensors using the
variable capacitance technique are shown in Figure 2.60. These are as follows:

1. Liquid level sensor. The change in liquid level changes the dielectric value.

2. Pressure sensor. Similar to the strain gauge pressure sensor but this time the
distance between capacitor plates changes.

3. Position sensor. Detects changes in the area of the plates.

e -

Strain gauges can be used indirectly
to measure engine manifold pressure.

' || Definition

Dielectric: Having the property of
transmitting electric force without
conduction; insulating.
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Figure 2.59 Strain gauge pressure sensor, bridge circuit and amplifier

2.7.7 Variable resistance

The two best examples of vehicle applications for variable resistance sensors are
the throttle position sensor and the flap-type air flow sensor. Whereas variable
capacitance sensors are used to measure small changes, variable resistance
sensors generally measure larger changes in position. This is due to a lack of
sensitivity inherent in the construction of the resistive track.

The throttle position sensor, as shown in Figure 2.61, is a potentiometer in
which, when supplied with a stable voltage (often 5 V) the voltage from the

wiper contact will be proportional to the throttle position. In many cases now,
the throttle potentiometer is used to indicate the rate of change of throttle
position. This information is used when implementing acceleration enrichment or,
inversely, over-run fuel cut-off.

The output voltage of a rotary potentiometer can be calculated:

ai
V=V E
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Figure 2.60 \ariable capacitance sensors (i) liquid level; (i) pressure (iii) position

where: V, = voltage out; V_= voltage supply; a, = angle moved; a, = total angle
possible.

The air flow sensor shown, as Figure 2.62, works on the principle of measuring
the force exerted on the flap by the air passing through it. A calibrated coil
spring exerts a counter force on the flap such that the movement of the flap

is proportional to the volume of air passing through the sensor. To reduce the

Figure 2.61 Throttle potentiometer mounted on a throttle body
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Figure 2.62 Air flow meter (vane type)

fluctuations caused by individual induction strokes a compensation flap is
connected to the sensor flap. The fluctuations therefore affect both flaps and

are cancelled out. Any damage due to back firing is also minimized due to this
design. The resistive material used for the track is a ceramic metal mixture, which
is burnt into a ceramic plate at a very high temperature. The slider potentiometer
is calibrated such that the output voltage is proportional to the quantity of
inducted air.

2.7.8 Accelerometer (knock sensors)

A piezoelectric accelerometer is a seismic mass accelerometer using a
piezoelectric crystal to convert the force on the mass due to acceleration into
an electrical output signal. The crystal not only acts as the transducer but as the

Figure 2.63 Vane type air flow meter
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Figure 2.64 Piezoelectric accelerometer or knock sensor

suspension spring for the mass. Figure 2.64 shows a typical accelerometer (or
knock sensor) for vehicle use.

The crystal is sandwiched between the body of the sensor and the seismic
mass and is kept under compression by the bolt. Acceleration forces acting on
the seismic mass cause variations in the amount of crystal compression and
hence generate the piezoelectric voltage. The oscillations of the mass are not
damped except by the stiffness of the crystal. This means that the sensor will
have a very strong resonant frequency but will also be at a very high frequency
(in excess of 50 kHz), giving a flat response curve in its working range up to
about 15 kHz.

The natural or resonant frequency of a spring mass system is given by:

LS
2
where: f = resonant frequency; k = spring constant (very high in this case);

m = mass of the seismic mass (very low in this case).

When used as an engine knock sensor, the sensor will also detect other engine
vibrations. These are kept to a minimum by only looking for ‘knock’ a few
degrees before and after top dead centre (TDC). Unwanted signals are also
filtered out electrically. A charge amplifier is used to detect the signal from

this type of sensor. The sensitivity of a vehicle knock sensor is about 20 mV/g
(9 9.81 m/s).

Knock sensing on petrol/gasoline engine vehicles has been used since the mid-
1980s to improve performance, reduce emissions and improve economy. These
sensors give a good ‘flat’ response over the 2-20 kHz range. The diesel knock
sensor shown in Figure 2.65 works between 7 and 20 kHz. With suitable control
electronics, the engine can be run near the detonation border line (DBL). This
improves economy, performance and emissions.

e -

Definition

DBL: Detonation border line (more
information in Chapter 8).
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Figure 2.65 Knock sensor

2.7.9 Linear variable differential
transformer (LVDT)

This sensor is used for measuring displacement in a straight line (hence linear).
Devices are available to measure distances of less than 0.5 mm and over 0.5 m,
either side of a central position. Figure 2.66 shows the principle of the linear
variable differential transducer.

The device has a primary winding and two secondary windings. The primary
winding is supplied with an AC voltage and AC voltages are induced in the
secondary windings by transformer action. The secondary windings are
connected in series opposition so that the output of the device is the difference
between their outputs. When the ferromagnetic armature is in the central position
the output is zero. As the armature now moves one way or the other, the output
is increased in one winding and decreased in the other, producing a voltage
which, within the working range, is proportional to the displacement.

Non ferrous

©

Output

depends
on plunger

position

B
Constant "
input i
= ”
S
1 Movement

Figure 2.66 Principle of the linear variable with differential transducer
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A phase sensitive detector can be used to convert the movement into a DC wie,
voltage, often 5 V. For a device moving 12 mm this gives a sensitivity of 4 Definition
0.42 V/mm. e

Sensitivity: A measure of the small-
LVDTs are used in some manifold pressure sensors where a diaphragm st signg\/ the sensor can produce
transforms changes in pressure to linear movement. or an instrument can measure.

2.7.10 Hot wire air flow sensor

The distinct advantage of a hot wire air flow sensor is that it measures air mass
flow. The basic principle is that, as air passes over a hot wire it tries to cool the
wire down. If a circuit is created such as to increase the current through the wire
in order to keep the temperature constant, then this current will be proportional
to the air flow. A resistor is also incorporated to compensate for temperature
variations. The ‘hot wire’ is made of platinum, is only a few millimetres long and
about 70 pm thick. Because of its small size the time constant of the sensor is
very short — in fact in the order of a few milliseconds. This is a great advantage
as any pulsations of the air flow will be detected and reacted to in a control

unit accordingly. The output of the circuit involved with the hot wire sensor is a
voltage across a precision resistor. Figure 2.67 shows a Bosch hot wire air mass
SENsor.

A T —

LVDTs are used in some manifold
pressure sensors where a diaphragm
transforms changes in pressure to
linear movement.

The resistance of the hot wire and the precision resistor are such that the
current to heat the wire varies between 0.5 A and 1.2 A with different air mass
flow rates. High resistance resistors are used in the other arm of the bridge
and so current flow is very small. The temperature compensating resistor has
a resistance of about 500 2 which must remain constant other than by way of
temperature change. A platinum film resistor is used for these reasons. The
compensation resistor can cause the system to react to temperature changes
within about 3 s.

The output of this device can change if the hot wire becomes dirty. Heating
the wire to a very high temperature for 1 s every time the engine is switched
off prevents this by burning off any contamination. In some air mass sensors a
variable resistor is provided to set the idle mixture.

Figure 2.67 Hot wire mass air flow meter
(Source: Bosch Media)
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Figure 2.68 Hot fim air mass flow meter

2.7.11 Thin film air flow sensor

The thin film air flow sensor is similar to the hot wire system. Instead of a hot
platinum wire a thin film of nickel is used. The response time of this system is
even shorter than the hot wire. Figure 2.68 shows this sensor in more detalil.

2.7.12 Vortex flow sensor

Figure 2.69 shows the principle of a vortex flow sensor. It has a bluff body, which
partially obstructs the flow. Vortices form at the down-stream edges of the bluff
body at a frequency that is linearly dependent on the flow velocity. Detection of
the vortices provides an output signal whose frequency is proportional to flow
velocity. Detection of the vortices can be by an ultrasonic transmitter and receiver
that will produce a proportional square wave output. The main advantage of this
device is the lack of any moving parts, thus eliminating problems with wear.

For a vortex flow sensor to work properly, the flow must be great enough to be
turbulent, but not so high as to cause bubbles when measuring fluid flow. As a
rough guide, the flow should not exceed 50 m/s.

When used as an engine air flow sensor, this system will produce an output
frequency of about 50 Hz at idle speed and in excess of 1 kHz at full load.

Side _ Bluff body End

Plan

Vortices

low [ CG/
- . B>co

Figure 2.69 Principle of a vortex flow sensor
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Figure 2.70 Pitot tube and differential pressure sensor for air flow sensing

2.7.13 Pitot tube

A Pitot tube air flow sensor is a very simple device. It consists of a small tube
open to the air flow such that the impact of the air will cause an increase in
pressure in the tube compared with the pressure outside the tube. This same
system is applied to aircraft to sense air speed when in flight. The two tubes are
connected to a differential pressure transducer such as a variable capacitance
device. P, and P, are known as the impact and static pressures, respectively.
Figure 2.70 shows a Pitot tube and differential pressure sensor used for air flow
sensing.

2.7.14 Turbine fluid flow sensor

Using a turbine to measure fluid flow is an invasive form of measurement. The act
of placing a device in the fluid will affect the flow rate. This technique however is
still used as, with careful design, the invasion can be kept to a minimum. Figure
2.71 shows a typical turbine flow sensor.

Rotation
sensor

Flow

ii)

Flow

Figure 2.71 Turbine flow centre
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Figure 2.72 Optical sensor

The output of the turbine, rotational speed proportional to flow rate, can be
converted to an electrical signal in a number of ways. Often an optical sensor is
used as described under the next heading.

2.7.15 Optical sensors

An optical sensor for rotational position is a relatively simple device. The optical
rotation sensor and circuit shown in Figure 2.72 consist of a photo-transistor as
a detector and a light emitting diode light source. If the light is focused to a very
narrow beam then the output of the circuit shown will be a square wave with
frequency proportional to speed.

2.7.16 Oxygen sensors

The vehicle application for an oxygen sensor is to provide a closed loop
feedback system for engine management control of the air—fuel ratio. The
amount of oxygen sensed in the exhaust is directly related to the mixture
strength, or air—fuel ratio. The ideal air—fuel ratio of 14.7 : 1 by mass is known

as a lambda (A) value of one. Exhaust gas oxygen (EGO) sensors are placed in
the exhaust pipe near to the manifold to ensure adequate heating. The sensors
operate reliably at temperatures over 300 °C. In some cases, a heating element
is incorporated to ensure this temperature is reached quickly. This type of sensor
is known as a heated exhaust gas oxygen sensor, or HEGO for short. The heating
element (which consumes about 10 W) does not operate all the time, which
ensures that the sensor does not exceed 850 °C - the temperature at which
damage may occur to the sensor. It is for this reason that the sensors are not
often fitted directly in the exhaust manifold. Figure 2.73 shows a zirconia type
exhaust gas oxygen sensor.

The main active component of most types of oxygen sensors is zirconium dioxide
(ZrQ,). This ceramic is housed in gas permeable electrodes of platinum. A further
ceramic coating is applied to the side of the sensor exposed to the exhaust gas
as a protection against residue from the combustion process. The principle of
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Figure 2.73 Lambda sensor

operation is that, at temperatures in excess of 300 °C, the zirconium dioxide will
conduct the oxygen ions. The sensor is designed to be responsive very close to a
lambda value of one. As one electrode of the sensor is open to a reference value
of atmospheric air, a greater quantity of oxygen ions will be present on this side.
Due to electrolytic action these ions permeate the electrode and migrate through
the electrolyte (ZrQO,). This builds up a charge rather like a battery. The size of the
charge is dependent on the oxygen percentage in the exhaust. A voltage of 400
mV is the normal figure produced at a lambda value of one.

4 B

The main active component of most
types of oxygen sensors is zirconium
dioxide (ZrO,).

The closely monitored closed loop feedback of a system using lambda sensing
allows very accurate control of engine fuelling. Close control of emissions is
therefore possible.

2.7.17 Light sensors

A circuit employing a light sensitive resistor is shown in Figure 2.74. The circuit
can be configured to switch on or off in response to an increase or decrease in

Relay
coil v

N
I

Figure 2.74 Light sensitive resistor circuit
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light. Applications are possible for self-dipping headlights, a self-dipping interior
mirror, or parking lights that will automatically switch on at dusk.

2.7.18 Thick-film air temperature sensor

The advantage which makes a nickel thick-film thermistor ideal for inlet air
temperature sensing is its very short time constant. In other words its resistance
varies very quickly with a change in air temperature. The response of a thick film
sensor is almost linear. It has a sensitivity of about 2 ohms/°C and, as with most
metals, it has a positive temperature coefficient (PTC) characteristic.

2.7.19 Methanol sensor

In the move towards cleaner exhausts, one idea is to use mixed fuels. Methanol
is one potential fuel that can be mixed with petrol. The problem is that petrol has
a different stoichiometric air requirement to methanol.

An engine management system can be set for either fuel or a mixture of the
fuels. However, the problem with mixing is that the ratio will vary. A special
sensor is needed to determine the proportion of methanol, and once fitted
this sensor will make it possible to operate the vehicle on any mixture of petrol
and methanol.

The methanol sensor (Figure 2.75) is based on the dielectric principle. The
measuring cell is a capacitor filled with fuel and the methanol content is
calculated from its capacitance. Two further measurements are taken — the
temperature of the fuel and its conductance. These correction factors ensure
cross-sensitivity (a kind of double checking) and the measurement error is
therefore very low. The sensor can be fitted to the fuel line so the data it provides
to the ECU are current and reliable. The control unit can then adapt the fuelling
strategy to the fuel mix currently in use. Some further development is taking
place but this sensor looks set to play a major part in allowing the use of
alternative fuels in the near future.

2.7.20 Rain sensor

Rain sensors are used to switch on wipers automatically. Most work on the
principle of reflected light. The device is fitted inside the windscreen and light
from an LED is reflected back from the outer surface of the glass. The amount of
light reflected changes if the screen is wet, even with a few drops of rain. Figure
2.76 shows the principle of operation and Figure 2.77 shows a typical sensor.

Fuel Fuel
. _— _—
n out

] Capacitative

sensor
Temperature Signal
output

sensor

Figure 2.75 Methanol sensor
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Figure 2.77 Rain sensor package

2.7.21 Oil sensor

An interesting sensor used to monitor oil quality is now available; the type shown
in Figure 2.78 works by monitoring changes in the dielectric constant of the oil.
The dielectric constant increases as antioxidant additives in the oil deplete. The
value also rapidly increases if coolant contaminates the oil. The sensor output
increases as the dielectric constant increases.

2.7.22 Dynamic vehicle position sensors

These sensors are used for systems such as active suspension, stability control
and general systems where the movement of the vehicle is involved. Most
involve the basic principle of an accelerometer; that is, a ball hanging on a string
or a seismic mass acting on a sensor.

An accelerometer is available that senses a number of directions. The sensor
shown in Figure 2.79 can be constructed as part of an ECU. This sensor is used
for ride control systems such as ESP.

75

Figure 2.78 Oil quality sensor
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Figure 2.79 Sensors built in to an ECU

2.7.23 Summary

The above brief look at various sensors hardly scratches the surface of the
number of types, and the range of sensors available for specific tasks. The
subject of instrumentation is now a science in its own right. The overall intention
of this section has been to highlight some of the problems and solutions to the
measurement of variables associated with vehicle technology.

Sensors used by motor vehicle systems are following a trend towards greater
integration of processing power in the actual sensor. Four techniques are
considered, starting with the conventional system. Figure 2.80 shows each level
of sensor integration in a block diagram form.

Conventional

An analogue sensor in which the signal is transmitted to the ECU via a simple
wire circuit. This technique is very susceptible to interference.

Integration level 1

Analogue signal processing is now added to the sensor, this improves the
resistance to interference.

Integration level 2

At the second level of integration, analogue to-digital conversion is also included
in the sensor. This signal is made bus compatible (CAN for example) and hence
becomes interference proof.

Integration level 3

The final level of integration is to include ‘intelligence’ in the form of a
microcomputer as part of the sensor. The digital output will be interference proof.
This level of integration will also allow built in monitoring and diagnostic ability.
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Figure 2.80 Block diagram of four types of sensor and their different levels of integration

These types of sensor are very expensive at the time of writing but the price is
falling and will continue to do so as more use is made of the ‘intelligent sensor’.

2.8 Actuators

2.8.1 Introduction

There are many ways of providing control over variables in and around the
vehicle. ‘Actuators’ is a general term used here to describe a control mechanism.
When controlled electrically actuators will work either by the thermal or magnetic
effect. In this section, the term actuator will be used to mean a device that
converts electrical signals into mechanical movement. This section is not written
with the intention of describing all available types of actuator. Its intention is to
describe some of the principles and techniques used in controlling a wide range
of vehicle systems.

2.8.2 Solenoid actuators

The basic operation of solenoid actuators is very simple. The term ‘solenoid’
means: ‘many coils of wire wound onto a hollow tube’. However, the term is often
misused, but has become so entrenched that terms like ‘starter solenoid’ — when
really it is starter relay — are in common use.

A good example of a solenoid actuator is a fuel injector. Figures 2.81 and 2.82
show two typical examples. When the windings are energized the armature is
attracted due to magnetism and compresses the spring. In the case of a fuel
injector, the movement is restricted to about 0.1 mm. The period that an injector
remains open is very small — under various operating conditions, between 1.5
and 10 ms is typical. The time it takes an injector to open and close is also
critical for accurate fuel metering. Further details about injection systems are
discussed in Chapters 9 and 10.

The reaction time for a solenoid-operated device, such as a fuel injector,
depends very much on the inductance of the winding. Figure 2.83 shows a graph
of solenoid-operated actuator variables.

A suitable formula to show the relationship between some of the variables is as
follows:
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Actuator: A mechanical device for
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or system. It is usually operated

by electricity but other sources of
energy may be used.




Figure 2.82 Direct injection injector
(Source: Bosch Media)
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Figure 2.81 Fuel Injector components

where: i = instantaneous current in the winding, V = supply voltage, R = total
circuit resistance, L = inductance of the injector winding, t = time current has
been flowing, e = base of natural logs.

The resistance of commonly used manifold injectors is about 16 Q, other types
vary but a few ohms is typical. Some systems use ballast resistors in series
with the fuel injectors. This allows lower inductance and resistance operating
windings to be used, thus speeding up reaction time. Other types of solenoid
actuators, for example door lock actuators, have less critical reaction times.
However, the basic principle remains the same.

2.8.3 EGR valve

One interesting in actuator technology is the rotary electric exhaust gas
recirculation (EEGR) valve for use in diesel engine applications. This device is

1]
Activation Hold

Figure 2.83 Solenoid operated actuator variables
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shown in Figure 2.84. The main claims for this valve are its self-cleaning action,
accurate gas flow control and its reaction speed.

2.8.4 Motorized actuators

Permanent magnet electric motors are used in many applications and are very
versatile. The output of a motor is, of course, rotation, but this can be used in
many ways. If the motor drives a rotating ‘nut’ through which a plunger is fitted,
and on which there is a screw thread, the rotary action can easily be converted
to linear movement. In most vehicle applications the output of the motor has to
be geared down, this is to reduce speed and increase torque. Permanent magnet
motors are almost universally used now in place of older and less practical motors
with field windings. Some typical examples of where these motors are used are:
e windscreen wipers

e windscreen washers

e headlight lift

¢ electric windows

e electric sun roof

e electric aerial operation

e seat adjustment

e mirror adjustment

¢ headlight washers

¢ headlight wipers

e fuel pumps

e ventilation fans.

Figure 2.84 Rotary electric exhaust gas
recirculation valve (Source: Delphi Media)
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In most vehicle applications the
output of a motor has to be geared
down to reduce speed and increase
torque.

One disadvantage of simple motor actuators is that no direct feedback of
position is possible. This is not required in many applications; however, in some
cases, such as seat adjustment when a ‘memory’ of the position may be needed,
a variable resistor type sensor can be fitted to provide feedback. Three typical
motor actuators are shown in Figure 2.85.

A rotary idle actuator is shown in Eigures 2.86land P-87. This device is used to
control idle speed by controlling air bypass. There are two basic types in common

Figure 2.85 Seat adjustment motor
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use. These are single winding types, which have two terminals, and double
winding types, which have three terminals. Under ECU control, the motor is
caused to open and close a shutter, thus controlling air bypass. These actuators
only rotate about 90° to open and close the valve. As these are permanent
magnet motors, the term ‘single or double windings’ refers to the armature.

The single winding type is fed with a square wave signal causing it to open
against a spring and then close again, under spring tension. The on/off ratio or
duty cycle of the square wave will determine the average valve open time and
hence idle speed.

With the double winding type the same square wave signal is sent to one
winding but the inverse signal is sent to the other. As the windings are wound

in opposition to each other if the duty cycle is 50% then no movement will take
place. Altering the ratio will now cause the shutter to move in one direction or the
other.

2.8.5 Stepper motors

Stepper motors are becoming increasingly popular as actuators in motor vehicles
and in many other applications. This is mainly because of the ease with which
they can be controlled by electronic systems. Stepper motors fall into three
distinct groups (Figure 2.88):

1. variable reluctance motors

2. permanent magnet motors

3. hybrid motors.

Variable reluctance motors rely on the physical principle of maximum flux.
A number of windings are set in a circle on a toothed stator. The rotor also has
teeth and is made of a permeable material. Note in this example that the rotor
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Figure 2.88 Basic principle of variable reluctance, permanent magnet and hyborid stepper
motors

has two teeth less than the stator. When current is supplied to a pair of windings
of one phase, the rotor will line up with its teeth positioned such as to achieve
maximum flux. It is now simply a matter of energizing the windings in a suitable
order to move the rotor. For example, if phase four is energized, the motor will
‘step’ once in a clockwise direction. If phase two is energized the step would be
anti-clockwise.

These motors do not have a very high operating torque and have no torque in the
non-excited state. They can, however, operate at relatively high frequencies. The
step angles are usually 15°, 7.5°, 1.8° or 0.45°.

Permanent magnet stepper motors have a much higher starting torque and
also have a holding torque when not energized. The rotor is now, in effect, a
permanent magnet. In a variable reluctance motor the direction of current

in the windings does not change; however, it is the change in direction of
current that causes the permanent magnet motor to step. Permanent magnet
stepper motors have step angles of 45°, 18°, 15° or 7.5°. Because of their
better torque and holding properties, permanent magnet motors are becoming
increasingly popular. For this reason, this type of motor will be explained in
greater detail.

The hybrid stepper motor as shown in Figure 2.89 is, as the name suggests,

a combination of the previous two motors. These motors were developed to

try and combine the high speed operation and good resolution of the variable
reluctance type with the better torque properties of the permanent magnet
motor. A pair of toothed wheels is positioned on either side of the magnet.

The teeth on the ‘North’ and ‘South’ wheels are offset such as to take advantage
of the variable reluctance principle but without losing all the torque benefits.
Step angles of these motors are very small: 1.8°, 0.75° or 0.36°.
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Figure 2.89 Stepper motor

All of the above-mentioned types of motor have been, and are being, used in
various vehicle applications. These applications range from idle speed air bypass
and carburettor choke control to speedometer display drivers.

Let’s look now in more detail at the operation and construction of the permanent
magnet stepper motor. The most basic design for this type of motor comprises
two double stators displaced by one pole pitch. The rotor is often made of
barium-ferrite in the form of a sintered annular magnet. As the windings shown
in Figure 2.90 are energized first in one direction then the other, the motor will
rotate in 90° steps. The step angle is simply 360° divided by the number of
stator poles. Half steps can be achieved by switching off a winding before it is
reversed. This will cause the rotor to line up with the remaining stator poles and
implement a half step of 45°. The direction of rotation is determined by the order
in which the windings are switched on, off or reversed. Figure 2.90 shows a four-
phase stepper motor and circuit.

Impulse sequence graphs for two phase stepper motors are shown in Figure
2.91. The first graph is for full steps, and the second graph for implementing
half steps.

The main advantage of a stepper motor is that feedback of position is not
required. This is because the motor can be indexed to a known starting point and
then a calculated number of steps will move the motor to any suitable position.
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Figure 2.90 Four-phase stepper motor and circuit

The calculations often required for stepper applications are listed below:
o = 360/z

z = 360/a
fz= (n.z)/60
n = (fz.60)/z
= (fz.2m)/z
Phase High i/mpedance
Vi
|
2
3 Half
| |steps
4 = -
oor NN N Un AL
\ Clock
Phase } = Ol\{or OFF\
H= }\ 11 J
2 f [ 1
3 L ] 1 . Full
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Figure 2.91 Impulse sequence graphs for two-phase stepper motors: the first graph is for half
steps, the second for implementing full steps
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Figure 2.92 Reversing synchronous motor and circuit and its speed torque characteristic

where: o = step angle, n = revolutions per minute, w = angular velocity, fz= step
frequency, z = steps per revolution.

2.8.6 Synchronous motors

Synchronous motors are used when a drive is required that must be time
synchronized. They always rotate at a constant speed, which is determined
by the system frequency and the number of pole pairs in the motor.

n = (f X 60)/p
where: n = rom, f = frequency, p = number of pole pairs.

Figure 2.92 shows a reversing synchronous motor and its circuit together with
the speed torque characteristic. This shows a constant speed and a break off at
maximum torque. Maximum torque is determined by supply voltage.

2.8.7 Thermal actuators

An example of a thermal actuator is the movement of a traditional-type fuel or
temperature gauge needle (see Chapter 13). A further example is an auxiliary air
device used on many earlier fuel injection systems. The principle of this device is
shown in Figure 2.93. When current is supplied to the terminals, a heating element
operates and causes a bimetallic strip to bend, which closes a simple valve.

The main advantage of this type of actuator, apart from its simplicity, is that if
placed in a suitable position its reaction time will vary with the temperature of
its surroundings. This is ideal for applications such as fast idle on cold starting
control, where once the engine is hot no action is required from the actuator.

2.9 Testing electronic components,

sensors and actuators

2.9.1 Introduction

Figure 2.93 Diagram showing operation
of an earlier type of extra air valve;

(i) bypass channel closed; (i) bypass
channel partially open

Individual electronic components can be tested in a number of ways but a digital
multimeter or an oscilloscope is normally the best option. Table 2.3 suggests
some methods of testing components removed from the circuit.



Ny e
VA" il
Electrical and electronic prmmples 85

Table 2.3 Electronic component testing

Component Test method

Resistor Measure the resistance value with an ohmmeter and compare this to the value written or colour coded
on the component.

Capacitor A capacitor can be difficult to test without specialist equipment but try this: Charge the capacitor up to
12 V and connect it to a digital voltmeter. As most digital meters have an internal resistance of about
10 MQ, calculate the expected discharge time (T = 5CR) and see if the device complies! A capacitor
from a contact breaker ignition system should take about 5 seconds to discharge in this way.

Inductor An inductor is a coil of wire so a resistance check is the best method to test for continuity.

Diode Many multimeters have a diode test function. If so the device should read open circuit in one direction,
and about 0.4 to 0.6 V in the other direction. This is its switch on voltage. If no meter is available with
this function then wire the diode to a battery via a small bulb, it should light with the diode one way
and not the other.

LED Most LED’s can be tested by connecting them to a 1.5 V battery. Note the polarity though, the longest
leg or the flat side of the case is negative.

Transistor (bipolar) Some multimeters even have transistor testing connections but if not available the transistor can be
connected into a simple circuit as in Figure 2.94 and voltage tests carried out as shown. This also
illustrates a method of testing electronic circuits in general. It is fair to point out that without specific
data it is difficult for the non-specialist to test unfamiliar circuit boards. It's always worth checking for
obvious breaks and dry joints though!

Digital components A logic probe can be used. This is a device with a very high internal resistance so it does not affect
the circuit under test. Two different coloured lights are used, one glows for a ‘logic 1" and the other for
logic O". Specific data is required in most cases but basic tests can be carried out.

Ry

(0-1.2V)

— (0.6/0.7 V)

Figure 2.94 Transistor test

2.9.2 Testing sensors

Testing sensors to diagnose faults is usually a matter of measuring their output
signal. In some cases the sensor will produce this on its own (an inductive sensor
for example). In other cases, it will be necessary to supply the correct voltage to
the device to make it work (Hall sensor for example). In this case, it is normal to
check the vehicle circuit is supplying the voltage before proceeding to test the
Sensor.

The following table lists some common sensors together with suggested test
methods (correct voltage supply is assumed):



86 \ e Automobile electrical and electronic systems

Figure 2.95 [ ambda sensors
performance can be tested with a
voltmeter or ideally a scope

Table 2.4 Sensor testing

Sensor Test method

Inductive A simple resistance test is good. Values vary from about 800 to
(reluctance) 1200 €. The ‘sine wave' output can be viewed on a ‘scope’ or
measured with an AC voltmeter.

Hall effect The square wave output can be seen on a scope or the voltage
output measured with a DC voltmeter. This varies between O to 8 V
for a Hall sensor used in a distributor as the chip is magnetised or
not.

Thermistor Most thermistors have a negative temperature coefficient (NTC).
This means the resistance falls as temperature rises. A resistance
check with an ohmmeter should give readings broadly as follows:
0°C = 4500 Q, 20 °C = 1200 2 and 100 °C = 200 Q.

Flap air flow The main part of this sensor is a variable resistor. If the supply is left
connected then check the output on a DC voltmeter. The voltage
should change smoothly from about O to the supply voltage (often

5V).
Hot wire air This sensor includes some electronic circuits to condition the signal
flow from the hot wire. The normal supply is either 5 or 12 V. The output

should change between about O and 5 V as the air flow changes.

Throttle This sensor is a variable resistor. If the supply is left connected then

potentiometer  check the output on a DC voltmeter. The voltage should change
smoathly from about O to the supply voltage (often 5 V). If no supply
then check the resistance, again it should change smoothly.

Oxygen The lambda sensor produces its own voltage a bit like a battery.

(lambda) This can be measured with the sensor connected to the system.
The voltage output should vary smoothly between 0.2 and 0.8 V as
the mixture is controlled by the ECU.

Pressure The normal supply to an externally mounted manifold absolute
pressure (MAP) sensor is 5 V. The output should change between
about O and 5 V as the manifold pressure changes. As a rough
guide 2.5V at idle speed.

2.9.3 Testing actuators

Testing actuators is simple, as many are operated by windings. The resistance
can be measured with an ohmmeter. A good tip is that where an actuator has
more than one winding (a stepper motor for example), the resistance of each
should be about the same. Even if the expected value is not known, it is likely
that if the windings all read the same then the device is in order.

With some actuators, it is possible to power them up from the vehicle battery.

A fuel injector should click for example, and a rotary air bypass device should
rotate about half a turn. Be careful with this method as some actuators could be
damaged.
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3.1 Basic equipment

3.1.1 Introduction

Diagnostic techniques are very much linked to the use of test equipment.

In other words you must be able to interpret the results of tests. In most
cases this involves comparing the result of a test to the reading given in a
data book or other source of information. By way of an introduction, the
following table lists some of the basic words and descriptions relating to tools
and equipment.

3.1.2 Basic hand tools

You will not learn how to use tools by reading a book; it is clearly a very
practical skill. However, you can follow the recommendations made here

and by the manufacturers. Even the range of basic hand tools, is now quite
daunting and very expensive. It is worth repeating the general advice given by
Snap-on for the use of hand tools:

e Only use a tool for its intended purpose

Figure 3.1 Snap-on tool kit
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Table 3.1 Tools and equipment

Hand tools

Spanners and hammers and screwdrivers and all the other basic bits!

Special tools

A collective term for items not held as part of a normal tool kit. Or items required for just one
specific job.

Test equipment

In general, this means measuring equipment. Most tests involve measuring something and
comparing the result of that measurement to data. The devices can range from a simple ruler to an
engine analyser.

Dedicated test

Some equipment will only test one specific type of system. The large manufacturers supply

equipment equipment dedicated to their vehicles. For example, a diagnostic device which plugs in to a certain
type of fuel injection ECU.

Accuracy Careful and exact, free from mistakes or errors and adhering closely to a standard.

Calibration Checking the accuracy of a measuring instrument.

Serial port A connection to an electronic control unit, a diagnostic tester or computer for example. Serial

means the information is passed in a ‘digital’ string like pushing black and white balls through a
pipe in a certain order.

Code reader or scanner

This device reads the ‘black and white balls’ mentioned above or the on-off electrical signals, and
converts them in to language we can understand.

Combined diagnostic
and information system

Usually now PC based these systems can be used to carry out tests on vehicle systems and they
also contain an electronic workshop manual. Test sequences guided by the computer can also be
carried out.

Oscilloscope

The main part of ‘scope’ is the display, which is like a TV or computer screen. A scope is a
voltmeter but instead of readings in numbers it shows the voltage levels by a trace or mark on
the screen. The marks on the screen can move and change very fast allowing us to see the way
voltages change.

e Always use the correct size tool for the job you are doing

e Pull a wrench rather than pushing whenever possible

e Do not use a file or similar, without a handle

e Keep all tools clean and replace them in a suitable box or cabinet
e Do not use a screwdriver as a pry bar

e Always follow manufacturers recommendations (you cannot remember
everything)
e Look after your tools and they will look after you!

3.1.3 Accuracy of test equipment

Accuracy can be described in a number of slightly different ways:

Careful and exact

Free from mistakes or errors

e Precise

Adhering closely to a standard.

Consider measuring a length of wire with a steel rule. How accurately could you
measure it? To the nearest 0.5 mm perhaps? This raises a number of issues:
Firstly you could make an error reading the ruler. Secondly, why do we need to
know the length of a bit of wire to the nearest 0.5 mm? Thirdly the ruler may have
stretched and not give the correct reading!
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The first and second of these issues can be dispensed with by knowing how
to read the test equipment correctly and also knowing the appropriate level of
accuracy required. A micrometer for a plug gap? A ruler for valve clearances? |
think you get the idea. The accuracy of the equipment itself is another issue.

\"'4: S
J ® iDeflmtlon

Accuracy: How close the measured
value of something is to the actual
value.

Accuracy is a term meaning how close the measured value of something is, to
its actual value. For example, if a length of about 30 cm is measured with an
ordinary wooden ruler, then the error may be up to 1 mm too high or too low.
This is quoted as an accuracy of +1 mm. This may also be given as a percentage
which in this case would be 0.33%.

Resolution or in other words the ‘fineness’, with which a measurement can be
made, is related to accuracy. If a steel ruler was made to a very high standard
but only had markings of one per centimetre it would have a very low resolution
even though the graduations were very accurate. In other words the equipment is
accurate but your reading will not bel!

\"'41 S
J e iDeflmtlon

Resolution: The ‘fineness’ with
which a measurement can be

To ensure instruments are, and remain accurate, there are just two simple guidelines: made

1. Look after the equipment, a micrometer thrown on the floor will not be ‘
accurate. o

2. Ensure instruments are calibrated regularly — this means being checked
against known good equipment.

Here is a summary of the steps to ensure a measurement is accurate:

Table 3.2 Accurate measurement process

Step Example

Decide on the level of accuracy
required.

Do we need to know that the battery
voltage is 12.6 V or 12.635 V?

Choose the correct instrument for the
job.

A micrometer to measure the thickness of
a shim.

Ensure the instrument has been
looked after and calibrated when
necessary.

Most instruments will go out of adjustment
after a time. You should arrange for
adjustment at regular intervals. Most tool
suppliers will offer the service or in some
cases you can compare older equipment
to new stock.

Study the instructions for the
instrument in use and take the reading
with care. Ask yourself if the reading is
about what you expected.

Is the piston diameter 70.75 mm or
170.75 mm?

Make a note if you are taking several
readings.

Don't take a chance write it down.

3.1.4 Multimeters

An essential tool for working on vehicle electrical and electronic systems is a
good digital multimeter (often referred to as a DMM). Digital meters are most
suitable for accuracy of reading as well as available facilities.

° Definition

DMM: Digital multimeter.

The following list of functions broadly in order, starting from essential to desirable
should be considered:
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Table 3.3 Multimeter functions

Function Range Accuracy

DC Voltage 500V 0.3%

DC Current 10A 1.0%

Resistance 0to 10 MQ 0.5%

AC Voltage 500V 2.5%

AC Current 10A 2.5%

Dwell 3,4,5,6,8 cylinders 2.0%

rom 10,000 rpm 0.2%

Duty cycle % on/off 0.2%/kHz

Frequency over 100 kHz 0.01%

Temperature > 9000 C 0.3% +30 C

High current clamp 1000 A (DC) Depends on conditions
Pressure 3 bar 10.0% of standard scale

A way of determining the quality of a digital multimeter as well as by the facilities

provided, is to consider the following

e accuracy
¢ |oading effect of the meter
e protection circuits.

The loading effect is a consideration for any form of measurement. With a
multimeter this relates to the internal resistance of the meter. It is recommended

i

frem iy

veeerey

L

Figure 3.2 Multimeter and accessories
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that the internal resistance of a meter should be a minimum of 10 MQ. This not
only ensures greater accuracy but also prevents the meter damaging sensitive
circuits.

Figure 3.3 shows two equal resistors connected in series across a 12 V supply.
The voltage across each resistor should be 6 V. However, the internal resistance
of the meter will affect the circuit conditions and change the voltage reading. If
the resistor values were 100 kQ the effect of meter internal resistance would be
as follows:

Meter resistance 1 MQ

The parallel combined value of 1 MQ and 100 kQ = 91 kQ. The voltage drop in
the circuit across this would be:

91/(100 + 91) x 12 =5.71V

This is an error of about 5%.
Meter resistance 10 MQ

The parallel combined value of 10 MQ and 100 KQ = 99 KQ. The voltage drop in
the circuit across this would be:

99/(100 + 99) x 12 =5.97 V

This is an error of about 0.5%.

Of course understanding accuracy is important, but there are two further skills
that are important when using a multimeter: where to put the probes, and what
the reading you get actually means!

Figure 3.4 shows a block diagram of a digital voltmeter. This is very similar to
other types of digital instrumentation systems.

3.1.5 Logic probe

This device is a useful way of testing logic circuits but it is also useful for testing
some types of sensor. Figure 3.5 shows a typical logic probe. Most types

consist of two power supply wires and a metal ‘probe’. The display consists of
three LEDs labelled ‘high’, ‘low’ and ‘pulse’. These LEDs light up together with
an audible signal in some cases, when the probe touches either a high, low or
pulsing voltage. Above or below 2.5 V is often used to determine high or low on a
5V circuit.

o1

An ‘invasive measurement’ error is in
addition to the basic accuracy of the
meter.

AL, [Ee—

A voltmeter connects in parallel
across a circuit.

An ammeter connects in series.

An ohmmeter connects across a
component — but the circuit must
be isolated.
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AC input ————

DC input ————=
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Figure 3.4 Digital voltmeter block diagram

Figure 3.5 Logic probe (Source: Maplin)
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3.2 Oscilloscopes

3.2.1 Introduction

There were traditionally two types of oscilloscope; analogue or digital. However,
the digital scope is now universal. An oscilloscope draws a graph of voltage (the
vertical scale or Y axis) against time (the horizontal scale or X axis).

A Er—

An oscilloscope draws a graph of
The trace is made to move across the screen from left to right and then to voltage against time.
‘fly back’ and start again. The frequency at which the trace moves across the

screen is known as the time base, which can be adjusted either automatically or

manually.

The signal from the item under test can either be amplified or attenuated
(reduced), much like changing the scale on a voltmeter.

The trigger, which is what starts the trace moving across the screen starts,

can be caused internally or externally. When looking at signals such as ignition
voltages, triggering is often external, each time an individual spark fires or each
time number one spark plug fires for example.

The voltage signal under test is A/D converted and the time base is a simple
timer or counter circuit. Because the signal is plotted digitally on a screen from
data in memory, the ‘picture can be saved, frozen or printed. The speed of data
conversion and the sampling rate as well as the resolution of the screen are very
important to ensure accurate results.

The highly recommended Pico automotive diagnostics kit (Figure 3.6) turns a
laptop or desktop PC into a powerful automotive diagnostic tool for fault finding
sensors, actuators and electronic circuits.

Definition

[ )
USB: Universal serial bus.

The high resolution PC oscilloscope connects to a USB port on a PC and can
take up to 32 million samples per trace, making it possible to capture complex

Figure 3.6 Automotive oscilloscope kit (Source: PicoTech)
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automotive waveforms — including CAN bus and FlexRay signals (more on this
later) — and then zoom in on areas of interest. Being PC-based these waveforms
can then be saved for future reference, printed or emailed.

The scope can be used to measure and test virtually all of the electrical and
electronic components and circuits in any modern vehicle including:

e Ignition (primary and secondary)

¢ Injectors and fuel pumps

e Starter and charging circuits

e Batteries, alternators and starter motors

e Lambda, Airflow, knock and MAP sensors

e Glow plugs / timer relays

e CAN bus, LIN bus and FlexRay.

This powerful and flexible automotive diagnostic tool has been designed for
ease of use so is equally suitable for both novice and expert users. It is powered
directly from the USB port, eliminating the need for power leads or battery packs,
and making it suitable for use in the workshop or on the road.

Excellent software is included which means that the user can simply select the
sensor or circuit to be tested and the software will automatically load the required
settings. It will also give full details of how to connect the scope, along with
advice on what the waveform should look like and general technical information
on the component being tested.

All the waveforms shown in this book were captured using this piece of
equipment. Visit: www.picoauto.com for more information.

3.2.2 Waveforms

You will find the words ‘waveform’, ‘pattern’ and ‘trace’ are used in books and
workshop manuals but they mean the same thing. | will try to stick to waveform.

When you look at a waveform on a screen it is important to remember that the
height of the scale represents voltage and the width represents time. Both of
these axes can have their scales changed. They are called axis because the
‘scope’ is drawing a graph of the voltage at the test points over a period of
time. The time scale can vary from a few us to several seconds. The voltage
scale can vary from a few mV to several kV. For most test measurements only
two connections are needed just like a voltmeter. The time scale will operate at
intervals pre-set by the user. It is also possible to connect a ‘trigger’ wire so that
for example the time scale starts moving across the screen each time the ignition
coil fires. This keeps the display in time with the speed of the engine. Figure 3.7
shows an example waveform.

Most of the waveforms shown in various parts of this book are from a correctly
operating vehicle but some incorrect ones are also presented for comparison.
The skill you will learn by practice is to note when your own measurements vary
from the ideal — and how to interpret them.
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Figure 3.7 ABS waveform captured on a PicoScope

3.3 Scanners/Fault code readers and analysers

Note: Please refer to Chapter 5 for more detail about OBD systems

® Definition

OBD: On-board diagnostics.

3.3.1 On-board diagnostics introduction

On-board diagnostics (OBD) is a generic term referring to a vehicle’s self-
diagnostic and reporting system. OBD systems give the vehicle owner or a
technician access to information for various vehicle systems.

The amount of diagnostic information available via OBD has varied considerably
since its introduction in the early 1980s. Early versions of OBD would simply
illuminate a malfunction indicator light (MIL) if a problem was detected, but did
not provide any information about the problem. Modern OBD systems use a
standardized digital communications port to provide real-time data in addition
to a standardized series of diagnostic trouble codes (DTCs), which allow a
technician to identify and remedy faults on the vehicle. The current versions

are OBD2 and in European EOBD2. The standard OBD2 and EOBD?2 are quite
similar.

3.3.2 Serial port communications

Most modern vehicle systems now have ECUs that contain self-diagnosis
circuits. The information produced is read via a serial link using a scanner.

A special interface, stipulated by one of a number of standards (see next
section), is required to read the data. The standards are designed to work with a
single or two wire port allowing many vehicle electronic systems to be connected
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Protocol: A set of rules which is
used to allow computers to
communicate with each other.
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to a central diagnostic plug. The sequence of events to extract DTCs from the
ECU is as follows:

1. Test unit transmits a code word.

2. ECU responds by transmitting a baud rate recognition word.

3. Test unit adopts the appropriate setting.

4. ECU transmits fault codes.

The test unit converts the DTCs to suitable output text. Further functions are
possible which may include:

¢ Identification of ECU and system to ensure the test data is appropriate to the
system currently under investigation.

e Read out of current live values from sensors. Spurious figures can be easily
recognised. Information such as engine speed, temperature, airflow and so on
can be displayed and checked against test data.

e System function stimulation to allow actuators to be tested by moving them
and watching for suitable response.

e Programming of system changes such as basic idle CO or changes in basic
timing can be programmed into the system.

3.3.3 OBD2 signal protocols

Five different signalling protocols that are permitted with the OBD2 interface. Most
vehicles implement only one of them. It is often possible to deduce the protocol
used based on which pins are present on the J1962 connector (Figure 3.8).

Some details of the different protocols are presented here for interest. No need to
memorise them!

SAE J1850 PWM (pulse-width modulation): A standard of Ford Motor Company
e pin 2: Bus+
e pin 10: Bus-

Figure 3.8 Diagnostic data link connector (DLC)
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e High voltage is +5 V
e Message length is restricted to 12 bytes, including CRC

e Employs a multi-master arbitration scheme called ‘Carrier Sense Multiple
Access with Non-Destructive Arbitration’ (CSMA/NDA).

SAE J1850 VPW (variable pulse width): A standard of General Motors
e pin 2: Bus+

e Bus idles low

e High voltage is +7 V

e Decision pointis +3.5V

e Message length is restricted to 12 bytes, including CRC

e Employs CSMA/NDA.

ISO 9141-2: Primarily used by Chrysler, European, and Asian vehicles
e pin 7: K-line

e pin 15: L-line (optional)

e UART signalling

e K-line idles high, with a 510 ohm resistor to Vbatt

e The active/dominant state is driven low with an open-collector driver
e Message length is restricted to 12 bytes, including CRC.

ISO 14230 KWP2000 (Keyword Protocol 2000)

e pin 7: K-line

e pin 15: L-line (optional)

e Physical layer identical to ISO 9141-2

e Message may contain up to 255 bytes in the data field.

ISO 15765 CAN: The CAN protocol was developed by Bosch for automotive and

industrial control. Since 2008 all vehicles sold in the US (and most others) are
required to implement CAN as one of their signalling protocols.

e pin 6: CAN High
e pin 14: CAN Low.

All OBD2 pin-outs use the same connector but different pins are utilized with the
exception of pin 4 (battery ground) and pin 16 (battery positive).

3.3.4 AutoTap OBD scanner

Author’s Note: This section outlines the use and features of the AutoTap scanner.
| have chosen this particular tool as a case study because it provides some

very advanced features at a very competitive price. The scanner is designed
specifically to work with OBD2 systems. However, it worked fine on all the petrol
engined EOBD systems | have used it on so far. For more information: www.
autotap.com.

Like any professional scanner or code reader, the AutoTap scan tool connects
the special OBD2 data link connector, which is always accessible from the
driver’s seat (often on or under the dash). A USB cable makes the scanner
connection to a computer. The scanner translates the signals from the vehicle’s
computer controlled sensors to easy to read visual displays. It also reads out any
diagnostic trouble codes (DTCs).

1 { iDefinition

ISO: International standards
organization.

o
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CAN: Controller area network.

Figure 3.9 Connector pin-out:
4-battery ground/earth, 7-K line,
15-L line, 16-battery positive
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Figure 3.10 AutoTap scanner and extension cable

The software also allows the technician (or hobbyist) to choose which parameters
or signals they want to see, and whether they are to be viewed as tables, graphs,
meters or gauges.

It is possible to set the ranges and alarms and pick display colours. Once a
screen configuration is created it can be saved for future use. Different screen
configurations are useful for different vehicles, or perhaps one for major
maintenance, one for tuning, one for quick checks at a race track.
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Figure 3.11 Screen grab from the AutoTap software showing tables, gauges and graphs
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Lots of data is provided in easy-to-read views with multiple parameters. Graphs
can be used to show short-term logs, and gauges for instant readings.

e Definition

DTCs can be checked immediately on connecting the scanner and starting up
MIL: Malfunction indicator light.

the software. This gives the critical info needed in the shortest time possible.
When repairs are completed the tool can be used to turn off the malfunction

indicator light (MIL). This light is also described as the check engine light.

The software will also log data, for example, during a road test. This is
particularly useful for diagnosing intermittent faults. The data can be played back
after a road or dynamometer test. It can also be exported to a spreadsheet file
for later analysis.

Overall, to read live data and get access to powertrain (engine related) system
DTCs, this is an excellent piece of equipment (see Figure 3.9).

3.3.5 Bosch KTS diagnostic equipment

Author’s Note: This section will outline the use and features of the Bosch KTS
650 diagnostic system. | have chosen this particular tool as a case study
because it provides everything that a technician needs to diagnose faults, but
at a professional price. The system is a combination of a scanner, multimeter,
oscilloscope and information system (when used with Esitronic). For more
information: www.bosch.com.

Modern vehicles are being fitted with more and more electronics. That
complicates diagnosis and repair, especially as the individual systems are often
interlinked. The work of service and repair workshops is being fundamentally
changed. Automotive engineers have to continually update their knowledge of
vehicle electronics. But this is no longer sufficient on its own. The ever-growing
number of electrical and electronic vehicle components is no longer manageable
without modern diagnostic technology — such as the latest range of KTS control
unit diagnostic testers from Bosch. In addition, more and more of the previously
purely mechanical interventions on vehicles now require the use of electronic
control units — such as the oil change, for example.

Figure 3.12 Diagnostic system in use (Source: Bosch Media)
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Figure 3.13 Adapter and cable kit (Source: Bosch Media)

Vehicle workshops operate in a very competitive environment and have to be
able to carry out demanding repair work efficiently, to a high standard and at

a competitive price on a wide range of vehicle makes and models. The Bosch
KTS control-unit diagnostic testers, used in conjunction with the comprehensive
Esitronic workshop software, offers the best possible basis for efficient diagnosis
and repair of electrical and electronic components. The testers are available

in different versions, suited to the individual requirements of the particular
workshop.

The portable KTS 650 with built-in computer and touch-screen can be used
anywhere. It has a 20GB hard drive, a touch-screen and a DVD drive. When
being used away from the workshop, the power supply of the KTS 650 comes
from the vehicle battery or from rechargeable batteries with one to two hours’
service life. For use in the workshop, there is a tough wheeled trolley with a
built-in charger unit. As well as having all the necessary adapter cables, the
trolley can also carry an inkjet printer and an external keyboard, which can be
connected to the KTS 650 via the usual PC interfaces.

The Esitronic software package accounts for the in-depth diagnostic capacity
of the KTS diagnostic testers. With the new common rail diesel systems,

for example, even special functions such as quantitative comparison and
compression testing can be carried out. This allows for reliable diagnosis of the
faulty part and avoids unnecessary dismantling and re-assembly or the removal
and replacement of non-faulty parts.

Modern diagnostic equipment is also indispensable when workshops have to
deal with braking systems with electronic control systems such as ABS, ASR and
ESP. Nowadays, the diagnostic tester may even be needed for bleeding a brake
system.

In addition, KTS and Esitronic allow independent workshops to reset the service
interval warning, for example after an oil change or a routine service, or perhaps
find the correct default position for the headlamps after one or both of these
have been replaced.
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As well as ISO norms for European vehicles and SAE norms for American and
Japanese vehicles, the KTS testers can also deal with CAN norms for checking
modern CAN bus systems, which are coming into use more and more frequently
in new vehicles. The testers are connected directly to the diagnostics socket via
a serial diagnostics interface by means of an adapter cable.

The system automatically detects the control unit and reads out the actual
values, the error memory and other controller-specific data. Thanks to a
built-in multiplexer, it is even easier for the user to diagnose the various
systems in the vehicle. The multiplexer determines the connection in the
diagnostics socket so that communication is established correctly with the
selected control unit.

3.3.6 Engine analysers

Some form of engine analyser has become an almost essential tool for fault
finding modern vehicle engine systems. The latest machines are now generally
based around a personal computer. This allows more facilities that can be

added to by simply changing the software. However, the latest more portable
systems such as the Pico Automotive kit will now do as many tests as the engine
analyser, currently with the exception of exhaust emissions.

Whilst engine analysers are designed to work specifically with the motor vehicle,
it is worth remembering that the machine consists basically of three parts.

e Multimeter

Figure 3.14 Engine analysers
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e Gas analyser
e Oscilloscope.

This is not intended to imply that other tests available such as cylinder balance
are less valid, but to show that the analyser is not magic; it is just able to present
results of electrical tests in a convenient way to allow diagnosis of faults. The key
component of any engine analyser is the oscilloscope facility, which allows the
user to ‘see’ the signal under test.

The trend with engine analysers seems to be to allow both guided test
procedures with pass/fail recommendations for the less skilled technician,

and freedom to test any electrical device using the facilities available in any
reasonable way. This is more appropriate for the highly skilled technician. Some
of the routines available on modern engine analysers are listed below.

Tune-up: A full prompted sequence that assesses each component in turn with

results and diagnosis displayed at the end of each component test. Stored data
allows pass/fail diagnosis by automatically comparing results of tests with data

on the disk. Printouts can be taken to show work completed.

Symptom analysis: This allows direct access to specific tests relating to reported
driveability problems.

Waveforms: A comprehensive range of digitised waveforms can be displayed
with colour highlights. The display can be frozen or recalled to look for
intermittent faults. A standard lab scope mode is available to allow examination
of EFl or ABS traces for example. Printouts can be made from any display. An
interesting feature on some systems is ‘transient capture’ which ensures even the
fastest spikes and intermittent signals are captured and displayed for detailed
examination.

Adjustments: Selecting specific components from a menu can make simple
quick adjustments. Live readings are displayed appropriate to the selection.

UK MOT Emissions test: Full MOT procedure tests are integrated and

displayed on the screen with pass fail diagnosis to the department of transport
specifications for both gas analysis and diesel smoke if appropriate options are
fitted. The test results include engine rpm and oil temperature as well as the gas
readings. These can all be printed for garage or customer use.

Engine analyser connections to the vehicle are similar for most equipment
manufacturers.

Table 3.4 Typical waveforms that can be displayed on most analysers and automotive oscilloscopes

Primary Secondary Diagnostic Cylinder test

Primary waveform Secondary waveform Voltage waveform Vacuum waveform

Primary parade waveform Secondary parade Lab scope waveform Power balance waveform

waveform

Dwell bar graph kV Histogram Fuel injector waveform Cylinder time balance bar
graph

Duty cycle/Dwell bar graph kV bar graph Alternator waveform Cylinder shorting even/odd
bar graph

Duty cycle/Voltage bar graph

Bum time bar graph Cranking amps bar graph
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Table 3.5 Analyser connections

Connection Purpose or one example of use
Battery positive Battery and charging voltages

Battery negative A common earth connection

Coil positive To check supply voltage to call

Coll negative (adapters are available  To look at dwell, rpom and primary waveforms
for DIS)

Coll HT lead clamp (adapters are Secondary waveforms

available for DIS)

Number one cylinder plug lead Timing light and sequence of waveforms
Clamp

Battery cable amp clamp Charging and starting current

Oil temperature probe (dip stick Oil temperature

hole)

Vacuum connection Engine load

Exhaust pipe Emissions testing

3.4 Emission testing

3.4.1 Introduction

Checking the exhaust emissions of a vehicle has three main purposes:

1. Ensure optimum performance.
2. Compliance with regulations and limits.
3. Diagnostic information.

There are many different exhaust testing systems available.

3.4.2 Exhaust gas measurement

It has how become standard to measure four of the main exhaust gases namely:
Carbon monoxide (CO).

Carbon dioxide (CO,).

Hydrocarbons (HC).

Oxygen (O,).

On many analysers, lambda value and the air fuel ratio are calculated and
displayed in addition to the four gasses. The Greek symbol lambda () is used

to represent the ideal air fuel ratio (AFR) of 14.7:1 by mass. In other words just m
the right amount of air to burn up all the fuel. Table 3.7 lists gas, lambda and The Greek symbol lambda (A)

AFR readings for a closed loop lambda control system, before (or without) represents the ideal air fuel ratio

and after the catalytic converter. These are for a modern engine in excellent (AFR) of 14.7:1 by mass.

condition and are a guide only — always check current data for the vehicle you
are working on.

The composition of exhaust gas is now a critical measurement and hence a
certain degree of accuracy is required. To this end the infrared measurement
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Table 3.6 Exhaust examples

Reading: CO% HCppm CO% O, % Lambda () AFR
Before catalyst 0.6 120 14.7 0.7 1.0 14.7
After catalyst 0.2 12 189 0.1 1.0 14.7
Inlet Outlet
Measuring cell
Infrared
emitter
E 2
. Flow sensor
Rotating
chopper
disc

Figure 3.15 Carbon monoxide measurement technique

technique has become the most suitable for CO, CO, and HC. Each individual
gas absorbs infrared radiation at a specific rate. Oxygen is measured by
electro-chemical means in much the same way as the on vehicle lambda sensor.

CO can be measured as shown in Figure 3.15. The emitter is heated to about
700 °C which, by using a suitable reflector, produces a beam of infrared light.
This beam is passed via a chopper disc, through a measuring cell to a receiver
chamber. This sealed chamber contains a gas with a defined content of CO

(in this case). This gas absorbs some of the CO specific radiation and its
temperature increases. This causes expansion and therefore a gas flow from
chamber 1 to chamber 2. This flow is detected by a flow sensor, which produces
an AC output signal. This is converted and calibrated to a zero CO reading. The
AC signal is produced due to the action of the chopper disk. If the chopper disc
was not used then the flow from chamber 1 to chamber 2 would only take place
when the machine was switched on or off.

If the gas to be measured is now pumped through the measuring cell, some of
the infrared radiation will be absorbed before it reaches the receiver chamber.
This varies the heating effect on the CO specific gas and hence the measured
flow between chambers 1 and 2 will change. The flow meter will produce a
change in its AC signal, which is converted, and then output to a suitable display.
A similar technique is used for the measurement of CO, and HC. At present it is
not possible to measure nitrogen oxides (NOx) without the most sophisticated
laboratory equipment. Research is being carried out in this area.

Accurate measurement of exhaust gas is not only required for annual tests but
is essential to ensure an engine is correctly tuned. Table 3.6 lists typical values
measured from a car exhaust. Note the toxic HC and CO emissions whilst small,
are none-the-less dangerous.

3.4.3 Exhaust analyser

The facilities of an exhaust analyser produced by Bosch are outlined here.
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Figure 3.16 Exhaust gas measuring components (Source: Bosch Media)

The measuring system shown in Figures 3.16 and 3.17 can be used for petrol/
gasoline, diesel and natural gas vehicles (a statutory requirement in Germany).
It is designed for quick and mobile use in workshops and is a robust design.

It measures the usual four-gases, weighs less than 15 kg and can be ready for
operation in just a few minutes. The system is controlled by software, which
takes users through the test sequence. The device can be serviced by users
themselves every six months.

The system measures the HC, CO, CO, and O, exhaust components for petrol/
gasoline engines. It can also be expanded to measure NO if necessary. It records

Figure 3.17 Exhaust gas measuring system in use (Source: Bosch Media)
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Wi, engine speed and temperature. Adding a smoke opacity measuring device
Definition 4 means exhaust gas analyses can be carried out on diesel vehicles. Linking with
' - the KTS (see section 3.3.5) allows important OBD engine and transmission
Bluetooth: A proprietary open .
wireless protocol for exchanging control unit data to be read as well as the gases. The laptop and KTS can be

data over short distances from connected via a cable or Bluetooth.

fixed and mobile devices, creating

personal area networks (PANS). 3.4.4 Emission limits

Limits and regulations relating to exhaust emissions vary in different countries
and in different situations. For example, in the UK certain limits have to be
met during the annual test. The current test default limits (for vehicles since
September 2002 fitted with a catalytic converter) are:

At a minimum oil temperature 60 °C:
Fast idle (2500 to 3000 rpm)

e CO<=0.2%

e HC <=200 ppm

e Lambda 0.97 to 1.03.

Idle (450 to 1500 rpm)
e CO<=0.3%.

Manufacturers however, have to meet stringent regulations when producing

new vehicles. In Europe the emission standards are defined in a series of EU
directives staging the progressive introduction of increasingly stringent standards
(see Table 3.7).

In the USA, what are known as Tier Il standards are divided into several numbered
‘bins’. Eleven bins were initially defined, with bin 1 being the cleanest (Zero
Emission Vehicle) and 11 the dirtiest. However, bins 9, 10 and 11 are temporary.
Only the first ten bins were used for light-duty vehicles below 8500 pounds
GVWR, but medium-duty passenger vehicles up to 10 000 pounds (4536 kg)
GVWR and to all 11 bins. Manufacturers can make vehicles which fit into any of
the available bins, but still must meet average targets for their entire fleets.

The two least-restrictive bins for passenger cars, 9 and 10, were phased out
at the end of 2006. However, bins 9 and 10 were available for classifying a
restricted number of light-duty trucks until the end of 2008, when they were
removed along with bin 11 for medium-duty vehicles. As of 2009, light-duty
trucks must meet the same emissions standards as passenger cars.

Table 3.7 European past and future emission limits

Emissions Particulate matters (PM)/ Oxides of nitrogen (NOXx) Hydrocarbons (HC)
Standard (mg/km) (mg/km) (mg/km)
Diesel Petrol Diesel Petrol Diesel Petrol
Euro 2 (1996) 80-100 - - - - -
Euro 3 (2000) 50 - 500 180 - 200
Euro 4 (2005) 25 - 250 80 - 100
Euro 5 (2009) 180 70 - 100
Euro 6 (2014) 5 5 80 70 - 100
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Phase 2 was 2004 to 2009 and now even more stringent standards are coming
into use. Also, the California Air Resources Board (CARB) may also adopt

and enforce its own emissions standards. However, regardless of whether a
manufacturer receives CARB approval, all new motor vehicles and engines must
still receive certification from the environmental protection agency (EPA) before a
vehicle is introduced.

3.5 Pressure testing

3.5.1 Introduction

Measuring the fuel pressure on fuel injection engine is of great value when fault
finding. Many types of pressure tester are available and they often come as
part of a kit consisting of various adapters and connections (Figure 3.18). The
principle of mechanical gauges is that they contain a very small tube wound in
a spiral. As fluid or gas under pressure is forced into the spiral tube, it unwinds
causing a needle to move over a graduated scale.

Measuring engine cylinder compression or leakage is a useful test. Figure 3.19
shows an engine compression tester. This device is used to compare cylinder
compressions as well as to measure actual values.

Figure 3.18 Fuel pressure gauge kit (Source: Sealey)
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Figure 3.19 Compression tester (Source: Sealey)

3.5.2 Automotive pressure oscilloscope transducer I Y iD o
e efinition

PicoTech have developed an accurate pressure transducer that can be used for Transducer: A device that converts

pressure analysis of many automotive systems. a physical guantity (e.g. force,
torque, pressure, rotation) to an
electrical signal.

Some of the key features are:

e range accurate from 0.07 psi (5 mbar) to 500 psi (34.5 bar);
100 ps response time;

e zoom function for enhanced analysis;

temperature compensation.

These result in an accurate representation of rapidly changing signals that span
across a broad pressure range.

The three pressure ranges of the device allow for accurate measurement and
analysis of many automotive pressures including:

e cylinder compression;

fuel pressure;

intake manifold vacuum;

pulses from the exhaust.

The first range gives high resolution and accuracy for high-pressure tests such as  Figure 3.20 Automotive pressure
cranking and running cylinder compression or fuel pressure testing (Figure 3.21).  fransducer (Source: Picolech)

The second range measures from —15 to 50 psi (approximately —1 to 3.45 bar).
This range is ideal for vacuum tests and fuel system tests. The zoom function

is especially useful on these tests as it makes it easy to analyse the valves
operating with the vacuum waveform, or the injectors through the fuel
waveform.

With the third range you can measure —5 to 5 psi (approximately —0.34 to 0.34
bar). This setting is sensitive enough to allow analysis of small pressures or
pulses such as from the exhaust. This is an excellent way of checking for even
running cylinders.



110

Automobile electrical and electronic systems

T Ernnl e e T - o .
m i Gem e (o e S
P i mm - R P15 A e R

T 1 5 5y

. . A, s ot P )

gl e A 1y -1 ]

Figure 3.21 Running compression waveform
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Figure 3.22 Breakout box test equipment

3.5.3 Breakout boxes

Manufacturers have used a system similar to Figure 3.22 for many years,
known simply as a breakout box. A multimeter takes the readings between
predetermined test points on the box which are connected to the ECU wiring.

A variation on this system is a digitally controlled tester that will run very quickly
through a series of tests and display the results. These can be compared with
stored data allowing a pass/fail output.

3.6 Diagnostic procedures

3.6.1 Introduction

Finding the problem when complex automotive systems go wrong — is easy. Well,
it is easy if you have the necessary knowledge. This knowledge is in two parts:
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1. an understanding of the system in which the problem exists,
2. the ability to apply a logical diagnostic routine.

It is also important to be clear about two definitions:

e Symptom(s) — what the user of the system (vehicle or whatever) notices.
e Fault — the error in the system that causes the symptom(s).

The knowledge requirement and use of diagnostic skills can be illustrated with
the simple example in the next section.

3.6.2 The ‘theory’ of diagnostics

One theory of diagnostics can be illustrated by the following example: After
connecting a hosepipe to the tap and turning on the tap, no water comes out
of the end. Your knowledge of this system tells you that water should come out
providing the tap is on, because the pressure from a tap pushes water through
the pipe, and so on. This is where diagnostic skills become essential. The
following stages are now required.

1. Confirm that no water is coming out by looking down the end of the pipe!
2. Does water come out of the other taps, or did it come out of this tap before
you connected the hose?

3. Consider what this information tells you, for example, the hose must be
blocked or kinked.

4. Walk the length of the pipe looking for a kink.
. Straighten out the hose.

6. Check that water now comes out and that no other problems have been
created.

(&

The procedure just followed made the hose work but it is also guaranteed to
find a fault in any system. It is easy to see how it works in connection with a

hosepipe, but I'm sure anybody could have found that fault! The skill is to be able

to apply the same logical routine to more complex situations. The routine can be
summarized by the six-stages of diagnostics (Figure 3.23).

1. Verify

« Check the fault is as
described

e
6. Check

» Make sure other
systems still work

A ———————
5. Rectify

« Fix the fault, replace
the part

4. Test

* Measure and
compare

R ————————
2. Collect

 Get more
information

R ————————
3. Evaluate

« Stop and think
logically

Figure 3.23 Six-stage diagnostic process
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Steps 3 and 4 form a loop, within the larger loop, until the fault is located.
Remember that using a logical process will not only ensure you find the fault,
it will also save time and effort.



Electrical systems
and circuits

4.1 The systems approach

4.1.1 What is a system?

System is a word used to describe a collection of related components, which

interact as a whole. A motorway system, the education system or computer

systems are three varied examples. A large system is often made up of many m

smaller systems which in turn can each be made up of smaller systems and so Definition

on. Figure 4.1 shows how this can be represented in a visual form. One further System: From the Latin systéma, in
definition: ‘A group of devices serving a common purpose’. turn from Greek ototnuo systéma, is

Using the systems approach helps to split extremely complex technical a set of interacting or interdependent
entities into more manageable parts. It is important to note however, that the ;ytzggt eC do (/nvﬁglréents forming an
links between the smaller parts and the boundaries around them are also very

important. System boundaries will overlap in many cases.

The modern motor vehicle is a complex system and in itself forms just a

small part of a larger transport system. It is the ability for the motor vehicle

to be split into systems on many levels, which aids both in its design and
construction. The systems approach helps in particular with understanding
how something works and further how to go about repairing it when it doesn’t.

4.1.2 Vehicle systems

Splitting the vehicle into systems is not an easy task because it can be done
in many different ways. A split between mechanical systems and electrical

Engine Electrical

/

/ //ABS
Complete vehicle Braking system

Figure 4.1 Systems in systems representation
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Figure 4.2 Vehicle systems representation

systems would seem a good start. However, this division can cause as many
problems as it solves. For example, in which half do we put anti-lock brakes,
mechanical or electrical? The answer is of course both. None-the-less, it still
makes it easier to be able to just consider one area of the vehicle and not have to
try to comprehend the whole.

Once a complex set of interacting parts such as a motor vehicle has been
‘systemized’, the function or performance of each part can be examined in more
detail. In other words, looking at what each part of the system should do in turn
then helps to determine how each part actually works. It is again important to
stress that the links and interactions between various sub-systems are a very
important consideration. Examples of this would be how the power demands of
the vehicle lighting system will have an effect on the charging system operation,
or in the case of a fault, how an air leak from a brake servo could cause a weak
air/fuel ratio.

To further analyse a system whatever way it has been sub divided from the
whole, consideration should be given to the inputs and the outputs of the
system. Many of the complex electronic systems on a vehicle lend themselves to
this form of analysis. Considering the electronic control unit (ECU) of the system
as the control element and looking at its inputs and outputs is the recommended
approach.

4.1.3 Open loop systems

An open loop system is designed to give the required output whenever a given
input is applied. A good example of an open loop vehicle system would be the
headlights. With the given input is the switch being operated, the output required
is that the headlights will be illuminated.

Input »( Control > Output

Figure 4.3 Open loop system

This can be taken further by saying that an input is also required from the battery
and a further input from, say, the dip switch. The feature, which determines that a
system is open loop, is that no feedback is required for it to operate.

4.1.4 Closed loop systems

A closed loop system is identified by a feedback loop. It can be described as a
system where there is a possibility of applying corrective measures if the output
is not quite what is wanted. A good example of this in a vehicle is an automatic
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Input - Control > Output
A
Feedback loop v

Figure 4.4 Closed loop system

temperature control system (Figure 4.5). The interior temperature of the vehicle is
determined by the output from the heater which is switched on or off in response
to a signal from a temperature sensor inside the cabin. The feedback loop is the

fact that the output from the system, temperature, is also an input to the system.

The feedback loop in any closed loop system can be in many forms. The driver
of a car with a conventional heating system can form a feedback loop by

turning the heater down when he is too hot and turning it back up when cold.
The feedback on an ABS system is a signal that the wheel is locking, where the
system reacts by reducing the braking force — until it stops locking, when braking
force can be increased again — and so on to maintain a steady state.

A closed loop system always has a
feedback loop that may be negative
or positive.

4.1.5 Summary

Many complex vehicle systems are represented in this book as block diagrams.
In this way several inputs can be shown supplying information to an ECU which,
in turn, controls the system outputs.

Temperature
sensor

Heater

Control ECU

Figure 4.5 Closed loop heating system

4.2 Electrical wiring, terminals and switching
4.2.1 Cables

Cables used for motor vehicle applications are almost always copper strands
insulated with PVC. Copper, beside its very low resistivity of about 1.7 x 108 Qm,
has ideal properties such as ductility and malleability. This makes it the natural
choice for most electrical conductors. PVC as the insulation is again ideal as

it not only has very high resistance, in the order of 10" Qm, but is also very
resistant to petrol, oil, water and other contaminants.

The choice of cable size depends on the current drawn by the consumer. The
larger the cable used then the smaller the volt drop in the circuit but the cable will
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The choice of cable size depends on
the current drawn by the consumer.
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Table 4.1 typical maximum volt drops

Circuit (12 V) Cable drop (V) Maximum drop (V)
including connections
Lighting circuit <15W 0.1 0.6
Lighting circuit >15'W 0.3 0.6
Charging circuit Nominal 0.5 0.5
Starter circuit Maximum at 0.5 0.5
20 °C
Starter solenoid Pull-in 1.5 1.9
Other circuits Nominal 0.5 1.5

be heavier. This means a trade-off must be sought between allowable volt drop
and maximum cable size. Table 4.1 lists some typical maximum volt drops in a
circuit.

In general the supply to a component must not be less than 90% of the system
supply. Vehicles using a 24 V supply mean the figures in the previous table
should be doubled. Volt drop in a cable can be calculated as follows:

Calculate the current [ = W/Vs
Volt drop Vd = 1.p.I/A

where: | = current in amps, W = power rating of component in watts,
Vs = system supply in volts, Vd = volt drop in volts, p = resistivity of copper in
Qm, | = length of the cable in m, A = cross sectional area in m?.

A transposition of this formula will allow the required cable cross section to be
calculated.

A = Ipl/Vd

where: | = maximum current in amps, Vd = maximum allowable volt drop in volts.

Cable is available in stock sizes and the following table lists some typical sizes
and uses. The current rating is assuming that the cable length is not excessive
and that operating temperature is within normal limits. Cables normally consist of
multiple strands to provide greater flexibility.

4.2.2 Colour codes and terminal designations

As seems to be the case for any standardisation a number of colour code and
terminal designation systems are in operation! For reference purposes | will just
make mention of three. Firstly, the British Standard system (BS AU 7a: 1983).
This system uses twelve colours to determine the main purpose of the cable and
tracer colours to further refine its use. The main colour uses and some further
examples are given in the following table.

A ‘European’ system used by a number of manufacturers is based broadly on
the following table. Please note that there is no correlation between the ‘Euro’
system and the British standard colour codes. In particular note the use of the
colour brown in each system! After some practice with the use of colour code
systems the job of the technician is made a lot easier when fault finding an
electrical circuit.
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Table 4.2 Cables and their applications

Cable strand Cross sectional Continuous Example
diameter (mm) area (mm?) current rating (A) applications
9/0.30 0.6 SNGE Side lights etc.
14/0.25 0.7 6 A Clock, radio
14/0.30 1.0 8.75 Ignition
28/0.30 2.0 17.5 Headlights, HRW
44/0.30 3.1 27.5

65/0.30 4.6 35.0 Main supply
84/0.30 5.9 45.0

97/0.30 6.9 50.0 Charging wires
120/0.30 8.5 60.0

37/0.90 23.5 350.0 Starter supply
to to

61/0.90 39.0 700.0

Table 4.3 British standard colour codes

Colour Symbol Destination/Use

Brown N Main battery feed

Blue U Headlight switch to dip switch
Blue/White uw Headlight main beam
Blue/Red UR Headlight dip beam

Red R Side light main feed
Red/Black RB Left hand side lights and no. plate
Red/Orange RO Right hand side lights

Purple P Constant fused supply

Green G Ignition controlled fused supply
Green/Red GR Left side indicators
Green/\White GW Right side indicators

Light Green LG Instruments

White W lgnition to ballast resistor
White/Black WB Coll negative

Yellow Y Overdrive and fuel injection
Black B All earth connections

Slate S Electric windows

Orange O Wiper circuits (fused)
Pink/\White KW Ballast resistor wire
Green/Brown GN Reverse

Green/Purple GP Stop lights

Blue/Yellow Uy Rear Fog light
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Table 4.4 European colour codes

Colour Symbol Destination/Use

Red Rt Main battery feed
White/Black Ws/Sw Headlight switch to dip switch
White Ws Headlight main beam
Yellow Ge Headlight dip beam
Grey Gr Side light main feed
Grey/Black Gr/Sw Left hand side lights
Grey/Red Gr/Rt Right hand side lights
Black/Yellow Sw/Ge Fuel injection
Black/Green Sw/Gn Ignition controlled supply
Black/White/Green Sw/Ws/Gn Indicator switch
Black/White Sw/Ws Left side indicators
Black/Green Sw/Gn Right side indicators
Light Green LGn Coll negative

Brown Br Earth

Brown/White Br/Ws Earth connections
Pink/White KW Ballast resistor wire
Black Sw Reverse

Black/Red Sw/Rt Stop lights

Green/Black Gn/Sw Rear Fog light

A system now in common use is the terminal designation system in accordance
with DIN 72 552. This system is to enable easy and correct connections to be
made on the vehicle, particularly in after sales repairs. It is important however to
note that the designations are not to identify individual wires but are to define the
terminals of a device. Table 4.5 lists some of the most popular numbers.

Ford motor company has used a circuit numbering and wire identification
system. This is in use world-wide and is known as Function, System-Connection
(FSC). The system was developed to assist in vehicle development and
production processes. However, it is also very useful to help the technician with
fault-finding. Many of the function codes are based on the DIN system. Note that
earth wires are now black! The system works as follows:

31S-AC3A || 1.5 BK/RD

Function:
31 = ground/earth
S = additionally switched circuit

System:
AC = headlamp levelling
Connection:

3 = switch connection
A = branch
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Table 4.5 Terminal designation numbers (DIN 72 552)

1 lgnition coil negative

4 lgnition cail high tension

15 Switched positive (ignition switch output)
30 Input from battery positive

31 Earth connection

49 Input to flasher unit

49a Output from flasher unit

50 Starter control (solenoid terminal)
&3 Wiper motor input

54 Stop lamps

5 Fog lamps

56 Headlamps

56a Main beam

560 Dip beam

58L Left side lights

58R Right side lights

61 Charge warning light

85 Relay winding out

86 Relay winding input

87 Relay contact input (change over relay)
87a Relay contact output (break)
87b Relay contact output (make)

Left side indicators

R Right side indicators
C Indicator warning light (vehicle)
Size:
1.5=1.5mm?
Colour:

BK = Black (determined by function 31)
RD = Red stripe

As a final point to this section it must be noted that the colour codes and
terminal designations given, are for illustration only. Further reference should
always be made for specific details to manufacturer’s information.

4.2.3 Harness design

The vehicle wiring harness has developed over the years from a loom containing
just a few wires, to the looms used at present on top range vehicles containing
well over 1000 separate wires. Modern vehicles tend to have wiring harnesses
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The most popular wiring harmess is a
bundle of cables spirally wrapped in
non-adhesive PVC or similar tape.
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Table 4.6 Ford system colour codes

Code Colour

BK Black
BN Brown
BU Blue
GN Green
QY Grey
LG Light-Green
oG Orange
PK Pink
RD Red
SR Silver
VT Violet
WH White
YE Yellow

Table 4.7 System codes

Letter Main system Examples
D Distribution systems DE = earth
A Actuated systems AK = wiper/washer
B Basic systems BA = charging BB = starting
C Control systems CE = power steering
G Gauge systems GA = level/pressure/temperature
H Heated systems HC = heated seats
L Lighting systems LE = headlights
M Miscellaneous systems MA = air bags
= Powertrain control systems PA = engine control
W Indicator systems (‘indications’ not WC = bulb failure
turn signals)
X Temporary for future features XS = too much!

constructed in a number of ways. The most popular is still for the bundle of
cables to be spirally wrapped in non-adhesive PVC tape. The tape is non-
adhesive so as to allow the bundle of wires to retain some flexibility, as shown in
Figures 4.6 and 4.7.

Another technique often used is to place the cables side by side and plastic weld
them to a backing strip as shown in Figure 4.8. This method allows the loom

to be run in narrow areas, for example behind the trim on the inner sill or under
carpets.
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Figure 4.8 Cables side by side and
Figure 4.7 Canvas tape hamness plastic welded to a backing strip

A third way of grouping cables, as shown in Figure 4.9 is to place them inside

PVC tubes. This has the advantage of being harder wearing and, if suitable

sealing is arranged, can also be waterproof.

When deciding on the layout of a wiring loom within the vehicle, many issues

must be considered. Some of these are as follows.

. Cable runs must be as short as possible.

. The loom must be protected against physical damage.

. The number of connections should be kept to a minimum.

. Modular design may be appropriate.

. Accident damage areas to be considered.

. Production line techniques should be considered.

. Access must be possible to main components and sub-assemblies for repair
purposes.

N OO A ON =



Keeping cable runs as short as
possible will reduce volt drop
problems and reduce the weight

of the harness.
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Figure 4.10 'H and ‘E’ wiring layouts

Figure 4.11 Typical wiring hamess layout
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Figure 4.9 PVC tube and tape hamess

From the above list, which is by no means definitive, it can be seen that, as

with most design problems, some of the main issues for consideration are at
odds with each other. The more connections involved in a wiring loom, then the
more areas there are for potential faults to develop. However, having a large
multiplug assembly, which connects the entire engine wiring to the rest of the
loom, can have considerable advantages. During production, the engine and all
its ancillaries can be fitted as a complete unit if supplied ready wired, and in the
after-sales repair market, engine replacement and repairs are easier to carry out.

Because wiring looms are now so large, it is often necessary to split them into
more manageable sub-assemblies. This will involve more connection points. The
main advantage of this is that individual sections of the loom can be replaced if
damaged.

Keeping cable runs as short as possible will not only reduce volt drop problems
but will allow thinner wire to be used, thus reducing the weight of the harness,
which can now be quite considerable.

The overall layout of a loom on a vehicle will broadly follow one of two patterns;
that is, an ‘E’ shape or an ‘H’ shape (Figure 4.10). The ‘H’ is the more common
layout. It is becoming the norm to have one or two main junction points as part
of the vehicle wiring with these points often being part of the fuse box and relay
plate.

Figure 4.11 shows a more realistic representation of the harness layout. This
figure also serves to show the level of complexity and number of connection
points involved. It is the aim of multiplexed systems (discussed later) to reduce
these problems and provide extra ‘communication’ and diagnostic facilities.

4.2.4 Printed circuits

The printed circuit is often used in areas such as the rear of the instrument

pack and other similar places. This allows these components to be supplied as
complete units and also reduces the amount and complexity of the wiring in what
are usually cramped areas.




T WY ST
FEANDT N

Electrical systems and circuits

123

Figure 4.12 Instrument pack printed circuit

The printed circuits are constructed using a thin copper layer that is bonded to a
plastic sheet — on both sides in some cases. The required circuit is then printed

on to the copper using a material similar to wax. The unwanted copper can Glass type
then be etched away with an acid wash. A further layer of thin plastic sheet can
insulate the copper strips if required.

Figure 4.12 shows a picture of a typical printed circuit from an instrument
C%

panel and gives some indication as to how many wires would be required Blade type

to do the same job. Connection to the main harness is by one or more
multiplugs.

4.2.5 Fuses and circuit breakers

Some form of circuit protection is required to protect the electrical wiring of a
vehicle against a short circuit and also to protect the electrical and electronic
components. It is now common practice to protect almost all electrical circuits
with a fuse. The simple definition of a fuse is that it is a deliberate weak link in the
circuit. If an overload of current occurs then the fuse will melt and disconnect the
circuit before any serious damage is caused. Automobile fuses are available in
three types, glass cartridge, ceramic and blade type. The blade type is the most
popular choice owing to its simple construction and reliability against premature
failure due to vibration. Figure 4.13 shows different types of fuse and Figure 4.14
shows a selection of the common blade type.

It is commmon practice to protect
almost all electrical circuits with a fuse.

Fuses are rated with a continuous and peak current value. The continuous value

is the current that the fuse will carry without risk of failure, whereas the peak

value is the current that the fuse will carry for a short time without failing. The

peak value of a fuse is usually double the continuous value. Using a lighting , :

circuit as an example, when the lights are first switched on a very high surge 'S.the our rent that ne fuse wil carry
. ’ . i without risk of failure, peak value is

of current will flow due to the low (cold) resistance of the bulb filaments. When the current that the fuse will carry

the filament resistance increases with temperature, the current will reduce, for a short time without failing.

thus illustrating the need for a fuse to be able to carry a higher current for a

short time.

_ || Definition
Fuse ratings: The continuous value
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Figure 4.14 Blade fuses

To calculate the required value for a fuse, the maximum possible continuous
current should be worked out. It is then usual to choose the next highest rated
fuse available. Blade fuses are available in a number of continuous rated values
as listed in Table 4.8 together with their colour code.

Table 4.8 Fuse ratings and colours

Blade type

3 Violet

4 Pink

& Clear/Beige
719) Brown

10 Red

15 Blue

20 Yellow

25 Neutral/White
30 Green
Ceramic type

5 Yellow

8 White

16 Red

25 Blue
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The chosen value of a fuse as calculated above must protect the consumer as
well as the wiring. A good example of this is a fuse in a wiper motor circuit. If
a value were used that is much too high, it would probably still protect against
a severe short circuit. However, if the wiper blades froze to the screen, a large
value fuse would not necessarily protect the motor from overload.

It is now common practice to use fusible links in the main output feeds from the
battery as protection against major short circuits in the event of an accident or

error in wiring connections. These links are simply heavy duty fuses and are rated

in values such as 50, 100 or 150 A.

Occasionally, circuit breakers are used in place of fuses, this being more
common on heavy vehicles. A circuit breaker has the same rating and function
as a fuse but with the advantage that it can be reset. The disadvantage is the
much higher cost. Circuit breakers use a bimetallic strip which, when subjected
to excessive current, will bend and open a set of contacts. A latch mechanism
prevents the contacts from closing again until a reset button is pressed.

4.2.6 Terminations

Many types of terminals are available and have developed from early bullet-
type connectors into the high quality waterproof systems now in use. A popular
choice for many years was the spade terminal. This is still a standard choice
for connection to relays for example, but is now losing ground to the smaller
blade or round terminals as shown in Figure 4.15. Circular multipin connectors
are used in many cases, the pins varying in size from 1 mm to 5 mm. With any
type of multipin connector, provision must always be made to prevent incorrect
connection.

Protection against corrosion of the actual connector is provided in a number

of ways. Earlier methods included applying suitable grease to the pins to repel
water. It is now more usual to use rubber seals to protect the terminals, although
a small amount of contact lubricant can still be used.

Many multiway connectors employ some kind of latch to prevent individual pins

working loose, and also the complete plug and socket assembly is often latched.

Figure 4.16 shows a common type of connector. Note the latch for security.

Uy WZ/{/ ~ ‘//////i/ »
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Figure 4.16 Terminals and wires
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A circuit breaker has the same rating
and function as a fuse but with the
advantage that it can be reset.

Figure 4.15 ‘Round’ Crimp terminals
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Figure 4.17 Crimp terminals for repair work

For high quality electrical connections, the contact resistance of a terminal must
be kept to a minimum. This is achieved by ensuring a tight join with a large
surface area in contact, and by using a precious metal coating often containing
silver. It is worth noting that many connections are only designed to be removed
a limited number of times before deterioration in effectiveness. This is to reduce
the cost of manufacture but can cause problems on older vehicles.

Many forms of terminal are available for after-sales repair (Figure 4.17), some
with more success than others. A good example is sealed terminals, which in
some cases are specified by the manufacturers for repair purposes. These are
pre-insulated polyamide terminations that provide a tough, environment resistant
connection for most wire sizes used on motor vehicles. They simultaneously
insulate, seal and protect the joint from abrasion and mechanical abuse.

The stripped wire is inserted into the metallic barrel and crimped in the usual
way. The tubing is then heated and adhesive flows under pressure from the
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tubing, filling any voids and providing an excellent seal with the cable. The seal
prevents the ingress of water and other fluids, preventing electrolytic action. The
connection is also resistant to temperature changes.

4.2.7 Switches

Developments in ergonomics and styling have made the simple switch into quite
a complex issue. The method of operation of the switch must meet various
criteria. The grouping of switches to minimize driver fatigue and distraction,
access to a switch in an emergency and hazards from switch projections under
impact conditions are just some of the problems facing the designer. It has

now become the norm for the main function switches to be operated by levers
mounted on the steering column. These functions usually include; lights, dip,
flash, horn, washers and wipers. Other control switches are mounted within
easy reach of the driver on or near the instrument fascia panel. As well as all the
design constraints already mentioned, the reliability of the switch is important.
Studies have shown that, for example, a headlamp dip switch may be operated
in the region of 22 000 times during 80 000 km (50 000) miles of vehicle use
(about 4 years). This places great mechanical and electrical stress on the switch.

A simple definition of a switch is ‘a device for breaking and making the
conducting path for the current in a circuit’. This means that the switch can be
considered in two parts; the contacts, which perform the electrical connection,
and the mechanical arrangement, which moves the contacts. There are many
forms of operating mechanisms, all of which make and break the contacts.
Figure 4.18 shows just one common method of sliding contacts.

The characteristics the contacts require are simple:

1. Resistance to mechanical and electrical wear.
2. Low contact resistance.

3. No build-up of surface films.

4. Low cost.

Materials often used for switch contacts include copper, phosphor bronze,
brass, beryllium copper and in some cases silver or silver alloys. Gold is used for
contacts in very special applications. The current that a switch will have to carry
is the major consideration as arc erosion of the contacts is the largest problem.
Silver is one of the best materials for switch contacts and one way of getting
around the obvious problem of cost is to have only the contact tips made from
silver, by resistance welding the silver to, for example, brass connections. It is
common practice now to use switches to operate a relay that in turn will operate
the main part of the circuit. This allows far greater freedom in the design of the
switch due to very low current, but it may be necessary to suppress the inductive
arc caused by the relay winding. It must also not be forgotten that the relay is
also a switch, but as relays are not constrained by design issues the very fast
and positive switching action allows higher currents to be controlled.

The electrical life of a switch is dependent on its frequency of operation, the
on-off ratio of operation, the nature of the load, arc suppression and other circuit
details, the amount of actuator travel used, ambient temperature and humidity
and vibration levels, to name just a few factors.

The range of size and types of switches used on the motor vehicle is vast,
from the contacts in the starter solenoid, to the contacts in a sunroof micro
switch. Figure 4.19 shows one type of motor vehicle switch together with its
specifications below.
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Switch: A device for breaking and
making the conducting path for the
current in a circuit,

%

Spring loaded
|~ slider

Contacts

Figure 4.18 Switch with sliding contacts
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Figure 4.19 Single-pole triple-throw rocker switch

Product Type Features:

e Configuration (Pole-Throw) = Single Pole - Single Throw

Actuator Style = Rocker
Actuator Type = Top
Termination Type = Quick Connect
Mount = Panel

e UL Listed = File No. E46765
Electrical Characteristics:

e Contact Rating = 16A

Body Related Features:
e Series = PR
e Actuator Colour = Black
e Mount Style = 13.80mm x 27.60mm [.545 in. x 1.086 in.]
Panel Cutout
e | ED = Without
Contact Related Features:
e Contact Plating = Silver

Some of the terms used to describe switch operation are listed below.
Free position Position of the actuator when no force is applied.
Pretravel Movement of the actuator between the free and operating position.

Operating position Position the actuator takes when contact changeover takes
place.

Release position Actuator position when the mechanism resets.
Overtravel Movement of the actuator beyond the operating position.
Total travel Sum of pretravel and overtravel.

Actuating force Force required to move the actuator from the free to the
operating position.

Release force Force required to allow the mechanism to reset.

The number of contacts, the number of poles and the type of throw are
the further points to be considered in this section. Specific vehicle current
consumers require specific switching actions. Figure 4.20 shows the circuit
symbols for a selection of switches and switching actions. Relays are also
available with contacts and switching action similar to those shown.

So far, all the switches mentioned have been manually operated. Switches are
also available, however, that can operate due to temperature, pressure and

inertia, to name just three. These three examples are shown in Figure 4.21. The
temperature switch shown is typical of those used to operate radiator cooling fans
and it operates by a bimetal strip which bends due to temperature and causes
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(@) Bimetal

Temperature switch strip \
SPST Oo—— Basic on/off
i ]

o Double pole Temperature change bends

on/off ; :
the Bimetal strip to close the contacts
— ———

Diaphragm pressure switch

SPDT ~ Change over &
o——— — Diaphragm
o——
SPTT —O— Centre off
o—
SPTT O/
O Three position
offlon/on
o—
SPTT {
o—— |
Ipf;g:/opg sgu: " Mass moves on impact and
o— closes the contacts
Figure 4.20 Circuit symbols for a selection of switches Figure 4.21 Temperature, pressure and inertia
and switching actions switches

a set of contacts to close. The pressure switch shown could be used to monitor
over-pressure in an air conditioning system and simply operates by pressure on a
diaphragm which, at a pre-determined pressure, will overcome spring tension and
close (or open) a set of contacts. Finally, the inertia switch is often used to switch
off the supply to a fuel injection pump in the event of an impact to the vehicle.

4.3 Multiplexing

4.3.1 Limits of the conventional wiring system

The complexity of modern wiring systems has been increasing steadily over
the last 35 years or so and, in recent years, has increased dramatically. It has
now reached a point where the size and weight of the wiring harness is a major
problem. The number of separate wires required on a top-of-the-range vehicle
can be in the region of 1500! The wiring loom required to control all functions
in or from the driver’s door can require up to 50 wires, the systems in the
dashboard area alone can use over 100 wires and connections. This is clearly
becoming a problem as, apart from the obvious issues of size and weight, the
number of connections and the number of wires increases the possibility of
faults developing. It has been estimated that the complexity of the vehicle wiring
system doubles every 10 years.



Many sensors that provide inputs
to one electronic control unit can
also be used by all or some of

the others.
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The number of systems controlled by electronics is continually increasing. A
number of these systems are already in common use and the others are becoming
more widely adopted. Some examples of these systems are listed below:

e Engine management.
e Anti-lock brakes.

e Traction control.

e Variable valve timing.
e Transmission control.
* Active suspension.
e Communications.

e Multimedia.

All the systems listed above work in their own right but are also linked to each
other. Many of the sensors that provide inputs to one electronic control unit are
common to all or some of the others. One solution to this is to use one computer
to control all systems. This, however, would be very expensive to produce in
small numbers. A second solution is to use a common data bus. This would
allow communication between modules and would make the information from
the various vehicle sensors available to all sensors.

Taking this idea a stage further, if data could be transmitted along one wire and
made available to all parts of the vehicle, then the vehicle wiring could be reduced
to just three wires. These wires would be a mains supply, an earth connection and
a signal wire. The idea of using just one line for many signals is not new and has
been in use in areas such as telecommunications for many years. Various signals
can be ‘multiplexed’ on to one wire in two main ways — frequency division and
time division multiplexing. Frequency division is similar to the way radio signals
are transmitted. It is oversimplifying a complex subject, but a form of time division
multiplexing is generally used for transmission of digital signals.

A ring main or multiplexed wiring system is represented in Figure 4.22. This shows
that the data bus and the power supply cables must ‘visit’ all areas of the vehicle
electrical system. To illustrate the operation of this system, consider the events
involved in switching the sidelights on and off. First, in response to the driver
pressing the light switch, a unique signal is placed on the data bus. This signal is
only recognized by special receivers built as part of each light unit assembly, and

Power
supplies

Data
bus

Output to lights for example

Figure 4.22 Multiplexed 'ring main’ wiring system
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these in turn will make a connection between the power ring main and the lights.
The events are similar to turn off the lights, except that the code placed on the
data bus will be different and will be recognized only by the appropriate receivers
as an off code.

4.3.2 Multiplex data bus

In order to transmit different data on one line, a number of criteria must be
carefully defined and agreed. This is known as the communications protocol.
Some of the variables that must be defined are as follows:

e Method of addressing.

e Transmission sequence.

e Control signals.

e Error detection.

e FError treatment.

e Speed or rate of transmission.

The physical layer must also be defined and agreed. This includes the following:

¢ Transmission medium, e.g. copper wire, fibre optics etc.

¢ Type of transmission coding, e.g. analogue or digital.

e Type of signals, e.g. voltage, current or frequency etc.

The circuit to meet these criteria is known as the bus interface and will often
take the form of a single integrated circuit. This IC will, in some cases, have extra
circuitry in the form of memory for example. It may, however, be appropriate

for this chip to be as cheap as possible due to the large numbers required on a
vehicle.

4.3.3 Overview

The number of vehicle components which are networked, has considerably
increased the requirements for the vehicle control systems to communicate with
one another. The CAN (Controller Area Network) developed by Bosch is today’s
communication standard in passenger cars. However, there are a number of
other systems.

Multiplexing is a process of combining several messages for transmission over
the same signal path. The signal path is called the data bus. The data bus is
basically just a couple of wires connecting the control units together. A data
bus consists of a communication or signal wire and a ground return, serving

all multiplex system nodes. The term node is given to any sub-assembly of a
multiplex system (such as a control unit) that communicates on the data bus.
On some vehicles, early multiplex systems used three control units. These were
the door control unit, the driver’s side control unit and the passenger’s side
control unit (Figure 4.23). These three units replaced the following:

¢ Integrated unit.

e |nterlock control unit.

e Door lock control unit.

e lllumination light control.

e Power window control unit.
e Security alarm control unit.

When a switch is operated, a coded digital signal is generated and communi-
cated, according to its priority, via the data bus. All control units receive the
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several messages for transmission
over the same signal path.
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Figure 4.23 Sub-system for doors on an earlier system

signal but only the control unit for which the signal is intended will activate the
desired response.

Only one signal can be sent on the BUS at any one time. Therefore each signal
has an identifier that is unique throughout the network. The identifier defines
not only the content but also the priority of the message. Some systems make
changes or adjustments to their operation much faster than other systems.
Therefore, when two signals are sent at the same time, it is the system which
requires the message most urgently whose signal takes priority.

A multiplex control system has the advantage of self-diagnosis. This allows quick
and easy troubleshooting and verification using diagnostic trouble codes (DTCs).
Many vehicles contain over a kilometre of wiring to supply all their electrical
components. Luxury models may contain considerably more because of elaborate
drivers’ aids. The use of multiplexing means that considerably less wiring is

used in a vehicle along with fewer multi-plugs and connectors etc (Figure 4.28).

Bosch technologies for driver assistance systems

M Surround sensors (radar, video)
M Brake control system

M Occupant safety
I Electric power steering i o>~
~ CAN bus = 4 , ) b

Figure 4.24 A data bus connects all networked components
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An additional advantage of multiplexing is that existing systems can be upgraded
or added to without modification to the original system.

4.3.4 Controller Area Network (CAN)

CAN is a serial bus system especially suited for networking ‘intelligent’ devices
as well as sensors and actuators within a system or sub-system. It operates in
a broadly similar way to a wired computer network. CAN stands for controller
area network and means that control units are able to interchange data. CAN
is a high-integrity serial data communications bus for real-time applications.

It operates at data rates of up to 1Mbit/s. It also has excellent error detection
and confinement capabilities. CAN was originally developed by Bosch for

use in cars but is now used in many other industrial automation and control
applications.

CAN is a serial bus system with multi-master capabilities. This means that all
CAN nodes are able to transmit data and several CAN nodes can request use of
the bus simultaneously. In CAN networks there is no addressing of subscribers
or stations, like on a computer network, but instead, prioritized messages are
transmitted. A transmitter sends a message to all CAN nodes (broadcasting).
Each node decides on the basis of the identifier received whether it should

( Start )

Write message
to the bus

Message

collision Short delay

No

Short delay

Remove
message from
bus

End

Figure 4.25 Much simplified CAN message protocol flowchart
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CAN is a serial bus system with
multi-master capabilities.
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Fast controller area network
(F-CAN) and basic (or body)
controller area network (B-CAN)
share information between
multiple electronic control units
(ECUs).

ﬁ ——— Bus 1 Drive train bus

/! [Bus {_] e.g. Motronic
- ABS/ASR/ESP
- Transmission control

w=- Bus 2 Multimedia bus
€.9. Main display unit
Radio
Travelpilot

~— Bus 3 Body bus
e.9. Parkpilot
Body computer
Door control units

Figure 4.26 Three different speed buses
in use (Source: Bosch Media)
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process the message or not. The identifier also determines the priority that the
message enjoys in competition for bus access.

Fast controller area network (F-CAN) and basic (or body) controller area network
(B-CAN) share information between multiple electronic control units (ECUs).
B-CAN communication is transmitted at a slower speed for convenience related
items such as electric windows. F-CAN information moves at a faster speed for
real time functions such as fuel and emissions systems. To allow both systems to
share information, a control module translates information between B-CAN and
F-CAN.

The ECUs on the B-CAN and F-CAN transmit and receive information in the
form of structured messages that may be received by several different ECUs on
the network at one time. These messages are transmitted and received across

a communication circuit that consists of a single wire that is shared by all the
ECUs. However, as messages on the F-CAN network are typically of higher
importance, a second wire is used for communication circuit integrity monitoring.
This CAN-H and CAN-L circuit forms the CAN-bus.

A multiplex control unit is often combined with the under-dash fuse/relay box. It
controls many of the vehicle systems related to body electrics and the B-CAN.
It also carries out much of the remote switching of various hardwired and CAN
controlled systems.

One of the outstanding features of the CAN protocol is its high transmission
reliability. The CAN controller registers a station’s error and evaluates it
statistically in order to take appropriate measures. These may extend to
disconnecting the CAN node producing the errors.

Each CAN message can transmit from 0 to 8 bytes of user information. Longer
messages can be sent by using segmentation, which means slicing a longer
message into smaller parts. The maximum transmission rate is specified as

1 Mbit/s. This value applies to networks up to 40 m which is more than enough
for normal cars and trucks.

CAN is a serial bus system designed for networking ECUs as well as sensors
and actuators. CAN, originally developed by Bosch, stands for controller area
network and means that control units are able to share and exchange data.

K-Line
- - - - - "= -"="-"""¥"="¥"="-—"—-"-"="¥"="-"¥"——-—"7"""""= a3, |
| I
| I
! |
Under-dash i i i i !
Immobilizer Climate Automatic HandsFreelink |
Fuse Box Keyless Control Unit | | Lighting/Rain | | Control Unit | |
Control Unit Sensor :
|
I
I
-

]

Gavge
Control
Module

ECM

EPS
Control Unit

VEA
Modulator
Control Unit

SRS Unit

Figure 4.27 F-CAN uses CAN-H (high) and CAN-L (low) wires
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Figure 4.28 CAN nodes can be disconnected by the control program

4.3.5 CAN data signal

The CAN message signal consists of a sequence of binary digits or bits. A high
voltage present indicates the value 1, a low or no voltage indicates 0. The actual
message can vary between 44 and 108 bits in length. This is made up of a start
bit, name, control bits, the data itself, a cyclic redundancy check (CRC) for error
detection, a confirmation signal and finally a number of stop bits.

A binary format message can be something like: 10001010100010101111100001
11010111101010101010001111101011110011001100000111111010101000011
11111111000000001

The message identifier or name portion of the signal (part of the arbitration field)
identifies the message destination and also its priority. As the transmitter puts a
message on the data bus it also reads the name back from the bus. If the name
is not the same as the one it sent, then another transmitter must be in operation,
which has a higher priority. If this is the case it will stop transmission of its own
message. This is very important in the case of motor vehicle data transmission.

aNM

The CAN message signal consists
of a sequence of binary digits or bits.

1 12 B G=54 16 2 F 3
Contrad Data field CRC field ACK End of
Arbitration  field field frame
Start of Nield Interframe-
frame space

Figure 4.29 Message format (the 3 spaces are not part of the message)
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Definition [ l

The cyclic redundancy check
(CRC) field is part of the overall
message (The basic idea behind
CRCs is to treat the message
string as a single binary word

M, and divide it by a key word

k that is known to both the
transmitter and the receiver. The
remainder r left after dividing

M by k constitutes the ‘check
word' for the given message.
The transmitter sends both the
message string M and the check
word r, and the receiver can then
check the data by repeating the
calculation, dividing M by the
key word k, and verifying that the
remainder is r.)

e

A CAN message may vary between

44 and 108 bits in length.

Definition [

DLC: Diagnostic/Data link connector.

e,

Errors in a message are recognized by what is known as a cyclic redundancy
check (CRC). This is an error detection scheme in which all the bits in a block of
data are divided by a predetermined binary number. A check character, known
to the transmitter and receiver, is determined by the remainder. If an error is
recognised the message on the bus is destroyed. This in turn is recognized

by the transmitter, which then sends the message again. This technique,

when combined with additional tests, makes it possible to discover all faulty
messages.

The cyclic redundancy check (CRC) field is part of the overall message. (The
basic idea behind CRCs is to treat the message string as a single binary
word M, and divide it by a key word k that is known to both the transmitter
and the receiver. The remainder r left after dividing M by k constitutes the
‘check word’ for the given message. The transmitter sends both the message
string M and the check word r, and the receiver can then check the data by
repeating the calculation, dividing M by the key word k, and verifying that the
remainder is r.)

Because each node in effect monitors its own output, interrupts disturbed
transmissions, and acknowledges correct transmissions, faulty stations can
be recognized and uncoupled (electronically) from the bus. This prevents other
transmissions from being disturbed.

A CAN message may vary between 44 and 108 bits in length. This is made up of
a start bit, name, control bits, the data itself, CRC error detection, a confirmation
signal and finally a number of stop bits.

Controller area network (CAN) signal is made up of voltage pulses that represent
ones and zeros, in other words, binary signals. The data is applied to two wires
known as CAN-high and CAN-low.

In Figure 4.27, it is possible to verify that data is being continuously exchanged
along the CAN bus. It is also possible to check that the peak to peak voltage
levels are correct and that a signal is present on both CAN lines. CAN uses a
differential signal, and the signal on one line should be a coincident mirror
image (the signals should line up) of the data on the other line (Figures 4.31
and 4.32).

Figure 4.30 DLC socket — pin 6 is CAN-high and pin 14 is CAN-low



NAZE
-

Electrical systems and circuits

AA

,
N et e T

File Edit Views Measurements Tools Automotive Help

Al 2 o [owa O] B s Bu|aoaas &
Ag |35V ] [oc 7] | By 25V [ [oc [¥]] | cq [off [v]| [oc [¥] | D

LI
[T

i

W
40

35m

a0

25

=== =

= ==

0.0

LHE
Notes
CHA = CANH, CHB = CANL

@Ig“ Trigger Auto I

|| |[300v B | s812% B =%

Ko .

Figure 4.31 CAN high and low signals on a dual trace scope

The usual reason for examining the CAN signals is where a CAN fault has been
indicated by OBD, or to check the CAN connection to a suspected faulty CAN
node. The vehicle manufacturers’ manual should be referred to for precise
waveform parameters.
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When the signal is captured on a fast time base (or zoomed in) it allows the
individual state changes to be viewed. This enables the mirror image nature of
the signals, and the coincidence of the edges to be verified.

In this display, it is possible to verify that:

e data is being continuously exchanged along the CAN bus;
e the voltage levels are correct;
e asignal is present on both CAN lines.

o wa

CAN uses a differential signal so
the signal on one line should be a
coincident mirror image of the data
on the other line.

CAN uses a differential signal so the signal on one line should be a coincident
mirror image of the data on the other line. The usual reasons for examining the
CAN signals is where a CAN fault has been indicated by OBD, or to check the
CAN connection to a suspected faulty CAN node. Manufacturers’ data should be
referred to for precise waveform parameters.

The following CAN data is captured on a much faster timebase and allows the
individual state changes to be examined. This enables the mirror image nature of
the signals, and the coincidence of the edges to be verified.

Ay Fle Edt Seinge View Window Automotive Help =151 x|
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Figure 4.33 CAN signals on a fast timebase

The signals are equal and opposite and they are of the same amplitude
(voltage). The edges are clean and coincident with each other. This shows
that the vehicle data bus (CAN bus) is enabling communication between the
nodes and the CAN controller unit. This test effectively verifies the integrity
of the bus at this point in the network. If a particular node is not responding
correctly, the fault is likely to be the node itself. The rest of the bus should
work correctly.

It is usually recommended to check the condition of the signals present
at the connector of each of the ECUs on the network. The data at each
node will always be the same on the same bus. Remember that much of
the data on the bus is safety critical, so do not use insulation piercing
probes!
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4.3.6 Local Interconnect Network (LIN)

A local interconnect network (LIN) is a serial bus system especially suited for
networking ‘intelligent’ devices, sensors and actuators within a sub-system. It
is a concept for low cost automotive networks, which complements existing
automotive multiplex networks such as CAN (Figures 4.34 and 4.35).

LIN is a concept for low cost
automotive networks, which

LIN enables the implementation of a hierarchical vehicle network. This allows complements existing automotive
further quality enhancement and cost reduction of vehicles. multiplex networks such as CAN.

The LIN standard includes the specification of the transmission protocol, _
the transmission medium, the interface between development tools, and the
interfaces for software programming. LIN guarantees the interoperability of

network nodes from the viewpoint of hardware and software, and predictable
electro-magnetic compatibility (EMC) behaviour.

|| Definition
LIN is a time triggered single master, multiple slave network concept. It is based EMC: Electro-magnetic compatibility.

on common interface hardware, which makes it a low cost solution (Figures 4.16 EMC requirements stipulate that &

b i . device shall not cause interference
and 4.17). Additional attributes of LIN are: within itseff or In other devices, or

e Multicast reception with self-synchronization. be susceptible to interference from
e Selectable length of message frames. other devices.

CAN Bus

[CAN NOdeJ [CAN NOdeJ Gateway

LIN Bus

LIN Node LIN Node

Figure 4.34 Structure using CAN and LIN

Drive Train Bus

[ECM] [ABS] [ASR] [ ESP ] [TronsmissionJ

| Multimedia Bus
nstruments

E(% Ié Phone
Body Bus

| Parking Door Conftrol Body Control

Figure 4.35 Standards allow communication between different systems
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Figure 4.37 System basis chip (SBC) with a LIN transceiver (Source: FreeScaie Semiconductor)

e Data checksum security and error detection.

e Single-wire implementation.

e Speed up to 20 kBit/s.

LIN provides a cost efficient bus communication where the bandwidth and
versatility of CAN are not required. It is used for non-critical systems.

The LIN bus is proving popular because of its low cost and also because it

reduces the bus load of the supervising CAN network. Local interconnect
network (LIN) signals can be measured by connecting between earth/ground
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Figure 4.38 LIN waveform
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and the signal wire. It is not possible to decode the signal but a correctly
switching square waveform should be as shown in Figure 4.38.

4.3.7 FlexRay

FlexRay is a fast and fault-tolerant bus system for automotive use (Figures 4.40
and 4.41). It was developed, using the experience of well-known OEMs. It is
designed to meet the needs of current and future in-car control applications that
require a high bandwidth. The bit rate for FlexRay can be programmed to values
up to 10 MBit/s.

The data exchange between the control devices, sensors and actuators in
automobiles is mainly carried out via CAN systems. However, the introduction
of X-by-wire systems has resulted in increased requirements. This is especially
so with regard to error tolerance and speed of message transmission. FlexRay
meets these requirements by message transmission in fixed time slots, and by
fault-tolerant and redundant message transmission on two channels.

The physical layer means the hardware, that is, the actual components and wires.

FlexRay works on the principle of: time division multiple access (TDMA). This
means that components or messages have fixed time slots in which they have
exclusive access to the data bus. These time slots are repeated in a cycle and
are just a few milliseconds long.

The fixed allocation of the bus bandwidth to the components or messages by
means of fixed time slots has the disadvantage that the bandwidth is not fully
used. For example, if a component is simply not in use at its slot-time. To get
over this, FlexRay subdivides the cycle into static and dynamic segments. The
fixed time slots are situated in the static segment at the beginning of a bus

FIexRay Backbone

Gateway 3
Body Comfort)

® Gateway 2
(Powertrain)

¢S Gateway 1
(Telematics)

Figure 4.40 FlexRay backbone

Channel 1

Channel 2

Figure 4.41 FlexRay topology with two channels (Source: Eberspacher)

Ko .

Ray"

Figure 4.39 FlexRay logo

FlexRay can cope with the
requirements of X-by-wire systems.

FlexRay communicates via two
physically separated lines with a
data rate of up to 10 Mbit/son
each.
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Figure 4.42 Bandwidth timeslots

cycle. In the dynamic segment, the time slots are assigned dynamically, in other
words, as they are needed. Exclusive bus access is only enabled for a short
time in ‘mini-slots’. This mini-slot is then only extended if a bus access occurs.
Bandwidth is therefore used up only when it is actually needed (Figure 4.42).

FlexRay communicates via two physically separated lines with a data rate of up to
10 Mbit/s on each. The two lines are mainly used for redundant and therefore fault-
tolerant message transmission, but they can also transmit different messages.

In order to implement synchronous functions and use all available bandwidth,

the distributed nodes on the network require a common time base. Clock
synchronization messages are therefore transmitted in the static segment of each
cycle.

A FlexRay ECU consists of a host processor, a FlexRay communication controller
(CC), a bus guardian (BG) and a bus driver (BD). The host processor supplies and
processes the data, which are transmitted via the controller (Figures 4.43 and
4.44). The process is as follows:

e Bus guardian monitors access to the bus.

e Host processor informs the bus guardian which time slots the communication
controller has allocated.

¢ Bus guardian allows the communication controller to transmit data only in
these time slots.

e Bus driver is enabled.

FlexRay is a fast and fault-tolerant bus system that was developed to meet the

needs of high bandwidth applications such as X-by-wire systems (Figure 4.45).
Error tolerance and speed of message transmission in these systems is essential.

Slot 1 Slot2  Slot3 Slot4 Slot5 Slot& Slot 7 Minlalota
1 1 1 1 1 ' 1 1 i "
1 1 ' | | " "
| [ 1 ' [ | " "
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1 1 1 i 1 ! I 1 L
1 I 1 1 1 | N 1 '
1 \ [ 1 ' I N 1
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e »e !
: Static Part | Dynamic Part 1
1
La -

-

Single Communication Cycle

Figure 4.43 FlexRay communication cycle (Source: Eberspacher)
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ECU

Channel 1
4 Channel 2

Figure 4.44 FlexRay ECU (Source: Eberspacher)

X-By wire A

CAN |

ECM

Doors |_| N |
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>

Bandwidth

Figure 4.45 Comparing requirements and data rates of the three systems

FlexRay uses very high speed signals so it is necessary to use high speed probes
to view the signal. The FlexRay-High and FlexRay-Low pins are usually available
at the multi-way connector at each ECU on the network.
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Figure 4.47 A closer view of a FlexRay signal

It is possible to verify that data is being continuously exchanged on the FlexRay
network, that the peak-to-peak voltage levels are correct, and that a signal is
present on both FlexRay lines. FlexRay uses a differential signal, so the signal on
one line should be a mirror image of the data on the other line.

4.4 Media oriented systems transport (MOST)

4.4.1 Introduction

MOST is the de-facto standard for multimedia and infotainment networking in
the automotive industry. The technology was designed from the ground up to
provide an efficient and cost-effective fabric to transmit audio, video, data and
control information between any devices attached even to the harsh environment
of an automobile. Its synchronous nature allows for simple devices to provide
content and others to render that content with the minimum of hardware. At the
same time it provides unique quality of service for transmission of audio and
video services. Although its roots are in the automotive industry, MOST can be
used for applications in other areas such as other transportation applications,
A/V networking, security and industrial applications.

The MOST Cooperation is the organization through which the technology
is standardized and refined so that it continues to stay abreast of the latest
technology requirements.

4.4.2 MOST network

MOST is a synchronous network. A timing master supplies the clock with a
synchronous and continuous data signal and all other devices synchronize their
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operation to this base signal. This technology eliminates the need for buffering
and sample rate conversion so that very simple and inexpensive devices can
be connected and the hardware of the network interface itself is lean and cost
effective. The technology is similar to what the public switched telephone
network uses.

Within the synchronous base data signal, multiple streaming data channels

and a control channel are transported. The control channel is used to set up
what streaming data channels the sender and receiver are to use. Once the
connection is established, data can flow continuously and no further addressing
or processing of packet label information is required. The bandwidth of the
streaming data channels is always available and reserved for the dedicated
stream so there are no interruptions, collisions, or slow-downs in the transport
of the data stream. This is the optimum mechanism for delivering streaming data
(information that flows continuously) like audio and video.

Computer based data, such as Internet traffic or information from a navigation
system, is typically sent in short (asynchronous) bursts as packets and is often
going to many different places. To accommodate such signals, MOST has
defined efficient mechanisms for sending asynchronous, packet based data

in addition to the control channel and the streaming data channels (Figure
4.48). These mechanisms run on top of the permanent synchronous data
signal. However, they are completely separate from the control channel and the
streaming data channels so that none of them interfere with each other.

First conceived in 1997, MOST differs from existing vehicle bus technologies, in
that it’s intended to be carried largely on an optical fibre bearer, thus providing a
bus-based networking system at bit-rates far higher than available on previous
vehicle-bus technologies.

The MOST specification defines all seven layers of the ISO/OSI Reference Model
for data communication. The MOST network often employs a ring topology, but
star configurations and double rings for critical applications are possible and
may include up to 64 devices or nodes. A plug and play feature enables easy
adding and removing of devices. A Timing Master is one of the nodes which
continuously feeds data frame into the ring or acts as the gate for data. The
preamble, or packet header, repeatedly synchronizes the rest of the nodes called
Timing Slaves.

4.4.3 Protocol

the synchronous base data signal.

MOST can use both optical and electrical components on the physical layer. A
special code know as bi-phase mark) is used to encode data on either physical
medium, such as used in S/PDIF. All bits are transmitted in a single clock cycle. A
zero bit has a single transition at the end of the clock cycle. A one bit is encoded
with two transitions both in the middle of the clock cycle and at the end of the
clock cycle. The preamble is encoded using a clock cycle after the third clock
cycle.

A most data block has 16 frames and each comprises:

e a4 bit preamble;

* a4 bit boundary descriptor;

e 15 quad-byte payload that are split into a synchronous and asynchronous
part, the split point is specified by the boundary descriptor;

¢ a2 byte control pay-load; the control payload of 16 frames are concatenated
to form a single 32 byte control message;

Lo .

On a MOST network, multiple
streaming data channels and a
control channel are transported within

\"'4: S
J e iDefmltlon

ISO/OSI Reference Model: The
Open Systems Interconnection
(OSl) model is a way of sub-dividing
a communications system into
smaller parts called layers. Similar
communication functions are
grouped into logical layers. A layer
provided services to its upper layer
while receiving services from the
layer below.

\"'4: o
J ® iDefmltlon

S/PDIF: Sony/Philips Digital Interface.
A format for sending digital audio
information. S/PDIF connections use
optical cables or phone connectors.
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The simplest MOST applications
consist of analog audio gateways.

o \"'41
Defmltlon' 0 k

MPEG: A set of standards
adopted by the moving pictures
experts group for the compression
of digital video and audio data.

Data Frame
Streaming Packet
(Synchronous Data) (Asynchronous) Data
E.G. ANALOG AND E.G. INTERNET TRAFFIO Control Data
DIGITAL AUDIO OR INFORMATION FROM
AND VIDEO A NAVIGATION SYSTEM

Figure 4.48 MOST data frame

e 7 bits frame control;
e a parity bit.

4.4.4 MOST applications

The simplest MOST applications consist of analog audio gateways. A simple
digital-to-analog converter (DAC) can be connected to a MOST transceiver to
drive a speaker. A human machine Interface (HMI) sets up the MOST transceiver
to receive data from a specific channel and the transceiver drives the DAC clock
based on the timing provided by the network timing master. Since both the
receiver and the sender of the data are running off the same clock, no special
buffering or processing of packet information is required. The MOST transceiver
even provides industry-standard to connect to off-the-shelf DACs from many
manufacturers.

A microphone can be connected to an analog-to-digital converter (ADC)
that in turn connects directly to a MOST transceiver. The HMI sets up the
communication channel and the ADC just streams its data to the MOST
transceiver.

Video sources can be easily connected to a MOST network by using a video
ADC and MPEG encoder that digitizes the video source and places it on the
network. The video signals previously captured can be decoded by a video
display interface. This interface could even take care of any copy protection
mechanisms that were used if the data came from a DVD.

4.4.5 Consumer device gateway

Rapidly changing technologies can be decoupled from a stable backbone
that transport A/V information and control by building gateways to connect
the two (Figure 4.49).

4.4.6 Summary

MOST is a multiplex network that has different channels with their own
mechanisms to transport all the various signals and data streams that occur in
multimedia and infotainment systems. They all run on top of a synchronous base
data stream which guarantees high quality of service for the audio and video
signals where disturbances are not acceptable. MOST:

e uses a single interconnection to transport audio, video, data and control
information;
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Figure 4.49 Using a gateway on a MOST network (Source: MOST Corporation)

e can use fibre-optic cable, or twisted pair wires;

e supports 25, 50 and 150 Mbps speeds;

e provides the connectivity backbone to network a range of multimedia
interfaces.

Please visit: www.mostcooperation.com for more information.

4.5 Automotive Ethernet

4.5.1 Introduction
and network access protocol

Automotive sygtems have tgnded to us:e cus’Fom star?dards such as MOST, but standards for bus topology computer
one of the leading automotive networking chip suppliers, SMSC, has produced a networks invented by Xerox but now
high-performance single-chip 10/100 Ethernet controller. controlled by the a subcommittee of
the IEEE. Itis also generally used to
describe a computer network which
complies with these standards.

Definition
Ethemet; A set of network cabling

The device is designed specifically to meet the high reliability standards required
by automotive applications. Using a high-performance Ethernet interface in
today’s complex vehicle electrical systems may help diagnose issues faster and
lower software maintenance time.

4.5.2 Overview ==

The need for higher speed interfaces is driven by the increasing size of I Definition
embedded program and data memories. For example, a recent BMW 7 series GB: Giga bytes.

has more than 1 GB of memory while the previous model had just short of Go: Giga bits.

100 MB. Repair shops diagnose and fix problems, but also update the software Byte: 8 bits.

and data embedded in the various control devices inside the car via the data link

connector (DLC). \

This standardized connector only provides a slow communication interface
so updating the software of a modern car via this interface can take hours.
As a result, many car companies are working on an upgrade of the OBD
connector to provide the car with a high-performance data interface for
diagnostics and software downloads. This initiative is expected to lead to a
new ISO/SAE standard that mandates Ethernet as part of the OBD interface
for all cars.
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The device from SMSC provides a simple, parallel host bus interface to the
typical automotive embedded microcontrollers used inside a car. It can function
as a network branch to the outside world connecting the car to a personal
computer, diagnostic tool or a complex Ethernet network in the repair shop

with power management, wake-on-LAN support allows network to wake-up
electronics devices from sleep state, multiple low-power modes and built-in flow
control support.

For more information, visit www.smsc.com

4.6 Circuit diagrams and symbols

4.6.1 Symbols

The selection of symbols given in Figure 2.14 (in Chapter 2), is intended as a
guide to some of those in use. Some manufacturers use their own variation but
a standard is developing. The idea of a symbol is to represent a component in a
very simple but easily recognizable form. The symbol for a motor or for a small
electronic unit deliberately leaves out internal circuitry in order to concentrate on
the interconnections between the various devices.

Examples of how these symbols are used are given in the next three sections,
which show three distinct types of wiring diagram. Due to the complexity of
modern wiring systems it is now common practice to show just part of the
whole system on one sheet. For example, lights on one page, auxiliary
circuits on the next, and so on. In many cases, even one system is split

into two parts (see the circuits in the central electrical control section for
examples).

4.6.2 Conventional circuit diagrams

The conventional type of diagram shows the electrical connections of a circuit
but makes no attempt to show the various parts in any particular order or
position. Figure 4.50 shows an example of this type of diagram.

4.6.3 Layout or wiring diagrams

A layout circuit diagram makes an attempt to show the main electrical
components in a position similar to those on the actual vehicle. Owing to the
complex circuits and the number of individual wires, some manufacturers
now use two diagrams — one to show electrical connections and the other
to show the actual layout of the wiring harness and components. Citroén,
amongst others, have used this system. An example of this is reproduced

in Figure 4.51.

4.6.4 Terminal diagrams

A terminal diagram shows only the connections of the devices and not any

of the wiring. The terminal of each device, which can be represented pictorially,

is marked with a code. This code indicates the device terminal designation, the
destination device code and its terminal designation and, in some cases, the wire
colour code. Figure 4.52 shows an example of this technique.


http://www.smsc.com
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Figure 4.51 Layout diagram

m 4.6.5 Current flow diagrams

Current flow diagrams have two Current flow diagrams are now very popular. The idea is that the page is laid
supply lines at the top of the - out such as to show current flow from the top to the bottom. These diagrams
page marked 30 (main bvat‘['evry often have two supply lines at the top of the page marked 30 (main battery
positive supply) and 15 (ignition . . .
controlled supply) and earth/ po.smve supply) and 15 (ignition F:ontrolled .suppl)./). At the bpttom of the page |§
ground marked 31 at the bottom. a line marked 31 (earth or chassis connection). Figure 4.53 is an example of this

technique.

4.7 Electromagnetic compatibility

4.7.1 Introduction

Electromagnetic compatibility (EMC), describes the ability of a device or system
to function without error in its intended electromagnetic environment.

Electromagnetic interference (EMI) refers to electromagnetic emissions from a
device or system that interferes with the normal operation of another device or
system.

EMI: Electromagnetic interference. 4.7.2 EMC problems

The following list gives some examples where EMC can become a problem:

e A computer interferes with FM radio reception.
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Figure 4.52 Terminal designation diagram

e A car radio buzzes when you drive under a power line.
e A car misfires when you drive under a power line.

¢ A helicopter goes out of control when it flies too close to a radio tower.
e (CB radio conversations are picked up on the stereo.
* The screen on a video display jitters when fluorescent lights are on.
e The clock resets every time the air conditioner kicks in.
e A laptop computer interferes with an aircraft’s rudder control!
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Figure 4.53 Current flow diagram

e The airport radar interferes with a laptop computer display.
e A heart pacemaker picks up cellular telephone calls!

There are three essential elements to any EMC problem:

1. Source of an electromagnetic phenomenon.

2. Receptor (or victim) that cannot function properly due to the electromagnetic
phenomenon.

3. Path between them that allows the source to interfere with the receptor.

Each of these three elements must be present, although they may not be
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readily identified in every situation. Identifying at least two of these elements
and eliminating (or attenuating) one of them generally solves electromagnetic
compatibility (EMC) problems.

For example, suppose it was determined that radiated emissions from a mobile
telephone were inducing currents on a cable that was connected to an ECU
controlling anti-lock brakes. If this adversely affected the operation of the circuit
a possible coupling path could be identified.

Shielding, filtering, or re-routing of the cable may be the answer. If necessary,
filtering or redesigning the circuit would be further possible methods of
attenuating the coupling path to the point where the problem is non-existent.

Potential sources of electromagnetic compatibility problems include radio
transmitters, power lines, electronic circuits, lightning, lamp dimmers, electric
motors, arc welders, solar flares and just about anything that utilizes or creates
electromagnetic energy. On a vehicle, the alternator and ignition system are
the worst offenders. Potential receptors include radio receivers, electronic
circuits, appliances, people, and just about anything that utilizes or can detect
electromagnetic energy.

Methods of coupling electromagnetic energy from a source to a receptor fall into
one of the following categories:

1. Conducted (electric current).

2. Inductively coupled (magnetic field).

3. Capacitively coupled (electric field).

4. Radiated (electromagnetic field).

Coupling paths often utilize a complex combination of these methods making
the path difficult to identify even when the source and receptor are known.
There may be multiple coupling paths and steps taken to attenuate one path

may enhance another. EMC therefore is a serious issue for the vehicle
designer.

4.8 Central electrical control

4.8.1 Overview

4.8.1.1 Introduction

For many years the trend with automotive electrical systems has been towards
some sort of networked central control. This makes sense because many
systems can share one source of information and, with the proper equipment,
diagnostics can be made easier. Also, centralization allows facilities to be
linked and improved. For example, networking and centralization of control
units makes it easier to have a system where the engine will not start if a door
is open, or selection of reverse gear can operate rear wiper when the fronts are
switched on (Figure 4.62).

Centralization systems allow facilities
to be linked and improved.

The basic central control system can be simplified in a way that is represented by
Figure 4.54.

The most common usage of central control is for body systems such as lighting,
wipers, doors, seats and windows. In some cases these systems are controlled
by slave units via a communication network, in other cases, one unit controls
everything. In almost all cases, this central unit is networked to other ECUs

The most common usage of central
control is for body systems such as
lighting, wipers, doors, seats and

windows.
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Inputs from switches Outputs to devices
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Figure 4.54 Central control system (simplified)

Some central control modules connect via normal wires to switches that supply
normal voltage on/off signals, others use switches that communicate on the CAN
or LIN networks. The outputs from the module are sent via relays or solid state
switches on standard wires.

Manufacturers have different names for these systems and the control units but
most have a similar function. Four example names follow:

e Body control module (BCM).

e General electronic module (GEM).

e Central control unit (CCU).

¢ Central control module (CCM).

4.8.1.2 Detailed system and circuit diagrams

Figures 4.55 and 4.56 show a full circuit diagram (in two halves) that has been
adapted from materials supplied by Ford Motor Company. The circuit shows
a general electronic module (GEM) and how it is used to control the wipers

(in this case). Note that the multifunction wiper switch contains a series of
switch contacts that all connect directly back to the GEM. Also note the CAN
connection to the module.

Figure 4.57 below is from a Ford vehicle with adaptive front lighting. The light
switch in this case has a supply (30) and an earth/ground (31) connection, but
that all commands to operate the lights are sent via the LIN bus. The GEM
supplies outputs to operate the lights and a separate module is used in this case
for the adaptive features of the lights.

4.8.1.3 Control units

A central body control module (BCM) is the primary hub that maintains body
functions, such as:

¢ internal and external lighting;

e security and access control;

e comfort features for doors and seats;

e other convenience controls.

A leading OEM company called FreeScale produces high quality 16-bit MCU

families that target many BCM applications. A single board computer (SBC)
combines voltage regulation with a CAN or LIN physical interface in a single
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package. H-bridge drivers and a series of high-side switches drive high-current
loads and replace relays.

The gateway serves as the information bridge between various in-car H-bridge drivers and high-side switches
communication networks, including Ethernet, FlexRay, CAN, LIN and MOST drive high-current loads and replace
protocols. It also serves as the car’s central diagnostic interface. relays.

Exterior lighting plays an important role in the safety of car passengers and other
road users. Different types of lamps (e.g. halogen, xenon or LED) are used in a
variety of lighting functions, such as brake lights, turn indicators, low and high
beam headlights, daytime running lights and others. More advanced functions
include light bending, levelling and shaping to adapt to changing driving
conditions.

FreeScale produces components as 8-, 16- and 32-bit devices to address the
processing requirements of these different applications. Their ‘eXtreme’ switch
product family of intelligent high-side switches use performance profiles tailored
for different lamp types. They feature extensive diagnostic functionalities to
detect faults and malfunctions and provide ‘wave-shaping’ to improve system-
level EMC performance.

Figure 4.59 shows the internal configuration of a lighting control module that
uses solid-state switching.

An example of the ‘eXtreme’ switch (high side switch) family of devices is shown
as Figure 4.60. It is designed for low-voltage automotive lighting applications. Its
four low RDS(ON) MOSFETs (dual 10 mQ/dual 12 mQ) can cont<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>