














2C H A P T E R 

Tools and equipment

2.1  Basic equipment

2.1.1  Intr oduction

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.

2.1.2  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:

•  Only use a tool for its intended purpose.

•  Always use the correct size tool for the job you are doing.

•  Pull a wrench rather than pushing whenever possible.

• ���'�R���Q�R�W���X�V�H���D���¿�O�H���R�U���V�L�P�L�O�D�U�����Z�L�W�K�R�X�W���D���K�D�Q�G�O�H��

•  Keep all tools clean and replace them in a suitable box or cabinet.

•  Do not use a screwdriver as a pry bar.

•  Always follow manufacturers recommendations (you cannot remember 
everything).

•  Look after your tools and they will look after you!

2.1.3  Accurac y of test equipment

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

•  Careful and exact

•  Free from mistakes or errors
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2.1.4  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.

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

       �'�H�¿�Q�L�W�L�R�Q
DMM: Digital multimeter.

Table 2.3 Multimeter functions

Function Range Accuracy

DC voltage 500 V 0.3%

DC current 10 A 1.0%

Resistance 0 to 10 M�8 0.5%

AC voltage 500 V 2.5%

AC current 10 A 2.5%

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

rpm 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

•  Accuracy

•  Loading effect of the meter

•  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 that the internal resistance of a meter should be a minimum of 
10 M�. This not only ensures greater accuracy but also prevents the meter 
damaging sensitive circuits.

Figure 2.3 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 k� the effect of meter internal 
resistance would be as follows:

Meter resistance 1 M �

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

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

This is an error of about 5%.
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Figure 2.2  Multimeter and accessories

Figure 2.3  Loading effect of a meter

Meter resistance 10 M �

The parallel combined value of 10 M� and 100 K� = 99 K�. 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 2.4 shows a block diagram of a digital voltmeter. This is very similar to 
other types of digital instrumentation systems.

2.1.5  Logic probe

This device is a useful way of testing logic circuits but it is also useful for testing 
some types of sensor. Figure 2.5 shows a typical logic probe. Most types consist 
of two power supply wires and a metal ‘probe’. The display consists of three LEDs 

       Key fact
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.

       Key fact
An ‘invasive measurement’ 
error is in addition to the basic 
accuracy of the meter.
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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 5 V circuit.

2.2  Oscilloscopes

2.2.1  Intr oduction

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).

�7�K�H���W�U�D�F�H���L�V���P�D�G�H���W�R���P�R�Y�H���D�F�U�R�V�V���W�K�H���V�F�U�H�H�Q���I�U�R�P���O�H�I�W���W�R���U�L�J�K�W���D�Q�G���W�K�H�Q���W�R���µ�À�\���E�D�F�N�¶��
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.

�7�K�H���V�L�J�Q�D�O���I�U�R�P���W�K�H���L�W�H�P���X�Q�G�H�U���W�H�V�W���F�D�Q���H�L�W�K�H�U���E�H���D�P�S�O�L�¿�H�G���R�U���D�W�W�H�Q�X�D�W�H�G��
(reduced), much like changing the scale on a voltmeter.

The trigger, which is what starts the trace moving across the screen, can 
be caused internally or externally. When looking at signals such as ignition 
�Y�R�O�W�D�J�H�V�����W�U�L�J�J�H�U�L�Q�J���L�V���R�I�W�H�Q���H�[�W�H�U�Q�D�O�����H�D�F�K���W�L�P�H���D�Q���L�Q�G�L�Y�L�G�X�D�O���V�S�D�U�N���¿�U�H�V���R�U��
�H�D�F�K���W�L�P�H���Q�X�P�E�H�U���R�Q�H���V�S�D�U�N���S�O�X�J���¿�U�H�V�����I�R�U���H�[�D�P�S�O�H��

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 2.6) turns a 
�O�D�S�W�R�S���R�U���G�H�V�N�W�R�S���3�&���L�Q�W�R���D���S�R�Z�H�U�I�X�O���D�X�W�R�P�R�W�L�Y�H���G�L�D�J�Q�R�V�W�L�F���W�R�R�O���I�R�U���I�D�X�O�W���¿�Q�G�L�Q�J��
sensors, actuators and electronic circuits.

Figure 2.6  Automotive oscilloscope kit (Source: PicoTech)

       Key fact
An oscilloscope draws a graph 
of voltage against time.
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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 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:

•  Ignition (primary and secondary)

•  Injectors and fuel pumps

•  Starter and charging circuits

•  Batteries, alternators and starter motors

• ���/�D�P�E�G�D�����$�L�U�À�R�Z�����N�Q�R�F�N���D�Q�G���0�$�3���V�H�Q�V�R�U�V

•  Glow plugs / timer relays

•  CAN bus, LIN bus and FlexRay.

�7�K�L�V���S�R�Z�H�U�I�X�O���D�Q�G���À�H�[�L�E�O�H���D�X�W�R�P�R�W�L�Y�H���G�L�D�J�Q�R�V�W�L�F���W�R�R�O���K�D�V���E�H�H�Q���G�H�V�L�J�Q�H�G��
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.

2.2.2  Waveforms

�<�R�X���Z�L�O�O���¿�Q�G���W�K�H���Z�R�U�G�V���µ�Z�D�Y�H�I�R�U�P�¶�����µ�S�D�W�W�H�U�Q�¶���D�Q�G���µ�W�U�D�F�H�¶���D�U�H���X�V�H�G���L�Q���E�R�R�N�V��
and workshop manuals but they mean the same thing. I 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 axes 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 �s 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 
�L�J�Q�L�W�L�R�Q���F�R�L�O���¿�U�H�V�����7�K�L�V���N�H�H�S�V���W�K�H���G�L�V�S�O�D�\���L�Q���W�L�P�H���Z�L�W�K���W�K�H���V�S�H�H�G���R�I���W�K�H���H�Q�J�L�Q�H����
Figure 2.7 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.

       �'�H�¿�Q�L�W�L�R�Q
USB: Universal serial bus.
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2.3   Scanners/f ault code readers and 
analysers

Note: Please refer to Chapter 4 for more detail about OBD systems

2.3.1  On-board dia gnostics 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 Europe EOBD2. The standard OBD2 and 
EOBD2 are quite similar.

2.3.2  Serial port communica tions

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 

Figure 2.7  ABS waveform captured on a PicoScope

       �'�H�¿�Q�L�W�L�R�Q
OBD: On-board diagnostics.
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connected 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:

• ���,�G�H�Q�W�L�¿�F�D�W�L�R�Q���R�I���(�&�8���D�Q�G���V�\�V�W�H�P���W�R���H�Q�V�X�U�H���W�K�H���W�H�V�W���G�D�W�D���L�V���D�S�S�U�R�S�U�L�D�W�H���W�R���W�K�H��
system currently under investigation.

• ���5�H�D�G���R�X�W���R�I���F�X�U�U�H�Q�W���O�L�Y�H���Y�D�O�X�H�V���I�U�R�P���V�H�Q�V�R�U�V�����6�S�X�U�L�R�X�V���¿�J�X�U�H�V���F�D�Q���E�H���H�D�V�L�O�\��
�U�H�F�R�J�Q�L�]�H�G�����,�Q�I�R�U�P�D�W�L�R�Q���V�X�F�K���D�V���H�Q�J�L�Q�H���V�S�H�H�G�����W�H�P�S�H�U�D�W�X�U�H�����D�L�U�À�R�Z���D�Q�G���V�R��
on can be displayed and checked against test data.

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

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

2.3.3  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 2.8).

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

SAE J1850 PWM (pulse-width modulation): A standard of Ford Motor Company

•  Pin 2: Bus+.

•  Pin 10: Bus–.

Figure 2.8  Diagnostic data link connector (DLC)

       �'�H�¿�Q�L�W�L�R�Q
Protocol: A set of rules which is 
used to allow computers to  
communicate with each other.
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•  High voltage is +5 V.

•  Message length is restricted to 12 bytes, including CRC.

•  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

•  Pin 2: Bus+.

•  Bus idles low.

•  High voltage is +7 V.

•  Decision point is +2.5 V.

•  Message length is restricted to 12 bytes, including CRC.

•  Employs CSMA/NDA.

ISO 9141-2: Primarily used by Chrysler, European, and Asian vehicles

•  Pin 7: K-line.

•  Pin 15: L-line (optional).

•  UART signalling.

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

•  The active/dominant state is driven low with an open-collector driver.

•  Message length is restricted to 12 bytes, including CRC.

ISO 14230 KWP2000 (Keyword Protocol 2000)

•  Pin 7: K-line.

•  Pin 15: L-line (optional).

•  Physical layer identical to ISO 9141-2.

• ���0�H�V�V�D�J�H���P�D�\���F�R�Q�W�D�L�Q���X�S���W�R�������� ���E�\�W�H�V���L�Q���W�K�H���G�D�W�D���¿�H�O�G��

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.

•  Pin 6: CAN High.

•  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).

2.3.4  Entry le vel scanners

This section will highlight two entry level devices; one for generic OBD2 
�V�\�V�W�H�P�V���D�Q�G���W�K�H���R�W�K�H�U���V�S�H�F�L�¿�F���W�R���D���U�D�Q�J�H���R�I���Y�H�K�L�F�O�H�V�����9�R�O�N�V�Z�D�J�H�Q�����L�Q���W�K�L�V��
case). Both scanners connect to the diagnostic link connector (DLC) by a 
cable. I have included the Maxiscan device as it is the cheapest scanner I 
�F�R�X�O�G���¿�Q�G���D�W���W�K�H���W�L�P�H���R�I���Z�U�L�W�L�Q�J�����)�R�U���V�D�N�H���R�I���F�R�P�S�D�U�L�V�R�Q���Z�H���Z�L�O�O���X�V�H���E�H�H�U�����7�K�L�V��
device was the same cost as just three pints in a local pub. It reads fault codes 
and will reset the warning light for OBD and EOBD vehicles. The codes are 
given numerically so need to be looked up in a list (supplied). Amazing for the 
money.

The Vgate scanner cost about three times the previous device (nine good 
beers) but it covers several vehicle systems and is a direct replacement to 
�9�$�*���������D�Q�G���9�$�*������ �����V�S�H�F�L�¿�F���9�R�O�N�V�Z�D�J�H�Q���J�U�R�X�S���V�S�H�F�L�D�O���H�T�X�L�S�P�H�Q�W�������7�K�H��

       
ISO: International standards  
organization.

       �'�H�¿�Q�L�W�L�R�Q

       
CAN: Controller area network.

�'�H�¿�Q�L�W�L�R�Q
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There is a huge range of wireless adapters and associated software out there. 
The convenience of having a simple interface and a smartphone app for quick 
diagnosis on the side of the road, for example, is very useful. Some systems 
are more expensive than the ones I examined here and require dedicated 
adapters. However, even then the cost is very low when compared to a 
few years ago. At this price level, more and more customers will scan their 
vehicle for faults before bringing it to us for repair. This means that we need to 
understand how these systems work in even more detail. And remember, OBD 
is an amazing tool and it is improving all the time, but we should always treat it 
as a tool and not just blindly follow its apparent recommendations.

2.3.5  Bosch KTS dia gnostic equipment

Author’s note: This section will outline the use and features of the Bosch  
KTS 650 diagnostic system. I 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.

�0�R�G�H�U�Q���Y�H�K�L�F�O�H�V���D�U�H���E�H�L�Q�J���¿�W�W�H�G���Z�L�W�K���P�R�U�H���D�Q�G���P�R�U�H���H�O�H�F�W�U�R�Q�L�F�V�����7�K�D�W��
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 
�N�Q�R�Z�O�H�G�J�H���R�I���Y�H�K�L�F�O�H���H�O�H�F�W�U�R�Q�L�F�V�����%�X�W���W�K�L�V���L�V���Q�R���O�R�Q�J�H�U���V�X�I�¿�F�L�H�Q�W���R�Q���L�W�V���R�Z�Q����
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.

Vehicle workshops operate in a very competitive environment and have to 
�E�H���D�E�O�H���W�R���F�D�U�U�\���R�X�W���G�H�P�D�Q�G�L�Q�J���U�H�S�D�L�U���Z�R�U�N���H�I�¿�F�L�H�Q�W�O�\�����W�R���D���K�L�J�K���V�W�D�Q�G�D�U�G��

Figure 2.16  Diagnostic system in use (Source: Bosch Media)
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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 
�Y�D�O�X�H�V�����W�K�H���H�U�U�R�U���P�H�P�R�U�\���D�Q�G���R�W�K�H�U���F�R�Q�W�U�R�O�O�H�U���V�S�H�F�L�¿�F���G�D�W�D�����7�K�D�Q�N�V���W�R���D�� 
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.

2.3.6  Engine analyser s

Some form of engine analyser has become an almost essential tool for fault 
�¿�Q�G�L�Q�J���P�R�G�H�U�Q���Y�H�K�L�F�O�H���H�Q�J�L�Q�H���V�\�V�W�H�P�V�����7�K�H���O�D�W�H�V�W���P�D�F�K�L�Q�H�V���D�U�H���Q�R�Z���J�H�Q�H�U�D�O�O�\��
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.

�:�K�L�O�V�W���H�Q�J�L�Q�H���D�Q�D�O�\�V�H�U�V���D�U�H���G�H�V�L�J�Q�H�G���W�R���Z�R�U�N���V�S�H�F�L�¿�F�D�O�O�\���Z�L�W�K���W�K�H���P�R�W�R�U���Y�H�K�L�F�O�H����
it is worth remembering that the machine consists basically of three parts.

•  Multimeter

•  Gas analyser

•  Oscilloscope.

Figure 2.18  Engine analysers
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Table 2.5 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 coil

Coil negative (adapters are available 
for DIS)

To look at dwell, rpm and primary 
waveforms

Coil HT lead clamp (adapters are 
available for DIS)

Secondary waveforms

Number one cylinder plug lead 
clamp

Timing light and sequence of 
waveforms

Battery cable amp clamp Charging and starting current

Oil temperature probe (dip stick hole) Oil temperature

Vacuum connection Engine load

Exhaust pipe Emissions testing

2.4  Emission testing

2.4.1  Intr oduction

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.

2.4.2  Exhaust gas measurement

�,�W���K�D�V���Q�R�Z���E�H�F�R�P�H���V�W�D�Q�G�D�U�G���W�R���P�H�D�V�X�U�H���I�R�X�U�����D�Q�G���L�Q���P�D�Q�\���F�D�V�H�V���¿�Y�H�����R�I���W�K�H��
main exhaust gases namely:

•  Carbon monoxide (CO)

•  Carbon dioxide (CO2)

•  Hydrocarbons (HC)

•  Oxygen (O2)

•  Nitrogen oxides (NOx).

On many analysers, lambda value and the air fuel ratio are calculated and 
�G�L�V�S�O�D�\�H�G���L�Q���D�G�G�L�W�L�R�Q���W�R���W�K�H���I�R�X�U���Q�R�U���¿�Y�H���J�D�V�V�H�V�����7�K�H���*�U�H�H�N���V�\�P�E�R�O���O�D�P�E�G�D����� ) 
is used to represent the ideal air fuel ratio (AFR) of 14.7:1 by mass. In other 
words just the right amount of air to burn up all the fuel. Table 2.6 lists gas, 
lambda and AFR readings for a closed loop lambda control system, before (or 
without) and after the catalytic converter. These are for a modern engine in 
excellent 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 

       Key fact
The Greek symbol lambda (�)  
represents the ideal air fuel 
ratio (AFR) of 14.7:1 by mass.
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Table 2.6 Exhaust examples

Reading: CO% HC ppm CO 2% O2% Lambda (�) AFR

Before catalyst 0.6 120 14.7 0.7 1.0 14.7

After catalyst 0.2 12 15.3 0.1 1.0 14.7

OutletInlet
Measuring cell

Infrared
emitter

Rotating
chopper

disc

Flow sensor
M

Figure 2.19  Carbon monoxide measurement technique

technique has become the most suitable for CO, CO2 and HC. Each individual 
�J�D�V���D�E�V�R�U�E�V���L�Q�I�U�D�U�H�G���U�D�G�L�D�W�L�R�Q���D�W���D���V�S�H�F�L�¿�F���U�D�W�H�����2�[�\�J�H�Q���L�V���P�H�D�V�X�U�H�G���E�\�� 
electro-chemical means in much the same way as the on-vehicle lambda sensor.

CO can be measured as shown in Figure 2.19. The emitter is heated to 
�D�E�R�X�W���������ƒ�&���Z�K�L�F�K�����E�\���X�V�L�Q�J���D���V�X�L�W�D�E�O�H���U�H�À�H�F�W�R�U�����S�U�R�G�X�F�H�V���D���E�H�D�P���R�I���L�Q�I�U�D�U�H�G��
light. This beam is passed via a chopper disc, through a measuring cell to a 
�U�H�F�H�L�Y�H�U���F�K�D�P�E�H�U�����7�K�L�V���V�H�D�O�H�G���F�K�D�P�E�H�U���F�R�Q�W�D�L�Q�V���D���J�D�V���Z�L�W�K���D���G�H�¿�Q�H�G���F�R�Q�W�H�Q�W��
�R�I���&�2�����L�Q���W�K�L�V���F�D�V�H�������7�K�L�V���J�D�V���D�E�V�R�U�E�V���V�R�P�H���R�I���W�K�H���&�2���V�S�H�F�L�¿�F���U�D�G�L�D�W�L�R�Q���D�Q�G��
�L�W�V���W�H�P�S�H�U�D�W�X�U�H���L�Q�F�U�H�D�V�H�V�����7�K�L�V���F�D�X�V�H�V���H�[�S�D�Q�V�L�R�Q���D�Q�G���W�K�H�U�H�I�R�U�H���D���J�D�V���À�R�Z��
�I�U�R�P���F�K�D�P�E�H�U�������W�R���F�K�D�P�E�H�U���������7�K�L�V���À�R�Z���L�V���G�H�W�H�F�W�H�G���E�\���D���À�R�Z���V�H�Q�V�R�U�����Z�K�L�F�K��
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 
�F�K�R�S�S�H�U���G�L�V�F���Z�D�V���Q�R�W���X�V�H�G���W�K�H�Q���W�K�H���À�R�Z���I�U�R�P���F�K�D�P�E�H�U�������W�R���F�K�D�P�E�H�U�������Z�R�X�O�G��
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. 
�7�K�L�V���Y�D�U�L�H�V���W�K�H���K�H�D�W�L�Q�J���H�I�I�H�F�W���R�Q���W�K�H���&�2���V�S�H�F�L�¿�F���J�D�V���D�Q�G���K�H�Q�F�H���W�K�H���P�H�D�V�X�U�H�G��
�À�R�Z���E�H�W�Z�H�H�Q���F�K�D�P�E�H�U�V�������D�Q�G�������Z�L�O�O���F�K�D�Q�J�H�����7�K�H���À�R�Z���P�H�W�H�U���Z�L�O�O���S�U�R�G�X�F�H���D��
change in its AC signal, which is converted, and then output to a suitable 
display. A similar technique is used for the measurement of CO2 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 2.6 lists typical values 
measured from a car exhaust. Note the toxic HC and CO emissions, whilst 
small, are none-the-less dangerous.

2.4.3  Exhaust analyser

The facilities of an exhaust analyser produced by Bosch are outlined here.



Tools and equipment 93

engine speed and temperature. Adding a smoke opacity measuring device 
means exhaust gas analyses can be carried out on diesel vehicles. Linking with 
the KTS (see section 2.3.5) allows important OBD engine and transmission 
control unit data to be read as well as the gases. The laptop and KTS can be 
connected via a cable or Bluetooth.

2.4.4  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 
�6�H�S�W�H�P�E�H�U���������� ���¿�W�W�H�G���Z�L�W�K���D���F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U�����D�U�H��

At a minimum oil temperature 60oC:

Fast idle (2500 to 3000 rpm)

•  CO <= 0.2%

•  HC <= 200 ppm

•  Lambda 0.97 to 1.03.

Idle (450 to 1500 rpm)

•  CO <= 0.3%.

Manufacturers, however, have to meet stringent regulations when producing 
�Q�H�Z���Y�H�K�L�F�O�H�V�����,�Q���(�X�U�R�S�H���W�K�H���H�P�L�V�V�L�R�Q���V�W�D�Q�G�D�U�G�V���D�U�H���G�H�¿�Q�H�G���L�Q���D���V�H�U�L�H�V���R�I���(�8��
directives staging the progressive introduction of increasingly stringent standards.

In the USA, what are known as Tier II standards are divided into several 
�Q�X�P�E�H�U�H�G���µ�E�L�Q�V�¶�����(�O�H�Y�H�Q���E�L�Q�V���Z�H�U�H���L�Q�L�W�L�D�O�O�\���G�H�¿�Q�H�G�����Z�L�W�K���E�L�Q�������E�H�L�Q�J���W�K�H���F�O�H�D�Q�H�V�W��
(Zero Emission Vehicle) and 11 the dirtiest. However, bins 9, 10 and 11 are 
�W�H�P�S�R�U�D�U�\�����2�Q�O�\���W�K�H���¿�U�V�W���W�H�Q���E�L�Q�V���Z�H�U�H���X�V�H�G���I�R�U���O�L�J�K�W���G�X�W�\���Y�H�K�L�F�O�H�V���E�H�O�R�Z���������� ��
pounds GVWR, but medium-duty passenger vehicles up to 10 000 pounds (4536 
�N�J�����*�9�:�5 ���D�Q�G���W�R���D�O�O���������E�L�Q�V�����0�D�Q�X�I�D�F�W�X�U�H�U�V���F�D�Q���P�D�N�H���Y�H�K�L�F�O�H�V���Z�K�L�F�K���¿�W���L�Q�W�R���D�Q�\��
�R�I���W�K�H���D�Y�D�L�O�D�E�O�H���E�L�Q�V�����E�X�W���V�W�L�O�O���P�X�V�W���P�H�H�W���D�Y�H�U�D�J�H���W�D�U�J�H�W�V���I�R�U���W�K�H�L�U���H�Q�W�L�U�H���À�H�H�W�V��

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.

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 
�P�X�V�W���V�W�L�O�O���U�H�F�H�L�Y�H���F�H�U�W�L�¿�F�D�W�L�R�Q���I�U�R�P���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���S�U�R�W�H�F�W�L�R�Q���D�J�H�Q�F�\�����(�3�$����
before a vehicle is introduced.

2.5  Pressure testing

2.5.1  Intr oduction

Measuring the fuel pressure on fuel injection engine is of great value when 
�I�D�X�O�W���¿�Q�G�L�Q�J�����0�D�Q�\���W�\�S�H�V���R�I���S�U�H�V�V�X�U�H���W�H�V�W�H�U���D�U�H���D�Y�D�L�O�D�E�O�H���D�Q�G���W�K�H�\���R�I�W�H�Q���F�R�P�H��
as part of a kit consisting of various adapters and connections (Figure 2.22). 

       �'�H�¿�Q�L�W�L�R�Q
Bluetooth: A proprietary open 
wireless protocol for exchanging 
data over short distances from 
�¿�[�H�G���D�Q�G���P�R�E�L�O�H���G�H�Y�L�F�H�V����
creating personal area networks 
(PANs).
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Figure 2.22  Fuel pressure gauge kit (Source: Sealey)

The principle of mechanical gauges is that they contain a very small tube 
�Z�R�X�Q�G���L�Q���D���V�S�L�U�D�O�����$�V���À�X�L�G���R�U���J�D�V���X�Q�G�H�U���S�U�H�V�V�X�U�H���L�V���I�R�U�F�H�G���L�Q�W�R���W�K�H���V�S�L�U�D�O���W�X�E�H�����L�W��
unwinds causing a needle to move over a graduated scale.

Measuring engine cylinder compression or leakage is a useful test. Figure 2.23 
shows an engine compression tester. This device is used to compare cylinder 
compressions as well as to measure actual values.

2.5.2   Automotive pressure oscilloscope 
tr ansducer

PicoTech have developed an accurate pressure transducer that can be used 
for pressure analysis of many automotive systems.

Some of the key features are:

•  Range accurate from 0.07 psi (5 mbar) to 500 psi (34.5 bar).

•  100 µs response time.

•  Zoom function for enhanced analysis.

•  Temperature compensation.

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

       �'�H�¿�Q�L�W�L�R�Q
Transducer: A device that 
converts a physical quantity 
(e.g. force, torque, pressure, 
rotation) to an electrical signal.



Tools and equipment96

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.

2.5.3  Breakout boxes

Manufacturers have used a system similar to Figure 2.26 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.

2.6  Diagnostic procedures

2.6.1  Intr oduction

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:

1. An understanding of the system in which the problem exists.

2. The ability to apply a logical diagnostic routine.

�,�W���L�V���D�O�V�R���L�P�S�R�U�W�D�Q�W���W�R���E�H���F�O�H�D�U���D�E�R�X�W���W�Z�R���G�H�¿�Q�L�W�L�R�Q�V��

•  Symptom(s) – what the user of the system (vehicle or whatever) notices.

•  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.

2.6.2  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 

Harness plug

Test equipment

ECU

Figure 2.26  Breakout box test equipment
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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.���&�R�Q�¿�U�P���W�K�D�W���Q�R���Z�D�W�H�U���L�V���F�R�P�L�Q�J���R�X�W���E�\���O�R�R�N�L�Q�J���G�R�Z�Q���W�K�H���H�Q�G���R�I���W�K�H���S�L�S�H��
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.
5. 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 
�¿�Q�G���D���I�D�X�O�W���L�Q���D�Q�\���V�\�V�W�H�P�����,�W���L�V���H�D�V�\���W�R���V�H�H���K�R�Z���L�W���Z�R�U�N�V���L�Q���F�R�Q�Q�H�F�W�L�R�Q���Z�L�W�K���D��
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 2.27).

Steps 3 and 4 form a loop, within the larger loop, until the fault is located. 
�5�H�P�H�P�E�H�U���W�K�D�W���X�V�L�Q�J���D���O�R�J�L�F�D�O���S�U�R�F�H�V�V���Z�L�O�O���Q�R�W���R�Q�O�\���H�Q�V�X�U�H���\�R�X���¿�Q�G���W�K�H���I�D�X�O�W���� 
it will also save time and effort.

2.7  Pass-through technology

2.7.1  Intr oduction

It is sometimes necessary to reprogram ECUs to regulate and repair vehicles 
equipped with OBD systems which do not conform with pollution emission values.

A pass-through (pass-thru or passthru) device is used in conjunction with a 
computer to reprogram vehicle control modules through the OBD-II/CANbus port.

Figure 2.27  Six-stage diagnostic process
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standardized J2534 VCIs (also known as J Box). Because of this, independent 
workshops can access OEM applications by subscribing to the OEM websites. 
By downloading the vehicle applications to a PC and connecting it to the vehicle 
with a J2534 VCI the workshop has the same vehicle access as the main dealer.

In summary, all you need to reprogram an ECUs is:

1. Computer equipped with a windows operating system.

2. J2534 vehicle communication interface (VCI).

3. OEM application programming interface (API).

4. Knowledge of how to use the software!

2.7.2  J2534

J2534 is a set of SAE standards that specify a messaging protocol for 
standardized vehicle communication interfaces (VCIs). These VCIs such as the 
Autologic Dongle, the XS 2G device and Snap-on Passthru II are the electronic 
interface between a PC running a manufacturer’s application and the car.

The vehicle manufacturers’ pass-through applications are written 
independently to the VCI, but must adhere to the messaging standard 
of J2534. Therefore, this enables workshops to require just one piece of 
diagnostic hardware through which they can run many diagnostic applications.

Figure 2.30  PassThru+ XS 2G device is a VCI (Vehicle Communication Interface) 
�H�Q�D�E�O�L�Q�J���F�R�P�P�X�Q�L�F�D�W�L�R�Q���Z�L�W�K���W�K�H���(�&�8�V���D�F�F�R�U�G�L�Q�J���W�R���W�K�H���-�������� ���	 ���-���������±�����V�S�H�F�L�¿�F�D�W�L�R�Q�V��
(Source: Actia, www.ime-actia.de)

Figure 2.31  J2534 setup

       �'�H�¿�Q�L�W�L�R�Q
VCI: Vehicle communication 
interface.

Figure 2.32  Pass-through process and equipment (Source: Autologic)



Tools and equipment100

2.7.3  Hard ware and software requirements

The J2534 hardware works like a gateway between the vehicle ECU and 
the PC. This pass-thru device translates messages sent from the PC into 
messages of the protocol being used in the vehicle ECU. J2534 supports the 
following protocols:

• ISO9141

• ISO14230 (KWP2000)

• J1850

• CAN (ISO11898)

• ISO15765

• SAE J2610

• J1939 (since 2005).

The connection between the PC and the J2534 hardware can be chosen 
by the manufacturer of the device, i.e. RS-232, USB or a wireless interface. 
The vehicle manufacturer’s programming application is not dependant on the 
hardware connection. Therefore, any device can be used for programming any 
vehicle regardless of the manufacturer.

The connection between the J2534 hardware and the vehicle should be the 
SAE J1962 connector, also called the OBDII connector. The maximum length 
of the cable between the J2534 device and the vehicle is 5 metres. If the 
vehicle manufacturer doesn’t use the J1962 connector, necessary information 
for connection must be provided.

Each vehicle manufacturer will have their own API software used for analysing 
and programming of their vehicles. This application will have complete 
information of the ECUs that are supported by the application. It also includes 
a user interface where choices can be made depending on the ECU and what 
action to perform.

A vehicle repair workshop that wants to analyse and re-program vehicles from 
different manufactures must have an API for each.

2.7.4  Legislation

Euro 5 is a collection of European Commission regulations setting the type-
approval conditions for new vehicles in the areas of gas emissions and 
access to repair and maintenance information (including diagnosis and 
reprogramming). Importantly for independent repairers, vehicle manufacturers 
must offer a subscription based, full vehicle reprogramming application 
compatible with J2534. Euro 5 came into force in September 2009 and all new 
vehicles sold had to be compliant by 1 January 2011.

Like the USA, there is no requirement for the VMs to offer any diagnostic 
functionality other than ECU reprogramming. Nevertheless, many VMs have 
chosen to offer more than the legislated minimum.

The exceptions to both the Euro 5 and EPA legislations are in the areas 
of vehicle security. A vehicle manufacturer (VM) is exempt from providing 
reprogramming via J2534 if that reprogramming service could facilitate the 
theft of a vehicle. For this reason, some VMs have withheld applications such 
as key programming and immobilizer diagnostics.

To compensate for this exception, a body in the US called NASTF was set up to 
accredit and certify workshops further enabling them to access vehicle-security 

       Key fact
The J2534 hardware works like 
a gateway between the vehicle 
ECU and the PC.

       �'�H�¿�Q�L�W�L�R�Q
SAE J1962 connector, also 
called the OBDII connector or 
the DLC.
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functionality. In Europe, the SERMI initiative is now approved by the EC and 
due to be formally rolled out across Europe.

In the USA, the Massachusetts Right to Repair (Full vehicle diagnostics + 
Reprogramming) legislation will come into force for model year 2018 
passenger cars and will be adopted by all 50 states in the US. The legislation 
ensures that independent workshops have the same access to repair and 
maintenance information and diagnostic software as the authorized repairers. 
The diagnostic software must be compatible with J2534 and includes all 
diagnostics and ECU reprogramming.

The same exceptions to vehicle security were requested by the VMs, but 
the secure data release model currently run by NASTF will allow accredited 
independent workshops to access this information.

2.7.5  OEM softwar e and data links

The following websites (correct at the time of writing, check my website for 
updates), allow you to register with the manufacturers and then buy access to 
data and software:

Table 2.7 Pass-through information sources: www.kvaser.com, www.ime-actia.
de and www.autologic.com 

Manufacturer Website

Acura, Honda http://www.serviceexpress.honda.com/

Audi http://erwin.audiusa.com

Bentley https://erwin.bentleymotors.com 

BMW http://www.bmwtechinfo.com/

Chrysler, Dodge, Jeep, Eagle, 
Plymouth

http://www.techauthority.com/

Ferrari http://www.ferraritechinfo.com

Ford, Lincoln, Mercury http://www.motorcraftservice.com/

GM – Buick, Cadillac, Chevrolet, 
GMC, GEO, Hummer, 
Oldsmobile, Pontiac, Saturn

http://www.gmtechinfo.com/

Hyundai http://www.hmaservice.com

�,�Q�¿�Q�L�W�L �K�W�W�S�������Z�Z�Z���L�Q�¿�Q�L�W�L���W�H�F�K�L�Q�I�R���F�R�P

Isuzu http://www.isuzutechinfo.com/

Jaguar http://topix.jaguar.jlrext.com/topix/i18n/
index

Kia http://www.kiatechinfo.com

Lamborghini https://erwin.lamborghini.com 

Land Rover http://www.landrovertechinfo.com/

Lexus http://techinfo.lexus.com

Maserati http://maseratitechinfo.com

Mazda http://www.mazdaserviceinfo.com/

(Continued)



3C H A P T E R 

Electrical systems 
and circuits

3.1  The systems approach

3.1.1  Wha t 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 
smaller systems, which in turn can each be made up of smaller systems and 
so on. Figure 3.1 shows how this can be represented in a visual form. One 
�I�X�U�W�K�H�U���G�H�¿�Q�L�W�L�R�Q�����µ�$���J�U�R�X�S���R�I���G�H�Y�L�F�H�V���V�H�U�Y�L�Q�J���D���F�R�P�P�R�Q���S�X�U�S�R�V�H�¶��
Using the systems approach helps to split extremely complex technical entities 
into more manageable parts. It is important to note however, that the 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 that aids both in its design and construction. The 
systems approach helps in particular with understanding how something works 
�D�Q�G���I�X�U�W�K�H�U���K�R�Z���W�R���J�R���D�E�R�X�W���U�H�S�D�L�U�L�Q�J���L�W���Z�K�H�Q���L�W���G�R�H�V�Q�¶�W��

       �'�H�¿�Q�L�W�L�R�Q
�6�\�V�W�H�P�����)�U�R�P���W�K�H���/�D�W�L�Q��
syste-ma, in turn from Greek 
�� ´ ����� syste-ma, is a set of 
interacting or interdependent 
system components forming an  
integrated whole.

Engine Electrical

ABS

Braking systemComplete vehicle

�)�L�J�X�U�H����������Systems in systems representation
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3.1.2  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 
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. Nonetheless, 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.

�)�L�J�X�U�H�������������9�H�K�L�F�O�H���V�\�V�W�H�P�V���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q�����(�Q�J�L�Q�H�����%�O�X�H�����7�U�D�Q�V�P�L�V�V�L�R�Q�����<�H�O�O�R�Z����
�(�O�H�F�W�U�L�F�D�O�����*�U�H�H�Q��

Input Control Output

�)�L�J�X�U�H����������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.

Once a complex set of interacting parts such as a motor vehicle has been 
�µ�V�\�V�W�H�P�L�]�H�G�¶�����W�K�H���I�X�Q�F�W�L�R�Q���R�U���S�H�U�I�R�U�P�D�Q�F�H���R�I���H�D�F�K���S�D�U�W���F�D�Q���E�H���H�[�D�P�L�Q�H�G���L�Q��
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 
�W�R���W�K�L�V���I�R�U�P���R�I���D�Q�D�O�\�V�L�V�����&�R�Q�V�L�G�H�U�L�Q�J���W�K�H���H�O�H�F�W�U�R�Q�L�F���F�R�Q�W�U�R�O���X�Q�L�W�����(�&�8�����R�I���W�K�H��
system as the control element and looking at its inputs and outputs is the 
recommended approach.

3.1.3  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.
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3.1.4  Closed loop systems

�$���F�O�R�V�H�G���O�R�R�S���V�\�V�W�H�P���L�V���L�G�H�Q�W�L�¿�H�G���E�\���D���I�H�H�G�E�D�F�N���O�R�R�S�����,�W���F�D�Q���E�H���G�H�V�F�U�L�E�H�G���D�V��
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 
�D�X�W�R�P�D�W�L�F���W�H�P�S�H�U�D�W�X�U�H���F�R�Q�W�U�R�O���V�\�V�W�H�P�����)�L�J�X�U�H���������������7�K�H���L�Q�W�H�U�L�R�U���W�H�P�S�H�U�D�W�X�U�H���R�I��
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. 
�7�K�H���I�H�H�G�E�D�F�N���R�Q���D�Q���$�%�6���V�\�V�W�H�P���L�V���D���V�L�J�Q�D�O���W�K�D�W���W�K�H���Z�K�H�H�O���L�V���O�R�F�N�L�Q�J�����Z�K�H�U�H��
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.

Input Control Output

Feedback loop

�)�L�J�X�U�H����������Closed loop system

Heater

Temperature sensor

Control ECU

�)�L�J�X�U�H����������Closed loop heating system

3.1.5  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.

3.2   Electrical wiring, terminals and s witching

3.2.1  Ca bles

Cables used for motor vehicle applications are almost always copper strands 
insulated with PVC. Copper, beside its very low resistivity of about 1.7 × 10–8 � m, 
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 

       �.�H�\���I�D�F�W
A closed loop system always 
has a feedback loop that may 
be negative or positive.
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�7�D�E�O�H�������� typical maximum volt drops

�&�L�U�F�X�L�W�����������9�� �/�R�D�G �&�D�E�O�H���G�U�R�S�����9���0�D�[�L�P�X�P���G�U�R�S�����9������
�L�Q�F�O�X�G�L�Q�J���F�R�Q�Q�H�F�W�L�R�Q�V

�/�L�J�K�W�L�Q�J���F�L�U�F�X�L�W��<15 W 0.1 0.6

�/�L�J�K�W�L�Q�J���F�L�U�F�X�L�W>15 W 0.3 0.6

Charging circuit Nominal 0.5 0.5

Starter circuit Maximum at 
20oC

0.5 0.5

Starter solenoid Pull-in 1.5 1.9

Other circuits Nominal 0.5 1.5

it not only has very high resistance, in the order of 1015 � m, but is also very 
resistant to petrol, oil, water and other contaminants.

�7�K�H���F�K�R�L�F�H���R�I���F�D�E�O�H���V�L�]�H���G�H�S�H�Q�G�V���R�Q���W�K�H���F�X�U�U�H�Q�W���G�U�D�Z�Q���E�\���W�K�H���F�R�Q�V�X�P�H�U�����7�K�H��
larger the cable used then the smaller the volt drop in the circuit but the cable 
will be heavier. This means a trade-off must be sought between allowable volt 
�G�U�R�S���D�Q�G���P�D�[�L�P�X�P���F�D�E�O�H���V�L�]�H�����7�D�E�O�H�����������O�L�V�W�V���V�R�P�H���W�\�S�L�F�D�O���P�D�[�L�P�X�P���Y�R�O�W���G�U�R�S�V��
in a circuit.

In general the supply to a component must not be less than 90% of the system 
�V�X�S�S�O�\�����9�H�K�L�F�O�H�V���X�V�L�Q�J���D���������9���V�X�S�S�O�\���P�H�D�Q���W�K�H���¿�J�X�U�H�V���L�Q���W�K�H���S�U�H�Y�L�R�X�V���W�D�E�O�H��
�V�K�R�X�O�G���E�H���G�R�X�E�O�H�G�����9�R�O�W���G�U�R�S���L�Q���D���F�D�E�O�H���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G���D�V���I�R�O�O�R�Z�V��

Calculate the current I = W/Vs

Volt drop  Vd = I.�.l/A

where: I = current in amps, W = power rating of component in watts,  
Vs = system supply in volts, Vd = volt drop in volts, � = resistivity of copper in 
�m, l = length of the cable in m, A = cross sectional area in m 2.

A transposition of this formula will allow the required cable cross section to be 
calculated.

A = I�l/Vd

where: I = maximum current in amps, Vd = maximum allowable volt drop in volts.

�&�D�E�O�H���L�V���D�Y�D�L�O�D�E�O�H���L�Q���V�W�R�F�N���V�L�]�H�V���D�Q�G���W�K�H���I�R�O�O�R�Z�L�Q�J���W�D�E�O�H���O�L�V�W�V���V�R�P�H���W�\�S�L�F�D�O���V�L�]�H�V��
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 
�R�I���P�X�O�W�L�S�O�H���V�W�U�D�Q�G�V���W�R���S�U�R�Y�L�G�H���J�U�H�D�W�H�U���À�H�[�L�E�L�O�L�W�\��

3.2.2 ��Colour codes and terminal designa tions

�$�V���V�H�H�P�V���W�R���E�H���W�K�H���F�D�V�H���I�R�U���D�Q�\���V�W�D�Q�G�D�U�G�L�]�D�W�L�R�Q���D���Q�X�P�E�H�U���R�I���F�R�O�R�X�U���F�R�G�H���D�Q�G��
terminal designation systems are in operation! For reference purposes I will 
�M�X�V�W���P�D�N�H���P�H�Q�W�L�R�Q���R�I���W�K�U�H�H�����)�L�U�V�W�O�\�����W�K�H���%�U�L�W�L�V�K���6�W�D�Q�G�D�U�G���V�\�V�W�H�P�����%�6���$�8�����D����
���������������7�K�L�V���V�\�V�W�H�P���X�V�H�V���������F�R�O�R�X�U�V���W�R���G�H�W�H�U�P�L�Q�H���W�K�H���P�D�L�Q���S�X�U�S�R�V�H���R�I���W�K�H���F�D�E�O�H��
�D�Q�G���W�U�D�F�H�U���F�R�O�R�X�U�V���W�R���I�X�U�W�K�H�U���U�H�¿�Q�H���L�W�V���X�V�H�����7�K�H���P�D�L�Q���F�R�O�R�X�U���X�V�H�V���D�Q�G���V�R�P�H��
further examples are given in the following table.

�$���µ�(�X�U�R�S�H�D�Q�¶���V�\�V�W�H�P���X�V�H�G���E�\���D���Q�X�P�E�H�U���R�I���P�D�Q�X�I�D�F�W�X�U�H�U�V���L�V���E�D�V�H�G���E�U�R�D�G�O�\���R�Q��
�W�K�H���I�R�O�O�R�Z�L�Q�J���W�D�E�O�H�����3�O�H�D�V�H���Q�R�W�H���W�K�D�W���W�K�H�U�H���L�V���Q�R���F�R�U�U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���µ�(�X�U�R�¶��
�V�\�V�W�H�P���D�Q�G���W�K�H���%�U�L�W�L�V�K���V�W�D�Q�G�D�U�G���F�R�O�R�X�U���F�R�G�H�V�����,�Q���S�D�U�W�L�F�X�O�D�U�����Q�R�W�H���W�K�H���X�V�H���R�I���W�K�H��

       �.�H�\���I�D�F�W
�7�K�H���F�K�R�L�F�H���R�I���F�D�E�O�H���V�L�]�H��
depends on the current drawn 
by the consumer.
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�&�R�Q�Q�H�F�W�L�R�Q��
 3 = switch connection
 A = branch
�6�L�]�H��
 1.5 = 1.5 mm2

�&�R�O�R�X�U��
�� �%�.��� ���%�O�D�F�N�����G�H�W�H�U�P�L�Q�H�G���E�\���I�X�Q�F�W�L�R�Q��������
 RD = Red stripe

�$�V���D���¿�Q�D�O���S�R�L�Q�W���W�R���W�K�L�V���V�H�F�W�L�R�Q���L�W���P�X�V�W���E�H���Q�R�W�H�G���W�K�D�W���W�K�H���F�R�O�R�X�U���F�R�G�H�V���D�Q�G��
terminal designations given, are for illustration only. Further reference should 
�D�O�Z�D�\�V���E�H���P�D�G�H���I�R�U���V�S�H�F�L�¿�F���G�H�W�D�L�O�V���W�R���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���L�Q�I�R�U�P�D�W�L�R�Q��

3.2.3  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 

�7�D�E�O�H�����������7�H�U�P�L�Q�D�O���G�H�V�L�J�Q�D�W�L�R�Q���Q�X�P�E�H�U�V�����'�,�1����������������

1 Ignition coil negative

4 Ignition coil high tension

15 �6�Z�L�W�F�K�H�G���S�R�V�L�W�L�Y�H�����L�J�Q�L�W�L�R�Q���V�Z�L�W�F�K���R�X�W�S�X�W��

30 Input from battery positive

31 Earth connection

49 �,�Q�S�X�W���W�R���À�D�V�K�H�U���X�Q�L�W

49a �2�X�W�S�X�W���I�U�R�P���À�D�V�K�H�U���X�Q�L�W

50 �6�W�D�U�W�H�U���F�R�Q�W�U�R�O�����V�R�O�H�Q�R�L�G���W�H�U�P�L�Q�D�O��

53 Wiper motor input

54 Stop lamps

55 Fog lamps

56 Headlamps

56a Main beam

56b Dip beam

�����/ �/�H�I�W���V�L�G�H���O�L�J�K�W�V

58R Right side lights

61 Charge warning light

85 Relay winding out

86 Relay winding input

87 �5�H�O�D�\���F�R�Q�W�D�F�W���L�Q�S�X�W�����F�K�D�Q�J�H���R�Y�H�U���U�H�O�D�\��

87a �5�H�O�D�\���F�R�Q�W�D�F�W���R�X�W�S�X�W�����E�U�H�D�N��

87b �5�H�O�D�\���F�R�Q�W�D�F�W���R�X�W�S�X�W�����P�D�N�H��

�/ �/�H�I�W���V�L�G�H���L�Q�G�L�F�D�W�R�U�V

R Right side indicators

C �,�Q�G�L�F�D�W�R�U���Z�D�U�Q�L�Q�J���O�L�J�K�W�����Y�H�K�L�F�O�H��
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�)�L�J�X�U�H����������PVC tube and tape harness

�)�L�J�X�U�H�������������µ�+�¶���D�Q�G���µ�(�¶���Z�L�U�L�Q�J���O�D�\�R�X�W�V

�)�L�J�X�U�H������������Typical wiring harness 
layout

       �.�H�\���I�D�F�W
Keeping cable runs as short 
as possible will reduce volt 
drop problems and reduce the 
weight of the harness.

�)�U�R�P���W�K�H���D�E�R�Y�H���O�L�V�W�����Z�K�L�F�K���L�V���E�\���Q�R���P�H�D�Q�V���G�H�¿�Q�L�W�L�Y�H�����L�W���F�D�Q���E�H���V�H�H�Q���W�K�D�W�����D�V��
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 
�L�W�V���D�Q�F�L�O�O�D�U�L�H�V���F�D�Q���E�H���¿�W�W�H�G���D�V���D���F�R�P�S�O�H�W�H���X�Q�L�W���L�I���V�X�S�S�O�L�H�G���U�H�D�G�\���Z�L�U�H�G�����D�Q�G���L�Q���W�K�H��
after-sales repair market, engine replacement and repairs are easier to carry out.

�%�H�F�D�X�V�H���Z�L�U�L�Q�J���O�R�R�P�V���D�U�H���Q�R�Z���V�R���O�D�U�J�H�����L�W���L�V���R�I�W�H�Q���Q�H�F�H�V�V�D�U�\���W�R���V�S�O�L�W���W�K�H�P���L�Q�W�R��
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; 
�W�K�D�W���L�V�����D�Q���µ�(�¶���V�K�D�S�H���R�U���D�Q���µ�+�¶���V�K�D�S�H�����)�L�J�X�U�H�����������������7�K�H���µ�+�¶���L�V���W�K�H���P�R�U�H���F�R�P�P�R�Q��
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 3.11 shows a more realistic representation of the harness layout. This 
�¿�J�X�U�H���D�O�V�R���V�H�U�Y�H�V���W�R���V�K�R�Z���W�K�H���O�H�Y�H�O���R�I���F�R�P�S�O�H�[�L�W�\���D�Q�G���Q�X�P�E�H�U���R�I���F�R�Q�Q�H�F�W�L�R�Q��
�S�R�L�Q�W�V���L�Q�Y�R�O�Y�H�G�����,�W���L�V���W�K�H���D�L�P���R�I���P�X�O�W�L�S�O�H�[�H�G���V�\�V�W�H�P�V�����G�L�V�F�X�V�V�H�G���O�D�W�H�U�����W�R���U�H�G�X�F�H��
�W�K�H�V�H���S�U�R�E�O�H�P�V���D�Q�G���S�U�R�Y�L�G�H���H�[�W�U�D���µ�F�R�P�P�X�Q�L�F�D�W�L�R�Q�¶���D�Q�G���G�L�D�J�Q�R�V�W�L�F���I�D�F�L�O�L�W�L�H�V��

3.2.4  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.
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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 then be etched away with an acid wash. A further layer of thin plastic sheet 
can insulate the copper strips if required.

Figure 3.12 shows a picture of a typical printed circuit from an instrument  
panel and gives some indication as to how many wires would be required  
to do the same job. Connection to the main harness is by one or more 
multiplugs.

3.2.5  Fuses and circuit break ers

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 
�Z�L�W�K���D���I�X�V�H�����7�K�H���V�L�P�S�O�H���G�H�¿�Q�L�W�L�R�Q���R�I���D���I�X�V�H���L�V���W�K�D�W���L�W���L�V���D���G�H�O�L�E�H�U�D�W�H���Z�H�D�N���O�L�Q�N��
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 3.13 shows 
different types of fuse and Figure 3.14 shows a selection of the common 
blade type.

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 
�O�L�J�K�W�L�Q�J���F�L�U�F�X�L�W���D�V���D�Q���H�[�D�P�S�O�H�����Z�K�H�Q���W�K�H���O�L�J�K�W�V���D�U�H���¿�U�V�W���V�Z�L�W�F�K�H�G���R�Q���D���Y�H�U�\���K�L�J�K��
�V�X�U�J�H���R�I���F�X�U�U�H�Q�W���Z�L�O�O���À�R�Z���G�X�H���W�R���W�K�H���O�R�Z�����F�R�O�G�����U�H�V�L�V�W�D�Q�F�H���R�I���W�K�H���E�X�O�E���¿�O�D�P�H�Q�W�V����
�:�K�H�Q���W�K�H���¿�O�D�P�H�Q�W���U�H�V�L�V�W�D�Q�F�H���L�Q�F�U�H�D�V�H�V���Z�L�W�K���W�H�P�S�H�U�D�W�X�U�H�����W�K�H���F�X�U�U�H�Q�W���Z�L�O�O��
reduce, thus illustrating the need for a fuse to be able to carry a higher current 
for a short time.

�)�L�J�X�U�H������������Instrument pack printed circuit

�)�L�J�X�U�H������������Different types of fuse

       �.�H�\���I�D�F�W
It is common practice to protect  
almost all electrical circuits with 
a fuse.

       �'�H�¿�Q�L�W�L�R�Q
�)�X�V�H���U�D�W�L�Q�J�V�����7�K�H���F�R�Q�W�L�Q�X�R�X�V��
value is the current that the 
fuse will carry without risk 
of failure, peak value is the 
current that the fuse will carry 
for a short time without failing.
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value were used that is much too high, it would probably still protect against a 
�V�H�Y�H�U�H���V�K�R�U�W���F�L�U�F�X�L�W�����+�R�Z�H�Y�H�U�����L�I���W�K�H���Z�L�S�H�U���E�O�D�G�H�V���I�U�R�]�H���W�R���W�K�H���V�F�U�H�H�Q�����D���O�D�U�J�H��
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.

3.2.6  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 3.15. Circular multipin connectors 
�D�U�H���X�V�H�G���L�Q���P�D�Q�\���F�D�V�H�V�����W�K�H���S�L�Q�V���Y�D�U�\�L�Q�J���L�Q���V�L�]�H���I�U�R�P�������P�P���W�R�������P�P�����:�L�W�K���D�Q�\��
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 3.16 shows a common type of connector. Note the latch for 
security.

�)�L�J�X�U�H�������������µ�5�R�X�Q�G�¶���F�U�L�P�S���W�H�U�P�L�Q�D�O�V

�)�L�J�X�U�H������������Terminals and wires

       �.�H�\���I�D�F�W
A circuit breaker has the same 
rating and function as a fuse 
but with the advantage that it 
can be reset.
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�S�U�H�V�V�X�U�H���I�U�R�P���W�K�H���W�X�E�L�Q�J�����¿�O�O�L�Q�J���D�Q�\���Y�R�L�G�V���D�Q�G���S�U�R�Y�L�G�L�Q�J���D�Q���H�[�F�H�O�O�H�Q�W���V�H�D�O���Z�L�W�K��
�W�K�H���F�D�E�O�H�����7�K�H���V�H�D�O���S�U�H�Y�H�Q�W�V���W�K�H���L�Q�J�U�H�V�V���R�I���Z�D�W�H�U���D�Q�G���R�W�K�H�U���À�X�L�G�V�����S�U�H�Y�H�Q�W�L�Q�J��
electrolytic action. The connection is also resistant to temperature changes.

3.2.7  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 
�F�U�L�W�H�U�L�D�����7�K�H���J�U�R�X�S�L�Q�J���R�I���V�Z�L�W�F�K�H�V���W�R���P�L�Q�L�P�L�]�H���G�U�L�Y�H�U���I�D�W�L�J�X�H���D�Q�G���G�L�V�W�U�D�F�W�L�R�Q����
�D�F�F�H�V�V���W�R���D���V�Z�L�W�F�K���L�Q���D�Q���H�P�H�U�J�H�Q�F�\���D�Q�G���K�D�]�D�U�G�V���I�U�R�P���V�Z�L�W�F�K���S�U�R�M�H�F�W�L�R�Q�V���X�Q�G�H�U��
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, 
�À�D�V�K�����K�R�U�Q�����Z�D�V�K�H�U�V���D�Q�G���Z�L�S�H�U�V�����2�W�K�H�U���F�R�Q�W�U�R�O���V�Z�L�W�F�K�H�V���D�U�H���P�R�X�Q�W�H�G���Z�L�W�K�L�Q��
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 
�L�Q���W�K�H���U�H�J�L�R�Q���R�I�����������������W�L�P�H�V���G�X�U�L�Q�J�����������������N�P���������������������P�L�O�H�V���R�I���Y�H�K�L�F�O�H���X�V�H��
���D�E�R�X�W�������\�H�D�U�V�������7�K�L�V���S�O�D�F�H�V���J�U�H�D�W���P�H�F�K�D�Q�L�F�D�O���D�Q�G���H�O�H�F�W�U�L�F�D�O���V�W�U�H�V�V���R�Q���W�K�H���V�Z�L�W�F�K��

�$���V�L�P�S�O�H���G�H�¿�Q�L�W�L�R�Q���R�I���D���V�Z�L�W�F�K���L�V���µ�D���G�H�Y�L�F�H���I�R�U���E�U�H�D�N�L�Q�J���D�Q�G���P�D�N�L�Q�J���W�K�H��
�F�R�Q�G�X�F�W�L�Q�J���S�D�W�K���I�R�U���W�K�H���F�X�U�U�H�Q�W���L�Q���D���F�L�U�F�X�L�W�¶�����7�K�L�V���P�H�D�Q�V���W�K�D�W���W�K�H���V�Z�L�W�F�K���F�D�Q���E�H��
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 3.18 shows just one common method of sliding contacts.

�7�K�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���W�K�H���F�R�Q�W�D�F�W�V���U�H�T�X�L�U�H���D�U�H���V�L�P�S�O�H��

���� Resistance to mechanical and electrical wear.
�������/�R�Z���F�R�Q�W�D�F�W���U�H�V�L�V�W�D�Q�F�H��
�������1�R���E�X�L�O�G���X�S���R�I���V�X�U�I�D�F�H���¿�O�P�V��
�������/�R�Z���F�R�V�W��

�0�D�W�H�U�L�D�O�V���R�I�W�H�Q���X�V�H�G���I�R�U���V�Z�L�W�F�K���F�R�Q�W�D�F�W�V���L�Q�F�O�X�G�H���F�R�S�S�H�U�����S�K�R�V�S�K�R�U���E�U�R�Q�]�H�����E�U�D�V�V����
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.

�7�K�H���U�D�Q�J�H���R�I���V�L�]�H���D�Q�G���W�\�S�H�V���R�I���V�Z�L�W�F�K�H�V���X�V�H�G���R�Q���W�K�H���P�R�W�R�U���Y�H�K�L�F�O�H���L�V���Y�D�V�W����
from the contacts in the starter solenoid, to the contacts in a sunroof micro 
switch. Figure 3.19 shows one type of motor vehicle switch together with its 
�V�S�H�F�L�¿�F�D�W�L�R�Q�V���E�H�O�R�Z��

       �'�H�¿�Q�L�W�L�R�Q
�6�Z�L�W�F�K�����$���G�H�Y�L�F�H���I�R�U���E�U�H�D�N�L�Q�J��
and making the conducting 
path for the current in a circuit.

�)�L�J�X�U�H������������Switch with sliding  
contacts

FPO
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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 
�F�O�R�V�H�����R�U���R�S�H�Q�����D���V�H�W���R�I���F�R�Q�W�D�F�W�V�����)�L�Q�D�O�O�\�����W�K�H���L�Q�H�U�W�L�D���V�Z�L�W�F�K���L�V���R�I�W�H�Q���X�V�H�G���W�R���V�Z�L�W�F�K��
off the supply to a fuel injection pump in the event of an impact to the vehicle.

3.3  Multiplexing

3.3.1   Limits of the con ventional 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 
�Q�R�Z���U�H�D�F�K�H�G���D���S�R�L�Q�W���Z�K�H�U�H���W�K�H���V�L�]�H���D�Q�G���Z�H�L�J�K�W���R�I���W�K�H���Z�L�U�L�Q�J���K�D�U�Q�H�V�V���L�V���D���P�D�M�R�U��
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 
�L�Q���R�U���I�U�R�P���W�K�H���G�U�L�Y�H�U�¶�V���G�R�R�U���F�D�Q���U�H�T�X�L�U�H���X�S���W�R���������Z�L�U�H�V�����W�K�H���V�\�V�W�H�P�V���L�Q���W�K�H��
dashboard area alone can use over 100 wires and connections. This is clearly 
�E�H�F�R�P�L�Q�J���D���S�U�R�E�O�H�P���D�V�����D�S�D�U�W���I�U�R�P���W�K�H���R�E�Y�L�R�X�V���L�V�V�X�H�V���R�I���V�L�]�H���D�Q�G���Z�H�L�J�K�W����
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 ten years.

�)�L�J�X�U�H������������Circuit symbols for a selection of switches 
and switching actions

�)�L�J�X�U�H������������Temperature, pressure and inertia 
switches
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assembly, and 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 
�F�R�G�H���S�O�D�F�H�G���R�Q���W�K�H���G�D�W�D���E�X�V���Z�L�O�O���E�H���G�L�I�I�H�U�H�Q�W���D�Q�G���Z�L�O�O���E�H���U�H�F�R�J�Q�L�]�H�G���R�Q�O�\���E�\���W�K�H��
appropriate receivers as an off code.

3.3.2  Multiplex da ta bus

In order to transmit different data on one line, a number of criteria must be 
�F�D�U�H�I�X�O�O�\���G�H�¿�Q�H�G���D�Q�G���D�J�U�H�H�G�����7�K�L�V���L�V���N�Q�R�Z�Q���D�V���W�K�H���F�R�P�P�X�Q�L�F�D�W�L�R�Q�V���S�U�R�W�R�F�R�O����
�6�R�P�H���R�I���W�K�H���Y�D�U�L�D�E�O�H�V���W�K�D�W���P�X�V�W���E�H���G�H�¿�Q�H�G���D�U�H���D�V���I�R�O�O�R�Z�V��

• Method of addressing.
• Transmission sequence.
• Control signals.
• Error detection.
• Error treatment.
• Speed or rate of transmission.

�7�K�H���S�K�\�V�L�F�D�O���O�D�\�H�U���P�X�V�W���D�O�V�R���E�H���G�H�¿�Q�H�G���D�Q�G���D�J�U�H�H�G�����7�K�L�V���L�Q�F�O�X�G�H�V���W�K�H���I�R�O�O�R�Z�L�Q�J��

• �7�U�D�Q�V�P�L�V�V�L�R�Q���P�H�G�L�X�P�����H���J�����F�R�S�S�H�U���Z�L�U�H�����¿�E�U�H���R�S�W�L�F�V���H�W�F��

• Type of transmission coding, e.g. analogue or digital.

• 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.

3.3.3  Overview

The number of vehicle components which are networked, has considerably 
increased the requirements for the vehicle control systems to communicate 
�Z�L�W�K���R�Q�H���D�Q�R�W�K�H�U�����7�K�H���&�$�1�����&�R�Q�W�U�R�O�O�H�U���$�U�H�D���1�H�W�Z�R�U�N�����G�H�Y�H�O�R�S�H�G���E�\���%�R�V�F�K��
�L�V���W�R�G�D�\�¶�V���F�R�P�P�X�Q�L�F�D�W�L�R�Q���V�W�D�Q�G�D�U�G���L�Q���S�D�V�V�H�Q�J�H�U���F�D�U�V�����+�R�Z�H�Y�H�U�����W�K�H�U�H���D�U�H���D��
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 
�P�X�O�W�L�S�O�H�[���V�\�V�W�H�P�����V�X�F�K���D�V���D���F�R�Q�W�U�R�O���X�Q�L�W�����W�K�D�W���F�R�P�P�X�Q�L�F�D�W�H�V���R�Q���W�K�H���G�D�W�D���E�X�V��

On some vehicles, early multiplex systems used three control units. These 
�Z�H�U�H���W�K�H���G�R�R�U���F�R�Q�W�U�R�O���X�Q�L�W�����W�K�H���G�U�L�Y�H�U�¶�V���V�L�G�H���F�R�Q�W�U�R�O���X�Q�L�W���D�Q�G���W�K�H���S�D�V�V�H�Q�J�H�U�¶�V��
�V�L�G�H���F�R�Q�W�U�R�O���X�Q�L�W�����)�L�J�X�U�H�����������������7�K�H�V�H���W�K�U�H�H���X�Q�L�W�V���U�H�S�O�D�F�H�G���W�K�H���I�R�O�O�R�Z�L�Q�J��

• Integrated unit.
• Interlock control unit.
• Door lock control unit.
• Illumination light control.
• Power window control unit.
• 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 

       �'�H�¿�Q�L�W�L�R�Q
Multiplexing is a process of 
combining several messages 
for transmission over the same 
signal path.

       �'�H�¿�Q�L�W�L�R�Q
�&�$�1�����&�R�Q�W�U�R�O�O�H�U���$�U�H�D���1�H�W�Z�R�U�N��
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�)�L�J�X�U�H�������������0�X�F�K���V�L�P�S�O�L�¿�H�G���&�$�1���P�H�V�V�D�J�H���S�U�R�W�R�F�R�O���À�R�Z�F�K�D�U�W

An additional advantage of multiplexing is that existing systems can be upgraded 
�R�U���D�G�G�H�G���W�R���Z�L�W�K�R�X�W���P�R�G�L�¿�F�D�W�L�R�Q���W�R���W�K�H���R�U�L�J�L�Q�D�O���V�\�V�W�H�P��

3.3.4  Controller Ar ea Network (CAN)

�&�$�1���L�V���D���V�H�U�L�D�O���E�X�V���V�\�V�W�H�P���H�V�S�H�F�L�D�O�O�\���V�X�L�W�H�G���I�R�U���Q�H�W�Z�R�U�N�L�Q�J���µ�L�Q�W�H�O�O�L�J�H�Q�W�¶���G�H�Y�L�F�H�V��
as well as sensors and actuators within a system or sub-system. It operates in  
a broadly similar way to a wired computer network. CAN stands for controller 
area network and means that control units are able to interchange data. CAN  
is a high-integrity serial data communications bus for real-time applications.  
It operates at data rates of up to 1 Mbit/s. It also has excellent error detection  
�D�Q�G���F�R�Q�¿�Q�H�P�H�Q�W���F�D�S�D�E�L�O�L�W�L�H�V�����&�$�1���Z�D�V���R�U�L�J�L�Q�D�O�O�\���G�H�Y�H�O�R�S�H�G���E�\���%�R�V�F�K���I�R�U��
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 
�V�X�E�V�F�U�L�E�H�U�V���R�U���V�W�D�W�L�R�Q�V�����O�L�N�H���R�Q���D���F�R�P�S�X�W�H�U���Q�H�W�Z�R�U�N�����E�X�W���L�Q�V�W�H�D�G�����S�U�L�R�U�L�W�L�]�H�G��
messages are transmitted. A transmitter sends a message to all CAN nodes 
���E�U�R�D�G�F�D�V�W�L�Q�J�������(�D�F�K���Q�R�G�H���G�H�F�L�G�H�V���R�Q���W�K�H���E�D�V�L�V���R�I���W�K�H���L�G�H�Q�W�L�¿�H�U���U�H�F�H�L�Y�H�G��

       �.�H�\���I�D�F�W
CAN is a serial bus system 
with multi-master capabilities.



Electrical systems and circuits ������

3.3.5  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 
�D���V�W�D�U�W���E�L�W�����Q�D�P�H�����F�R�Q�W�U�R�O���E�L�W�V�����W�K�H���G�D�W�D���L�W�V�H�O�I�����D���F�\�F�O�L�F���U�H�G�X�Q�G�D�Q�F�\���F�K�H�F�N�����&�5�&����
�I�R�U���H�U�U�R�U���G�H�W�H�F�W�L�R�Q�����D���F�R�Q�¿�U�P�D�W�L�R�Q���V�L�J�Q�D�O���D�Q�G���¿�Q�D�O�O�\���D���Q�X�P�E�H�U���R�I���V�W�R�S���E�L�W�V��

�$���E�L�Q�D�U�\���I�R�U�P�D�W���P�H�V�V�D�J�H���F�D�Q���E�H���V�R�P�H�W�K�L�Q�J���O�L�N�H����������������������������������������������������
01110101111010101010100011111010111100110011000001111110101010000
1111111111000000001

�7�K�H���P�H�V�V�D�J�H���L�G�H�Q�W�L�¿�H�U���R�U���Q�D�P�H���S�R�U�W�L�R�Q���R�I���W�K�H���V�L�J�Q�D�O�����S�D�U�W���R�I���W�K�H���D�U�E�L�W�U�D�W�L�R�Q���¿�H�O�G����
�L�G�H�Q�W�L�¿�H�V���W�K�H���P�H�V�V�D�J�H���G�H�V�W�L�Q�D�W�L�R�Q���D�Q�G���D�O�V�R���L�W�V���S�U�L�R�U�L�W�\�����$�V���W�K�H���W�U�D�Q�V�P�L�W�W�H�U���S�X�W�V���D��
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.

�)�L�J�X�U�H������������CAN nodes can be disconnected by the control program

�)�L�J�X�U�H�������������0�H�V�V�D�J�H���I�R�U�P�D�W�����W�K�H���W�K�U�H�H���V�S�D�F�H�V���D�U�H���Q�R�W���S�D�U�W���R�I���W�K�H���P�H�V�V�D�J�H��

       �.�H�\���I�D�F�W
The CAN message signal 
consists of a sequence of 
binary digits or bits.
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3.3.6  Local Interconnect Netw ork (LIN)

�$���O�R�F�D�O���L�Q�W�H�U�F�R�Q�Q�H�F�W���Q�H�W�Z�R�U�N�����/�,�1�����L�V���D���V�H�U�L�D�O���E�X�V���V�\�V�W�H�P���H�V�S�H�F�L�D�O�O�\���V�X�L�W�H�G���I�R�U��
�Q�H�W�Z�R�U�N�L�Q�J���µ�L�Q�W�H�O�O�L�J�H�Q�W�¶���G�H�Y�L�F�H�V�����V�H�Q�V�R�U�V���D�Q�G���D�F�W�X�D�W�R�U�V���Z�L�W�K�L�Q���D���V�X�E���V�\�V�W�H�P����
It is a concept for low cost automotive networks, which complements existing 
�D�X�W�R�P�R�W�L�Y�H���P�X�O�W�L�S�O�H�[���Q�H�W�Z�R�U�N�V���V�X�F�K���D�V���&�$�1�����)�L�J�X�U�H�V�������������D�Q�G��������������

�/�,�1���H�Q�D�E�O�H�V���W�K�H���L�P�S�O�H�P�H�Q�W�D�W�L�R�Q���R�I���D���K�L�H�U�D�U�F�K�L�F�D�O���Y�H�K�L�F�O�H���Q�H�W�Z�R�U�N�����7�K�L�V���D�O�O�R�Z�V��
further quality enhancement and cost reduction of vehicles.

�7�K�H���/�,�1���V�W�D�Q�G�D�U�G���L�Q�F�O�X�G�H�V���W�K�H���V�S�H�F�L�¿�F�D�W�L�R�Q���R�I���W�K�H���W�U�D�Q�V�P�L�V�V�L�R�Q���S�U�R�W�R�F�R�O����
the transmission medium, the interface between development tools, and the 
�L�Q�W�H�U�I�D�F�H�V���I�R�U���V�R�I�W�Z�D�U�H���S�U�R�J�U�D�P�P�L�Q�J�����/�,�1���J�X�D�U�D�Q�W�H�H�V���W�K�H���L�Q�W�H�U�R�S�H�U�D�E�L�O�L�W�\���R�I��
network nodes from the viewpoint of hardware and software, and predictable 
�H�O�H�F�W�U�R���P�D�J�Q�H�W�L�F���F�R�P�S�D�W�L�E�L�O�L�W�\�����(�0�&�����E�H�K�D�Y�L�R�X�U��

�/�,�1���L�V���D���W�L�P�H���W�U�L�J�J�H�U�H�G���V�L�Q�J�O�H���P�D�V�W�H�U�����P�X�O�W�L�S�O�H���V�O�D�Y�H���Q�H�W�Z�R�U�N���F�R�Q�F�H�S�W�����,�W���L�V��
based on common interface hardware, which makes it a low cost solution 
���)�L�J�X�U�H�V�������������D�Q�G�����������������$�G�G�L�W�L�R�Q�D�O���D�W�W�U�L�E�X�W�H�V���R�I���/�,�1���D�U�H��

• �0�X�O�W�L�F�D�V�W���U�H�F�H�S�W�L�R�Q���Z�L�W�K���V�H�O�I���V�\�Q�F�K�U�R�Q�L�]�D�W�L�R�Q��

• Selectable length of message frames.

�)�L�J�X�U�H�������������6�W�U�X�F�W�X�U�H���X�V�L�Q�J���&�$�1���D�Q�G���/�,�1

�)�L�J�X�U�H������������Standards allow communication between different systems

       �.�H�\���I�D�F�W
�/�,�1���L�V���D���F�R�Q�F�H�S�W���I�R�U���O�R�Z��
cost automotive networks, 
which complements existing 
automotive multiplex networks 
such as CAN.

       �'�H�¿�Q�L�W�L�R�Q
�(�0�&�����(�O�H�F�W�U�R���P�D�J�Q�H�W�L�F��
compatibility. EMC requirements 
stipulate that a device shall 
not cause interference within 
itself or in other devices, or be 
susceptible to interference from 
other devices.
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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 3.38.

3.3.7  FlexRay

FlexRay is a fast and fault-tolerant bus system for automotive use (Figures 3.40 
�D�Q�G�����������������,�W���Z�D�V���G�H�Y�H�O�R�S�H�G�����X�V�L�Q�J���W�K�H���H�[�S�H�U�L�H�Q�F�H���R�I���Z�H�O�O���N�Q�R�Z�Q���2�(�0�V�����,�W���L�V��
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 
�Y�D�O�X�H�V���X�S���W�R���������0�%�L�W���V��

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 
�¿�[�H�G���W�L�P�H���V�O�R�W�V�����D�Q�G���E�\���I�D�X�O�W���W�R�O�H�U�D�Q�W���D�Q�G���U�H�G�X�Q�G�D�Q�W���P�H�V�V�D�J�H���W�U�D�Q�V�P�L�V�V�L�R�Q���R�Q��
two channels.

The physical layer means the hardware, that is, the actual components and 
�Z�L�U�H�V�����)�O�H�[�5�D�\���Z�R�U�N�V���R�Q���W�K�H���S�U�L�Q�F�L�S�O�H���R�I�����W�L�P�H���G�L�Y�L�V�L�R�Q���P�X�O�W�L�S�O�H���D�F�F�H�V�V�����7�'�0�$������
�7�K�L�V���P�H�D�Q�V���W�K�D�W���F�R�P�S�R�Q�H�Q�W�V���R�U���P�H�V�V�D�J�H�V���K�D�Y�H���¿�[�H�G���W�L�P�H���V�O�R�W�V���L�Q���Z�K�L�F�K���W�K�H�\��
have exclusive access to the data bus. These time slots are repeated in a 
cycle and are just a few milliseconds long.

�7�K�H���¿�[�H�G���D�O�O�R�F�D�W�L�R�Q���R�I���W�K�H���E�X�V���E�D�Q�G�Z�L�G�W�K���W�R���W�K�H���F�R�P�S�R�Q�H�Q�W�V���R�U���P�H�V�V�D�J�H�V���E�\��
�P�H�D�Q�V���R�I���¿�[�H�G���W�L�P�H���V�O�R�W�V���K�D�V���W�K�H���G�L�V�D�G�Y�D�Q�W�D�J�H���W�K�D�W���W�K�H���E�D�Q�G�Z�L�G�W�K���L�V���Q�R�W���I�X�O�O�\��
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. 
�7�K�H���¿�[�H�G���W�L�P�H���V�O�R�W�V���D�U�H���V�L�W�X�D�W�H�G���L�Q���W�K�H���V�W�D�W�L�F���V�H�J�P�H�Q�W���D�W���W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I���D��

�)�L�J�X�U�H�������������)�O�H�[�5�D�\���W�R�S�R�O�R�J�\���Z�L�W�K���W�Z�R���F�K�D�Q�Q�H�O�V�����6�R�X�U�F�H�����(�E�H�U�V�S�D�F�K�H�U��

�)�L�J�X�U�H������������FlexRay backbone
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       �.�H�\���I�D�F�W
FlexRay can cope with the  
requirements of X-by-wire 
systems.

       �.�H�\���I�D�F�W
FlexRay communicates via two 
physically separated lines with 
a data rate of up to 10 Mbit/son 
each.
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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.

3.4   Media oriented systems transpor t (MOST)

3.4.1  Intr oduction

MOST is the de-facto standard for multimedia and infotainment networking 
in the automotive industry. The technology was designed from the ground 
�X�S���W�R���S�U�R�Y�L�G�H���D�Q���H�I�¿�F�L�H�Q�W���D�Q�G���F�R�V�W���H�I�I�H�F�W�L�Y�H���I�D�E�U�L�F���W�R���W�U�D�Q�V�P�L�W���D�X�G�L�R�����Y�L�G�H�R����
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.

�7�K�H���0�2�6�7���&�R�R�S�H�U�D�W�L�R�Q���L�V���W�K�H���R�U�J�D�Q�L�]�D�W�L�R�Q���W�K�U�R�X�J�K���Z�K�L�F�K���W�K�H���W�H�F�K�Q�R�O�R�J�\��
�L�V���V�W�D�Q�G�D�U�G�L�]�H�G���D�Q�G���U�H�¿�Q�H�G���V�R���W�K�D�W���L�W���F�R�Q�W�L�Q�X�H�V���W�R���V�W�D�\���D�E�U�H�D�V�W���R�I���W�K�H���O�D�W�H�V�W��
technology requirements. 

3.4.2  MOST networ k

MOST is a synchronous network. A timing master supplies the clock with a 
�V�\�Q�F�K�U�R�Q�R�X�V���D�Q�G���F�R�Q�W�L�Q�X�R�X�V���G�D�W�D���V�L�J�Q�D�O���D�Q�G���D�O�O���R�W�K�H�U���G�H�Y�L�F�H�V���V�\�Q�F�K�U�R�Q�L�]�H��
their operation to this base signal. This technology eliminates the need for 

�)�L�J�X�U�H������������A closer view of a FlexRay signal

       

�'�H�¿�Q�L�W�L�R�Q
�$���9�����$�X�G�L�R���Y�L�V�X�D�O��
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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 
�W�K�H���F�R�Q�Q�H�F�W�L�R�Q���L�V���H�V�W�D�E�O�L�V�K�H�G�����G�D�W�D���F�D�Q���À�R�Z���F�R�Q�W�L�Q�X�R�X�V�O�\���D�Q�G���Q�R���I�X�U�W�K�H�U��
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 
�V�W�U�H�D�P�L�Q�J���G�D�W�D�����L�Q�I�R�U�P�D�W�L�R�Q���W�K�D�W���À�R�Z�V���F�R�Q�W�L�Q�X�R�X�V�O�\�����O�L�N�H���D�X�G�L�R���D�Q�G���Y�L�G�H�R����

�&�R�P�S�X�W�H�U���E�D�V�H�G���G�D�W�D�����V�X�F�K���D�V���,�Q�W�H�U�Q�H�W���W�U�D�I�¿�F���R�U���L�Q�I�R�U�P�D�W�L�R�Q���I�U�R�P���D���Q�D�Y�L�J�D�W�L�R�Q��
�V�\�V�W�H�P�����L�V���W�\�S�L�F�D�O�O�\���V�H�Q�W���L�Q���V�K�R�U�W�����D�V�\�Q�F�K�U�R�Q�R�X�V�����E�X�U�V�W�V���D�V���S�D�F�N�H�W�V���D�Q�G���L�V���R�I�W�H�Q��
going to many different places. To accommodate such signals, MOST has 
�G�H�¿�Q�H�G���H�I�¿�F�L�H�Q�W���P�H�F�K�D�Q�L�V�P�V���I�R�U���V�H�Q�G�L�Q�J���D�V�\�Q�F�K�U�R�Q�R�X�V�����S�D�F�N�H�W���E�D�V�H�G���G�D�W�D���L�Q��
�D�G�G�L�W�L�R�Q���W�R���W�K�H���F�R�Q�W�U�R�O���F�K�D�Q�Q�H�O���D�Q�G���W�K�H���V�W�U�H�D�P�L�Q�J���G�D�W�D���F�K�D�Q�Q�H�O�V�����)�L�J�X�U�H����������������
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, 
�L�Q���W�K�D�W���L�W�¶�V���L�Q�W�H�Q�G�H�G���W�R���E�H���F�D�U�U�L�H�G���O�D�U�J�H�O�\���R�Q���D�Q���R�S�W�L�F�D�O���¿�E�U�H���E�H�D�U�H�U�����W�K�X�V��
providing a bus-based networking system at bit-rates far higher than available 
on previous vehicle-bus technologies. 

�7�K�H���0�2�6�7���V�S�H�F�L�¿�F�D�W�L�R�Q���G�H�¿�Q�H�V���D�O�O���V�H�Y�H�Q���O�D�\�H�U�V���R�I���W�K�H���,�6�2���2�6�,���5�H�I�H�U�H�Q�F�H��
Model for data communication. The MOST network often employs a ring 
�W�R�S�R�O�R�J�\�����E�X�W���V�W�D�U���F�R�Q�¿�J�X�U�D�W�L�R�Q�V���D�Q�G���G�R�X�E�O�H���U�L�Q�J�V���I�R�U���F�U�L�W�L�F�D�O���D�S�S�O�L�F�D�W�L�R�Q�V���D�U�H��
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 
�G�D�W�D�����7�K�H���S�U�H�D�P�E�O�H�����R�U���S�D�F�N�H�W���K�H�D�G�H�U�����U�H�S�H�D�W�H�G�O�\���V�\�Q�F�K�U�R�Q�L�]�H�V���W�K�H���U�H�V�W���R�I���W�K�H��
nodes called Timing Slaves. 

3.4.3  Protocol

MOST can use both optical and electrical components on the physical layer. A 
�V�S�H�F�L�D�O���F�R�G�H���N�Q�R�Z���D�V���E�L���S�K�D�V�H���P�D�U�N�����L�V���X�V�H�G���W�R���H�Q�F�R�G�H���G�D�W�D���R�Q���H�L�W�K�H�U���S�K�\�V�L�F�D�O��
medium, such as used in S/PDIF. All bits are transmitted in a single clock cycle. A 
�]�H�U�R���E�L�W���K�D�V���D���V�L�Q�J�O�H���W�U�D�Q�V�L�W�L�R�Q���D�W���W�K�H���H�Q�G���R�I���W�K�H���F�O�R�F�N���F�\�F�O�H�����$���R�Q�H���E�L�W���L�V���H�Q�F�R�G�H�G��
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.

�$���P�R�V�W���G�D�W�D���E�O�R�F�N���K�D�V���������I�U�D�P�H�V���D�Q�G���H�D�F�K���F�R�P�S�U�L�V�H�V��

• A 4 bit preamble.

• A 4 bit boundary descriptor.

•  15 quad-byte payload that are split into a synchronous and asynchronous 
�S�D�U�W�����W�K�H���V�S�O�L�W���S�R�L�Q�W���L�V���V�S�H�F�L�¿�H�G���E�\���W�K�H���E�R�X�Q�G�D�U�\���G�H�V�F�U�L�S�W�R�U��

•  A 2 byte control pay-load; the control payload of 16 frames are concatenated 
to form a single 32 byte control message.

• 7 bits frame control.

• A parity bit.

       �.�H�\���I�D�F�W
On a MOST network, multiple 
streaming data channels and a 
control channel are transported 
within the synchronous base 
data signal.

       �'�H�¿�Q�L�W�L�R�Q
�,�6�2���2�6�,���5�H�I�H�U�H�Q�F�H���0�R�G�H�O�����7�K�H��
Open Systems Interconnection 
���2�6�,�����P�R�G�H�O���L�V���D���Z�D�\���R�I���V�X�E��
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.

       �'�H�¿�Q�L�W�L�R�Q
�6���3�'�,�)�����6�R�Q�\���3�K�L�O�L�S�V���'�L�J�L�W�D�O��
Interface. A format for sending 
digital audio information.  
S/PDIF connections use optical 
cables or phone connectors.
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�)�L�J�X�U�H������������POF cable and connector

�)�L�J�X�U�H������������There is light at the end of the … cable!

Some attenuation can occur in the transmission of light waves, particularly over 
long distances and if multiple connectors are used. However, a key feature of 
this system is that the signal received by each control unit is re-transmitted so 
returns to full power.

       �.�H�\���I�D�F�W
The signal received by each 
control unit is re-transmitted by 
the MOST system.

       �.�H�\���I�D�F�W
The simplest MOST 
applications consist of 
analogue audio gateways.

3.4.4  MOST applica tions

The simplest MOST applications consist of analogue audio gateways. A simple 
�G�L�J�L�W�D�O���W�R���D�Q�D�O�R�J�X�H���F�R�Q�Y�H�U�W�H�U�����'�$�&�����F�D�Q���E�H���F�R�Q�Q�H�F�W�H�G���W�R���D���0�2�6�7���W�U�D�Q�V�F�H�L�Y�H�U��
�W�R���G�U�L�Y�H���D���V�S�H�D�N�H�U�����$���K�X�P�D�Q���P�D�F�K�L�Q�H���,�Q�W�H�U�I�D�F�H�����+�0�,�����V�H�W�V���X�S���W�K�H���0�2�6�7��
�W�U�D�Q�V�F�H�L�Y�H�U���W�R���U�H�F�H�L�Y�H���G�D�W�D���I�U�R�P���D���V�S�H�F�L�¿�F���F�K�D�Q�Q�H�O���D�Q�G���W�K�H���W�U�D�Q�V�F�H�L�Y�H�U���G�U�L�Y�H�V��
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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.

�$���P�L�F�U�R�S�K�R�Q�H���F�D�Q���E�H���F�R�Q�Q�H�F�W�H�G���W�R���D�Q���D�Q�D�O�R�J�X�H���W�R���G�L�J�L�W�D�O���F�R�Q�Y�H�U�W�H�U�����$�'�&����
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 
�$�'�&���D�Q�G���0�3�(�*���H�Q�F�R�G�H�U���W�K�D�W���G�L�J�L�W�L�]�H�V���W�K�H���Y�L�G�H�R���V�R�X�U�F�H���D�Q�G���S�O�D�F�H�V���L�W���R�Q���W�K�H��
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.

3.4.5  Consumer device ga teway

Rapidly changing technologies can be decoupled from a stable backbone  
that transport A/V information and control by building gateways to connect  
�W�K�H���W�Z�R�����)�L�J�X�U�H��������������

3.4.6  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 
�Y�L�G�H�R���V�L�J�Q�D�O�V���Z�K�H�U�H���G�L�V�W�X�U�E�D�Q�F�H�V���D�U�H���Q�R�W���D�F�F�H�S�W�D�E�O�H�����0�2�6�7��

•  Uses a single interconnection to transport audio, video, data and control 
information.

• �&�D�Q���X�V�H���¿�E�U�H���R�S�W�L�F���F�D�E�O�H�����R�U���W�Z�L�V�W�H�G���S�D�L�U���Z�L�U�H�V��

• Supports 25, 50 and 150 Mbps speeds.

•  Provides the connectivity backbone to network a range of multimedia 
interfaces.

�3�O�H�D�V�H���Y�L�V�L�W�����Z�Z�Z���P�R�V�W�F�R�R�S�H�U�D�W�L�R�Q���F�R�P���I�R�U���P�R�U�H���L�Q�I�R�U�P�D�W�L�R�Q��

       �'�H�¿�Q�L�W�L�R�Q
�0�3�(�*�����$���V�H�W���R�I���V�W�D�Q�G�D�U�G�V��
adopted by the moving 
pictures experts group for the 
compression of digital video 
and audio data.

�)�L�J�X�U�H�������������8�V�L�Q�J���D���J�D�W�H�Z�D�\���R�Q���D���0�2�6�7���Q�H�W�Z�R�U�N�����6�R�X�U�F�H�����0�2�6�7���&�R�U�S�R�U�D�W�L�R�Q��
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3.5  Automotive Ethernet

3.5.1  Intr oduction

Automotive systems have tended to use custom standards such as MOST, but 
one of the leading automotive networking chip suppliers, SMSC, has produced 
a high-performance single-chip 10/100 Ethernet controller. 

�7�K�H���G�H�Y�L�F�H���L�V���G�H�V�L�J�Q�H�G���V�S�H�F�L�¿�F�D�O�O�\���W�R���P�H�H�W���W�K�H���K�L�J�K���U�H�O�L�D�E�L�O�L�W�\���V�W�D�Q�G�D�U�G�V��
required by automotive applications. Using a high-performance Ethernet 
�L�Q�W�H�U�I�D�F�H���L�Q���W�R�G�D�\�¶�V���F�R�P�S�O�H�[���Y�H�K�L�F�O�H���H�O�H�F�W�U�L�F�D�O���V�\�V�W�H�P�V���P�D�\���K�H�O�S���G�L�D�J�Q�R�V�H��
issues faster and lower software maintenance time.

3.5.2  Overview

�7�K�H���Q�H�H�G���I�R�U���K�L�J�K�H�U���V�S�H�H�G���L�Q�W�H�U�I�D�F�H�V���L�V���G�U�L�Y�H�Q���E�\���W�K�H���L�Q�F�U�H�D�V�L�Q�J���V�L�]�H���R�I��
�H�P�E�H�G�G�H�G���S�U�R�J�U�D�P���D�Q�G���G�D�W�D���P�H�P�R�U�L�H�V�����)�R�U���H�[�D�P�S�O�H�����D���U�H�F�H�Q�W���%�0�:�������V�H�U�L�H�V��
�K�D�V���P�R�U�H���W�K�D�Q�������*�%���R�I���P�H�P�R�U�\���Z�K�L�O�H���W�K�H���S�U�H�Y�L�R�X�V���P�R�G�H�O���K�D�G���M�X�V�W���V�K�R�U�W���R�I�� 
���������0�%�����5�H�S�D�L�U���V�K�R�S�V���G�L�D�J�Q�R�V�H���D�Q�G���¿�[���S�U�R�E�O�H�P�V�����E�X�W���D�O�V�R���X�S�G�D�W�H���W�K�H���V�R�I�W�Z�D�U�H��
and data embedded in the various control devices inside the car via the data 
�O�L�Q�N���F�R�Q�Q�H�F�W�R�U�����'�/�&������

�7�K�L�V���V�W�D�Q�G�D�U�G�L�]�H�G���F�R�Q�Q�H�F�W�R�U���R�Q�O�\���S�U�R�Y�L�G�H�V���D���V�O�R�Z���F�R�P�P�X�Q�L�F�D�W�L�R�Q���L�Q�W�H�U�I�D�F�H�� 
so updating the software of a modern car via this interface can take hours.  
�$�V���D���U�H�V�X�O�W�����P�D�Q�\���F�D�U���F�R�P�S�D�Q�L�H�V���D�U�H���Z�R�U�N�L�Q�J���R�Q���D�Q���X�S�J�U�D�G�H���R�I���W�K�H���2�%�'��
connector to provide the car with a high-performance data interface for 
diagnostics and software downloads. This initiative is expected to lead to a  
�Q�H�Z���,�6�2���6�$�(���V�W�D�Q�G�D�U�G���W�K�D�W���P�D�Q�G�D�W�H�V���(�W�K�H�U�Q�H�W���D�V���S�D�U�W���R�I���W�K�H���2�%�'���L�Q�W�H�U�I�D�F�H�� 
for all cars.

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 
�Z�L�W�K���S�R�Z�H�U���P�D�Q�D�J�H�P�H�Q�W�����:�D�N�H���R�Q���/�$�1���V�X�S�S�R�U�W���D�O�O�R�Z�V���Q�H�W�Z�R�U�N���W�R���Z�D�N�H���X�S��
electronics devices from sleep state, multiple low-power modes and built-in 
�À�R�Z���F�R�Q�W�U�R�O���V�X�S�S�R�U�W��

For more information, visit www.smsc.com. 

3.6  Circuit diagrams and symbols

3.6.1  Symbols

�7�K�H���V�H�O�H�F�W�L�R�Q���R�I���V�\�P�E�R�O�V���J�L�Y�H�Q���L�Q���)�L�J�X�U�H���������������L�Q���&�K�D�S�W�H�U�����������L�V���L�Q�W�H�Q�G�H�G���D�V���D��
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 
�L�Q���D���Y�H�U�\���V�L�P�S�O�H���E�X�W���H�D�V�L�O�\���U�H�F�R�J�Q�L�]�D�E�O�H���I�R�U�P�����7�K�H���V�\�P�E�R�O���I�R�U���D���P�R�W�R�U���R�U���I�R�U��
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  

       �'�H�¿�Q�L�W�L�R�Q
�(�W�K�H�U�Q�H�W�����$���V�H�W���R�I���Q�H�W�Z�R�U�N��
cabling and network access 
protocol standards for bus 
topology computer networks 
invented by Xerox but 
now controlled by the a 
subcommittee of the IEEE. It is 
also generally used to describe 
a computer network which 
complies with these standards.

       �'�H�¿�Q�L�W�L�R�Q
�*�%�����*�L�J�D���E�\�W�H�V��
�*�E�����*�L�J�D���E�L�W�V��
�%�\�W�H���������E�L�W�V��
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circuits on the next, and so on. In many cases, even one system is split into 
�W�Z�R���S�D�U�W�V�����V�H�H���W�K�H���F�L�U�F�X�L�W�V���L�Q���W�K�H���F�H�Q�W�U�D�O���H�O�H�F�W�U�L�F�D�O���F�R�Q�W�U�R�O���V�H�F�W�L�R�Q���I�R�U���H�[�D�P�S�O�H�V����

3.6.2  Conv entional 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 3.54 shows an example of this type of diagram.

3.6.3  Layout or wiring dia grams

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. Citroën, amongst 
others, have used this system. An example of this is reproduced in Figure 3.55.

3.6.4  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 3.56 shows an example of this technique.

������������ �&�X�U�U�H�Q�W���Á�R�Z���G�L�D�J�U�D�P�V

�&�X�U�U�H�Q�W���À�R�Z���G�L�D�J�U�D�P�V���D�U�H���Q�R�Z���Y�H�U�\���S�R�S�X�O�D�U�����7�K�H���L�G�H�D���L�V���W�K�D�W���W�K�H���S�D�J�H���L�V���O�D�L�G��
�R�X�W���V�X�F�K���D�V���W�R���V�K�R�Z���F�X�U�U�H�Q�W���À�R�Z���I�U�R�P���W�K�H���W�R�S���W�R���W�K�H���E�R�W�W�R�P�����7�K�H�V�H���G�L�D�J�U�D�P�V��
often have two supply lines at the top of the page marked 30 (main battery 
�S�R�V�L�W�L�Y�H���V�X�S�S�O�\�����D�Q�G�����������L�J�Q�L�W�L�R�Q���F�R�Q�W�U�R�O�O�H�G���V�X�S�S�O�\�������$�W���W�K�H���E�R�W�W�R�P���R�I���W�K�H���S�D�J�H��
�L�V���D���O�L�Q�H���P�D�U�N�H�G�����������H�D�U�W�K���R�U���F�K�D�V�V�L�V���F�R�Q�Q�H�F�W�L�R�Q�������)�L�J�X�U�H�������������L�V���D�Q���H�[�D�P�S�O�H���R�I��
this technique.

3.7  Electroma gnetic compatibility

3.7.1  Intr oduction

�(�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���F�R�P�S�D�W�L�E�L�O�L�W�\�����(�0�&�������G�H�V�F�U�L�E�H�V���W�K�H���D�E�L�O�L�W�\���R�I���D���G�H�Y�L�F�H���R�U��
system to function without error in its intended electromagnetic environment.

�(�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���L�Q�W�H�U�I�H�U�H�Q�F�H�����(�0�,�����U�H�I�H�U�V���W�R���H�O�H�F�W�U�R�P�D�J�Q�H�W�L�F���H�P�L�V�V�L�R�Q�V���I�U�R�P���D��
device or system that interferes with the normal operation of another device or 
system.

3.7.2  EMC problems

�7�K�H���I�R�O�O�R�Z�L�Q�J���O�L�V�W���J�L�Y�H�V���V�R�P�H���H�[�D�P�S�O�H�V���Z�K�H�U�H���(�0�&���F�D�Q���E�H�F�R�P�H���D���S�U�R�E�O�H�P��

• A computer interferes with FM radio reception.

• �$���F�D�U���U�D�G�L�R���E�X�]�]�H�V���Z�K�H�Q���\�R�X���G�U�L�Y�H���X�Q�G�H�U���D���S�R�Z�H�U���O�L�Q�H��

• �$���F�D�U���P�L�V�¿�U�H�V���Z�K�H�Q���\�R�X���G�U�L�Y�H���X�Q�G�H�U���D���S�R�Z�H�U���O�L�Q�H��

       �.�H�\���I�D�F�W
�&�X�U�U�H�Q�W���À�R�Z���G�L�D�J�U�D�P�V���K�D�Y�H��
two supply lines at the top of 
the page marked 30 (main 
�E�D�W�W�H�U�\���S�R�V�L�W�L�Y�H���V�X�S�S�O�\�����D�Q�G��������
���L�J�Q�L�W�L�R�Q���F�R�Q�W�U�R�O�O�H�G���V�X�S�S�O�\�����D�Q�G��
earth/ground marked 31 at the 
bottom.

       �'�H�¿�Q�L�W�L�R�Q
�(�0�,�����(�O�H�F�W�U�R�P�D�J�Q�H�W�L�F��
interference.

       �'�H�¿�Q�L�W�L�R�Q
�(�0�&�����(�O�H�F�W�U�R�P�D�J�Q�H�W�L�F��
compatibility.
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3.8  Central electrical contr ol

3.8.1  Ov erview

�����������������,�Q�W�U�R�G�X�F�W�L�R�Q

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 
�F�D�Q���E�H���P�D�G�H���H�D�V�L�H�U�����$�O�V�R�����F�H�Q�W�U�D�O�L�]�D�W�L�R�Q���D�O�O�R�Z�V���I�D�F�L�O�L�W�L�H�V���W�R���E�H���O�L�Q�N�H�G���D�Q�G���L�P�S�U�R�Y�H�G����
�)�R�U���H�[�D�P�S�O�H�����Q�H�W�Z�R�U�N�L�Q�J���D�Q�G���F�H�Q�W�U�D�O�L�]�D�W�L�R�Q���R�I���F�R�Q�W�U�R�O���X�Q�L�W�V���P�D�N�H�V���L�W���H�D�V�L�H�U���W�R���K�D�Y�H��
a system where the engine will not start if a door is open, or selection of reverse 
gear can operate the rear wiper when the front wipers are switched on (Figures 
�����������D�Q�G��������������

�7�K�H���E�D�V�L�F���F�H�Q�W�U�D�O���F�R�Q�W�U�R�O���V�\�V�W�H�P���F�D�Q���E�H���V�L�P�S�O�L�¿�H�G���L�Q���D���Z�D�\���W�K�D�W���L�V���U�H�S�U�H�V�H�Q�W�H�G��
by Figure 3.58.

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.

Some central control modules connect via normal wires to switches that supply 
normal voltage on/off signals, others use switches that communicate on the 
�&�$�1���R�U���/�,�1���Q�H�W�Z�R�U�N�V�����7�K�H���R�X�W�S�X�W�V���I�U�R�P���W�K�H���P�R�G�X�O�H���D�U�H���V�H�Q�W���Y�L�D���U�H�O�D�\�V���R�U���V�R�O�L�G��
state switches on standard wires.

Manufacturers have different names for these systems and the control units 
�E�X�W���P�R�V�W���K�D�Y�H���D���V�L�P�L�O�D�U���I�X�Q�F�W�L�R�Q�����)�R�X�U���H�[�D�P�S�O�H���Q�D�P�H�V���I�R�O�O�R�Z��

• �%�R�G�\���F�R�Q�W�U�R�O���P�R�G�X�O�H�����%�&�0����

• �*�H�Q�H�U�D�O���H�O�H�F�W�U�R�Q�L�F���P�R�G�X�O�H�����*�(�0����

• �&�H�Q�W�U�D�O���F�R�Q�W�U�R�O���X�Q�L�W�����&�&�8����

• �&�H�Q�W�U�D�O���F�R�Q�W�U�R�O���P�R�G�X�O�H�����&�&�0����

�����������������'�H�W�D�L�O�H�G���V�\�V�W�H�P���D�Q�G���F�L�U�F�X�L�W���G�L�D�J�U�D�P�V

�)�L�J�X�U�H�V�������������D�Q�G�������������V�K�R�Z���D���I�X�O�O���F�L�U�F�X�L�W���G�L�D�J�U�D�P�����L�Q���W�Z�R���K�D�O�Y�H�V�����W�K�D�W���K�D�V���E�H�H�Q��
adapted from materials supplied by Ford Motor Company. The circuit shows 
�D���J�H�Q�H�U�D�O���H�O�H�F�W�U�R�Q�L�F���P�R�G�X�O�H�����*�(�0�����D�Q�G���K�R�Z���L�W���L�V���X�V�H�G���W�R���F�R�Q�W�U�R�O���W�K�H���Z�L�S�H�U�V��
���L�Q���W�K�L�V���F�D�V�H�������1�R�W�H���W�K�D�W���W�K�H���P�X�O�W�L�I�X�Q�F�W�L�R�Q���Z�L�S�H�U���V�Z�L�W�F�K���F�R�Q�W�D�L�Q�V���D���V�H�U�L�H�V���R�I��

Power supplies (Vbat, Vign)

Inputs from switches Outputs to devices

Communication networks

Earth/ground

Control Module

Warning LED

�)�L�J�X�U�H�������������&�H�Q�W�U�D�O���F�R�Q�W�U�R�O���V�\�V�W�H�P�����V�L�P�S�O�L�¿�H�G��

       �.�H�\���I�D�F�W
�&�H�Q�W�U�D�O�L�]�D�W�L�R�Q���V�\�V�W�H�P�V���D�O�O�R�Z��
facilities to be linked and 
improved.

       �.�H�\���I�D�F�W
The most common usage 
of central control is for body 
systems such as lighting, wipers, 
doors, seats and windows.
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�����������������6�X�P�P�D�U�\

The previous sections outlined and showed examples of how central control 
�V�\�V�W�H�P�V���D�U�H���F�R�Q�¿�J�X�U�H�G�����$�W���¿�U�V�W���Y�L�H�Z���W�K�H�\���F�D�Q���D�S�S�H�D�U���F�R�P�S�O�H�[���E�X�W���D�F�W�X�D�O�O�\��
compared to separate switched and wires and relays for every electrical 
�F�R�P�S�R�Q�H�Q�W���R�Q���W�K�H���F�D�U�����F�H�Q�W�U�D�O�L�]�D�W�L�R�Q���D�F�W�X�D�O�O�\���V�L�P�S�O�L�¿�H�V���W�K�H���V�\�V�W�H�P���D�V���Z�H�O�O���D�V��
making it easy to add new features.

3.8.2  Ford generic electronic module (GEM)

�����������������2�Y�H�U�Y�L�H�Z

On many Ford cars, the GEM is installed under the instrument panel, behind 
the glove compartment. It controls a multitude of functions in the generic 
electronics. The GEM is a separate module and does not contain any current 
�G�L�V�W�U�L�E�X�W�L�R�Q���V�H�F�W�L�R�Q�����Q�R���I�X�V�H�V���R�U���U�H�O�D�\�V����

Depending on equipment level, different GEMs are installed in the factory. One 
�R�I���W�K�H���K�L�J�K�H�V�W���H�T�X�L�S�P�H�Q�W���Y�H�U�V�L�R�Q�V���V�X�S�S�R�U�W�V���W�K�H���I�R�O�O�R�Z�L�Q�J��

• Central locking.

•  Opening/closing function via radio remote control (radio receiver built into 
�W�K�H���*�(�0����

• Fold-in/fold-out external mirrors.

• Ambient lighting.

• Automatic light and wiper control.

• �$�Q�W�L���W�K�H�I�W���Z�D�U�Q�L�Q�J���V�\�V�W�H�P�����S�H�U�L�P�H�W�H�U���P�R�Q�L�W�R�U�L�Q�J����

• Double locking.

An emergency running mode is also available. If a serious fault occurs in the 
�*�(�0�����D���G�H�I�H�F�W�L�Y�H���P�L�F�U�R�S�U�R�F�H�V�V�R�U���R�U���I�D�L�O�X�U�H���R�I���W�K�H���Y�R�O�W�D�J�H���V�X�S�S�O�\���I�R�U���H�[�D�P�S�O�H����
�W�K�H���I�R�O�O�R�Z�L�Q�J���I�X�Q�F�W�L�R�Q�V���D�U�H���V�W�L�O�O���P�D�L�Q�W�D�L�Q�H�G����

• �'�L�S�S�H�G���E�H�D�P�����Z�L�O�O���W�K�H�Q���E�H���V�Z�L�W�F�K�H�G���R�Q���H�Y�H�U�\���W�L�P�H���W�K�H���L�J�Q�L�W�L�R�Q���L�V���V�Z�L�W�F�K�H�G���R�Q����

• �:�L�Q�G�V�F�U�H�H�Q���Z�L�S�H�U�V�����R�Q�O�\���V�O�R�Z���V�S�H�H�G����

�2�Q�H���P�D�Q�\���Y�H�K�L�F�O�H�V�����L�I���W�K�H���*�(�0���K�D�V���E�H�H�Q���F�K�D�Q�J�H�G�����W�K�H���Q�H�Z���R�Q�H���Z�L�O�O���F�R�Q�¿�J�X�U�H��
itself automatically when the ignition is switched on, after about eight  
seconds.

�����������������6�H�U�Y�L�F�H���P�R�G�H

Various input and output signals can be checked using the service mode. 
�6�H�U�Y�L�F�H���P�R�G�H���L�V���D�F�W�L�Y�D�W�H�G���D�V���I�R�O�O�R�Z�V��

���� Turn the ignition off.

���� Press the heated rear window switch and keep it pressed.

���� Switch the ignition on and then release the heated rear window switch. 

The GEM now requests the user to perform a set sequence of different 
�I�X�Q�F�W�L�R�Q�V�����I�R�U���L�Q�V�W�D�Q�F�H�����W�R���R�S�H�U�D�W�H���W�K�H���Z�D�U�Q�L�Q�J���À�D�V�K�H�U�V�����W�K�H���O�L�J�K�W���V�Z�L�W�F�K�����D�Q�G��
�W�K�H���G�R�R�U���O�R�F�N�L�Q�J�������,�I���W�K�H���W�H�V�W���L�V���F�R�P�S�O�H�W�H�G���V�X�F�F�H�V�V�I�X�O�O�\�����D���V�L�J�Q�D�O���W�R�Q�H���Z�L�O�O���E�H��
output.

�7�K�H���*�(�0���F�D�Q���F�R�Q�W�D�L�Q���F�R�Q�¿�J�X�U�D�W�L�R�Q���G�D�W�D���D�E�R�X�W���W�K�H���Y�H�K�L�F�O�H���V�\�V�W�H�P�V���D�V���Z�H�O�O���D�V��
�W�K�H���9�,�1�����7�K�L�V���F�D�Q���E�H���E�D�F�N�H�G���X�S���E�H�I�R�U�H���U�H�S�O�D�F�H�P�H�Q�W���X�V�L�Q�J���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V��
�H�T�X�L�S�P�H�Q�W�����W�K�H���L�Q�W�H�J�U�D�W�H�G���G�L�D�J�Q�R�V�W�L�F���V�\�V�W�H�P�����,�'�6�����W�R���W�U�D�Q�V�I�H�U���L�W���W�R���W�K�H���Q�H�Z��
GEM. In many cases, the system will operate without the back-up in the GEM. 
However, if the instrument cluster fails, there will no longer be any module 
�F�R�Q�¿�J�X�U�D�W�L�R�Q���G�D�W�D���D�Y�D�L�O�D�E�O�H��

       �.�H�\���I�D�F�W
The GEM can contain 
�F�R�Q�¿�J�X�U�D�W�L�R�Q���G�D�W�D���D�E�R�X�W���W�K�H��
vehicle systems as well as 
the VIN.
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�����������������$�Q�W�L���W�K�H�I�W

The anti-theft protection of the vehicle is a feature of the GEM. The following 
�S�H�U�L�P�H�W�H�U���P�R�Q�L�W�R�U�L�Q�J���F�R�P�S�R�Q�H�Q�W�V���D�U�H���X�V�H�G��

• Door ajar switch.

• Engine bonnet switch.

• Tailgate switch.

The alarm state of the vehicle is signalled by the turn signal lamps and a horn 
with its own battery. With the ignition switched off, the anti-theft system is 
activated about 11 seconds after the vehicle is locked. If the bonnet, tailgate 
or one of the doors is not fully closed, it can be opened without triggering the 
alarm. In this case the system is not armed.

3.8.3  Communication betw een modules

�����������������,�Q�W�U�R�G�X�F�W�L�R�Q

�,�Q���D���F�R�P�P�X�Q�L�F�D�W�L�R�Q�V���Q�H�W�Z�R�U�N�����X�V�L�Q�J���D���G�D�W�D���E�X�V�������Y�D�U�L�R�X�V���P�R�G�X�O�H�V���R�I��
different systems are connected to one another via one or several lines. 
The purpose of the data bus system is the transmission of data between 
the connected modules themselves, as well as between the modules and a 
diagnostic tool.

In a data bus system, complete data blocks are transmitted instead of single 
on/off pulses. In addition to the actual information, these blocks also contain 
data regarding the address of the module to be controlled or accessed, the 
�V�L�]�H���R�I���W�K�H���G�D�W�D���E�O�R�F�N���D�Q�G���L�Q�I�R�U�P�D�W�L�R�Q���I�R�U���P�R�Q�L�W�R�U�L�Q�J���W�K�H���F�R�Q�W�H�Q�W���R�I���H�D�F�K��
individual data block. Please see the multiplexing section for more  
information.

�'�D�W�D���E�X�V���V�\�V�W�H�P�V���R�I�I�H�U���Y�D�U�L�R�X�V���D�G�Y�D�Q�W�D�J�H�V��

• ���6�L�P�S�O�L�¿�H�G���G�D�W�D���W�U�D�Q�V�P�L�V�V�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���P�R�G�X�O�H�V���G�X�H���W�R���D���V�W�D�Q�G�D�U�G�L�]�H�G��
protocol.

• Fewer sensors and connectors.

• Improved diagnostics.

• �/�R�Z�H�U���F�R�V�W�V��

Diagnostic equipment is connected to the various bus systems and to the 
�S�R�Z�H�U���V�X�S�S�O�\���Y�L�D���W�K�H���V�W�D�Q�G�D�U�G���������S�L�Q���'�D�W�D���/�L�Q�N���&�R�Q�Q�H�F�W�R�U�����'�/�&�������6�L�J�Q�D�O�V���I�R�U��
�P�R�G�X�O�H���S�U�R�J�U�D�P�P�L�Q�J���R�U���E�D�F�N�X�S���D�U�H���D�O�V�R���W�U�D�Q�V�P�L�W�W�H�G���Y�L�D���W�K�H���'�/�&�����,�Q���R�U�G�H�U��
to be able to establish communication with one another, the modules of the 
individual systems must use the same language. This language is called a 
protocol.

Many manufacturers such as Ford use three different data bus systems. 
Depending upon model and equipment level, all three data bus systems may 
be used. Each of these data bus systems has its own protocol.

�����������������'�D�W�D���E�X�V���V�\�V�W�H�P�V

�6�W�D�Q�G�D�U�G���&�R�U�S�R�U�D�W�H���3�U�R�W�R�F�R�O�����6�&�3�����E�X�V

This system consists of two twisted wires. It is used for communication 
�E�H�W�Z�H�H�Q���W�K�H���S�R�Z�H�U�W�U�D�L�Q���F�R�Q�W�U�R�O���P�R�G�X�O�H�����3�&�0�����D�Q�G���W�K�H���G�L�D�J�Q�R�V�W�L�F���H�T�X�L�S�P�H�Q�W��
�F�R�Q�Q�H�F�W�H�G���Y�L�D���W�K�H���'�/�&�����'�H�S�H�Q�G�L�Q�J���X�S�R�Q���H�Q�J�L�Q�H���Y�H�U�V�L�R�Q���D�Q�G���\�H�D�U���R�I��
�P�D�Q�X�I�D�F�W�X�U�H�����D���W�K�L�U�G���Z�L�U�H�����$�&�3���E�X�V�����L�V���X�V�H�G���I�R�U���S�U�R�J�U�D�P�P�L�Q�J���W�K�H���3�&�0�����7�K�L�V��
bus is only used in conjunction with the SCP bus. 
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�E�H�W�Z�H�H�Q���S�L�Q�������D�Q�G�������������7�K�H���+�6���&�$�1���E�X�V���D�Q�G���W�K�H���+�6���&�$�1���P�X�O�W�L�P�H�G�L�D���V�\�V�W�H�P��
�K�D�Y�H���D���V�S�H�H�G���R�I�����������N�%�L�W���V��

�7�Z�R���V�H�S�D�U�D�W�H���0�6���&�$�1���Q�H�W�Z�R�U�N�V���D�U�H���X�V�H�G��

�0�6���&�$�1���J�H�Q�H�U�L�F���H�O�H�F�W�U�R�Q�L�F�V�����%���L�Q���)�L�J�X�U�H��������������

• PDM
• EATC module
• �)�X�H�O���¿�U�H�G���E�R�R�V�W�H�U���K�H�D�W�H�U
• �/�L�I�W�J�D�W�H���U�H�O�H�D�V�H���P�R�G�X�O�H
• Instrument cluster
• GEM
• DDM
• Trailer module
• Reversing camera module
• Keyless vehicle module.

�3�U�L�Y�D�W�H���0�6���&�$�1�����'���L�Q���)�L�J�X�U�H��������������

• Right-hand module, blind spot monitoring.

• �/�H�I�W���K�D�Q�G���P�R�G�X�O�H�����E�O�L�Q�G���V�S�R�W���P�R�Q�L�W�R�U�L�Q�J��

�2�Q���V�R�P�H���F�D�U�V���D���/�,�1���G�D�W�D���E�X�V���V�\�V�W�H�P���L�V���D�O�V�R���X�V�H�G�����/�,�1���L�V���D���V�W�D�Q�G�D�U�G���H�V�S�H�F�L�D�O�O�\��
for the cost-effective communication between intelligent sensors and actuators 
�L�Q���P�R�W�R�U���Y�H�K�L�F�O�H�V�����/�,�1���L�V���X�V�H�G���H�Y�H�U�\�Z�K�H�U�H���W�K�D�W���W�K�H���E�D�Q�G�Z�L�G�W�K���D�Q�G���Y�H�U�V�D�W�L�O�L�W�\���R�I��
�&�$�1���L�V���Q�R�W���Q�H�H�G�H�G�����7�K�H���W�U�D�Q�V�P�L�V�V�L�R�Q���V�S�H�H�G���Z�L�W�K�L�Q���W�K�H���/�,�1���G�D�W�D�E�X�V���V�\�V�W�H�P���L�V�� 
���������N�%�L�W���V�����$���/�,�1���G�D�W�D�E�X�V���V�\�V�W�H�P���F�R�Q�V�L�V�W�V���R�I���D���/�,�1���P�D�V�W�H�U���D�Q�G���R�Q�H���R�U���P�R�U�H�� 
�/�,�1���V�O�D�Y�H�V�����7�K�H���/�,�1���L�V���D���V�L�Q�J�O�H���F�R�Q�G�X�F�W�R�U���G�D�W�D�E�X�V���V�\�V�W�H�P�����L���H�����W�K�H���G�D�W�D���L�V��
transmitted in the cable on one wire. No termination resistors are used in the  
�/�,�1���Q�H�W�Z�R�U�N��

�7�K�H���I�R�O�O�R�Z�L�Q�J���V�\�V�W�H�P�V���D�U�H���R�I�W�H�Q���F�R�Q�Q�H�F�W�H�G���W�R���D���/�,�1���E�X�V��

• Rear PDM 

• Rear DDM 

• �)�U�R�Q�W���G�U�L�Y�H�U�¶�V���V�L�G�H���V�Z�L�W�F�K���X�Q�L�W��

• Steering wheel module 

• �/�L�J�K�W���V�Z�L�W�F�K���X�Q�L�W��

• Interior scanning sensors 

• Anti-theft alarm system horn with own battery 

• �%�D�W�W�H�U�\���P�R�Q�L�W�R�U�L�Q�J���V�H�Q�V�R�U��

• Rain sensor 

• Electronic steering lock unit 

• Audio system control unit 

• Select-shift switch module 

• Generator 

• Gas discharge headlamps.

3.8.4  Summary

Central electrical and electronic control has evolved to become a system that 
may be better described as distributed control. However, because units such 
as the body control module have wide ranging functions it is often described 
as central control. A key point, however, is that almost all modules are now 
connected using one or more networking protocols.
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3.9  Connected cars

3.9.1  Intr oduction

There are a number of features and systems now in use and under development 
where, one could argue, the car is becoming more intelligent – a scary 
thought! However, there are also a number of developments whereby different 
�W�H�F�K�Q�R�O�R�J�L�H�V���D�U�H���P�H�U�J�L�Q�J���R�U�����W�R���E�H���P�R�U�H���D�F�F�X�U�D�W�H�����F�R�Q�Y�H�U�J�L�Q�J�����)�L�J�X�U�H��������������

�,�Q���D�Q���D�U�W�L�F�O�H���R�Q���W�K�H���V�X�S�S�R�U�W���Z�H�E�V�L�W�H���I�R�U���W�K�L�V���W�H�[�W�E�R�R�N���,���V�S�H�F�X�O�D�W�H�G���R�Q���W�K�H���µ�)�X�W�X�U�H��
�&�D�U�¶�����$�F�W�X�D�O�O�\���Z�K�D�W���L�V���P�R�V�W���L�Q�W�H�U�H�V�W�L�Q�J���L�V���W�K�D�W���P�R�V�W���R�I���W�K�D�W���V�S�H�F�X�O�D�W�L�R�Q���K�D�V���F�R�P�H��
true, in a remarkably short time. We may not yet be able to sit in our cars and 
let them do all the driving, but the technology exists to make it happen.

In the following sections I have outlined some interesting developments 
ranging from linking a smartphone with a car, to vision enhancement and Wi-Fi.

������������ �6�P�D�U�W���F�D�U�V���D�Q�G���W�U�D�I�À�F���V�\�V�W�H�P�V

There are a number of examples of technologies that allow cars to drive 
�W�K�H�P�V�H�O�Y�H�V���W�R���D���J�U�H�D�W�H�U���R�U���O�H�V�V�H�U���H�[�W�H�Q�W�����7�K�H���¿�U�V�W���H�[�D�P�S�O�H���R�X�W�O�L�Q�H�G���K�H�U�H���L�V���D��
concept vehicle that will come when called and can park itself. The second 
example is a technology that allows cars to follow each other closely at high 
speed; a system known as platooning.

�����������������*�H�Q�H�U�D�O���0�R�W�R�U�V���(�1���9

General Motors have developed, as a concept car, an electric networked 
�Y�H�K�L�F�O�H���F�D�O�O�H�G���(�1���9�����J�H�W���L�W�"�������7�K�H���(�1���9���U�H�S�U�H�V�H�Q�W�V���R�Q�H���Y�L�V�L�R�Q���R�I���W�K�H���I�X�W�X�U�H���R�I��
urban personal mobility. The car includes features that allow the vehicle to park 
itself and automatically return to the user when summoned from a smartphone 
application.

The vehicle can rotate 360 degrees and be driven in manual mode with a  
driver – or without. It runs on battery power for about 25 miles on a charge, 
�Z�L�W�K���W�R�S���V�S�H�H�G�V���R�I���������P�L�O�H�V���S�H�U���K�R�X�U�����$���V�L�J�Q�L�¿�F�D�Q�W���G�R�Z�Q�V�L�G�H���W�R���W�K�L�V���S�L�Q�W���V�L�]�H�G��
�Y�H�K�L�F�O�H���L�V���L�W�V���L�Q�D�E�L�O�L�W�\���W�R���Z�L�W�K�V�W�D�Q�G���D���F�R�O�O�L�V�L�R�Q���Z�L�W�K���D���I�X�O�O���V�L�]�H�G���Y�H�K�L�F�O�H�����+�R�Z�H�Y�H�U����
cities could perhaps create EN-V-only lanes, or alternatively, create enclosed 
areas solely for use by this type of vehicle. 

�6�H�Y�H�U�D�O���(�1���9�V���F�D�Q���¿�W���L�Q�W�R���D���V�W�D�Q�G�D�U�G���S�D�U�N�L�Q�J���V�S�D�F�H���D�Q�G���W�K�H���L�Q�W�H�U�L�R�U���K�D�V���U�R�R�P��
for two passengers. Using sophisticated sensing technology, EN-V can detect 
obstacles in its path, including pedestrians or other vehicles, and automatically 
come to a stop if necessary.

This concept is really interesting because while it would not be suitable for our 
current road systems, it is a new way of thinking about transport. A small step 
�L�Q���W�K�L�V���G�L�U�H�F�W�L�R�Q���K�D�V���D�O�U�H�D�G�\���E�H�H�Q���P�D�G�H�����,�Q���/�R�Q�G�R�Q�����D�Q�G���P�D�Q�\���R�W�K�H�U���F�L�W�L�H�V�����L�W���L�V��
now possible to hire a bicycle from roadside areas using a credit or debit card. 
�7�K�H���E�L�N�H���F�D�Q���E�H���U�H�W�X�U�Q�H�G���W�R���D�Q�\���R�W�K�H�U���µ�V�W�D�W�L�R�Q�¶�����,�Q���V�R�P�H���E�X�V�\���D�U�H�D�V���W�K�H�U�H���D�U�H��
also dedicated lanes on the roads where they can be used. 

�����������������5�R�D�G���W�U�D�L�Q�V

An EU project called SARTRE has been launched to develop and test 
technology for vehicles that can drive themselves in long road trains on 
�P�R�W�R�U�Z�D�\�V�����7�K�L�V���W�H�F�K�Q�R�O�R�J�\���K�D�V���W�K�H���S�R�W�H�Q�W�L�D�O���W�R���L�P�S�U�R�Y�H���W�U�D�I�¿�F���À�R�Z���D�Q�G��

�)�L�J�X�U�H�������������7�K�L�V���L�3�K�R�Q�H���%�0�:���D�S�S��
allows the user to remotely lock or 
unlock the car and other features such 
as route planning and then sending 
the destination to the vehicle.

       �'�H�¿�Q�L�W�L�R�Q
�3�O�D�W�R�R�Q�L�Q�J�����D���U�R�D�G���W�U�D�L�Q���R�I��
wirelessly linked cars following 
a lead vehicle.
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�)�L�J�X�U�H�������������2�Q�H���F�D�U���I�R�O�O�R�Z�L�Q�J���W�K�H���O�H�D�G���Y�H�K�L�F�O�H�����6�R�X�U�F�H�����9�R�O�Y�R���0�H�G�L�D��

close to each other, exploiting the resultant lower air drag. The energy saving 
is expected to be in the region of 20 per cent. Road capacity will also be able 
�W�R���E�H���X�W�L�O�L�]�H�G���P�R�U�H���H�I�¿�F�L�H�Q�W�O�\��

�$�V���W�K�H���S�D�U�W�L�F�L�S�D�Q�W�V���P�H�H�W�����H�D�F�K���Y�H�K�L�F�O�H�¶�V���Q�D�Y�L�J�D�W�L�R�Q���V�\�V�W�H�P���L�V���X�V�H�G���W�R���M�R�L�Q��
the convoy, where the autonomous driving program then takes over. As the 
�U�R�D�G���W�U�D�L�Q���D�S�S�U�R�D�F�K�H�V���L�W�V���¿�Q�D�O���G�H�V�W�L�Q�D�W�L�R�Q�����W�K�H���Y�D�U�L�R�X�V���S�D�U�W�L�F�L�S�D�Q�W�V���F�D�Q���H�D�F�K��
disconnect from the convoy and continue to drive as usual to their individual 
destinations. Figure 3.73 outlines the process of joining and leaving a 
platoon.

The tests included a lead vehicle and single following car. The steering wheel 
of the following car moves by itself as the vehicle smoothly follows the lead 
truck around a test track. The driver is able to drink coffee or read a paper, as 
no input is required to operate the vehicle.

�7�K�H���S�O�D�W�R�R�Q�L�Q�J���W�H�F�K�Q�L�T�X�H���L�V���G�H�V�L�J�Q�H�G���W�R���D�F�K�L�H�Y�H���D���Q�X�P�E�H�U���R�I���W�K�L�Q�J�V��

• ���5�R�D�G���V�D�I�H�W�\�����D�V���L�W���P�L�Q�L�P�L�]�H�V���W�K�H���K�X�P�D�Q���I�D�F�W�R�U���W�K�D�W���L�V���W�K�H���F�D�X�V�H���R�I���D�W���O�H�D�V�W��
80% of accidents.

• Fuel consumption and CO2 emissions improve by up to 20%.

• Convenience for the driver as it frees up time for other activities.

• ���7�U�D�I�¿�F���F�R�Q�J�H�V�W�L�R�Q���Z�L�O�O���E�H���U�H�G�X�F�H�G���E�H�F�D�X�V�H���W�K�H���Y�H�K�L�F�O�H�V���W�U�D�Y�H�O���D�W���K�L�J�K�Z�D�\��
�V�S�H�H�G���Z�L�W�K���R�Q�O�\���D���I�H�Z���P�H�W�U�H�V�¶���J�D�S��

The technology development is well underway and may go into production 
in a few years. What may take longer is getting public acceptance and the 
legislation where 25 EU governments must pass similar laws.

3.9.3  Wi-Fi cars

Wi-Fi is becoming a feature that may soon be standard in many cars. 
Connectivity is achieved by plugging a 3G dongle or a SIM card into the 
car. This then creates a wireless hotspot and any suitable device can be 
�F�R�Q�Q�H�F�W�H�G�����)�U�R�P���W�K�L�V���S�R�L�Q�W�����D�O�O���W�K�H���I�H�D�W�X�U�H�V���R�I���µ�,�Q�W�H�U�Q�H�W���F�R�Q�W�U�R�O�¶���E�H�F�R�P�H��
possible. For example Skype, connection to remote systems at home or 
connection to cameras in the car from home, as well as the obvious emails 
and web downloads. The roll out of 4G mobile broadband promises to make 
facilities like video calls to and from the car a possibility.

       �'�H�¿�Q�L�W�L�R�Q
���*�����,�Q���W�H�O�H�F�R�P�P�X�Q�L�F�D�W�L�R�Q�V����
4G is the fourth generation 
of cellular wireless standards 
and successor to the 3G and 
2G families of standards. The 
�V�S�H�F�L�¿�H�G���U�H�T�X�L�U�H�P�H�Q�W�V���I�R�U�����*��
standards are peak speed of 
100 Mbit/s for high mobility 
communication (such as from 
�W�U�D�L�Q�V���D�Q�G���F�D�U�V�����D�Q�G�������*�E�L�W���V��
for low mobility communication 
(such as pedestrians and 
�V�W�D�W�L�R�Q�D�U�\���X�V�H�U�V����



Electrical systems and circuits ������

�)�L�J�X�U�H�������������5�R�D�G���W�U�D�L�Q���P�H�W�K�R�G�R�O�R�J�\�����6�R�X�U�F�H�����9�R�O�Y�R���0�H�G�L�D��

�7�K�H���P�D�L�Q���X�V�H�V���D�U�H���O�L�N�H�O�\���W�R���E�H���F�R�Q�Q�H�F�W�L�Y�L�W�\���I�R�U���E�X�V�L�Q�H�V�V���µ�U�R�D�G���Z�D�U�U�L�R�U�V�¶���D�Q�G��
entertainment for laptops of console-using passengers.

There is now an IEEE standard for in-car and associated Wi-Fi; this is 802.11p, 
�Z�K�L�F�K���L�V���G�H�G�L�F�D�W�H�G���W�R���W�U�D�I�¿�F���D�S�S�O�L�F�D�W�L�R�Q�V�����$�V���Z�H�O�O���D�V���W�K�H���Q�R�U�P�D�O���:�L���)�L���I�H�D�W�X�U�H�V��
�V�X�F�K���D�V���,�Q�W�H�U�Q�H�W���F�R�Q�Q�H�F�W�L�R�Q�����W�K�L�V���V�\�V�W�H�P���F�D�Q���D�O�O�R�Z���F�D�U�V�����V�H�Q�V�R�U�V�����W�U�D�I�¿�F��
signs and more, to become a giant mesh network. Clearly there are security 
implications here but the hope is that the system will allow a car to broadcast 
its speed and position – and if it is heading for or involved in an accident. If 
this is broadcast from car to car it could prevent following cars from making the 
�D�F�F�L�G�H�Q�W���Z�R�U�V�H�����)�X�U�W�K�H�U�����L�Q���F�R�P�P�X�Q�L�F�D�W�L�R�Q���Z�L�W�K���V�D�\�����W�U�D�I�¿�F���O�L�J�K�W�V�����W�K�H���F�D�U���F�R�X�O�G��
be told that the light it is approaching will turn red in 5 seconds, so it can be 
�U�H�D�G�\���W�R���V�W�R�S�����R�U���P�D�\�E�H���W�K�H���µ�K�X�P�D�Q���H�O�H�P�H�Q�W�¶���Z�R�X�O�G���W�H�O�O���L�W���W�R���V�S�H�H�G���X�S���±���Z�H���Z�L�O�O��
�V�H�H������

This Wi-Fi standard may also be used for the platooning system discussed 
earlier.

3.9.4  Bluetooth

�%�O�X�H�W�R�R�W�K���L�V���D���S�U�R�S�U�L�H�W�D�U�\���R�S�H�Q���Z�L�U�H�O�H�V�V���W�H�F�K�Q�R�O�R�J�\���V�W�D�Q�G�D�U�G���I�R�U���H�[�F�K�D�Q�J�L�Q�J��
�G�D�W�D���Y�L�D���U�D�G�L�R���W�U�D�Q�V�P�L�V�V�L�R�Q�V���R�Y�H�U���V�K�R�U�W���G�L�V�W�D�Q�F�H�V���I�U�R�P���¿�[�H�G���D�Q�G���P�R�E�L�O�H��
�G�H�Y�L�F�H�V�����7�K�H�V�H���F�R�Q�Q�H�F�W�L�R�Q�V���D�U�H���N�Q�R�Z�Q���D�V���S�H�U�V�R�Q�D�O���D�U�H�D���Q�H�W�Z�R�U�N�V�����3�$�1�V����

       �'�H�¿�Q�L�W�L�R�Q
�,�(�(�(�����7�K�H���,�Q�V�W�L�W�X�W�H���R�I���(�O�H�F�W�U�L�F�D�O��
and Electronics Engineers or 
�,�(�(�(�����U�H�D�G���H�\�H���W�U�L�S�O�H���H�H�����L�V��
�W�K�H���Z�R�U�O�G�¶�V���O�D�U�J�H�V�W���S�U�R�I�H�V�V�L�R�Q�D�O��
association dedicated to 
advancing technological 
innovation and excellence 
�I�R�U���W�K�H���E�H�Q�H�¿�W���R�I���K�X�P�D�Q�L�W�\����
IEEE and its members inspire 
a global community through 
�,�(�(�(�¶�V���K�L�J�K�O�\���F�L�W�H�G���S�X�E�O�L�F�D�W�L�R�Q�V����
conferences, technology 
standards, and professional 
and educational activities 
���6�R�X�U�F�H�����Z�Z�Z���L�H�H�H���R�U�J����
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�R�U���S�L�F�R�Q�H�W�V�����D�Q�G���K�D�Y�H���D���K�L�J�K���O�H�Y�H�O���R�I���V�H�F�X�U�L�W�\�����%�O�X�H�W�R�R�W�K���F�D�Q���F�R�Q�Q�H�F�W���V�H�Y�H�U�D�O��
�G�H�Y�L�F�H�V���D�W���W�K�H���V�D�P�H���W�L�P�H�����R�Y�H�U�F�R�P�L�Q�J���S�U�R�E�O�H�P�V���R�I���V�\�Q�F�K�U�R�Q�L�]�D�W�L�R�Q��

The radio technology used is called frequency-hopping spread spectrum, 
which chops up the data being sent and transmits chunks of it on up to 79 
�E�D�Q�G�V���������0�+�]���H�D�F�K�����F�H�Q�W�U�H�G���I�U�R�P�������������W�R�������������0�+�]�����L�Q���W�K�H�����������±��������������
�0�+�]���U�D�Q�J�H�����D�O�O�R�Z�L�Q�J���I�R�U���J�X�D�U�G���E�D�Q�G�V�������7�K�L�V���U�D�Q�J�H���L�V���L�Q���W�K�H���J�O�R�E�D�O�O�\���X�Q�O�L�F�H�Q�V�H�G��
�,�Q�G�X�V�W�U�L�D�O�����6�F�L�H�Q�W�L�¿�F���D�Q�G���0�H�G�L�F�D�O�����,�6�0�������������*�+�]���V�K�R�U�W���U�D�Q�J�H���U�D�G�L�R���I�U�H�T�X�H�Q�F�\��
band, which is the same frequency band used for Wi-Fi.

�%�O�X�H�W�R�R�W�K���L�V���D���S�D�F�N�H�W���E�D�V�H�G���S�U�R�W�R�F�R�O���Z�L�W�K���D���P�D�V�W�H�U�±�V�O�D�Y�H���V�W�U�X�F�W�X�U�H�����2�Q�H��
master may communicate with up to seven slaves in a piconet. Packet 
�H�[�F�K�D�Q�J�H���L�V���E�D�V�H�G���R�Q���W�K�H���E�D�V�L�F���F�O�R�F�N�����G�H�¿�Q�H�G���E�\���W�K�H���P�D�V�W�H�U�����Z�K�L�F�K���W�L�F�N�V���D�W��
312.5 µs intervals. All devices use this clock. Two clock ticks make up a slot of 
625 µs; two slots make up a slot pair of 1250 µs. In the simple case of single-
slot packets the master transmits in even slots and receives in odd slots. The 
slave does the opposite. Packets may be 1, 3 or 5 slots long but in all cases 
the master transmission starts in even slots and the slave transmission in odd 
slots.

�%�O�X�H�W�R�R�W�K���S�U�R�Y�L�G�H�V���D���V�H�F�X�U�H���Z�D�\���W�R���F�R�Q�Q�H�F�W���D�Q�G���H�[�F�K�D�Q�J�H���L�Q�I�R�U�P�D�W�L�R�Q��
between devices such as mobile phones, hands-free headsets, telephones, 
�O�D�S�W�R�S�V�����S�H�U�V�R�Q�D�O���F�R�P�S�X�W�H�U�V�����S�U�L�Q�W�H�U�V�����*�O�R�E�D�O���3�R�V�L�W�L�R�Q�L�Q�J���6�\�V�W�H�P�����*�3�6����
receivers, digital cameras, and video game consoles.

�0�R�V�W���F�D�U�V���Q�R�Z���K�D�Y�H���%�O�X�H�W�R�R�W�K���F�R�Q�Q�H�F�W�L�Y�L�W�\���R�U���W�K�H���R�S�W�L�R�Q���W�R���K�D�Y�H���L�W���L�Q�F�O�X�G�H�G����

The main item that will connect to the car is a standard mobile phone, or more 
often a smartphone so that applications on the device can be controlled from 
the car.

3.9.5  Applications (apps)

It has been possible to connect phones and MP3 players, for example, to cars 
for some time now. Music players can be connected using a simple 3.5 mm 
stereo jack-to-jack cable and the in-car entertainment system then used to 
�D�P�S�O�L�I�\���W�K�H���V�R�X�Q�G�����%�O�X�H�W�R�R�W�K���F�R�Q�Q�H�F�W�L�R�Q���R�I���S�K�R�Q�H�V���L�V���D�O�V�R���Q�R�Z���E�H�F�R�P�L�Q�J��
common. These basic connections do not allow sharing of data or applications. 

       �.�H�\���I�D�F�W
�%�O�X�H�W�R�R�W�K���F�D�Q���F�R�Q�Q�H�F�W���V�H�Y�H�U�D�O��
devices at the same time, 
overcoming problems of 
�V�\�Q�F�K�U�R�Q�L�]�D�W�L�R�Q��

       �.�H�\���I�D�F�W
�%�O�X�H�W�R�R�W�K���L�V���D���S�D�F�N�H�W���E�D�V�H�G�� 
protocol with a master–slave  
structure.

       �'�H�¿�Q�L�W�L�R�Q
�7�K�H���Z�R�U�G���%�O�X�H�W�R�R�W�K���L�V���D�Q��
�D�Q�J�O�L�F�L�]�H�G���Y�H�U�V�L�R�Q���R�I���W�K�H��
�6�F�D�Q�G�L�Q�D�Y�L�D�Q���%�O�n�W�D�Q�G���%�O�n�W�D�Q�Q����
the epithet of the tenth-century 
King Harald I of Denmark and 
parts of Norway. Harald united 
dissonant Danish tribes into 
a single kingdom. The idea is 
�W�K�D�W���%�O�X�H�W�R�R�W�K���G�R�H�V���W�K�H���V�D�P�H��
with communications protocols.

�)�L�J�X�U�H�������������$���U�R�D�G���W�U�D�L�Q���W�H�V�W�����6�R�X�U�F�H�����9�R�O�Y�R���0�H�G�L�D��
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Smartphones are now in very common use and are the result of convergence 
of cameras, MP3 players, games consoles, GPS and, oh yes, mobile 
telephones.

For many people, the smartphone is at the centre of their life and the apps it 
contains are what they have chosen. To connect with a car and use different 
applications is therefore confusing for the users. However, there are two ways 
�L�Q���Z�K�L�F�K���P�D�Q�X�I�D�F�W�X�U�H�U�V���D�U�H���Z�R�U�N�L�Q�J���W�R���G�H�D�O���Z�L�W�K���W�K�L�V��

������Integrating the smartphone and the car.

�������5�H�S�O�D�F�H���W�K�H���F�D�U���V�\�V�W�H�P�V���Z�L�W�K���W�K�H���V�P�D�U�W�S�K�R�Q�H�¶�V��

�7�K�H���¿�U�V�W���L�V���W�K�D�W���P�D�Q�\���F�D�U�P�D�N�H�U�V���D�U�H���Q�R�Z���G�H�Y�H�O�R�S�L�Q�J�����R�U���D�O�U�H�D�G�\���K�D�Y�H�����V�\�V�W�H�P�V��
where the smartphone integrates with the car in a way that the car becomes 
an extension for some of the apps on the phone. Ford, for example, have a 
�V�\�V�W�H�P���N�Q�R�Z�Q���D�V���µ�6�\�Q�F���$�S�S�/�L�Q�N�¶���Z�K�L�F�K���D�O�O�R�Z�V���W�K�H���G�U�L�Y�H�U���W�R���F�R�Q�W�U�R�O���V�S�H�F�L�¿�F��
�D�S�S�O�L�F�D�W�L�R�Q�V���R�Q���D�Q���$�Q�G�U�R�L�G�����L�3�K�R�Q�H���R�U���%�O�D�F�N�%�H�U�U�\���V�P�D�U�W�S�K�R�Q�H���X�V�L�Q�J���W�K�H���F�D�U�¶�V��
inbuilt voice recognition, controls on the steering wheel or controls on the 
�G�D�V�K�E�R�D�U�G�����7�K�L�V���Z�R�X�O�G���P�D�N�H���L�W���S�R�V�V�L�E�O�H���W�R���V�D�\���µ�P�R�E�L�O�H���D�S�S�V�����L�3�R�G�����S�O�D�\�¶���R�U��
something similar. The idea is that the smartphone is integrated with, and 
operated to some extent by the car.

The second method some manufacturers are investigating is to replace the 
in-car system with the smartphone. For example, a company known as Oxygen 
�$�X�G�L�R���K�D�Y�H���G�H�Y�H�O�R�S�H�G���W�K�H���µ�2���'�R�F�N�¶�����Z�K�L�F�K���L�V���D�Q���L�3�K�R�Q�H���G�R�F�N�L�Q�J���V�W�D�W�L�R�Q���I�R�U��
�W�K�H���F�D�U�����:�K�H�Q���G�R�F�N�H�G���L�Q�W�R���W�K�H���2���'�R�F�N�����W�K�H���X�V�H�U���F�D�Q���D�F�F�H�V�V���D�O�O���R�I���W�K�H���L�3�K�R�Q�H�¶�V��
�D�S�S�O�L�F�D�W�L�R�Q�V���L�Q���E�R�W�K���K�R�U�L�]�R�Q�W�D�O���D�Q�G���Y�H�U�W�L�F�D�O���P�R�G�H�����O�L�V�W�H�Q���W�R���,�Q�W�H�U�Q�H�W���U�D�G�L�R�����P�D�N�H��
�D���K�D�Q�G�V���I�U�H�H���R�U���%�O�X�H�W�R�R�W�K���F�D�O�O���D�Q�G���S�O�D�\���W�K�H�L�U���H�Q�W�L�U�H���L�7�X�Q�H�V���P�X�V�L�F���F�D�W�D�O�R�J�X�H����
In addition, they can access GPS, maps or any other useful applications. The 
iPhone also charges while docked.

I suspect the real answer will be a combination of the two. However, 
another good reason for why a user would prefer to use smartphone apps 
in conjunction with the car is cost. For example, a few years ago, it cost 
�D�E�R�X�W���D�V���W�H�Q���W�L�P�H�V���D�V���P�X�F�K���D�V���D���V�W�D�Q�G�D�O�R�Q�H���V�D�W�Q�D�Y�����V�X�F�K���D�V���D���7�R�P�7�R�P�����W�R��
�K�D�Y�H���D���I�D�F�W�R�U�\���¿�W�W�H�G���Y�H�U�V�L�R�Q���L�Q���D���F�D�U�����1�R�Z�����L�W���L�V���S�R�V�V�L�E�O�H���W�R���E�X�\���D���V�P�D�U�W�S�K�R�Q�H��
application for about a third of the price of the standalone device. And further, 
�D�V���O�R�Q�J���D�V���\�R�X���G�R�Q�¶�W���G�R�Z�Q�O�R�D�G���G�D�W�D���Z�K�H�Q���U�R�D�P�L�Q�J�����P�D�Q�\���V�P�D�U�W�S�K�R�Q�H�V���K�D�Y�H���D��
pretty good satnav app included that costs nothing.

An interesting idea is that the same app could direct the car to a car park and 
the same app when the smartphone is removed from the car, could direct you 
right to the door.

3.9.6  Vision enhancement

�&�D�G�L�O�O�D�F���G�H�Y�H�O�R�S�H�G���D���Z�L�Q�G�V�F�U�H�H�Q���K�H�D�G���X�S���G�L�V�S�O�D�\�����+�8�'�����W�H�F�K�Q�R�O�R�J�\�����F�R�P�E�L�Q�H�G��
with night vision technology around the year 2000. This allows objects, such 
�D�V���D�Q�L�P�D�O�V�����R�U���K�X�P�D�Q�V�������W�R���E�H���K�L�J�K�O�L�J�K�W�H�G���I�R�U���W�K�H���G�U�L�Y�H�U�����S�U�H�Y�H�Q�W�L�Q�J���S�R�W�H�Q�W�L�D�O��
accidents.

In particular the range in which objects can be perceived is increased 
�F�R�Q�V�L�G�H�U�D�E�O�\�����$���Y�L�H�Z���I�U�R�P���W�K�H���G�U�L�Y�H�U�¶�V���S�H�U�V�S�H�F�W�L�Y�H���L�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H������������

�)�L�J�X�U�H�������������V�K�R�Z�V���D���P�D�J�Q�L�¿�H�G���Y�L�H�Z���R�I���W�K�H���S�\�U�R�H�O�H�F�W�U�L�F���G�H�W�H�F�W�R�U���V�W�U�X�F�W�X�U�H���X�V�H�G��
for infra-red detection. The detector consists of a barium strontium titanate 
reticulate structure bonded to a readout integrated circuit. Each reticulated 

       �'�H�¿�Q�L�W�L�R�Q
�&�R�Q�Y�H�U�J�H�Q�F�H�����7�K�H���W�H�Q�G�H�Q�F�\��
for different technological 
systems to evolve towards 
performing similar tasks 
or being contained in one 
device. The convergence of a 
camera and mobile phone for 
example, now allows sharing 
of resources and they interact 
with each other, creating new 
possibilities.

�)�L�J�X�U�H������������The O Dock for an 
�L�3�K�R�Q�H�����6�R�X�U�F�H�����2�[�\�J�H�Q���$�X�G�L�R��
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�)�L�J�X�U�H������������Enhancement of the road edges and a possible animal obstruction 
���6�R�X�U�F�H�����*�0���0�H�G�L�D��

section corresponds to a single detector pixel. The pixels are on 48.5 µm 
centres and are less than 20 µm thick.

�5�H�V�H�D�U�F�K�H�U�V���D�W���*�H�Q�H�U�D�O���0�R�W�R�U�V���5�	�'���/�D�E�V���L�Q���:�D�U�U�H�Q�����0�L�F�K�L�J�D�Q�����F�R�Q�W�L�Q�X�H��
to investigate new ways to assist the vision challenges of the aging driver 
�S�R�S�X�O�D�W�L�R�Q�����,�Q���)�L�J�X�U�H���������������D�Q���H�Q�K�D�Q�F�H�G���Y�L�V�L�R�Q���V�\�V�W�H�P�����(�9�6�������F�R�P�S�U�L�V�L�Q�J��
a transparent display technology and advanced sensors, is used to display 
information that enhances the external world. In this example, the system 
highlights the road edge in a low visibility condition. Infra-red sensors and 
video cameras are the two main sensors.

Figure 3.80 shows the edge of the road enhanced in very poor visibility 
conditions. Still under development, this system has great potential to reduce 
accidents.

3.9.7  Self-help

On-board diagnostic systems are now quite advanced but require a scanner 
or code reader to be connected to access the information. Perhaps the next 
development will be to integrate this function into the car so that any faults can 
be displayed to the driver. Or maybe the faults would be relayed to the nearest 
suitable garage, and the satnav programmed to take you there – before the car 
breaks down.

3.9.8  Big Brother

As a somewhat scary thought, one system under development uses the GPS 
to set the maximum speed for the car so, if you are in a 40 mph area, the car 
will not exceed that limit. Further, researchers are looking at how to adapt the 
way the car can be driven in order to save fuel. For example, by only allowing 

       �.�H�\���I�D�F�W
Infra-red sensors and video 
cameras are two of the main 
sensors used for vision 
enhancement.
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       �.�H�\���I�D�F�W
Volvo is a well-respected 
company when it comes to 
vehicle safety.

�)�L�J�X�U�H�������������(�Q�K�D�Q�F�H�P�H�Q�W���R�I���W�K�H���U�R�D�G���H�G�J�H���L�Q���I�R�J�J�\���F�R�Q�G�L�W�L�R�Q�V�����6�R�X�U�F�H�����*�0���0�H�G�L�D��

a level of acceleration that is appropriate to the prevailing conditions, for where 
the car actually is at that time, economy and safety could be improved. I think I 
will take the train!

3.9.9  When computers go wrong

Volvo is a well-respected company when it comes to vehicle safety and indeed 
is often at the forefront of new technologies geared to reducing accidents. 
�+�R�Z�H�Y�H�U�����L�Q�������������9�R�O�Y�R���J�D�W�K�H�U�H�G���W�K�H���Z�R�U�O�G�¶�V���P�H�G�L�D���W�R���V�K�R�Z���R�I�I���Q�H�Z���V�D�I�H�W�\��
features, and they went spectacularly wrong, twice.

In fairness, these are systems under development but when they were 
demonstrating the crash-avoidance system on an S60, the results were not 
�Z�K�D�W���W�K�H�\���K�D�G���K�R�S�H�G���I�R�U�����$���F�D�U���Z�D�V���¿�U�H�G���R�X�W���R�I���D���W�H�V�W�L�Q�J���W�X�Q�Q�H�O���W�R�Z�D�U�G�V���W�K�H��
�E�D�F�N���R�I���D���V�W�D�W�L�R�Q�D�U�\���O�R�U�U�\�����7�K�H���F�D�U���Z�D�V���V�X�S�S�R�V�H�G���W�R���U�H�F�R�J�Q�L�]�H���W�K�H���L�P�S�H�Q�G�L�Q�J��
collision, but a problem between the control system and the battery meant the 
car ploughed into the back of the lorry.

The next test that went wrong was a display of a pedestrian avoidance system 
also on an S60. The system uses radar and a camera to spot pedestrians and 
�L�Q�L�W�L�D�W�H���D�Q���H�P�H�U�J�H�Q�F�\���V�W�R�S�����7�K�L�V���Z�R�U�N�H�G���¿�Q�H���I�R�U�������R�X�W���R�I���������G�X�P�P�L�H�V���±���E�X�W���W�K�H��
others all died. Again in fairness to Volvo, it would be unusual for a driverless 
car to encounter 12 careless dummies at the same time!

�6�R�P�H���V�H�F�X�U�L�W�\���H�[�S�H�U�W�V���V�X�J�J�H�V�W���W�K�D�W���D�V���F�D�U�V���E�H�F�R�P�H���µ�V�P�D�U�W�H�U�¶���D�Q�G���K�D�Y�H���P�R�U�H��
onboard computing power, they could be open to attack by anyone bearing a 
�J�U�X�G�J�H���R�U���W�K�H���X�V�X�D�O���V�D�G���F�K�D�U�D�F�W�H�U�V���Z�K�R���F�D�X�V�H���W�U�R�X�E�O�H���M�X�V�W���I�R�U���W�K�H�L�U���R�Z�Q���E�L�]�D�U�U�H��
reasons. 

University of Washington researchers have hacked into several car systems 
�X�V�L�Q�J���D���Y�D�U�L�H�W�\���R�I���D�W�W�D�F�N���P�H�W�K�R�G�V���D�Q�G���V�D�L�G���W�K�H�\���F�R�X�O�G����‘adversarially control 
a wide range of automotive functions and completely ignore driver input, 
including disabling the brakes or selectively braking individual wheels on 
demand’. Oh dear!
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3.9.10  Summary

As well as some speculation on the future, this section outlined some of the 
technologies that make cars more intelligent. Well, if not more intelligent, then 
more interactive. One of the key developments seems to be the understanding 
that many of us carry smartphones around, so it is better to integrate them with 
the car than to add another layer of technology. However, there is also the  
�Z�R�U�U�\���R�I���E�H�L�Q�J���W�U�D�F�N�H�G���D�Q�G���K�D�F�N�H�G�����<�R�X�U���W�K�R�X�J�K�W�V���D�U�H���Z�H�O�F�R�P�H���Y�L�D���W�K�H��
�Z�H�E�V�L�W�H�����Z�Z�Z���D�X�W�R�P�R�W�L�Y�H���W�H�F�K�Q�R�O�R�J�\���F�R���X�N��

3.10  Updates

3.10.1  Multiple xing

�,�Q�W�U�R�G�X�F�W�L�R�Q

�,�Q���Y�H�K�L�F�O�H���Q�H�W�Z�R�U�N�L�Q�J���S�U�R�Y�L�G�H�V���P�D�Q�\���E�H�Q�H�¿�W�V���R�Y�H�U���S�U�H�Y�L�R�X�V���P�H�F�K�D�Q�L�F�D�O��
�P�H�D�Q�V�����L�Q�F�O�X�G�L�Q�J��

• ���)�H�Z�H�U���Z�L�U�H�V���U�H�T�X�L�U�H�G���I�R�U���H�D�F�K���I�X�Q�F�W�L�R�Q�����Z�K�L�F�K���U�H�G�X�F�H�V���W�K�H���V�L�]�H���R�I���W�K�H���Z�L�U�L�Q�J��
harness and improves system cost, weight, reliability, serviceability and 
installation time.

•  Additional functions can be added by making software changes, allowing 
�J�U�H�D�W�H�U���Y�H�K�L�F�O�H���F�R�Q�W�H�Q�W���À�H�[�L�E�L�O�L�W�\��

•  Common sensor data available on the network so it can be shared, 
eliminating the need for multiple sensors.

However, it is now the case that multiple networks of different types are used, 
and of course they must all be able to communicate with each other. This 
is usually achieved by using a gateway device. Figure 3.81 shows a typical 
�O�D�\�R�X�W���D�Q�G���K�R�Z���&�$�1�����/�,�1���D�Q�G���)�O�H�[�U�D�\���D�U�H���F�R�P�E�L�Q�H�G�����,�Q�I�R�U�P�D�W�L�R�Q���L�Q���W�K�L�V���V�H�F�W�L�R�Q��
is from data provided by Freescale/NXP, www.freescale.com/automotive and 
�%�R�V�F�K���Z�Z�Z���E�R�V�F�K���F�R�P��

�)�L�J�X�U�H�������������&�R�P�E�L�Q�D�W�L�R�Q���R�I���Q�H�W�Z�R�U�N�V���D�Q�G���V�\�V�W�H�P�V�����6�R�X�U�F�H�����)�U�H�H�V�F�D�O�H���1�;�3�����Z�Z�Z��
�I�U�H�H�V�F�D�O�H���F�R�P���D�X�W�R�P�R�W�L�Y�H��
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�)�L�J�X�U�H�������������9�H�K�L�F�O�H���Q�H�W�Z�R�U�N���V�W�U�X�F�W�X�U�H���H�[�D�P�S�O�H�����$�X�G�L���$���������Q�R�W�H���W�K�H���G�D�W�D���U�D�W�H�V���R�I���W�K�H���G�L�I�I�H�U�H�Q�W���S�U�R�W�R�F�R�O�V���D�U�H���V�K�R�Z�Q�������6�R�X�U�F�H�����%�R�V�F�K��

�)�L�J�X�U�H�������������%�\�W�H�À�L�J�K�W���X�V�H�V���D���V�W�D�U���W�R�S�R�J�U�D�S�K�\���D�V���W�K�L�V���H�Q�V�X�U�H�V���W�K�D�W���D���Q�R�G�H���I�D�L�O�X�U�H���F�D�Q�Q�R�W��
bring down the network

3.10.2  Bluetooth to displace cables?

�$�Q���L�Q�W�H�U�H�V�W�L�Q�J���G�H�Y�H�O�R�S�P�H�Q�W���L�Q���µ�Z�L�U�L�Q�J���V�\�V�W�H�P�V�¶���L�V���W�K�D�W���7�H�[�D�V���,�Q�V�W�U�X�P�H�Q�W�V�����7�,����
�K�R�S�H�V���W�R���H�[�W�H�Q�G���W�K�H���X�V�H�V���R�I���%�O�X�H�W�R�R�W�K�����(�Y�H�Q���&�$�1���D�Q�G���/�,�1���F�D�E�O�H�V���F�R�V�W���D��
�O�R�W���D�Q�G���W�K�H�\���D�G�G���Z�H�L�J�K�W�����8�V�L�Q�J���%�O�X�H�W�R�R�W�K���O�R�Z�H�U�V���F�D�Q���U�H�G�X�F�H���Z�H�L�J�K�W�����U�H�G�X�F�H��
complexity, and simplify areas such as the steering wheel connection. 
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• Diagnostic information to help users understand engine warning lights.

• ���6�H�U�Y�L�F�H�V���Z�L�W�K���L�%�H�D�F�R�Q���W�H�F�K�Q�R�O�R�J�\���I�R�U���I�D�V�W���G�L�V�F�R�Y�H�U�\���D�Q�G���H�D�V�\���S�D�L�U�L�Q�J���Z�L�W�K��
�L�Q���F�D�U���%�O�X�H�W�R�R�W�K���6�P�D�U�W���W�H�F�K�Q�R�O�R�J�\��

Wire replacement, which reduces weight and cost, and in turn increases fuel 
�H�F�R�Q�R�P�\���L�Q��

• Wireless infotainment controls in the steering wheel.

• ���/�R�Z���G�D�W�D���U�D�W�H���V�\�V�W�H�P�V���I�R�U���F�R�Q�W�U�R�O�����S�H�U�V�R�Q�D�O�L�]�D�W�L�R�Q���V�H�W�W�L�Q�J�V���D�Q�G���D�O�H�U�W�V���Y�L�D��
smartphone.

• �%�O�X�H�W�R�R�W�K���6�P�D�U�W���U�H�P�R�W�H�V���I�R�U���U�H�D�U���V�H�D�W���H�Q�W�H�U�W�D�L�Q�P�H�Q�W���V�\�V�W�H�P�V��

3.10.3  Update on 48 V tec hnology

�7�K�H���E�H�Q�H�¿�W�V���R�I���������9���V�\�V�W�H�P�V���K�D�Y�H���E�H�H�Q���X�Q�G�H�U���G�L�V�F�X�V�V�L�R�Q���I�R�U���P�D�Q�\���\�H�D�U�V�����,���¿�U�V�W��
�Z�U�R�W�H���D�E�R�X�W���L�W���L�Q���W�K�H���H�D�U�O�\�������V�������E�X�W���D�W���O�D�V�W���W�K�H�\���V�H�H�P���W�R���E�H���J�D�L�Q�L�Q�J���J�U�R�X�Q�G��

It is thought that 48 V architectures will transform and enhance just about 
every major subsystem of conventional vehicles. However, they will also be a 
bridge technology that will allow current combustions engines to evolve into the 
all-electric future.

�2�Q�H���D�U�H�D���W�K�D�W���Z�L�O�O���E�H���L�P�S�R�U�W�D�Q�W���I�R�U���F�R�P�E�X�V�W�L�R�Q���H�Q�J�L�Q�H���S�R�Z�H�U���D�Q�G���H�I�¿�F�L�H�Q�F�\���L�V��
the use of electrically accelerated turbochargers. The higher power that 48 V  
can deliver also enables use of electromechanically actuated valves. It is 
�W�K�R�X�J�K�W���W�K�D�W���9�R�O�N�V�Z�D�J�H�Q���Z�L�O�O���R�I�I�H�U���D���������9���V�\�V�W�H�P���W�R���P�L�O�G���K�\�E�U�L�G�L�]�H���W�K�H���Q�H�[�W��
generation Golf.

�(�O�H�F�W�U�L�¿�F�D�W�L�R�Q���R�I���P�H�F�K�D�Q�L�F�D�O���F�R�P�S�R�Q�H�Q�W�V���D�O�V�R���D�O�O�R�Z�V���D�G�G�L�W�L�R�Q�D�O���G�L�J�L�W�D�O��
�F�R�Q�W�U�R�O���D�Q�G���D�O�O���W�K�H���E�H�Q�H�¿�W�V���W�K�D�W���E�U�L�Q�J�V�����)�R�U���H�[�D�P�S�O�H�����$�X�G�L���D�U�H���Z�R�U�N�L�Q�J��
on an electromechanical rotary-damper system to replace conventional 
�K�\�G�U�D�X�O�L�F���G�D�P�S�H�U�V�����7�K�L�V���Z�R�X�O�G���K�D�Y�H���E�H�H�Q���P�X�F�K���P�R�U�H���G�L�I�¿�F�X�O�W���Z�L�W�K���������9����
New possibilities for adjusting the suspension will now exist as response 
�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���D���F�R�P�S�R�Q�H�Q�W�����R�U���V�\�V�W�H�P�����Z�L�O�O���E�H���F�R�Q�W�U�R�O�O�H�G���E�\���V�R�I�W�Z�D�U�H��

�,�Q�¿�Q�H�R�Q���K�D�Y�H���G�H�Y�H�O�R�S�H�G���D���F�R�Q�W�U�R�O���V�\�V�W�H�P���I�R�U���������9���P�L�F�U�R���K�\�E�U�L�G�V�����7�K�H��
company offers an entire system of chipset solutions, from voltage regulators 

       �.�H�\���I�D�F�W
Innovative 48 V technologies 
are now being used on 
production vehicles.

       �.�H�\���I�D�F�W
The higher power that 48 V can 
deliver is the reason for its use.

�)�L�J�X�U�H�������������0�L�F�U�R���K�\�E�U�L�G���������9���F�R�Q�W�U�R�O���V�\�V�W�H�P���E�O�R�F�N���G�L�D�J�U�D�P�����6�R�X�U�F�H�����,�Q�¿�Q�H�R�Q�����Z�Z�Z��
�L�Q�¿�Q�H�R�Q���F�R�P��
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Batteries

4.1  Vehicle batteries

4.1.1  Requir ements of the vehicle battery

The vehicle battery is used as a source of energy in the vehicle when the 
engine, and hence the alternator, is not running. The battery has a number of 
requirements, which are listed below broadly in order of importance.

•  To provide power storage and be able to supply it quickly enough to operate 
the vehicle starter motor.

• To allow the use of parking lights for a reasonable time.

• To allow operation of accessories when the engine is not running.

• �7�R���D�F�W���D�V���D���V�Z�D�P�S���W�R���G�D�P�S���R�X�W���À�X�F�W�X�D�W�L�R�Q�V���R�I���V�\�V�W�H�P���Y�R�O�W�D�J�H��

•  To allow dynamic memory and alarm systems to remain active when the 
vehicle is left for a period of time.

�7�K�H���¿�U�V�W���W�Z�R���R�I���W�K�H���D�E�R�Y�H���O�L�V�W���D�U�H���D�U�J�X�D�E�O�\���W�K�H���P�R�V�W���L�P�S�R�U�W�D�Q�W���D�Q�G���I�R�U�P���D���P�D�M�R�U��
part of the criteria used to determine the most suitable battery for a given 
application. The lead-acid battery, in various similar forms, has to date proved 
to be the most suitable choice for vehicle use. This is particularly so when the 
cost of the battery is taken into account.

�7�K�H���¿�Q�D�O���U�H�T�X�L�U�H�P�H�Q�W���R�I���W�K�H���Y�H�K�L�F�O�H���E�D�W�W�H�U�\���L�V���W�K�D�W���L�W���P�X�V�W���E�H���D�E�O�H���W�R���F�D�U�U�\���R�X�W��
all the above listed functions over a wide temperature range. This can be in the 
region of –30 to 70°C. This is intended to cover very cold starting conditions as 
well as potentially high under-bonnet temperatures.

4.1.2  Choosing the corr ect battery

�7�K�H���F�R�U�U�H�F�W���E�D�W�W�H�U�\���G�H�S�H�Q�G�V�����L�Q���W�K�H���P�D�L�Q�����R�Q���M�X�V�W���W�Z�R���F�R�Q�G�L�W�L�R�Q�V��

1.  The ability to power the starter to enable minimum starting speed under very 
cold conditions.

2.  The expected use of the battery for running accessories when the engine is 
not running.

       Key fact
The lead-acid battery, has to 
date proved to be the most 
suitable choice for vehicle use.

       Key fact
Batteries should be able to 
work from –30 to +70°C.



Batteries182

Figure 4.2  Comparison of the power required by the starter and the power available 
from the battery plotted against temperature

Figure 4.1  Batteries

�7�K�H���¿�U�V�W���R�I���W�K�H�V�H���W�Z�R���F�U�L�W�H�U�L�D���L�V���X�V�X�D�O�O�\���W�K�H���G�H�F�L�G�L�Q�J���I�D�F�W�R�U�����)�L�J�X�U�H�����������V�K�R�Z�V��
a graph comparing the power required by the starter and the power available 
from the battery, plotted against temperature. The point at which the lines cross 
is the cold start limit of the system (see also the chapter on starting systems). 
�(�X�U�R�S�H�D�Q���V�W�D�Q�G�D�U�G�V���J�H�Q�H�U�D�O�O�\���X�V�H���W�K�H���¿�J�X�U�H���R�I�������ƒ�&���D�V���W�K�H���F�R�O�G���V�W�D�U�W���O�L�P�L�W���D�Q�G��
a battery to meet this requirement is selected.

Research has shown that under ‘normal’ cold operating conditions in the UK, 
�P�R�V�W���Y�H�K�L�F�O�H���E�D�W�W�H�U�L�H�V���D�U�H���R�Q���D�Y�H�U�D�J�H���R�Q�O�\�����������F�K�D�U�J�H�G�����0�D�Q�\���P�D�Q�X�I�D�F�W�X�U�H�U�V��
choose a battery for a vehicle that will supply the required cold cranking current 
�Z�K�H�Q���L�Q���W�K�H�����������F�K�D�U�J�H�G���F�R�Q�G�L�W�L�R�Q���D�W�����ƒ�&��

4.1.3  Positioning the vehicle battery

Several basic points should be considered when choosing the location for the 
vehicle battery:

• Weight distribution of vehicle components.

• Proximity to the starter to reduce cable length.
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• Accessibility.

• Protection against contamination.

• Ambient temperature.

• Vibration protection.

As usual, these issues will vary with the type of vehicle, intended use, average 
operating temperature and so on. Extreme temperature conditions may require 
either a battery heater or a cooling fan. The potential build-up of gases from 
the battery may also be a consideration.

4.2  Lead-acid batteries

4.2.1  Constr uction

�(�Y�H�Q���D�I�W�H�U���Z�H�O�O���R�Y�H�U�����������\�H�D�U�V���R�I���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���P�X�F�K���S�U�R�P�L�V�L�Q�J���U�H�V�H�D�U�F�K��
into other techniques of energy storage, the lead-acid battery is still the best 
choice for motor vehicle use. This is particularly so when cost and energy 
density are taken into account.

Incremental changes over the years have made the sealed and maintenance-
free battery now in common use very reliable and long lasting. This may not 
always appear to be the case to some end-users, but note that quality is 
�R�I�W�H�Q���U�H�O�D�W�H�G���W�R���W�K�H���S�U�L�F�H���W�K�H���F�X�V�W�R�P�H�U���S�D�\�V�����0�D�Q�\���E�R�W�W�R�P���R�I���W�K�H���U�D�Q�J�H���F�K�H�D�S��
�E�D�W�W�H�U�L�H�V�����Z�L�W�K���D���������P�R�Q�W�K���J�X�D�U�D�Q�W�H�H�����Z�L�O�O���O�D�V�W���I�R�U���������P�R�Q�W�K�V��

�7�K�H���E�D�V�L�F���F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���D���Q�R�P�L�Q�D�O���������9���O�H�D�G���D�F�L�G���E�D�W�W�H�U�\���F�R�Q�V�L�V�W�V���R�I���V�L�[���F�H�O�O�V��
�F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V�����(�D�F�K���F�H�O�O�����S�U�R�G�X�F�L�Q�J���D�E�R�X�W�������9�����L�V���K�R�X�V�H�G���L�Q���D�Q���L�Q�G�L�Y�L�G�X�D�O��
�F�R�P�S�D�U�W�P�H�Q�W���Z�L�W�K�L�Q���D���S�R�O�\�S�U�R�S�\�O�H�Q�H�����R�U���V�L�P�L�O�D�U�����F�D�V�H�����)�L�J�X�U�H�����������V�K�R�Z�V���D���F�X�W��
away battery showing the main component parts. The active material is held 
in grids or baskets to form the positive and negative plates. Separators made 
from a micro-porous plastic insulate these plates from each other.

Figure 4.3  Battery grid before the active materials are added
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The grids, connecting strips and the battery posts are made from a lead alloy. 
�)�R�U���P�D�Q�\���\�H�D�U�V���W�K�L�V���Z�D�V���O�H�D�G���D�Q�W�L�P�R�Q�\�����3�E�6�E�����E�X�W���W�K�L�V���K�D�V���Q�R�Z���E�H�H�Q���O�D�U�J�H�O�\��
replaced by lead calcium (PbCa). The newer materials cause less gassing of 
the electrolyte when the battery is fully charged. This has been one of the main 
reasons why sealed batteries became feasible, as water loss is considerably 
�U�H�G�X�F�H�G�����)�L�J�X�U�H������������

However, even modern batteries described as sealed do still have a small vent 
to stop the pressure build-up due to the very small amount of gassing. A further 
requirement of sealed batteries is accurate control of charging voltage.

4.2.2  Battery rating

In simple terms, the characteristics or rating of a particular battery are determined 
by how much current it can produce and how long it can sustain this current.

The rate at which a battery can produce current is determined by the speed of 
the chemical reaction. This in turn is determined by a number of factors:

• Surface area of the plates.

• Temperature.

• Electrolyte strength.

• Current demanded.

Figure 4.4  Lead-acid battery

Figure 4.5  �%�D�W�W�H�U�\���G�L�V�F�K�D�U�J�H���D�Q�G���F�K�D�U�J�L�Q�J���S�U�R�F�H�V�V�����O�H�I�W���W�R���U�L�J�K�W�������)�X�O�O�\���F�K�D�U�J�H�G�����G�L�V�F�K�D�U�J�L�Q�J�����F�K�D�U�J�L�Q�J�����F�K�D�U�J�L�Q�J���D�Q�G���J�D�V�V�L�Q�J
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In summary, the capacity of a battery is the amount of electrical energy that 
can be obtained from it. It is usually given in ampere-hours (Ah), reserve 
capacity (RC) and cold cranking amps (CCA).

• �$���������$�K���E�D�W�W�H�U�\���P�H�D�Q�V���L�W���V�K�R�X�O�G���J�L�Y�H�����������$���I�R�U���������K�R�X�U�V��

•  The reserve capacity indicates the time in minutes for which the battery will 
�V�X�S�S�O�\���������$���D�W�������ƒ�&��

• ���&�R�O�G���F�U�D�Q�N�L�Q�J���F�X�U�U�H�Q�W���L�Q�G�L�F�D�W�H�V���W�K�H���P�D�[�L�P�X�P���E�D�W�W�H�U�\���F�X�U�U�H�Q�W���D�W�������ƒ�&�������ƒ�)����
for a set time (standards vary).

A battery for normal light vehicle use may be rated as follows: 44 Ah, 60 RC 
�D�Q�G�����������$���&�&�$�����%�6�������)�L�J�X�U�H�����������V�K�R�Z�V���W�K�H���G�L�V�F�K�D�U�J�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���R�I���W�K�L�V��
battery. A ‘heavy duty’ battery will have the same Ah rating as its ‘standard 
duty’ counterpart, but it will have a higher CCA and RC.

4.3   Maintenance, char ging and testing 
batteries

4.3.1  Maintenance

�%�\���I�D�U���W�K�H���P�D�M�R�U�L�W�\���R�I���E�D�W�W�H�U�L�H�V���Q�R�Z���D�Y�D�L�O�D�E�O�H���D�U�H���F�O�D�V�V�H�G���D�V���µ�P�D�L�Q�W�H�Q�D�Q�F�H��
free’. This implies that little attention is required during the life of the battery. 
Earlier batteries and some heavier types do, however, still require the 
electrolyte level to be checked and topped up periodically. Battery posts are 
still a little prone to corrosion and hence the usual service of cleaning with 
�K�R�W���Z�D�W�H�U���L�I���D�S�S�U�R�S�U�L�D�W�H���D�Q�G���W�K�H���D�S�S�O�L�F�D�W�L�R�Q���R�I���S�H�W�U�R�O�H�X�P���M�H�O�O�\���R�U���S�U�R�S�U�L�H�W�D�U�\��
terminal grease is still recommended. Ensuring that the battery case and, in 
particular, the top remains clean, will help to reduce the rate of self-discharge.

The state of charge of a battery is still very important and, in general, it is not 
�D�G�Y�L�V�D�E�O�H���W�R���D�O�O�R�Z���W�K�H���V�W�D�W�H���R�I���F�K�D�U�J�H���W�R���I�D�O�O���E�H�O�R�Z�����������I�R�U���O�R�Q�J���S�H�U�L�R�G�V���D�V���W�K�H��
�V�X�O�S�K�D�W�H���R�Q���W�K�H���S�O�D�W�H�V���F�D�Q���K�D�U�G�H�Q�����P�D�N�L�Q�J���U�H�F�K�D�U�J�L�Q�J���G�L�I�¿�F�X�O�W�����,�I���D���E�D�W�W�H�U�\���L�V���W�R��
be stored for a long period (more than a few weeks), then it must be recharged 
every so often to prevent it from becoming sulphated. Recommendations vary 
but a recharge every six weeks is a reasonable suggestion.

4.3.2  Charging the lead-acid ba ttery

The recharging recommendations of battery manufacturers vary slightly. The 
following methods, however, are reasonably compatible and should not cause 
any problems. The recharging process must ‘put back’ the same ampere-hour 
capacity as was used on discharge plus a bit more to allow for losses. It is 

Figure 4.7  Battery discharge characteristics compared

       Key fact
�%�\���I�D�U���W�K�H���P�D�M�R�U�L�W�\���R�I���E�D�W�W�H�U�L�H�V��
are now maintenance free.
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Figure 4.11  Smart battery charger (Source: www.ctek.com)

4.3.3  Servicing ba tteries

In use, a battery requires very little attention other than the following when 
necessary:

• Clean corrosion from terminals using hot water.

• ���7�H�U�P�L�Q�D�O�V���V�K�R�X�O�G���E�H���V�P�H�D�U�H�G���Z�L�W�K���S�H�W�U�R�O�H�X�P���M�H�O�O�\���R�U���9�D�V�H�O�L�Q�H�����Q�R�W���R�U�G�L�Q�D�U�\��
grease.

• Battery tops should be clean and dry.

•  If not sealed, cells should be topped up with distilled water 3 mm above the 
plates.

• The battery should be securely clamped in position.

4.3.4  Battery faults

�$�Q�\���H�O�H�F�W�U�L�F�D�O���G�H�Y�L�F�H���F�D�Q���V�X�I�I�H�U���I�U�R�P���W�Z�R���P�D�L�Q���I�D�X�O�W�V�����W�K�H�V�H���D�U�H���H�L�W�K�H�U���R�S�H�Q��
circuit or short circuit. A battery is no exception but can also suffer from other 
problems, such as low charge or low capacity. Often a problem – apparently 
with the vehicle battery – can be traced to another part of the vehicle such as 
the charging system. Table 4.3 lists all of the common problems encountered 
with lead-acid batteries, together with typical causes.

�5�H�S�D�L�U�L�Q�J���P�R�G�H�U�Q���E�D�W�W�H�U�L�H�V���L�V���Q�R�W���S�R�V�V�L�E�O�H�����0�R�V�W���R�I���W�K�H���S�U�R�E�O�H�P�V���O�L�V�W�H�G���Z�L�O�O��
require the battery to be replaced. In the case of sulphation it is sometimes 
possible to bring the battery back to life with a very long low current charge. 
�$���I�R�U�W�L�H�W�K���R�I���W�K�H���D�P�S�H�U�H���K�R�X�U���F�D�S�D�F�L�W�\���R�U���D�E�R�X�W���D���������������R�I���W�K�H���F�R�O�G���V�W�D�U�W��
�S�H�U�I�R�U�P�D�Q�F�H�����I�R�U���D�E�R�X�W���������K�R�X�U�V�����L�V���D�Q���D�S�S�U�R�S�U�L�D�W�H���U�D�W�H��

4.3.5  Testing batteries

�)�R�U���W�H�V�W�L�Q�J���W�K�H���V�W�D�W�H���R�I���F�K�D�U�J�H���R�I���D���Q�R�Q���V�H�D�O�H�G���W�\�S�H���R�I���E�D�W�W�H�U�\�����D���K�\�G�U�R�P�H�W�H�U��
�F�D�Q���E�H���X�V�H�G�����D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������������7�K�H���K�\�G�U�R�P�H�W�H�U���F�R�P�S�U�L�V�H�V���D���V�\�U�L�Q�J�H��
�W�K�D�W���G�U�D�Z�V���H�O�H�F�W�U�R�O�\�W�H���I�U�R�P���D���F�H�O�O�����D�Q�G���D���À�R�D�W���W�K�D�W���Z�L�O�O���À�R�D�W���D�W���D���S�D�U�W�L�F�X�O�D�U���G�H�S�W�K��
�L�Q���W�K�H���H�O�H�F�W�U�R�O�\�W�H���D�F�F�R�U�G�L�Q�J���W�R���L�W�V���G�H�Q�V�L�W�\�����7�K�H���G�H�Q�V�L�W�\���R�U���V�S�H�F�L�¿�F���J�U�D�Y�L�W�\���L�V���W�K�H�Q��
�U�H�D�G���I�U�R�P���W�K�H���J�U�D�G�X�D�W�H�G���V�F�D�O�H���R�Q���W�K�H���À�R�D�W�����$���I�X�O�O�\���F�K�D�U�J�H�G���F�H�O�O���V�K�R�X�O�G���V�K�R�Z��
���������������������������Z�K�H�Q���K�D�O�I���F�K�D�U�J�H�G���D�Q�G���������������L�I���G�L�V�F�K�D�U�J�H�G��

   

Using a hydrometer is still 
acceptable but the heavy-
duty discharge test is now 
not used very much. See the 
later section on conductance 
testing.

�6�D�I�H�W�\���¿�U�V�W
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• Peak current

• Peak to peak ripple at idle

• Peak to peak ripple under load.

4.3.6  Safety

The following points must be observed when working with batteries:

• Good ventilation.

• Protective clothing.

• Supply of water available (running water preferable).

• �)�L�U�V�W���D�L�G���H�T�X�L�S�P�H�Q�W���D�Y�D�L�O�D�E�O�H�����L�Q�F�O�X�G�L�Q�J���H�\�H���Z�D�V�K��

• No smoking or naked lights permitted.

4.4  Advanced batter y technology

4.4.1  Electr ochemistry

Electrochemistry is a very complex and wide-ranging science. This section 
is intended only to scratch the surface by introducing important terms and 
concepts. This will be helpful with the understanding of vehicle battery  
operation.

The branch of electrochemistry of interest here is the study of galvanic cells 
and electrolysis. When an electric current is passed through an electrolyte it 
causes certain chemical reactions and a migration of material. Some chemical 
reactions when carried out under certain conditions will produce electrical 
energy at the expense of the free energy in the system.

The reactions of most interest are those that are reversible, in other words, 
can convert electrical energy into chemical energy and vice versa. Some of the 
terms associated with electrochemistry can be confusing. The following is a 
selection of terms and names with a brief explanation of each.

Figure 4.16  Heavy duty batteries
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Table 4.5 Electrical and chemical terminology

Anion The negative charged ion that travels to the positive terminal during electrolysis.

Anode Positive electrode of a cell.

Catalyst �$���V�X�E�V�W�D�Q�F�H���W�K�D�W���V�L�J�Q�L�¿�F�D�Q�W�O�\���L�Q�F�U�H�D�V�H�V���W�K�H���V�S�H�H�G���R�I���D���F�K�H�P�L�F�D�O���U�H�D�F�W�L�R�Q���Z�L�W�K�R�X�W��
appearing to take part in it.

Cation The positive charged ion which travels to the negative terminal during electrolysis.

Cathode Negative electrode of a cell.

Diffusion The self-induced mixing of liquids or gasses.

Dissociation �7�K�H���P�R�O�H�F�X�O�H�V���R�U���D�W�R�P�V���L�Q���D���V�R�O�X�W�L�R�Q���G�H�F�R�P�S�R�V�L�Q�J���L�Q�W�R���S�R�V�L�W�L�Y�H���D�Q�G���Q�H�J�D�W�L�Y�H���L�R�Q�V�����)�R�U��
example sulphuric acid (H��SO4), dissociates into H++, H++ (two positive ions or cations, 
which are attracted to the cathode), and SO4

– – (negative ions or anions, which are 
attracted to the anode).

Electrode Plates of a battery or an electrolysis bath suspended in the electrolyte.

Electrolysis Conduction of electricity between two electrodes immersed in a solution containing ions 
(electrolyte), which causes chemical changes at the electrodes.

Electrolyte An ion conducting liquid covering both electrodes.

Ion A positively or negatively charged atomic or molecular particle.

Secondary 
galvanic cell

A cell containing electrodes and electrolyte, which will convert electrical energy into 
chemical energy when being charged, and the reverse during discharge.

4.4.2  Electrol ytic conduction
�(�O�H�F�W�U�L�F�L�W�\���À�R�Z�V���W�K�U�R�X�J�K���F�R�Q�G�X�F�W�R�U�V���L�Q���R�Q�H���R�I���W�Z�R���Z�D�\�V�����7�K�H���¿�U�V�W���L�V���E�\���H�O�H�F�W�U�R�Q��
�P�R�Y�H�P�H�Q�W���D�V���L�V���W�K�H���F�D�V�H���Z�L�W�K���P�R�V�W���P�H�W�D�O�V�����7�K�H���R�W�K�H�U���W�\�S�H���R�I���À�R�Z���L�V���E�\���L�R�Q�L�F��
�P�R�Y�H�P�H�Q�W�����Z�K�L�F�K���P�D�\���E�H���F�K�D�U�J�H�G���D�W�R�P�V���R�U���P�R�O�H�F�X�O�H�V�����)�R�U���H�O�H�F�W�U�L�F�L�W�\���W�R���À�R�Z��
�W�K�U�R�X�J�K���D�Q���H�O�H�F�W�U�R�O�\�W�H�����L�R�Q���À�R�Z���L�V���U�H�T�X�L�U�H�G��

�7�R���H�[�S�O�D�L�Q���H�O�H�F�W�U�R�O�\�W�L�F���F�R�Q�G�X�F�W�L�R�Q�����Z�K�L�F�K���L�V���D���F�X�U�U�H�Q�W���À�R�Z���W�K�U�R�X�J�K���D���O�L�T�X�L�G����
sulphuric acid (H��SO4) is the best electrolyte example to choose. When in an 
aqueous solution (mixed with water), sulphuric acid dissociates into H++, H++ 

and SO4
– –, which are positive and negative ions. The positive charges are 

attracted to the negative electrode and the negative charges are attracted to  
�W�K�H���S�R�V�L�W�L�Y�H���H�O�H�F�W�U�R�G�H�����7�K�L�V���P�R�Y�H�P�H�Q�W���L�V���N�Q�R�Z�Q���D�V���L�R�Q���À�R�Z���R�U���L�R�Q���G�U�L�I�W��

4.4.3  Ohm’s law and electr olytic resistance
The resistance of any substance depends on the following variables:

• Nature of the material

• Temperature

• Length

• Cross sectional area.

This is true for electrolyte as well as solid conductors. Length and cross sectional 
area have straightforward effects on the resistance of a sample be it a solid or a 
�O�L�T�X�L�G�����8�Q�O�L�N�H���P�R�V�W���P�H�W�D�O�V���K�R�Z�H�Y�H�U�����Z�K�L�F�K���K�D�Y�H���D���S�R�V�L�W�L�Y�H���W�H�P�S�H�U�D�W�X�U�H���F�R�H�I�¿�F�L�H�Q�W����
�H�O�H�F�W�U�R�O�\�W�H�V���D�U�H���J�H�Q�H�U�D�O�O�\���W�K�H���R�S�S�R�V�L�W�H���D�Q�G���K�D�Y�H���D���Q�H�J�D�W�L�Y�H���W�H�P�S�H�U�D�W�X�U�H���F�R�H�I�¿�F�L�H�Q�W��

The nature of the material or its conductance (the reciprocal of resistance) is 
again different between solids and liquids. Different substances have different 
values of resistivity but with electrolytes the concentration is also important.
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4.4.4   Electroc hemical action of the  
lead-acid battery

A fully charged lead-acid battery consists of lead peroxide (PbO��) as the 
positive plates, spongy lead (Pb) as the negative plates and diluted sulphuric 
acid (H��SO4) + (H��O). The dilution of the electrolyte is at a relative density of 
�������������7�K�H���O�H�D�G���L�V���N�Q�R�Z�Q���D�V���W�K�H���D�F�W�L�Y�H���P�D�W�H�U�L�D�O���D�Q�G���L�Q���L�W�V���W�Z�R���I�R�U�P�V���K�D�V���G�L�I�I�H�U�H�Q�W��
valencies. This means a different number of electrons exists in the outer shell 
of the pure lead than when present as a compound with oxygen. The lead 
�S�H�U�R�[�L�G�H���K�D�V���L�Q���I�D�F�W���D���Y�D�O�H�Q�F�\���R�I�����L�Y�����I�R�X�U���H�O�H�F�W�U�R�Q�V���P�L�V�V�L�Q�J������

As discussed earlier, when sulphuric acid is in an aqueous solution (mixed with 
water), it dissociates into charged ions H++, H++ and SO4

– –�����)�U�R�P���W�K�H���µ�R�X�W�V�L�G�H�¶��
the polarity of the electrolyte appears to be neutral as these charges cancel 
out. The splitting of the electrolyte into these parts is the reason that a charging 
�R�U���G�L�V�F�K�D�U�J�L�Q�J���F�X�U�U�H�Q�W���F�D�Q���À�R�Z���W�K�U�R�X�J�K���W�K�H���O�L�T�X�L�G����

The voltage of a cell in is created due to the ions (charged particles) being forced 
into the solution from the electrodes by the solution pressure. Lead will give up 
two positively charged atoms, which have given up two electrons, into the liquid. 
As a result of giving up two positively charged particles the electrode will now 
have an excess of electrons and hence take on a negative polarity with respect 
to the electrolyte. If a further electrode is immersed into the electrolyte, different 
potentials will develop at the two electrodes and therefore a potential difference 
will exist between the two. A lead-acid battery has a nominal potential difference of 
�����9�����7�K�H���H�O�H�F�W�U�L�F�D�O���S�U�H�V�V�X�U�H���Q�R�Z���S�U�H�V�H�Q�W���E�H�W�Z�H�H�Q���W�K�H���S�O�D�W�H�V���U�H�V�X�O�W�V���L�Q���H�T�X�L�O�L�E�U�L�X�P��
within the electrolyte. This is because the negative charges on one plate exert an 
attraction on the positive ions, which have entered the solution. This attraction has 
the same magnitude as the solution pressure and hence equilibrium is maintained.

When an external circuit is connected to the cell the solution pressure and 
attraction force is disrupted. This allows additional charged particles to be 
passed into and through the electrolyte. This will only happen, however, if the 
external voltage pressure is greater than the electrical tension within the cell. In 
simple terms this is known as the charging voltage.

When a lead-acid cell is undergoing charging or discharging certain chemical 
changes take place. This can be considered as two reactions, one at the 
positive plate and one at the negative plate. The electrode reaction at the 
positive plate is a combination of equations (a) and (b).

(a) PbO�� + 4H+���������H– � Pb ++ �������+��O

The lead peroxide combines with the dissociated hydrogen and tends to 
become lead and water.

(b) Pb++ + SO4
– – �  PbSO4

The lead now tends to combine with the sulphate from the electrolyte to become 
lead sulphate. This gives the overall reaction at the positive pole (a + b) as:

(c) PbO�� + 4H+ + SO4
– – + ���H– �  PbSO4 �������+��O

There is a production of water (a) and a deposition of lead sulphate (b) 
together with a consumption of sulphuric acid. 

The electrode reaction at the negative plate is:

(d) Pb �  Pb++���������H–

The neutral lead loses two negative electrons to the solution becoming 
positively charged.

(e) Pb++ SO4
-- � PbSO 4
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It is accepted that the terminal voltage of a lead-acid cell must not be allowed 
�W�R���I�D�O�O���E�H�O�R�Z�����������9���D�V���D�S�D�U�W���I�U�R�P���W�K�H���H�O�H�F�W�U�R�O�\�W�H���W�H�Q�G�L�Q�J���W�R���E�H�F�R�P�H���Y�H�U�\���F�O�R�V�H���W�R��
�S�X�U�H���Z�D�W�H�U�����W�K�H���O�H�D�G���V�X�O�S�K�D�W�H���F�U�\�V�W�D�O�V���J�U�R�Z���P�D�U�N�H�G�O�\���P�D�N�L�Q�J���L�W���Y�H�U�\���G�L�I�¿�F�X�O�W���W�R��
recharge the battery.

4.4.5  Characteristics
The following headings are characteristics of a battery that determine its 
operation and condition.

Internal resistance

Any source of electrical energy can be represented by the diagram shown as 
�)�L�J�X�U�H���������������7�K�L�V���V�K�R�Z�V���D���S�H�U�I�H�F�W���Y�R�O�W�D�J�H���V�R�X�U�F�H���L�Q���V�H�U�L�H�V���Z�L�W�K���D���U�H�V�L�V�W�R�U�����7�K�L�V��
is used to represent why the terminal voltage of a battery drops when a load 
�L�V���S�O�D�F�H�G���D�F�U�R�V�V���L�W�����$�V���D�Q���R�S�H�Q���F�L�U�F�X�L�W���Q�R���F�X�U�U�H�Q�W���À�R�Z�V���W�K�U�R�X�J�K���W�K�H���L�Q�W�H�U�Q�D�O��
resistance and hence no voltage is dropped. When a current is drawn from the 
source a voltage drop across the internal resistance will occurs.

The actual value can be calculated as follows:

Connect a voltmeter across the battery and note the open circuit voltage, for 
�H�[�D�P�S�O�H�������������9�����&�R�Q�Q�H�F�W���D�Q���H�[�W�H�U�Q�D�O���O�R�D�G���W�R���W�K�H���E�D�W�W�H�U�\�����P�H�D�V�X�U�H���W�K�H���F�X�U�U�H�Q�W�����V�D�\��
�������$�����1�R�W�H���D�J�D�L�Q���W�K�H���R�Q���O�R�D�G���W�H�U�P�L�Q�D�O���Y�R�O�W�D�J�H���R�I���W�K�H���E�D�W�W�H�U�\�����I�R�U���H�[�D�P�S�O�H�������������9��

A calculation will determine the internal resistance:

Ri��� �����8���±���9�����,

where: U = open circuit voltage, V = on load voltage, I = current, Ri = internal 
resistance.

�)�R�U���W�K�L�V���H�[�D�P�S�O�H���W�K�H���U�H�V�X�O�W���R�I���W�K�H���F�D�O�F�X�O�D�W�L�R�Q���L�V�������������.

Table 4.6���)�D�F�W�R�U�V���D�I�I�H�F�W�L�Q�J���W�K�H���Y�R�O�W�D�J�H���R�I���D���E�D�W�W�H�U�\

Acid density Cell voltage Battery voltage % Charge

�������� �����������9 �����������9 ������

�������� �����������9 �����������9  70

�������� �����������9 �����������9 ������

�������� �����������9 �����������9 ������

�������� �����������9 �����������9   0

Figure 4.17  Internal resistance representation (the resistor Ri represents internal 
�F�R�P�S�R�Q�H�Q�W���U�H�V�L�V�W�D�Q�F�H�����D�Q���D�F�W�X�D�O���U�H�V�L�V�W�R�U���L�V���Q�R�W���S�D�U�W���R�I���D���E�D�W�W�H�U�\����

       Key fact
The terminal voltage of a 
standard lead-acid lead-acid 
battery must not be allowed 
�W�R���I�D�O�O���E�H�O�R�Z�����������9�����+�R�Z�H�Y�H�U����
some batteries are designed to 
allow deep discharge.
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Temperature and state of charge affect the internal resistance of a battery. It 
�F�D�Q���D�O�V�R���E�H���X�V�H�G���D�V���D�Q���L�Q�G�L�F�D�W�R�U���R�I���E�D�W�W�H�U�\���F�R�Q�G�L�W�L�R�Q�����W�K�H���O�R�Z�H�U���W�K�H���¿�J�X�U�H���W�K�H�Q��
the better condition.

�(�I�¿�F�L�H�Q�F�\

�7�K�H���H�I�¿�F�L�H�Q�F�\���R�I���D���E�D�W�W�H�U�\���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G���L�Q���W�Z�R���Z�D�\�V�����H�L�W�K�H�U���D�V���W�K�H���D�P�S�H�U�H��
�K�R�X�U���H�I�¿�F�L�H�Q�F�\���R�U���W�K�H���S�R�Z�H�U���H�I�¿�F�L�H�Q�F�\��

�$�K���H�I�¿�F�L�H�Q�F�\��� �����$�K���G�L�V�F�K�D�U�J�L�Q�J���$�K���F�K�D�U�J�L�Q�J���������������

�$�W���W�K�H���������K�R�X�U���U�D�W�H���W�K�L�V���F�D�Q���E�H���D�V���P�X�F�K���D�V�������������7�K�L�V���L�V���R�I�W�H�Q���T�X�R�W�H�G���D�V���W�K�H��
�U�H�F�L�S�U�R�F�D�O���R�I���W�K�H���H�I�¿�F�L�H�Q�F�\���¿�J�X�U�H�����L�Q���W�K�L�V���H�[�D�P�S�O�H���D�E�R�X�W�������������Z�K�L�F�K���L�V���N�Q�R�Z�Q���D�V��
the charge factor.

�(�Q�H�U�J�\���H�I�¿�F�L�H�Q�F�\��� �����3d � t d�������3c � t c) �����������

where: Pd = discharge power, td = discharge time, Pc = charging power, tc = 
charging time.

�$���W�\�S�L�F�D�O���U�H�V�X�O�W���R�I���W�K�L�V���F�D�O�F�X�O�D�W�L�R�Q���L�V���D�E�R�X�W�������������7�K�L�V���¿�J�X�U�H���L�V���O�R�Z�H�U���W�K�D�Q���W�K�H��
�$�K���H�I�¿�F�L�H�Q�F�\���D�V���L�W���W�D�N�H�V���L�Q�W�R���D�F�F�R�X�Q�W���W�K�H���K�L�J�K�H�U���Y�R�O�W�D�J�H���U�H�T�X�L�U�H�G���W�R���I�R�U�F�H���W�K�H��
charge into the battery.

Self-discharge

All batteries suffer from self-discharge, which means that even without an 
external circuit the state of charge is reduced. The rate of discharge is in the 
�R�U�G�H�U���R�I�����������W�R���������R�I���W�K�H���$�K���F�D�S�D�F�L�W�\���S�H�U���G�D�\�����7�K�L�V���L�Q�F�U�H�D�V�H�V���Z�L�W�K���W�H�P�S�H�U�D�W�X�U�H��
�D�Q�G���W�K�H���D�J�H���R�I���W�K�H���E�D�W�W�H�U�\�����,�W���L�V���F�D�X�V�H�G���E�\���W�Z�R���I�D�F�W�R�U�V�����¿�U�V�W�O�\���W�K�H���F�K�H�P�L�F�D�O��
process inside the battery due to the material of the grids forming short circuit 
voltaic couples between the antimony and the active material. Using calcium 
as the mechanical improver for the lead grids reduces this. Impurities in the 
electrolyte, in particular trace metals such as iron, can also add to self-discharge.

A leakage current across the top of the battery, particularly if it is in a poor state 
of cleanliness, also contributes to the self-discharge. The fumes from the acid 
�W�R�J�H�W�K�H�U���Z�L�W�K���S�D�U�W�L�F�O�H�V���R�I���G�L�U�W���F�D�Q���I�R�U�P���D���F�R�Q�G�X�F�W�L�Q�J���¿�O�P�����7�K�L�V���S�U�R�E�O�H�P���L�V���P�X�F�K��
reduced with sealed batteries.

4.4.6  Peukert’s law

Peukert’s law expresses the capacity of a battery in terms of the rate at which it 
is discharged. As the rate increases, the battery’s capacity decreases.

where: I = Discharge current (A); T = Time (h); C = Capacity of the battery (Ah);  
n = Peukerts exponent for that particular battery type, Ideal battery = 1, 
generally between 1.1 and 1.3 depending on type; R = the battery hour rating, 
i.e. 20 hour rating, 10 hour rating etc.

4.5  Developments in electrical storage

4.5.1  Lead-acid

Lead-acid batteries have not changed much from the very early designs 
���L�Q�Y�H�Q�W�H�G���E�\���*�D�V�W�R�Q���3�O�D�Q�W�H���L�Q�����������������,�Q�F�U�H�P�H�Q�W�D�O���F�K�D�Q�J�H�V���D�Q�G�����L�Q���S�D�U�W�L�F�X�O�D�U�����W�K�H��

       Key fact
All batteries suffer from self-
discharge, which means that 
even without an external circuit 
the state of charge is reduced.



Batteries 199

development of accurate charging system control has allowed the use of sealed 
�D�Q�G���P�D�L�Q�W�H�Q�D�Q�F�H���I�U�H�H���E�D�W�W�H�U�L�H�V�����)�L�J�X�U�H�������������V�K�R�Z�V���D���W�\�S�L�F�D�O���P�R�G�H�U�Q���E�D�W�W�H�U�\��

The other main developments have been to design batteries for particular 
purposes. This is particularly appropriate for uses such as supplementary 
batteries in a caravan or as power supplies for lawn mowers and other traction 
uses. These batteries are designed to allow deep discharge and, in the case of 
�F�D�U�D�Y�D�Q���W�U�D�L�O�H�U���E�D�W�W�H�U�L�H�V�����P�D�\���D�O�V�R���K�D�Y�H���Y�H�Q�W���W�X�E�H�V���¿�W�W�H�G���W�R���D�O�O�R�Z���J�D�V�H�V���W�R���E�H��
vented outside. Some batteries are designed to withstand severe vibration for 
use on plant-type vehicles.

The processes in lead-acid batteries are very similar, even with variations in 
design. However, batteries using a gel in place of liquid electrolyte are worth a 
mention. These batteries have many advantages in that they do not leak and 
are more resistant to poor handling.

The one main problem with using a gel electrolyte is that the speed of the 
chemical reaction is reduced. Whilst this is not a problem for some types 
of supply, the current required by a vehicle starter is very high for a short 
duration. The cold cranking amps (CCA) capacity of this type of battery is 
therefore often lower than the equivalent-sized conventional battery.

The solid-gel type electrolyte used in some types of these batteries is 
thixotropic. This means that, due to a high viscosity, the gel will remain 
immobile even if the battery is inverted. A further advantage of a solid gel 
electrolyte is that a network of porous paths is formed through the electrolyte. If 
the battery is overcharged, the oxygen emitted at the positive plate will travel to 
the negative plate, where it combines with the lead and sulphuric acid to form 
lead sulphate and water:

O�����������3�E��� �����3�E�2
PbO + H��SO4 = PbSO4 + H��O

This reforming of the water means the battery is truly maintenance free. The 
recharging procedure is very similar to the more conventional batteries.

To date, gel-type batteries have not proved successful for normal motor vehicle 
use, but are an appropriate choice for specialist performance vehicles that are 
started from an external power source. Ordinary vehicle batteries using a gel 
electrolyte appeared on the market some years ago accompanied by great 
claims of reliability and long life. However, these batteries did not become very 
popular. This could have been because the cranking current output was not 
high enough due to the speed of the chemical reaction.

A development in ‘normal’ lead-acid batteries is the use of lead-antimony 
(PbSb) for the positive plate grids and lead-calcium (PbCa) for the negative 
�S�O�D�W�H���J�U�L�G�V�����7�K�L�V���U�H�V�X�O�W�V���L�Q���D���V�L�J�Q�L�¿�F�D�Q�W���U�H�G�X�F�W�L�R�Q���L�Q���Z�D�W�H�U���O�R�V�V���D�Q�G���D�Q���L�Q�F�U�H�D�V�H��
in service life. The plates are sealed in micro-porous pocket-type separators, 
�R�Q���H�D�F�K���V�L�G�H���R�I���Z�K�L�F�K���D�U�H���J�O�D�V�V���¿�E�U�H���U�H�L�Q�I�R�U�F�L�Q�J���P�D�W�V�����7�K�H���S�R�F�N�H�W���V�H�S�D�U�D�W�R�U�V��
collect all the sludge and hence help to keep the electrolyte in good condition.

4.5.2  Alkaline

Lead-acid batteries traditionally required a considerable amount of servicing to 
keep them in good condition, although this is not now the case with the advent 
of sealed and maintenance-free batteries. However, when a battery is required 
to withstand a high rate of charge and discharge on a regular basis, or is left in 
a state of disuse for long periods, the lead-acid cell is not ideal. Alkaline cells 

Figure 4.18  �0�R�G�H�U�Q���Y�H�K�L�F�O�H���E�D�W�W�H�U�\
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Figure 4.20  Sodium-sulphur battery

4.5.3  ZEBRA

The Zero Emissions Battery Research Activity (ZEBRA) has adopted a sodium-
nickel-chloride battery for use in its electric vehicle programme. This battery 
functions on an electrochemical principle. The base materials are nickel and 
sodium chloride. When the battery is charged, nickel chloride is produced on 
one side of a ceramic electrolyte and sodium is produced on the other. Under 
discharge, the electrodes change back to the base materials. Each cell of the 
�E�D�W�W�H�U�\���K�D�V���D���Y�R�O�W�D�J�H���R�I�������������9��

�7�K�H���E�D�W�W�H�U�\���R�S�H�U�D�W�H�V���D�W���D�Q���L�Q�W�H�U�Q�D�O���W�H�P�S�H�U�D�W�X�U�H���R�I���������±�������ƒ�&�����U�H�T�X�L�U�L�Q�J���D��
heat-insulated enclosure. The whole unit is ‘vacuum packed’ to ensure that 
the outer surface never exceeds 30°C. The ZEBRA battery has a gravimetric 
�H�Q�H�U�J�\���G�H�Q�V�L�W�\���R�I���������:�K���N�J�����Z�K�L�F�K���L�V���P�R�U�H���W�K�D�Q���W�Z�L�F�H���W�K�D�W���R�I���D���O�H�D�G���D�F�L�G���W�\�S�H��

�:�K�H�Q���L�Q���X�V�H���R�Q���D�Q���H�O�H�F�W�U�L�F���Y�H�K�L�F�O�H�����(�9�������W�K�H���E�D�W�W�H�U�\���S�D�F�N���F�R�Q�V�L�V�W�V���R�I����������
�L�Q�G�L�Y�L�G�X�D�O���F�H�O�O�V���U�D�W�H�G���D�W�����������9�����7�K�H���H�Q�H�U�J�\���G�H�Q�V�L�W�\���L�V���������:�K���N�J�����L�W���K�D�V���D���P�D�V�V���R�I��
���������N�J�����R�Y�H�U�����������R�I���W�K�H���W�R�W�D�O���Y�H�K�L�F�O�H���P�D�V�V�����D�Q�G���P�H�D�V�X�U�H�V�����������î�����������î�����������P�P3. 
�7�K�H���E�D�W�W�H�U�\���S�D�F�N���F�D�Q���E�H���U�H�F�K�D�U�J�H�G���L�Q���M�X�V�W���R�Q�H���K�R�X�U���X�V�L�Q�J���D�Q���H�[�W�H�U�Q�D�O���S�R�Z�H�U��
source. 

4.5.4  Sodium sulphur

�0�X�F�K���U�H�V�H�D�U�F�K���L�V���X�Q�G�H�U�Z�D�\���W�R���L�P�S�U�R�Y�H���R�Q���F�X�U�U�H�Q�W���E�D�W�W�H�U�\���W�H�F�K�Q�R�O�R�J�\���L�Q���R�U�G�H�U��
to provide a greater energy density for electric vehicles. A contender is the 
sodium sulphur battery, which has now reached production stage.

The sodium-sulphur or NaS battery consists of a cathode of liquid sodium into 
which is placed a current collector. This is a solid electrode of alumina. A metal 
can that is in contact with the anode (a sulphur electrode) surrounds the whole 
�D�V�V�H�P�E�O�\�����7�K�H���P�D�M�R�U���S�U�R�E�O�H�P���Z�L�W�K���W�K�L�V���V�\�V�W�H�P���L�V���W�K�D�W���W�K�H���U�X�Q�Q�L�Q�J���W�H�P�S�H�U�D�W�X�U�H��
�Q�H�H�G�V���W�R���E�H���������±�������ƒ�&�����$���K�H�D�W�H�U���U�D�W�H�G���D�W���D���I�H�Z���K�X�Q�G�U�H�G���Z�D�W�W�V���I�R�U�P�V���S�D�U�W���R�I��
the charging circuit. This maintains the battery temperature when the vehicle is 
�Q�R�W���U�X�Q�Q�L�Q�J�����%�D�W�W�H�U�\���W�H�P�S�H�U�D�W�X�U�H���L�V���P�D�L�Q�W�D�L�Q�H�G���Z�K�H�Q���L�Q���X�V�H���G�X�H���W�R���,�����5���O�R�V�V�H�V��
in the battery.

�(�D�F�K���F�H�O�O���R�I���W�K�L�V���E�D�W�W�H�U�\���L�V���Y�H�U�\���V�P�D�O�O�����X�V�L�Q�J���R�Q�O�\���D�E�R�X�W���������J���R�I���V�R�G�L�X�P�����7�K�L�V���L�V��
a safety feature because, if the cell is damaged, the sulphur on the outside will 
cause the potentially dangerous sodium to be converted into polysulphides – 
which are comparatively harmless. Small cells also have the advantage that 
they can be distributed around the car. The capacity of each cell is about  
�������$�K�����7�K�H�V�H���F�H�O�O�V���I�D�L�O���L�Q���D�Q���R�S�H�Q���F�L�U�F�X�L�W���F�R�Q�G�L�W�L�R�Q���D�Q�G���K�H�Q�F�H���W�K�L�V���P�X�V�W���E�H��
taken into account, as the whole string of cells used to create the required 
voltage would be rendered inoperative. The output voltage of each cell is about 
�����9�����)�L�J�X�U�H�������������V�K�R�Z�V���D���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���D���V�R�G�L�X�P���V�X�O�S�K�X�U���E�D�W�W�H�U�\���F�H�O�O��

A problem still to be overcome is the casing material, which is prone to fail due 
to the very corrosive nature of the sodium. At present, an expensive chromized 
coating is used.

4.5.5  Swing

�6�R�P�H���S�R�W�H�Q�W�L�D�O���G�H�Y�H�O�R�S�P�H�Q�W�V���L�Q���E�D�W�W�H�U�\���W�H�F�K�Q�R�O�R�J�\���D�U�H���P�D�M�R�U���V�W�H�S�V���L�Q���W�K�H���U�L�J�K�W��
�G�L�U�H�F�W�L�R�Q���E�X�W���P�D�Q�\���Q�H�Z���P�H�W�K�R�G�V���L�Q�Y�R�O�Y�H���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H�V�����2�Q�H���P�D�M�R�U���D�L�P��
of battery research is to develop a high performance battery, that works at a 
normal operating temperature. One new idea is called the ‘Swing battery’.
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The Swing concept batteries use lithium ions. These batteries have a carbon 
anode and a cathode made of transition metal oxides. Lithium ions are in constant 
movement between these very thin electrodes in a non-aqueous electrolyte.

The Swing process takes place at normal temperatures and gives a very high 
�D�Y�H�U�D�J�H���F�H�O�O���Y�R�O�W�D�J�H���R�I�����������9�����F�R�P�S�D�U�H�G���Z�L�W�K���F�H�O�O���Y�R�O�W�D�J�H�V���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\�� 
���������9���I�R�U���Q�L�F�N�H�O���F�D�G�P�L�X�P���D�Q�G���D�E�R�X�W�����������9���I�R�U���O�H�D�G���D�F�L�G���R�U���V�R�G�L�X�P���V�X�O�S�K�X�U��
batteries. The technology has now developed such that the following energy 
densities are achievable:

• �*�U�D�Y�L�P�H�W�U�L�F���S�R�Z�H�U���G�H�Q�V�L�W�\���R�I�����������:�K���N�J��

• �9�R�O�X�P�H�W�U�L�F���S�R�Z�H�U���G�H�Q�V�L�W�\���R�I�����������:�K���/��

The complexity of the electrical storage system increases with higher operating 
temperatures, an increased number of cells and with the presence of agitated 
or recycled electrolytes. To ensure reliable and safe operation, higher and 
higher demands will be made on the battery management system. This will 
clearly introduce more cost to the vehicle system as a whole. Consideration 
�P�X�V�W���E�H���J�L�Y�H�Q���Q�R�W���R�Q�O�\���W�R���V�S�H�F�L�¿�F���H�Q�H�U�J�\���V�W�R�U�D�J�H���E�X�W���D�O�V�R���W�R���V�\�V�W�H�P���F�R�P�S�O�H�[�L�W�\��
�D�Q�G���V�D�I�H�W�\�����)�L�J�X�U�H�������������L�V���D���F�R�P�S�D�U�L�V�R�Q���R�I���E�D�W�W�H�U�L�H�V���F�R�Q�V�L�G�H�U�L�Q�J���H�Q�H�U�J�\���G�H�Q�V�L�W�\��
and safety factors.

The high temperature systems have proved their viability for use in vehicles and 
they have already passed a series of abuse tests. A sodium-sulphur battery when 
�I�X�O�O�\���F�K�D�U�J�H�G�����Z�K�L�F�K���L�V���U�D�W�H�G���D�W���������N�:�K�����F�R�Q�W�D�L�Q�V���D�E�R�X�W���������N�J���R�I���O�L�T�X�L�G���V�R�G�L�X�P����
�*�L�Y�H�Q�������������������Y�H�K�L�F�O�H�V���������������W�R�Q�Q�H�V���R�I���O�L�T�X�L�G���V�R�G�L�X�P���Z�L�O�O���E�H���L�Q���X�V�H�����7�K�H�V�H��
�T�X�D�Q�W�L�W�L�H�V���K�D�Y�H���W�R���E�H���H�Q�F�D�S�V�X�O�D�W�H�G���L�Q���W�Z�R���K�H�U�P�H�W�L�F�D�O�O�\���V�H�D�O�H�G���F�R�Q�W�D�L�Q�H�U�V�����)�R�U���W�K�L�V��
reason, and safety factors, other battery technologies are now more popular.

The Swing concept offers a potentially safe system for use in the future.

4.5.6  Fuel cells

The energy of oxidation of conventional fuels, which is usually manifested 
as heat, can be converted directly into electricity in a fuel cell. All oxidations 
involve a transfer of electrons between the fuel and oxidant, and this is 
employed in a fuel cell to convert the energy directly into electricity. All battery 

Figure 4.21  Chemical process of the ‘Swing’ battery

       Key fact
The Swing concept batteries 
use lithium ions.
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�'�0�)�&�V���D�U�H���D���W�\�S�H���R�I���S�U�R�W�R�Q���H�[�F�K�D�Q�J�H���P�H�P�E�U�D�Q�H���I�X�H�O���F�H�O�O�����3�(�0�)�&�������7�K�H��
�P�H�P�E�U�D�Q�H���L�Q���D���3�(�0�)�&���I�X�O�¿�O�V���W�K�H���U�R�O�H���R�I���W�K�H���H�O�H�F�W�U�R�O�\�W�H�����D�Q�G���W�K�H���S�U�R�W�R�Q�V��
(positively charged hydrogen ions) carry electrical charge between the 
electrodes.

�%�H�F�D�X�V�H���W�K�H���I�X�H�O���L�Q���D���'�0�)�&���L�V���P�H�W�K�D�Q�R�O�����Q�R�W���K�\�G�U�R�J�H�Q�����R�W�K�H�U���U�H�D�F�W�L�R�Q�V���W�D�N�H��
�S�O�D�F�H���D�W���W�K�H���D�Q�R�G�H�����0�H�W�K�D�Q�R�O���L�V���D���K�\�G�U�R�F�D�U�E�R�Q�����+�&�����I�X�H�O�����Z�K�L�F�K���P�H�D�Q�V���W�K�D�W��
its molecules contain hydrogen and carbon (as well as oxygen in the case of 
methanol). When HCs burn, the hydrogen reacts with oxygen to create water 
and the carbon reacts with oxygen to create carbon dioxide. The same general 
�S�U�R�F�H�V�V���W�D�N�H�V���S�O�D�F�H���L�Q���D���'�0�)�&�����E�X�W���L�Q���W�K�H���S�U�R�F�H�V�V���W�K�H���K�\�G�U�R�J�H�Q���F�U�R�V�V�H�V���W�K�H��
�P�H�P�E�U�D�Q�H���D�V���D�Q���L�R�Q�����L�Q���M�X�V�W���W�K�H���V�D�P�H���Z�D�\���D�V���L�W���G�R�H�V���L�Q���D���K�\�G�U�R�J�H�Q���I�X�H�O�O�H�G��
�3�(�0�)�&����

�7�K�H���U�H�D�O���E�H�Q�H�¿�W���R�I���P�H�W�K�D�Q�R�O���L�V���W�K�D�W���L�W���F�D�Q���H�D�V�L�O�\���¿�W���L�Q�W�R���W�K�H���H�[�L�V�W�L�Q�J���I�X�H�O��
�L�Q�I�U�D�V�W�U�X�F�W�X�U�H���R�I���¿�O�O�L�Q�J���V�W�D�W�L�R�Q�V���D�Q�G���G�R�H�V���Q�R�W���Q�H�H�G���K�L�J�K�O�\���V�S�H�F�L�D�O�L�]�H�G���H�T�X�L�S�P�H�Q�W��
or handling. It is easy to store on-board the vehicle, unlike hydrogen, which 
needs heavy and costly tanks.

4.5.7  Super-capacitors

Super- or ultra-capacitors are very high capacity but (relatively) low size 
capacitors. This is achieved by employing several distinct electrode materials 
prepared using special processes. Some state-of-the art ultra-capacitors are 
based on high surface area, ruthenium dioxide (RuO��) and carbon electrodes. 
Ruthenium is extremely expensive and available only in very limited amounts.

Electrochemical capacitors are used for high-power applications such as 
cellular electronics, power conditioning, industrial lasers, medical equipment, 
and power electronics in conventional, electric and hybrid vehicles. In 
conventional vehicles, ultra-capacitors could be used to reduce the need for 
large alternators for meeting intermittent high peak power demands related to 
power steering and braking. Ultra-capacitors recover braking energy dissipated 
as heat and can be used to reduce losses in electric power steering.

�2�Q�H���V�\�V�W�H�P���L�Q���X�V�H���R�Q���D���K�\�E�U�L�G���E�X�V���X�V�H�V���������X�O�W�U�D���F�D�S�D�F�L�W�R�U�V���W�R���V�W�R�U�H�������������N�-���R�I��
�H�O�H�F�W�U�L�F�D�O���H�Q�H�U�J�\�����������I�D�U�D�G�V���D�W�����������9�������7�K�H���F�D�S�D�F�L�W�R�U���E�D�Q�N���K�D�V���D���P�D�V�V���R�I�� 
���������N�J�����8�V�H���R�I���W�K�L�V���W�H�F�K�Q�R�O�R�J�\���D�O�O�R�Z�V���U�H�F�R�Y�H�U�\���R�I���H�Q�H�U�J�\�����V�X�F�K���D�V���Z�K�H�Q��
braking, that would otherwise have been lost. The capacitors can be charged 
in a very short space of time. The energy in the capacitors can also be used 
very quickly, such as for rapid acceleration.

�7�K�H���)�,�$�����J�R�Y�H�U�Q�L�Q�J���E�R�G�\���I�R�U���)�R�U�P�X�O�D���������D�O�O�R�Z�H�G���W�K�H���X�V�H���R�I���D���K�\�E�U�L�G���G�U�L�Y�H��
�L�Q���������������Z�K�L�F�K���X�V�H�V���µ�V�X�S�H�U�E�D�W�W�H�U�L�H�V�¶���P�D�G�H���Z�L�W�K���E�R�W�K���E�D�W�W�H�U�L�H�V���D�Q�G���V�X�S�H�U��
capacitors. The system became known as the kinetic energy recovery system 
(KERS).

4.5.8  Summary

As a summary to this section, Table 4.7 compares the potential energy density 
�R�I���V�H�Y�H�U�D�O���W�\�S�H�V���R�I���E�D�W�W�H�U�\�����:�K���N�J���P�H�D�Q�V���Z�D�W�W���K�R�X�U�V���S�H�U���N�L�O�R�J�U�D�P�����7�K�L�V���L�V���D��
measure of the power it will supply, and for how long, per kilogram.

�6�R�P�H���V�X�S�H�U���F�D�S�D�F�L�W�R�U�V���F�D�Q���K�D�Y�H���D�Q���H�Q�H�U�J�\���G�H�Q�V�L�W�\���R�I���V�H�Y�H�U�D�O���N�:�K���N�J���E�X�W���D�U�H��
usually used for short-term storage and rapid release.

       Key fact
Capacitors can be charged 
in a very short space of time 
(compared to batteries).
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4.6  Updates

4.6.1  Micro ba tteries research

At the University of Illinois at Urbana-Champaign, Professor William P. King led 
a mechanical science and engineering group that has, it is claimed, developed 
incredibly powerful micro-batteries (source: King, Nature Communications, 
�$�S�U�L�O��������������

These micro-batteries produce more power than the best supercapacitors and 
could drive new applications in radio communications and electronics. With 
currently available power sources, users have had to choose between power 
�D�Q�G���H�Q�H�U�J�\�����)�R�U���D�S�S�O�L�F�D�W�L�R�Q�V���W�K�D�W���Q�H�H�G���D���O�R�W���R�I���S�R�Z�H�U�����O�L�N�H���E�U�R�D�G�F�D�V�W�L�Q�J���D���U�D�G�L�R��
signal over a long distance, capacitors can release energy very quickly but 
�F�D�Q���R�Q�O�\���V�W�R�U�H���D���V�P�D�O�O���D�P�R�X�Q�W�����)�R�U���D�S�S�O�L�F�D�W�L�R�Q�V���W�K�D�W���Q�H�H�G���D���O�R�W���R�I���H�Q�H�U�J�\�����O�L�N�H��
playing a radio for a long time, fuel cells and batteries can hold a lot of energy 
but release it or recharge slowly.

�7�K�H���W�U�D�G�H���R�I�I���W�K�H�U�H�I�R�U�H���L�V���L�I���\�R�X���Z�D�Q�W���K�L�J�K���H�Q�H�U�J�\���\�R�X���F�D�Q�¶�W���J�H�W���K�L�J�K���S�R�Z�H�U����
�L�I���\�R�X���Z�D�Q�W���K�L�J�K���S�R�Z�H�U���L�W�¶�V���Y�H�U�\���G�L�I�¿�F�X�O�W���W�R���J�H�W���K�L�J�K���H�Q�H�U�J�\�����7�K�H���Q�H�Z���P�L�F�U�R��
batteries can offer both power and energy, and by adapting the structure a little, 
�W�K�H���U�H�V�H�D�U�F�K�H�U�V���F�D�Q���W�X�Q�H���W�K�H�P���R�Y�H�U���D���Z�L�G�H���U�D�Q�J�H���R�Q���W�K�H���S�R�Z�H�U���H�Q�H�U�J�\���V�F�D�O�H��

The high performance is due to their internal three-dimensional microstructure. 
All batteries have two key components: the anode (negative side) and cathode 
(positive side). The research team developed a new way to integrate the two 
components at the microscale.

The additional power means that, for example, a radio could be increase its 
range by 30, or have a battery 30 times smaller. The batteries are rechargeable 
�D�Q�G���F�D�Q���F�K�D�U�J�H�������������W�L�P�H�V���I�D�V�W�H�U���W�K�D�Q���F�R�P�S�H�W�L�Q�J���W�H�F�K�Q�R�O�R�J�L�H�V�����%�H�F�D�X�V�H��
the batteries are now the same scale as the electronics, the researchers are 
working on integrating them with other electronics components, as well as 
looking at manufacturing methods that are low cost.

Whether these batteries will ever have an automotive application is unknown 
(and probably a long way off) but they do seem to be an amazing ‘enabler 
�W�H�F�K�Q�R�O�R�J�\�¶���V�R���Z�D�W�F�K���W�K�L�V���V�S�D�F�H��

Figure 4.26  �$���K�L�J�K���S�R�Z�H�U���E�D�W�W�H�U�\���W�H�F�K�Q�R�O�R�J�\���I�U�R�P���W�K�H���8�Q�L�Y�H�U�V�L�W�\���R�I���,�O�O�L�Q�R�L�V�����,�R�Q�V���À�R�Z��
between three-dimensional micro-electrodes in a lithium ion battery. (Source: Beckman 
Institute for Advanced Science and Technology)

       Key fact
�0�L�F�U�R���E�D�W�W�H�U�L�H�V���S�U�R�G�X�F�H��
more power than the best 
supercapacitors.
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�7�K�H���I�X�O�O���S�D�S�H�U�����µ�+�L�J�K���3�R�Z�H�U���/�L�W�K�L�X�P���,�R�Q���0�L�F�U�R���%�D�W�W�H�U�L�H�V���)�U�R�P���,�Q�W�H�U�G�L�J�L�W�D�W�H�G��
Three-Dimensional Bicontinuous Nanoporous Electrodes,’ is available from: 
�K�W�W�S�������Z�Z�Z���Q�D�W�X�U�H���F�R�P���Q�F�R�P�P�V���M�R�X�U�Q�D�O���Y�����Q�����I�X�O�O���Q�F�R�P�P�V�����������K�W�P�O����

4.6.2  Lead-acid batteries upda te

Introduction

This section is an overview of new developments in lead-acid battery 
�W�H�F�K�Q�R�O�R�J�\�����7�K�L�V���L�Q�I�R�U�P�D�W�L�R�Q���L�V���I�U�R�P�����K�W�W�S�������E�D�W�W�H�U�\�X�Q�L�Y�H�U�V�L�W�\���F�R�P���Z�K�L�F�K���L�V��
sponsored by Cadex.

�%�D�W�W�H�U�L�H�V���V�H�H�P���W�R���D�G�Y�D�Q�F�H���V�O�R�Z�O�\���E�X�W���W�K�L�V���L�V���E�H�F�D�X�V�H���W�K�H�U�H���D�U�H���P�D�Q�\���G�L�I�¿�F�X�O�W��
�W�H�F�K�Q�L�F�D�O���K�X�U�G�O�H�V���W�R���R�Y�H�U�F�R�P�H�����7�K�L�V���L�V���M�X�V�W���W�R���P�H�H�W���W�K�H���U�H�T�X�L�U�H�P�H�Q�W�V���R�I���O�R�Q�J��
�O�L�I�H�����K�L�J�K���V�S�H�F�L�¿�F���H�Q�H�U�J�\�����F�D�S�D�F�L�W�\�������V�D�I�H���R�S�H�U�D�W�L�R�Q�����P�L�Q�L�P�D�O���P�D�L�Q�W�H�Q�D�Q�F�H���D�Q�G��
low price. In addition, the battery must work at hot and cold temperatures, 
deliver high power on demand, charge quickly and be environmentally friendly.

�7�K�H���¿�U�V�W���E�D�W�W�H�U�\���E�H�O�R�Z���L�V���D�O�U�H�D�G�\���L�Q���F�R�P�P�R�Q���X�V�H�����W�K�H���I�R�O�O�R�Z�L�Q�J���D�U�H���L�P�S�R�U�W�D�Q�W��
�O�H�D�G���D�F�L�G���V�\�V�W�H�P�V���L�Q���O�L�P�L�W�H�G���X�V�H���R�U���X�Q�G�H�U���¿�H�O�G���W�H�V�W�����5�H�P�H�P�E�H�U�����V�R�P�H���F�O�D�L�P�V��
�P�D�\���E�H���V�L�P�S�O�\���W�R�R���J�R�R�G���W�R���E�H���W�U�X�H���D�Q�G���W�K�H���U�H�D�O���W�H�V�W���Z�L�O�O���E�H���H�Y�H�U�\�G�D�\���¿�H�O�G���X�V�H��

Absorbent glass mat (AGM)

�$�*�0���L�V���D�Q���L�P�S�U�R�Y�H�G���O�H�D�G���D�F�L�G���E�D�W�W�H�U�\���Z�L�W�K���K�L�J�K�H�U���S�H�U�I�R�U�P�D�Q�F�H���W�K�D�Q���W�K�H��
�U�H�J�X�O�D�U���À�R�R�G�H�G���W�\�S�H�����,�Q�V�W�H�D�G���R�I���V�X�E�P�H�U�J�L�Q�J���W�K�H���S�O�D�W�H�V���L�Q�W�R���O�L�T�X�L�G���H�O�H�F�W�U�R�O�\�W�H����
�W�K�H���H�O�H�F�W�U�R�O�\�W�H���L�V���D�E�V�R�U�E�H�G���L�Q���D���P�D�W���R�I���¿�Q�H���J�O�D�V�V���¿�E�U�H�V�����7�K�L�V���P�D�N�H�V���W�K�H���E�D�W�W�H�U�\��
spill-proof, allowing shipment without hazardous material restrictions. The 
�S�O�D�W�H�V���F�D�Q���E�H���P�D�G�H���À�D�W���O�L�N�H���W�K�H���V�W�D�Q�G�D�U�G���À�R�R�G�H�G���O�H�D�G���D�F�L�G���D�Q�G���S�O�D�F�H�G���L�Q���D��
rectangular case, or wound into a conventional cylindrical cell.

�$�*�0���K�D�V���Y�H�U�\���O�R�Z���L�Q�W�H�U�Q�D�O���U�H�V�L�V�W�D�Q�F�H�����F�D�Q���G�H�O�L�Y�H�U���K�L�J�K���F�X�U�U�H�Q�W�V���D�Q�G���R�I�I�H�U�V���O�R�Q�J��
�V�H�U�Y�L�F�H���H�Y�H�Q���L�I���R�F�F�D�V�L�R�Q�D�O�O�\���G�H�H�S���F�\�F�O�H�G�����$�*�0���K�D�V���D���O�R�Z�H�U���Z�H�L�J�K�W���D�Q�G���S�U�R�Y�L�G�H�V��
�E�H�W�W�H�U���H�O�H�F�W�U�L�F�D�O���U�H�O�L�D�E�L�O�L�W�\���W�K�D�Q���W�K�H���À�R�R�G�H�G���O�H�D�G���D�F�L�G���W�\�S�H�����,�W���D�O�V�R���V�W�D�Q�G�V���X�S���Z�H�O�O��
to high and low temperatures and has a low self-discharge. Other advantages 
�R�Y�H�U���U�H�J�X�O�D�U���O�H�D�G���D�F�L�G���D�U�H���D���E�H�W�W�H�U���V�S�H�F�L�¿�F���S�R�Z�H�U���U�D�W�L�Q�J�����K�L�J�K���O�R�D�G���F�X�U�U�H�Q�W�����D�Q�G��
�I�D�V�W�H�U���F�K�D�U�J�H���W�L�P�H�V�����X�S���W�R���¿�Y�H���W�L�P�H�V���I�D�V�W�H�U�������7�K�H���Q�H�J�D�W�L�Y�H�V���D�U�H���V�O�L�J�K�W�O�\���O�R�Z�H�U��
�V�S�H�F�L�¿�F���H�Q�H�U�J�\�����F�D�S�D�F�L�W�\�����D�Q�G���K�L�J�K�H�U���P�D�Q�X�I�D�F�W�X�U�L�Q�J���F�R�V�W�V��

�$�*�0���E�D�W�W�H�U�L�H�V���D�U�H���F�R�P�P�R�Q�O�\���E�X�L�O�W���W�R���V�L�]�H���D�Q�G���D�U�H���I�R�X�Q�G���L�Q���K�L�J�K���H�Q�G���Y�H�K�L�F�O�H�V���W�R��
run power-hungry accessories such as heated seats, steering wheels, mirrors 
and windshield wipers. Starter batteries also power navigation systems, 
traction and stability control, as well as premium stereos. NASCAR and 
�R�W�K�H�U���D�X�W�R���U�D�F�L�Q�J���O�H�D�J�X�H�V���F�K�R�R�V�H���$�*�0���S�U�R�G�X�F�W�V���E�H�F�D�X�V�H���W�K�H�\���D�U�H���Y�L�E�U�D�W�L�R�Q��
�U�H�V�L�V�W�D�Q�W�����6�W�D�U�W���V�W�R�S���E�D�W�W�H�U�L�H�V���D�U�H���D�O�P�R�V�W���H�[�F�O�X�V�L�Y�H�O�\���$�*�0���E�H�F�D�X�V�H���W�K�H���F�O�D�V�V�L�F��
�À�R�R�G�H�G���W�\�S�H���L�V���Q�R�W���U�R�E�X�V�W���H�Q�R�X�J�K�����U�H�S�H�D�W�H�G���P�L�F�U�R���F�\�F�O�L�Q�J���Z�R�X�O�G���L�Q�G�X�F�H��
capacity fade.

�$�*�0���L�V���W�K�H���S�U�H�I�H�U�U�H�G���E�D�W�W�H�U�\���I�R�U���X�S�V�F�D�O�H���P�R�W�R�U�F�\�F�O�H�V�����,�W���U�H�G�X�F�H�V���D�F�L�G���V�S�L�O�O�L�Q�J��
in an accident, lowers weight for the same performance and can be installed 
�D�W���R�G�G���D�Q�J�O�H�V�����%�H�F�D�X�V�H���R�I���J�R�R�G���S�H�U�I�R�U�P�D�Q�F�H���D�W���F�R�O�G���W�H�P�S�H�U�D�W�X�U�H�V�����$�*�0��
batteries are also used for marine, motor home and robotic applications.

�$�V���Z�L�W�K���D�O�O���J�H�O�O�H�G���D�Q�G���V�H�D�O�H�G���X�Q�L�W�V�����$�*�0���E�D�W�W�H�U�L�H�V���D�U�H���V�H�Q�V�L�W�L�Y�H���W�R��
�R�Y�H�U�F�K�D�U�J�L�Q�J�����7�K�H�V�H���E�D�W�W�H�U�L�H�V���F�D�Q���E�H���F�K�D�U�J�H�G���W�R�������������9���F�H�O�O�����D�Q�G���K�L�J�K�H�U����
�Z�L�W�K�R�X�W���S�U�R�E�O�H�P�����K�R�Z�H�Y�H�U�����W�K�H���À�R�D�W���F�K�D�U�J�H���V�K�R�X�O�G���E�H���U�H�G�X�F�H�G���W�R���E�H�W�Z�H�H�Q��
�����������D�Q�G�������������9���F�H�O�O�����V�X�P�P�H�U���W�H�P�S�H�U�D�W�X�U�H�V���P�D�\���U�H�T�X�L�U�H���O�R�Z�H�U���Y�R�O�W�D�J�H�V������
�$�X�W�R�P�R�W�L�Y�H���F�K�D�U�J�L�Q�J���V�\�V�W�H�P�V���I�R�U���À�R�R�G�H�G���O�H�D�G���D�F�L�G���R�I�W�H�Q���K�D�Y�H���D���¿�[�H�G���À�R�D�W��
�Y�R�O�W�D�J�H���V�H�W�W�L�Q�J���R�I���������������9���������������9���F�H�O�O�������D�Q�G���D���G�L�U�H�F�W���U�H�S�O�D�F�H�P�H�Q�W���Z�L�W�K���D���V�H�D�O�H�G��

       

Key fact
Claims that appear too good to 
�E�H���W�U�X�H���R�I�W�H�Q���D�U�H��

Key fact
As with all gelled and sealed 
�X�Q�L�W�V�����$�*�0���E�D�W�W�H�U�L�H�V���D�U�H��
sensitive to overcharging.
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�O�H�D�G���D�F�L�G�����D�Q�G���D���V�H�O�I���G�L�V�F�K�D�U�J�H���W�K�D�W���L�V���R�Q�O�\���������������S�H�U���P�R�Q�W�K�����D���I�U�D�F�W�L�R�Q���R�I���O�H�D�G��
acid and Li-ion.

4.6.3  Battery diagnostics

�0�R�G�H�U�Q���Y�H�K�L�F�O�H�V���K�D�Y�H���V�R�S�K�L�V�W�L�F�D�W�H�G���H�Q�H�U�J�\���U�H�T�X�L�U�H�P�H�Q�W�V�����D�Q�G���H�O�H�F�W�U�R�Q�L�F��
consumers that need a stable, clean voltage supply. Workshops are seeing 
obscure faults with electronic systems, including fault code errors, brought 
on by failing batteries. Traditionally, a failing battery would manifest itself 
�E�\���K�D�Y�L�Q�J���L�Q�V�X�I�¿�F�L�H�Q�W���S�R�Z�H�U���W�R���F�U�D�Q�N���W�K�H���H�Q�J�L�Q�H���D�Q�G���V�W�D�U�W���W�K�H���Y�H�K�L�F�O�H�����7�K�L�V��
was often more apparent in winter, when cold starts need more torque 
to overcome the friction of a cold engine, with thicker, cold lubricating oil. 
However, with modern vehicles, a failing battery is likely to produce a fault, of 
an unrelated nature, before this ‘non-start’ symptom occurs. Battery technology 
has progressed in line with the vehicle systems, but a different method of 
establishing the serviceability was needed.

There are two traditional methods of checking a wet, lead-acid, vehicle battery. 
�7�K�H���¿�U�V�W���L�V���V�W�D�W�H���R�I���F�K�D�U�J�H�����6�2�&�����Z�K�L�F�K���F�D�Q���E�H���G�H�W�H�U�P�L�Q�H�G���Y�L�D���P�H�D�V�X�U�L�Q�J���W�K�H��
�V�S�H�F�L�¿�F���J�U�D�Y�L�W�\�����6�*�����R�I���W�K�H���H�O�H�F�W�U�R�O�\�W�H���L�Q���H�D�F�K���F�H�O�O���Z�L�W�K���D���K�\�G�U�R�P�H�W�H�U�����W�K�H�U�H���L�V��
also a less accurate option, to measure the battery terminal voltage). Assuming 
�W�K�H���E�D�W�W�H�U�\���L�V���U�H�D�V�R�Q�D�E�O�\���Z�H�O�O���F�K�D�U�J�H�G�����!�������������W�K�H�Q���D���S�H�U�I�R�U�P�D�Q�F�H���W�H�V�W����
indicating state-of-health (SOH), could be executed via a discharge test. This 
test is performed using a high rate discharge tester, with the appropriate load 
according to the battery capacity, and it would indicate the battery capability to 
�V�X�S�S�O�\���D���O�D�U�J�H���F�X�U�U�H�Q�W�����D�V���Z�R�X�O�G���E�H���U�H�T�X�L�U�H�G���X�Q�G�H�U���V�W�D�U�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V�������)�U�R�P��
�W�K�H�V�H���P�H�D�V�X�U�H�P�H�Q�W�V�����D�Q���H�[�S�H�U�L�H�Q�F�H�G���W�H�F�K�Q�L�F�L�D�Q���F�R�X�O�G���P�D�N�H���D���M�X�G�J�H�P�H�Q�W���R�Q��
�W�K�H���E�D�W�W�H�U�\���¿�W�Q�H�V�V���I�R�U���S�X�U�S�R�V�H��

There are several reasons that the methods mentioned previously are no 
longer applicable:

• ���0�D�Q�\���P�R�G�H�U�Q���E�D�W�W�H�U�L�H�V���K�D�Y�H���Q�R���D�F�F�H�V�V���W�R���W�K�H���F�H�O�O���H�O�H�F�W�U�R�O�\�W�H�����W�K�X�V��
hydrometer readings are simply not possible, although the battery may have 
�D���E�X�L�O�W���L�Q���K�\�G�U�R�P�H�W�H�U�����W�K�L�V���L�V���R�I���O�L�P�L�W�H�G���X�V�H�����L�W�¶�V���M�X�V�W���D���J�H�Q�H�U�D�O���L�Q�G�L�F�D�W�R�U��

       

�'�H�¿�Q�L�W�L�R�Q
SOC: State of charge.
SOH: State of health.
�6�*�����6�S�H�F�L�¿�F���J�U�D�Y�L�W�\��

Figure 4.27  A high-rate discharge tester can indicate battery state-of-health, but still 
�U�H�O�L�H�V���R�Q���W�K�H���V�N�L�O�O���D�Q�G���M�X�G�J�H�P�H�Q�W���R�Q���W�K�H���W�H�F�K�Q�L�F�L�D�Q�����L�Q���D�G�G�L�W�L�R�Q�����W�K�H�U�H���D�U�H���V�H�Y�H�U�D�O���K�H�D�O�W�K��
�D�Q�G���V�D�I�H�W�\���U�H�O�D�W�H�G���L�V�V�X�H�V���W�R���W�K�L�V���D�S�S�U�R�D�F�K�����1�R�W�H���W�K�H���W�H�V�W�H�U���L�Q���W�K�H���S�L�F�W�X�U�H���L�V���D���¿�[�H�G���O�R�D�G����
and not suitable for the battery shown (Source: www.autoelex.co.uk)
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Charging

5.1  Requirements of the charging system

5.1.1  Intr oduction

The ‘current’ demands made by modern vehicles are considerable. The 
charging system must be able to meet these demands under all operating 
conditions and still ‘fast charge’ the battery.

The main component of the charging system is the alternator and on most 
modern vehicles – with the exception of its associated wiring – this is the only 
component in the charging system. Figure 5.1 shows an alternator in common 
use. The alternator generates AC but must produce DC at its output terminal 
as only DC can be used to charge the battery and run electronic circuits. The 
output of the alternator must be a constant voltage regardless of engine speed 
and current load.

To summarize, the charging system must meet the following criteria (when the 
engine is running).

• �Supply the current demands made by all loads.

• �Supply whatever charge current the battery demands.

• �Operate at idle speed.

• �Supply constant voltage under all conditions.

• ��+�D�Y�H���D�Q���H�I�¿�F�L�H�Q�W���S�R�Z�H�U���W�R���Z�H�L�J�K�W���U�D�W�L�R��

• �Be reliable, quiet, and have resistance to contamination.

• �Require low maintenance.

• �Provide an indication of correct operation.

5.1.2  Basic opera ting principles

A generator, or alternator, is a machine that converts mechanical energy 
from the engine into electrical energy. The basic principle of an alternator 
is a magnet (the rotor) rotating inside stationary loops of wire (the stator). 
Electromagnetic induction caused by the rotating magnet produces an 
electromotive force in the stator windings.

Figure 5.1  SRX Alternator (Source: 
GM Media)

       Key fact
The charging system must be 
able to supply all the required 
current to the electrical system 
and still ‘fast charge’ the battery.
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In order for the output of the alternator to charge the battery and run other vehicle 
components, it must be converted from alternating current to direct current. The 
�F�R�P�S�R�Q�H�Q�W���P�R�V�W���V�X�L�W�D�E�O�H���I�R�U���W�K�L�V���W�D�V�N���L�V���W�K�H���V�L�O�L�F�R�Q���G�L�R�G�H�����,�Q���R�U�G�H�U���W�R���I�X�O�O���Z�D�Y�H��
�U�H�F�W�L�I�\���W�K�H���R�X�W�S�X�W���R�I���D���W�K�U�H�H���S�K�D�V�H���P�D�F�K�L�Q�H���V�L�[���G�L�R�G�H�V���D�U�H���Q�H�H�G�H�G�����7�K�H�V�H���D�U�H��
�F�R�Q�Q�H�F�W�H�G���L�Q���W�K�H���I�R�U�P���R�I���D���E�U�L�G�J�H���L�Q���D���U�H�F�W�L�¿�H�U���S�D�F�N�����0�D�Q�\���U�H�F�W�L�¿�H�U�V���Q�R�Z���L�Q�F�O�X�G�H��
two extra diodes that pick up extra power from a centre connection to the stator.

�$���U�H�J�X�O�D�W�R�U�����Z�K�L�F�K���F�R�Q�W�U�R�O�V���U�R�W�R�U���P�D�J�Q�H�W�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K�����L�V���X�V�H�G���W�R���F�R�Q�W�U�R�O���W�K�H��
output voltage of an alternator as engine speed and current demand change.

�0�D�Q�X�I�D�F�W�X�U�H�U�V���V�W�U�L�Y�H���W�R���S�U�R�G�X�F�H���H�Y�H�U���P�R�U�H���H�I�¿�F�L�H�Q�W���P�D�F�K�L�Q�H�V�����$���P�R�G�H�U�Q��
�D�O�W�H�U�Q�D�W�R�U�¶�V���K�L�J�K���S�H�U�I�R�U�P�D�Q�F�H���D�Q�G���H�I�¿�F�L�H�Q�F�\���D�U�H���D�F�K�L�H�Y�H�G���S�U�L�P�D�U�L�O�\���E�\���D���Y�H�U�\��
dense winding of the copper wire in the stator grooves. To do so, the wires are 
�¿�U�V�W���Z�R�X�Q�G���R�Q�W�R���D���À�D�W���V�W�D�W�R�U���F�R�U�H�����Z�K�L�F�K���L�V���H�D�V�L�H�U���W�R���D�F�F�H�V�V�����D�I�W�H�U���Z�K�L�F�K���L�W���L�V�� 
then bent into the usual rounded form.

5.1.3  Vehicle electrical loads

The loads placed on an alternator can be considered as falling under three 
separate headings: continuous, prolonged and intermittent. The charging system 
of a modern vehicle has to cope with high demands under many varied conditions. 
To give some indication as to the output that may be required, consider the power 
used by each individual component and add this total to the power required 
to charge the battery. Table 5.1 lists the typical power requirements of various 
vehicle systems. The current draw (to the nearest 0.5 A) at 14 and 28 V (nominal; 
alternator output voltages for 12 and 24 V systems) is also given for comparison.

Figure 5.3 shows how the demands on the alternator have increased over the 
years, together with a prediction of the future.

�1�R�W���V�K�R�Z�Q���L�Q���7�D�E�O�H�����������D�U�H���F�R�Q�V�X�P�H�U�V�����V�X�F�K���D�V���H�O�H�F�W�U�L�F�D�O�O�\���S�U�H���K�H�D�W�H�G���F�D�W�D�O�\�W�L�F��
converters, electrical power assisted steering and heated windscreens, to list 
just three. Changes will therefore continue to take place in the vehicle electrical 
system and the charging system will have to keep up!

The intermittent loads are used infrequently and power consumers such 
�D�V���K�H�D�W�H�G���U�H�D�U���Z�L�Q�G�R�Z�V���D�Q�G���V�H�D�W���K�H�D�W�H�U�V���D�U�H���J�H�Q�H�U�D�O�O�\���¿�W�W�H�G���Z�L�W�K���D���W�L�P�H�U��

Figure 5.2  Alternator on a vehicle

       Key fact
A regulator, which controls 
�U�R�W�R�U���P�D�J�Q�H�W�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K����
is used to control the output 
voltage of an alternator as 
engine speed and current 
demand change.
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Figure 5.3  How the demands on the alternator have changed

relay. The factor of 0.1 is therefore applied to the total intermittent power 
requirement, for the purpose of further calculations. This assumes the vehicle 
will be used under normal driving conditions.

The consumer demand on the alternator is the sum of the constant loads, the 
prolonged loads and the intermittent loads (with the factor applied). In this example:

180 + 260 + 170 = 610 W (43 A at 14 V)

The demands placed on the charging system therefore are extensive. This 
load is in addition to the current required to recharge the battery. Further 
sections in this chapter discuss how these demands are met.

5.2  Charging system principles

5.2.1  Basic principles

Figure 5.4 shows a representation of the vehicle charging system as three  
blocks, the alternator, battery and vehicle loads. When the alternator voltage 
is less than the battery (engine slow or not running, for example), the direction 
�R�I���F�X�U�U�H�Q�W���À�R�Z���L�V���I�U�R�P���W�K�H���E�D�W�W�H�U�\���W�R���W�K�H���Y�H�K�L�F�O�H���O�R�D�G�V�����7�K�H���D�O�W�H�U�Q�D�W�R�U���G�L�R�G�H�V��
�S�U�H�Y�H�Q�W���F�X�U�U�H�Q�W���À�R�Z�L�Q�J���L�Q�W�R���W�K�H���D�O�W�H�U�Q�D�W�R�U�����:�K�H�Q���W�K�H���D�O�W�H�U�Q�D�W�R�U���R�X�W�S�X�W���L�V���J�U�H�D�W�H�U��
�W�K�D�Q���W�K�H���E�D�W�W�H�U�\���Y�R�O�W�D�J�H�����F�X�U�U�H�Q�W���Z�L�O�O���À�R�Z���I�U�R�P���W�K�H���D�O�W�H�U�Q�D�W�R�U���W�R���W�K�H���Y�H�K�L�F�O�H��
loads and the battery.

From this simple example it is clear that the alternator output voltage must  
be greater than the battery voltage at all times when the engine is running.  
The actual voltage used is critical and depends on a number of factors.

5.2.2  Charging v oltages

The main consideration for the charging voltage is the battery terminal voltage 
when fully charged. If the charging system voltage is set to this value then 
there can be no risk of overcharging the battery. This is known as the constant 
voltage charging technique. The chapter on batteries discusses this issue in 
�J�U�H�D�W�H�U���G�H�W�D�L�O�����7�K�H���¿�J�X�U�H���R�I��������������0.2 V is the accepted charging voltage for 
a 12 V system. Commercial vehicles generally employ two batteries in series 
at a nominal voltage of 24 V, the accepted charge voltage would therefore be 
doubled. These voltages are used as the standard input for all vehicle loads. 
For the purpose of clarity the text will just consider a 12 V system.

Figure 5.4  Vehicle charging system 
(the bottom image shows the ideal)

       �'�H�¿�Q�L�W�L�R�Q
�7�K�H���¿�J�X�U�H���R�I������������� 0.2 V is 
the accepted charging voltage 
for a 12 V system.

       Key fact
Ideally, the alternator output  
voltage must be greater than 
the battery voltage at all times 
when the engine is running.
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The other areas for consideration when determining the charging voltage are 
any expected voltage drops in the charging circuit wiring and the operating 
temperature of the system and battery. The voltage drops must be kept to a 
minimum, but it is important to note that the terminal voltage of the alternator 
may be slightly above that supplied to the battery.

5.2.3  Charging cir cuits

For many applications, the charging circuit is one of the simplest on the 
vehicle. The main output is connected to the battery via a suitably sized 
�F�D�E�O�H�����R�U���L�Q���V�R�P�H���F�D�V�H�V���W�Z�R���F�D�E�O�H�V���W�R���L�Q�F�U�H�D�V�H���U�H�O�L�D�E�L�O�L�W�\���D�Q�G���À�H�[�L�E�L�O�L�W�\�������D�Q�G��
the warning light is connected to an ignition supply on one side and to the 
alternator terminal at the other. A wire may also be connected to the phase 
terminal if it is utilized. Figure 5.5 shows two typical wiring circuits. Note that 
the output of the alternator is often connected to the starter main supply 
simply for convenience of wiring. If the wires are kept as short as possible 
this will reduce voltage drop in the circuit. The voltage drop across the main 
supply wire when the alternator is producing full output current, should be less 
than 0.5 V.

Some systems have an extra wire from the alternator to ‘sense’ battery voltage 
directly. An ignition feed may also be found and this is often used to ensure 
�L�Q�V�W�D�Q�W���H�[�F�L�W�H�P�H�Q�W���R�I���W�K�H���¿�H�O�G���Z�L�Q�G�L�Q�J�V�����$���Q�X�P�E�H�U���R�I���Y�H�K�L�F�O�H�V���O�L�Q�N���D���Z�L�U�H���I�U�R�P��
the engine management ECU to the alternator. This is used to send a signal to 
increase engine idle speed if the battery is low on charge.

Figure 5.5  Example charging circuits

       Key fact
The voltage drop across the 
main supply wire when the 
alternator is producing full 
output current, should be less 
than 0.5 V.
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Figure 5.6  �3�U�L�Q�F�L�S�O�H���R�I���D���W�K�U�H�H���S�K�D�V�H���D�O�W�H�U�Q�D�W�R�U

Figure 5.7  Rotor Figure 5.8  Stator and other alternator components (Source: Bosch Media)

5.2.4  Genera tion of electricity

�)�L�J�X�U�H�����������V�K�R�Z�V���W�K�H���E�D�V�L�F���S�U�L�Q�F�L�S�O�H���R�I���D���W�K�U�H�H���S�K�D�V�H���D�O�W�H�U�Q�D�W�R�U���W�R�J�H�W�K�H�U���Z�L�W�K���D��
representation of its output. Electromagnetic induction is caused by a rotating 
magnet inside a stationary loop or loops of wire. In a practical alternator, 
the rotating magnet is an electromagnet that is supplied via two slip rings. 
Figure 5.7 shows the most common design, which is known as a claw pole 
rotor. Each end of the rotor will become a north or south pole and hence each 
claw will be alternately north and south. It is common practice, due to reasons 
�R�I���H�I�¿�F�L�H�Q�F�\�����W�R���X�V�H���F�O�D�Z���S�R�O�H���U�R�W�R�U�V���Z�L�W�K���������R�U���������S�R�O�H�V��

�7�K�H���V�W�D�W�L�R�Q�D�U�\���O�R�R�S�V���R�I���Z�L�U�H���D�U�H���N�Q�R�Z�Q���D�V���W�K�H���V�W�D�W�R�U���D�Q�G���F�R�Q�V�L�V�W���R�I���W�K�U�H�H���V�H�S�� 
arate phases, each with a number of windings. The windings are mechanically 
spaced on a laminated core (to reduce eddy currents), and must be matched 
to the number of poles on the rotor. Figure 5.8 shows a typical example.

�7�K�H���W�K�U�H�H���S�K�D�V�H���Z�L�Q�G�L�Q�J�V���R�I���W�K�H���V�W�D�W�R�U���F�D�Q���E�H���F�R�Q�Q�H�F�W�H�G���L�Q���W�Z�R���Z�D�\�V�����N�Q�R�Z�Q��
as star or delta windings – as shown in Figure 5.9. The current and voltage 
�R�X�W�S�X�W���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���D�U�H���G�L�I�I�H�U�H�Q�W���I�R�U���V�W�D�U���D�Q�G���G�H�O�W�D���Z�R�X�Q�G���V�W�D�W�R�U�V��

       Key fact
�7�K�H���W�K�U�H�H���S�K�D�V�H���Z�L�Q�G�L�Q�J�V���R�I��
the stator can be connected 
in two ways, known as star or 
delta.
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Star connection can be thought of as a type of series connection of the phases 
and, to this end, the output voltage across any two phases will be the vector sum 
of the phase voltages. Current output will be the same as the phase current. 
�6�W�D�U���Z�R�X�Q�G���V�W�D�W�R�U�V���W�K�H�U�H�I�R�U�H���S�U�R�G�X�F�H���D���K�L�J�K�H�U���Y�R�O�W�D�J�H�����Z�K�H�U�H�D�V���G�H�O�W�D���Z�R�X�Q�G��
�V�W�D�W�R�U�V���S�U�R�G�X�F�H���D���K�L�J�K�H�U���F�X�U�U�H�Q�W�����7�K�H���Y�R�O�W�D�J�H���D�Q�G���F�X�U�U�H�Q�W���L�Q���W�K�U�H�H���S�K�D�V�H���V�W�D�W�R�U�V��
can be calculated as follows.

�6�W�D�U���Z�R�X�Q�G���V�W�D�W�R�U�V���F�D�Q���E�H���W�K�R�X�J�K�W���R�I���D�V���D���W�\�S�H���R�I���V�H�U�L�H�V���F�L�U�F�X�L�W��

I = IP

Delta connection can be similarly thought of as a type of parallel circuit. This 
means that the output voltage is the same as the phase voltage but the output 
current is the vector sum of the phase currents.

V = VP

where: V = output voltage, Vp = phase voltage, I = output current, Ip = phase 
current.
�0�R�V�W���Y�H�K�L�F�O�H���D�O�W�H�U�Q�D�W�R�U�V���X�V�H���W�K�H���V�W�D�U���Z�L�Q�G�L�Q�J�V���E�X�W���V�R�P�H���K�H�D�Y�\���G�X�W�\���P�D�F�K�L�Q�H�V��
have taken advantage of the higher current output of the delta windings. The 
�P�D�M�R�U�L�W�\���R�I���P�R�G�H�U�Q���D�O�W�H�U�Q�D�W�R�U�V���X�V�L�Q�J���V�W�D�U���Z�L�Q�G�L�Q�J�V���L�Q�F�R�U�S�R�U�D�W�H���D�Q���H�L�J�K�W���G�L�R�G�H��
�U�H�F�W�L�¿�H�U���L�Q���R�U�G�H�U���W�R���P�D�[�L�P�L�]�H���R�X�W�S�X�W�����7�K�L�V���L�V���G�L�V�F�X�V�V�H�G���L�Q���D���O�D�W�H�U���V�H�F�W�L�R�Q��

The frequency of an alternator output can be calculated. This is particularly 
�L�P�S�R�U�W�D�Q�W���L�I���D�Q���$�&���W�D�S�S�L�Q�J���I�U�R�P���W�K�H���V�W�D�W�R�U���L�V���X�V�H�G���W�R���U�X�Q���D���Y�H�K�L�F�O�H���U�H�Y���F�R�X�Q�W�H�U��

where: f = frequency in Hz, n = alternator speed in rpm, p = number of pole 
pairs (a 12 claw rotor has 6 pole pairs).
An alternator when the engine is at idle, will have a speed of about 2000 rpm, 
which, with a 12 claw rotor will produce a frequency of 6 × 2000/60 = 200 Hz.

A terminal provided on many alternators for this output, is often marked W. The 
�R�X�W�S�X�W���L�V���K�D�O�I���Z�D�Y�H���U�H�F�W�L�¿�H�G���D�Q�G���L�V���X�V�H�G���L�Q���S�D�U�W�L�F�X�O�D�U���R�Q���G�L�H�V�H�O���H�Q�J�L�Q�H���W�R���G�U�L�Y�H��
�D���U�H�Y�F�R�X�Q�W�H�U�����,�W���L�V���D�O�V�R���X�V�H�G���R�Q���V�R�P�H���H�D�U�O�L�H�U���S�H�W�U�R�O���H�Q�J�L�Q�H���D�S�S�O�L�F�D�W�L�R�Q�V���W�R���G�U�L�Y�H��
an electric choke.

������������ �5�H�F�W�L�À�F�D�W�L�R�Q���R�I���$�&���W�R���'�&

In order for the output of the alternator to charge the battery and run other 
vehicle components it must be converted from alternating current (AC) to direct 
current (DC). The component most suitable for this task is the silicon diode.  

Figure 5.9  Star and delta stator windings

V

Vp
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�)�L�J�X�U�H�������������V�K�R�Z�V���W�K�H���I�X�O�O���F�L�U�F�X�L�W���R�I���D�Q���D�O�W�H�U�Q�D�W�R�U���X�V�L�Q�J���D�Q���H�L�J�K�W���G�L�R�G�H���P�D�L�Q��
�U�H�F�W�L�¿�H�U���D�Q�G���W�K�U�H�H���¿�H�O�G���G�L�R�G�H�V�����7�K�H���Y�R�O�W�D�J�H���U�H�J�X�O�D�W�R�U�����Z�K�L�F�K���I�R�U�P�V���W�K�H���V�W�D�U�W�L�Q�J��
point for the next section, is also shown in this diagram. The warning light in an 
alternator circuit, in addition to its function of warning of charging faults, also 
�D�F�W�V���W�R���V�X�S�S�O�\���W�K�H���L�Q�L�W�L�D�O���H�[�F�L�W�D�W�L�R�Q���W�R���W�K�H���¿�H�O�G���Z�L�Q�G�L�Q�J�V�����$�Q���D�O�W�H�U�Q�D�W�R�U���Z�L�O�O���Q�R�W��
�D�O�Z�D�\�V���V�H�O�I���H�[�F�L�W�H���D�V���W�K�H���U�H�V�L�G�X�D�O���P�D�J�Q�H�W�L�V�P���L�Q���W�K�H���¿�H�O�G�V���L�V���Q�R�W���X�V�X�D�O�O�\���H�Q�R�X�J�K��
to produce a voltage that will overcome the 0.6 or 0.7 V needed to forward 
�E�L�D�V���W�K�H���U�H�F�W�L�¿�H�U���G�L�R�G�H�V�����$���W�\�S�L�F�D�O���Z�D�W�W�D�J�H���I�R�U���W�K�H���Z�D�U�Q�L�Q�J���O�L�J�K�W���E�X�O�E���L�V�������:����
Many manufacturers also connect a resistor in parallel with the bulb to assist in 
excitation and allow operation if the bulb blows. The charge warning light bulb 
�L�V���H�[�W�L�Q�J�X�L�V�K�H�G���Z�K�H�Q���W�K�H���D�O�W�H�U�Q�D�W�R�U���S�U�R�G�X�F�H�V���D�Q���R�X�W�S�X�W���I�U�R�P���W�K�H���¿�H�O�G���G�L�R�G�H�V��
as this causes both sides of the bulb to take on the same voltage (a potential 
difference across the bulb of 0 V).

5.2.6  Regulation of output voltage

To prevent the vehicle battery from being overcharged the regulated system 
�Y�R�O�W�D�J�H���V�K�R�X�O�G���E�H���N�H�S�W���E�H�O�R�Z���W�K�H���J�D�V�V�L�Q�J���Y�R�O�W�D�J�H���R�I���W�K�H���O�H�D�G���D�F�L�G���E�D�W�W�H�U�\�����$��
�¿�J�X�U�H���R�I�������������“�����������9���L�V���X�V�H�G���I�R�U���D�O�O���������9���F�K�D�U�J�L�Q�J���V�\�V�W�H�P�V�����$�F�F�X�U�D�W�H���Y�R�O�W�D�J�H��

Third
hermonic

Figure 5.15  The third harmonic

Figure 5.16  Complete internal alternator circuit
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‘summer’ and ‘winter’ conditions. When a battery is cold, the electrolyte 
resistance increases. This means a higher voltage is necessary to cause the 
correct recharging current.

�2�Y�H�U���Y�R�O�W�D�J�H���S�U�R�W�H�F�W�L�R�Q���L�V���U�H�T�X�L�U�H�G���L�Q���V�R�P�H���D�S�S�O�L�F�D�W�L�R�Q�V���L�Q���R�U�G�H�U���W�R���S�U�H�Y�H�Q�W��
damage to electronic components. When an alternator is connected to a  
vehicle battery system, the voltage, even in the event of regulator failure, will 
not often exceed about 20 V due to the low resistance and swamping effect of 
the battery. If an alternator is run with the battery disconnected (which is not 
recommended), a heavy duty Zener diode connected across the output of the 
�:�/���¿�H�O�G���G�L�R�G�H�V���Z�L�O�O���R�I�I�H�U���V�R�P�H���S�U�R�W�H�F�W�L�R�Q���D�V�����L�I���W�K�H���V�\�V�W�H�P���Y�R�O�W�D�J�H���H�[�F�H�H�G�V��
�L�W�V���E�U�H�D�N�G�R�Z�Q���¿�J�X�U�H�����L�W���Z�L�O�O���F�R�Q�G�X�F�W���D�Q�G���F�D�X�V�H���W�K�H���V�\�V�W�H�P���Y�R�O�W�D�J�H���W�R���E�H���N�H�S�W��
within reasonable limits.

�������� �$�O�W�H�U�Q�D�W�R�U�V

5.3.1  Bosch compact alter nator

The Bosch compact alternator is becoming very popular with a number of 
�(�X�U�R�S�H�D�Q���P�D�Q�X�I�D�F�W�X�U�H�U�V���D�Q�G���R�W�K�H�U�V�����)�L�J�X�U�H�������������V�K�R�Z�V���D���F�X�W���D�Z�D�\���S�L�F�W�X�U�H���R�I��
this machine. 

Figure 5.22  Hybrid IC regulator circuit

Figure 5.23  How the regulator response changed with temperature
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������������ �(�I�À�F�L�H�Q�W���D�O�W�H�U�Q�D�W�R�U�V

A combination of experience, modern development methods and innovative 
production processes has enabled development engineers to achieve 
dramatic gains in alternator performance compared to conventional models – 
a 35% increase in power density to 1.43 W/cc, a rise in maximum operating 
temperature from 105°C to 120°C, and an increase in the maximum degree of 
�H�I�¿�F�L�H�Q�F�\���W�R�������������9�'�$���D�Y�H�U�D�J�H���������������$�Q���H�[�D�P�S�O�H���L�V���V�K�R�Z�Q���D�V��Figures 5.25 
and 5.26.

The improved performance parameters offer automobile manufacturers a 
reduction in fuel consumption of up to 0.2 litres per hundred kilometres, a 
�V�D�Y�L�Q�J���L�Q���V�S�D�F�H���R�I���X�S���W�R�����������F�X�E�L�F���F�H�Q�W�L�P�H�W�U�H�V�����D�Q�G���¿�Q�D�O�O�\���D�Q���L�Q�F�U�H�D�V�H���L�Q��
power output of as much as 1 kilowatt. The improvements are largely due to 
�W�K�H���V�R���F�D�O�O�H�G���µ�)�O�D�W���3�D�F�N�¶���W�H�F�K�Q�L�T�X�H�����Z�K�L�F�K���D�F�K�L�H�Y�H�V���D���Y�H�U�\���K�L�J�K���G�H�Q�V�L�W�\���R�I���W�K�H��
copper wires in the stator windings.

�%�R�V�F�K���V�X�S�S�O�L�H�V���L�W�V���������9���/�,���;���D�O�W�H�U�Q�D�W�R�U�V���L�Q���W�K�U�H�H���G�L�I�I�H�U�H�Q�W���V�L�]�H�V�����µ�&�R�P�S�D�F�W�¶����
‘Medium’ and ‘High Line’, with outputs ranging from 1.9 to 3.8 kilowatts. The 
�P�R�G�H�O���U�D�Q�J�H���L�V���G�H�V�L�J�Q�H�G���W�R���E�H���H�[�W�U�H�P�H�O�\���À�H�[�L�E�O�H���D�Q�G���W�K�H���S�R�Z�H�U���R�X�W�S�X�W�V���F�D�Q��
easily be adjusted for use in both diesel and gasoline engines. Bosch is also 
planning a 42 volt version with a peak power output of 4 kilowatts.

The alternator regulator is multifunctional and can be operated through a 
variety of interfaces (for smart charging, etc.), such as BSS, LIN or RVC, in line 
with the manufacturer’s preference.

�7�K�H���F�R�P�S�D�Q�\���U�H�F�H�Q�W�O�\���V�W�D�U�W�H�G���S�U�R�G�X�F�W�L�R�Q���R�I���D���Q�H�Z�����H�Q�K�D�Q�F�H�G���H�I�¿�F�L�H�Q�F�\��
�J�H�Q�H�U�D�W�R�U���V�H�U�L�H�V�����$�Q���L�P�S�U�R�Y�H�G���H�O�H�F�W�U�L�F�D�O���F�R�Q�¿�J�X�U�D�W�L�R�Q���D�Q�G���R�S�W�L�P�L�]�H�G���P�D�W�H�U�L�D�O�V��
�K�D�Y�H���H�Q�D�E�O�H�G���W�K�H���P�D�Q�X�I�D�F�W�X�U�H�U�¶�V���H�Q�J�L�Q�H�H�U�V���W�R���L�Q�F�U�H�D�V�H���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���D�O�O��
�Y�D�U�L�D�Q�W�V���W�R���R�Y�H�U�������������D�F�F�R�U�G�L�Q�J���W�R���9�'�$�������7�K�H���(�I�¿�F�L�H�Q�F�\���/�L�Q�H�����(�/�����J�H�Q�H�U�D�W�R�U�V��
consequently need less mechanical power to generate the energy for the 
vehicle’s electrical consumers. This reduces fuel requirements – and therefore 
CO2 emissions, too. 

Figure 5.25  Alternator and stator

Figure 5.26  �/�,���;���D�O�W�H�U�Q�D�W�R�U�����6�R�X�U�F�H�����%�R�V�F�K���0�H�G�L�D��
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The demand for electricity in cars has been rising constantly in recent years 
due to the increasing number of comfort and safety systems in vehicles. As 
�D���U�H�V�X�O�W�����P�R�U�H���D�Q�G���P�R�U�H���D�W�W�H�Q�W�L�R�Q���L�V���E�H�L�Q�J���G�H�Y�R�W�H�G���W�R���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���D�O�O��
�F�R�Q�V�X�P�S�W�L�R�Q���F�R�P�S�R�Q�H�Q�W�V���D�Q�G���W�K�H���J�H�Q�H�U�D�W�R�U�����:�L�W�K���X�O�W�U�D���H�I�¿�F�L�H�Q�W���G�L�R�G�H�V�����Z�K�L�F�K��
�D�U�H���D�Y�D�L�O�D�E�O�H���D�V���D�Q���R�S�W�L�R�Q�����W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���Q�H�Z���J�H�Q�H�U�D�W�R�U�V���F�D�Q���H�Y�H�Q���E�H��
improved by as much as 77%. 

At engine idle, which for this device is a generator speed of about 1800 rpm, 
the EL generators produce about 10% more power. They are therefore an ideal 
�F�R�P�S�O�H�P�H�Q�W���W�R���V�W�D�U�W���V�W�R�S���V�\�V�W�H�P�V�����D�V���W�K�H�\���H�Q�V�X�U�H���W�K�H���I�D�V�W�H�V�W���S�R�V�V�L�E�O�H���E�D�W�W�H�U�\��
�F�K�D�U�J�L�Q�J�����$�V���D���F�R�Q�V�H�T�X�H�Q�F�H�����W�K�H���V�W�D�U�W���V�W�R�S���I�X�Q�F�W�L�R�Q���F�D�Q���E�H���X�V�H�G���P�R�U�H���I�U�H�T�X�H�Q�W�O�\��

An additional analogue or digital communications interface such as local 
interconnected network (LIN) creates the conditions for intelligent generator 
regulation. This in turn allows most of the electricity to be generated in 
coasting mode, which in turn means a fuel saving of up to 2%. The EL series is 
available in various sizes and covers a performance range of 130 to 210 A (at 
6000 rpm). Designed for especially quiet operation, they can also be used at 
high ambient temperatures of up to 125°C.

5.3.3  Water-cooled alternators

An interesting technique involves running the engine coolant through the 
alternator. A 120–190 A output range is available. Compared with conventional 
�D�L�U���F�R�R�O�H�G���D�O�W�H�U�Q�D�W�R�U�V���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���W�K�H�V�H���Q�H�Z���P�D�F�K�L�Q�H�V���K�D�V���E�H�H�Q��
enhanced more particularly in the following areas:

• ��,�P�S�U�R�Y�H�G���H�I�¿�F�L�H�Q�F�\���������±����������

• �Increased output at engine idle speed.

• �Noise reduction (10–12 dB due to fan elimination).

• �Resistance to corrosion (machine is enclosed).

• �Resistance to high ambient temperature (130°C).

Additional heating elements can be integrated into the alternator to form a 
system that donates an additional 2–3 kW to the coolant, enabling faster 

Figure 5.27  EL Alternator

Figure 5.28  �:�D�W�H�U���F�R�R�O�H�G���D�O�W�H�U�Q�D�W�R�U�����6�R�X�U�F�H�����%�R�V�F�K���0�H�G�L�D��

       Key fact
The demand for electricity in 
cars has been rising constantly 
in recent years due to the 
increasing number of comfort 
and safety systems in vehicles.
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engine warm up after a cold start. This contributes to reduced pollution and 
increased driver comfort.

������������ �'�H�Q�V�R���K�L�J�K���R�X�W�S�X�W���D�O�W�H�U�Q�D�W�R�U�V

The Denso Corporation has developed alternators that provide output 
currents of 165, 180, 200 and 220 amps; higher than the company’s traditional 
alternators, which supply up to 150 amps. These new products were the 
smallest and lightest in the world for their output.

�,�Q���������������'�H�Q�V�R���G�H�Y�H�O�R�S�H�G���W�K�H���Z�R�U�O�G�¶�V���¿�U�V�W���6�&�����V�H�J�P�H�Q�W���F�R�Q�G�X�F�W�R�U�����D�O�W�H�U�Q�D�W�R�U��
using a rectangular conductor for its stator coil, reducing coil resistance by 
50%. In addition to the rectangular conductor, the SC alternator adopted dual 
�Z�L�Q�G�L�Q�J�V���D�Q�G���U�H�F�W�L�¿�H�U�V�����D�F�K�L�H�Y�L�Q�J���V�P�D�O�O�H�U���V�L�]�H�����O�L�J�K�W�H�U���Z�H�L�J�K�W�����K�L�J�K�H�U���H�I�¿�F�L�H�Q�F�\����
and lower noise.

To develop the smaller, higher power alternators, they further improved the 
stator coil connection method of the SC alternator. To solve the problem of 
�K�L�J�K�H�U���K�H�D�W���S�U�R�G�X�F�W�L�R�Q���G�X�H���W�R���K�L�J�K�H�U���R�X�W�S�X�W�����W�K�H���V�X�U�I�D�F�H���D�U�H�D���R�I���W�K�H���U�H�F�W�L�¿�H�U��
�F�R�R�O�L�Q�J���¿�Q�V���Z�D�V���L�Q�F�U�H�D�V�H�G���W�R���Q�H�D�U�O�\���W�Z�L�F�H���W�K�H���V�L�]�H���R�I���F�R�Q�Y�H�Q�W�L�R�Q�D�O���¿�Q�V�����W�K�H�U�H�E�\��
�L�P�S�U�R�Y�L�Q�J���W�K�H���F�R�R�O�L�Q�J���D�E�L�O�L�W�\���R�I���W�K�H���U�H�F�W�L�¿�H�U�V��

5.3.5  Charging system testing pr ocedure

After connecting a voltmeter across the battery and an ammeter in series with 
the alternator output wire(s), as shown in Figure 5.30.

Figure 5.29  Denso 220 A alternator (Source: Denso Media)

Figure 5.30  Alternator testing
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The process of checking the charging system operation is as follows.

1.   Hand and eye checks (drive belt and other obvious faults) – belt at correct 
tension, all connections clean and tight.

2.  Check battery (see Chapter 4) – must be 70% charged.

3.  Measure supply voltages to alternator – battery volts.

4.   Maximum output current (discharge battery slightly by leaving lights on for a 
few minutes, leave lights on and start engine) – ammeter should read within 
about 10% of rated maximum output.

5.  �5�H�J�X�O�D�W�H�G���Y�R�O�W�D�J�H�����D�P�P�H�W�H�U���U�H�D�G�L�Q�J���������$���R�U���O�H�V�V�����±�������������“�����������9��

6.  Circuit volt drop – 0.5 V maximum.

If the alternator is found to be defective then a quality replacement unit is the 
normal recommendation. Figure 5.31 explains the procedure used by Bosch 
to ensure quality exchange units. Repairs are possible but only if the general 
state of the alternator is good.

Table 5.2 lists some common symptoms of a charging system malfunction 
together with suggestions for the possible fault.

5.4  Smart c harging

5.4.1  Introduction and c losed loop regulation

To prevent the vehicle battery from being overcharged the regulated system 
�Y�R�O�W�D�J�H���V�K�R�X�O�G���E�H���N�H�S�W���E�H�O�R�Z���W�K�H���J�D�V�V�L�Q�J���Y�R�O�W�D�J�H���R�I���W�K�H���O�H�D�G���D�F�L�G���E�D�W�W�H�U�\���� 
�$���¿�J�X�U�H���R�I�������������“�����������9���Z�D�V���W�U�D�G�L�W�L�R�Q�D�O�O�\���X�V�H�G���I�R�U���D�O�O���������9�����Q�R�P�L�Q�D�O�����F�K�D�U�J�L�Q�J��
�V�\�V�W�H�P�V�����$�F�F�X�U�D�W�H���Y�R�O�W�D�J�H���F�R�Q�W�U�R�O���L�V���Y�L�W�D�O���Z�L�W�K���W�K�H���H�Y�H�U���L�Q�F�U�H�D�V�L�Q�J���X�V�H���R�I��
electronic systems. It has also enabled the widespread use of sealed batteries, 
as the possibility of overcharging is minimal.

Figure 5.31  Alternator overhaul procedure (Bosch)
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Figure 5.33  Two signals with different pulse width modulation

5.4.2  Open loop re gulation

Some manufacturers are now bringing together alternator output control, 
electrical power distribution and mechanical power distribution. This is known  
as intelligent or smart charging.

The principle of open loop control charging is that the alternator regulator 
and the powertrain control module (PCM) communicate. In simple terms the 
alternator and the PCM can talk to each other. This allows new features to be 
�G�H�Y�H�O�R�S�H�G���W�K�D�W���E�H�Q�H�¿�W���W�K�H���E�D�W�W�H�U�\���D�Q�G���R�I�I�H�U���R�W�K�H�U���L�P�S�U�R�Y�H�P�H�Q�W�V���V�X�F�K���D�V��

• Reduced charge times.
• �Better idle stability.
• �Improved engine performance.
• �Increased alternator reliability.
• �Better control of electrical load.

• �Improved diagnostic functions.

Communication between the regulator and PCM is by signals that are pulse 
width modulated (PCM). On some systems a LIN bus is used. This signal is 
used in both directions. It is a constant frequency square wave with a variable 
on/off ratio or duty cycle.

The PCM determines the set voltage point (regulated voltage) and transmits 
�W�K�L�V���W�R���W�K�H���U�H�J�X�O�D�W�R�U���X�V�L�Q�J���D���V�S�H�F�L�¿�F���G�X�W�\���F�\�F�O�H���V�L�J�Q�D�O�����7�K�H���U�H�J�X�O�D�W�R�U���U�H�V�S�R�Q�G�V��
�E�\���W�U�D�Q�V�P�L�W�W�L�Q�J���E�D�F�N���W�K�H���¿�H�O�G���W�U�D�Q�V�L�V�W�R�U���G�X�W�\���F�\�F�O�H�����7�����L�Q���)�L�J�X�U�H���������������I�R�U��
example). In this way a variety of features can be implemented.

Closed loop regulators estimate the battery temperature based on their own 
�W�H�P�S�H�U�D�W�X�U�H�����7�K�L�V���G�R�H�V���Q�R�W���D�O�Z�D�\�V���U�H�V�X�O�W���L�Q���D�Q���D�F�F�X�U�D�W�H���¿�J�X�U�H���D�Q�G���K�H�Q�F�H��
battery charge rates may not be ideal. With an open loop ‘Smart charge’ 
���)�L�J�X�U�H���������������V�\�V�W�H�P���W�K�H���3�&�0���F�D�Q���F�D�O�F�X�O�D�W�H���D���P�R�U�H���D�F�F�X�U�D�W�H���¿�J�X�U�H���I�R�U��
battery temperature because it has sensors measuring, for example, coolant 
temperature, intake air temperature and ambient air temperature. This means 
a more appropriate charge rate can be set.

�%�D�W�W�H�U�\���U�H�F�K�D�U�J�H���W�L�P�H�V���D�U�H���Q�R�W���R�Q�O�\���U�H�G�X�F�H�G���E�X�W���D���V�L�J�Q�L�¿�F�D�Q�W���L�Q�F�U�H�D�V�H���L�Q��
battery lifetime can be achieved because of this accurate control.

Alternator regulators can also be connected to the local interconnect network 
(LIN). This is a protocol that allows communication between intelligent 
actuators and sensors.

5.4.3  Engine perfor mance

Powertrain control modules (PCMs) usually control engine idle speed in two 
ways. The main method is throttle control, using either a stepper motor or an 

       Key fact
The principle of open loop 
control charging is that the 
alternator regulator and the 
powertrain control module 
(PCM) communicate.



Charging 235

5.4.4  Fault conditions

As well as communicating the load status of the alternator to the PCM, the 
regulator can also provide diagnostic information. In general the following fault 
situations can be communicated:

• �No communication between regulator and PCM.

• �No alternator output due to mechanical fault (drive belt for example).

• �Loss of electrical connection to the alternator.

• ��6�\�V�W�H�P���R�Y�H�U���R�U���X�Q�G�H�U���Y�R�O�W�D�J�H���G�X�H���W�R���V�K�R�U�W���R�U���R�S�H�Q���F�L�U�F�X�L�W���¿�H�O�G���G�U�L�Y�H�U��

• �Failure of rotor or stator windings.

• �Failure of a diode.

The PCM can initiate appropriate action in response to these failure conditions, 
�I�R�U���H�[�D�P�S�O�H�����W�R���D�O�O�R�Z���I�D�L�O���V�D�I�H���R�S�H�U�D�W�L�R�Q���R�U���D�W���O�H�D�V�W���L�O�O�X�P�L�Q�D�W�H���W�K�H���Z�D�U�Q�L�Q�J���O�L�J�K�W����
Suitable test equipment can be used to aid diagnostic work.

5.4.5  Summary

The ability of the alternator regulator and engine control systems to communicate 
�P�H�D�Q�V���Q�H�Z���S�R�V�V�L�E�L�O�L�W�L�H�V�����L�Q�F�U�H�D�V�H�G���H�I�¿�F�L�H�Q�F�\���D�Q�G���L�P�S�U�R�Y�H�G���S�H�U�I�R�U�P�D�Q�F�H��

New diagnostic equipment may be necessary but new diagnostic techniques 
certainly are required. However, remember that PWM signals can be examined 
on a scope or even a duty cycle meter. And, if the voltage you measure across 
the battery is less than 13 V, it is probably not charging – unless of course you 
are measuring it during a 0 to 60 acceleration test!

�������� �$�G�Y�D�Q�F�H�G���F�K�D�U�J�L�Q�J���V�\�V�W�H�P���W�H�F�K�Q�R�O�R�J�\

5.5.1   Charging system – pr oblems and 
solutions

The charging system of a vehicle has to cope under many varied conditions. 
An earlier section gave some indication as to the power output that may be 
required. Looking at two of the operating conditions that may

�7�K�H���¿�U�V�W���V�F�H�Q�D�U�L�R���L�V���W�K�H���W�U�D�I�¿�F���M�D�P�����R�Q���D���F�R�O�G���Q�L�J�K�W�����L�Q���W�K�H���U�D�L�Q�����7�K�L�V���F�D�Q���L�Q�Y�R�O�Y�H��
long periods when the engine is just idling, but use of nearly all electrical devices 

Figure 5.35  Graphical representation comparing various charging techniques when 
applied to a vehicle used for winter commuting
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however, that running some bulbs (such as for high power headlights) can be 
�D���S�U�R�E�O�H�P���E�H�F�D�X�V�H���W�K�H���¿�O�D�P�H�Q�W���K�D�V���W�R���E�H���Y�H�U�\���W�K�L�Q�����6�R�P�H���F�R�P�P�H�U�F�L�D�O�����������9����
vehicles actually use a 12 V supply to the headlights for this reason. To date 
the dual voltage system has not been used on production vehicles.

5.5.2  Charge balance calcula tion

The charge balance or energy balance of a charging system is used to ensure 
that the alternator can cope with all the demands placed on it and still charge 
the battery. The following steps help to indicate the size of alternator required 
�R�U���W�R���F�K�H�F�N���L�I���W�K�H���R�Q�H���¿�W�W�H�G���W�R���D���Y�H�K�L�F�O�H���L�V���V�X�L�W�D�E�O�H��

�$�V���D���Z�R�U�N�H�G���H�[�D�P�S�O�H�����W�K�H���¿�J�X�U�H�V���I�U�R�P���7�D�E�O�H�����������Z�L�O�O���E�H���X�V�H�G�����7�K�H���F�D�O�F�X�O�D�W�L�R�Q�V��
relate to a passenger car with a 12 V electrical system. A number of steps are 
involved.

1. Add the power used by all the continuous and prolonged loads.

2. Total continuous and prolonged power (P1) = 440 W.

3. Calculate the current at 14 V (I = W/V) = 31.5 A.

4. Determine the intermittent power (factored by 0.1) (P2) = 170 W.

5. Total power (P1 + P2) = 610 W.

6. Total current 610/14 = 44 A.

Electrical component manufacturers provide tables to recommend the 
required alternator, calculated from the total power demand and the battery 
size. However, as a guide for 12 V passenger cars, the rated output should 
be about 1.5 times the total current demand (in this example 44 1.5 66 A). 
Manufacturers produce machines of standard sizes, which in this case would 
probably mean an alternator rated at 70 A. In the case of vehicles with larger 
�E�D�W�W�H�U�L�H�V���D�Q�G���V�W�D�U�W�H�U�V�����V�X�F�K���D�V���I�R�U���G�L�H�V�H�O���S�R�Z�H�U�H�G���H�Q�J�L�Q�H�V���D�Q�G���F�R�P�P�H�U�F�L�D�O��
vehicles, a larger output alternator may be required.

�7�K�H���¿�Q�D�O���F�K�H�F�N���L�V���W�R���H�Q�V�X�U�H���W�K�D�W���W�K�H���D�O�W�H�U�Q�D�W�R�U���R�X�W�S�X�W���D�W���L�G�O�H���L�V���O�D�U�J�H���H�Q�R�X�J�K��
to supply all continuous and prolonged loads (P1) and still charge the battery. 
Again the factor of 1.5 can be applied. In this example the alternator should 
be able to supply (31.5 x 1.5) = 47 A, at engine idle. On normal systems this 
relates to an alternator speed of about 2000 rpm (or less). This can be checked 
against the characteristic curve of the alternator.

Reg Reg
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heated screens

catalyst warm up,
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Figure 5.38  Dual rail power supply technique
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������������ �$�O�W�H�U�Q�D�W�R�U���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V

Alternator manufacturers supply ‘characteristic curves’ for their alternators. 
These show the properties of the alternator under different conditions. The 
curves are plotted as output current (at stabilized voltage), against alternator 
rpm and input power against input rpm. Figure 5.39 shows a typical alternator 
characteristic curve.

It is common to mark the following points on the graph.

• �Cut in speed.

• �Idle speed range.

• �Speed at which 2/3 of rated output is reached.

• �Rated output speed.

• �Maximum speed.

• �Idle current output range.

• �Current 2/3 of rated output.

• �Rated output.

• �Maximum output.

�7�K�H���J�U�D�S�K�V���D�U�H���S�O�R�W�W�H�G���X�Q�G�H�U���V�S�H�F�L�¿�F���F�R�Q�G�L�W�L�R�Q�V���V�X�F�K���D�V���U�H�J�X�O�D�W�H�G���R�X�W�S�X�W��
voltage and constant temperature (27°C is often used). The graph is often 
�X�V�H�G���Z�K�H�Q���Z�R�U�N�L�Q�J���R�X�W���Z�K�D�W���V�L�]�H���D�O�W�H�U�Q�D�W�R�U���Z�L�O�O���E�H���U�H�T�X�L�U�H�G���I�R�U���D���V�S�H�F�L�¿�F��
application.

The power curve is used to calculate the type of drive belt needed to transmit 
the power or torque to the alternator. As an aside, the power curve and the 
�F�X�U�U�H�Q�W���F�X�U�Y�H���F�D�Q���E�H���X�V�H�G���W�R�J�H�W�K�H�U���W�R���F�D�O�F�X�O�D�W�H���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���D�O�W�H�U�Q�D�W�R�U����
At any particular speed when producing maximum output for that speed, the 
�H�I�¿�F�L�H�Q�F�\���R�I���D�Q�\���P�D�F�K�L�Q�H���L�V���F�D�O�F�X�O�D�W�H�G���I�U�R�P��

�(�I�¿�F�L�H�Q�F�\��� ���3�R�Z�H�U���R�X�W���3�R�Z�H�U���L�Q

�(�I�¿�F�L�H�Q�F�\���D�W�������������U�S�P���L�V��

(Power out = 14 V × 70 A = 980 W)

980 W/2300 W = 0.43 or about 43%

�(�I�¿�F�L�H�Q�F�\���D�W�����������U�D�W�H�G���R�X�W�S�X�W��

(Power out = 14 V × 47 A = 658 W)

658/1100 = 0.59 or about 60%

Figure 5.39  Typical alternator characteristic curve
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�7�K�H�V�H���¿�J�X�U�H�V���K�H�O�S���W�R���L�O�O�X�V�W�U�D�W�H���K�R�Z���P�X�F�K���S�R�Z�H�U���L�V���O�R�V�W���L�Q���W�K�H���J�H�Q�H�U�D�W�L�R�Q��
�S�U�R�F�H�V�V�����7�K�H���L�Q�H�I�¿�F�L�H�Q�F�\���L�V���P�D�L�Q�O�\���G�X�H���W�R���L�U�R�Q���O�R�V�V�H�V�����F�R�S�S�H�U���O�R�V�V�H�V�����Z�L�Q�G�D�J�H��
(air friction) and mechanical friction. The energy is lost as heat.

5.5.4   Mechanical and e xternal  
considerations

Most light vehicle alternators are mounted in similar ways. This usually 
involves a pivoted mounting on the side of the engine with an adjuster on 
the top or bottom to set drive belt tension. It is now common practice to use 
�µ�P�X�O�W�L���9�¶���E�H�O�W�V���G�U�L�Y�L�Q�J���G�L�U�H�F�W�O�\���I�U�R�P���W�K�H���H�Q�J�L�Q�H���F�U�D�Q�N�V�K�D�I�W���S�X�O�O�H�\�����7�K�L�V���W�\�S�H��
of belt will transmit greater torque and can be worked on smaller diameter 
pulleys or with tighter corners than the more traditional ‘V’ belt. Figure 5.40 is 
�D�Q���H�[�W�U�D�F�W���I�U�R�P���L�Q�I�R�U�P�D�W�L�R�Q���U�H�J�D�U�G�L�Q�J���W�K�H���P�R�X�Q�W�L�Q�J���D�Q�G���G�U�L�Y�H���E�H�O�W���¿�W�W�L�Q�J���I�R�U���D��
typical alternator.

The drive ratio between the crank pulley and alternator pulley is important. A 
typical ratio is about 2.5 : 1. In simple terms, the alternator should be driven as 
fast as possible at idle speed, but must not exceed the maximum rated speed 
of the alternator at maximum engine speed. The ideal ratio can therefore be 
calculated as follows:

Maximum ratio = max alternator speed/max engine speed.

For example: 15 000 rpm / 6000 rpm = 2.5 : 1

During the design stage the alternator will often have to be placed in a position 
determined by the space available in the engine compartment. However, 
where possible the following points should be considered:

• �Adequate cooling.

• �Suitable protection from contamination.

• �Access for adjustment and servicing.

• �Minimal vibration if possible.

• �Recommended belt tension.

Figure 5.40  �$�O�W�H�U�Q�D�W�R�U���P�R�X�Q�W�L�Q�J���V�S�H�F�L�¿�F�D�W�L�R�Q�V

       Key fact
The drive ratio between the 
crank pulley and alternator 
pulley is important.
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5.6  Updates

������������ �$�O�W�H�U�Q�D�W�R�U���G�H�Y�H�O�R�S�P�H�Q�W�V

�%�R�V�F�K���S�U�H�V�H�Q�W�H�G���W�K�H���Z�R�U�O�G�¶�V���¿�U�V�W���Y�R�O�W�D�J�H���U�H�J�X�O�D�W�L�Q�J���J�H�Q�H�U�D�W�R�U���I�R�U���P�R�W�R�U��
vehicles about 100 years ago. Though initially designed as a power source for 
the innovation of electric headlights, it ultimately laid the foundations for the 
�H�O�H�F�W�U�L�¿�F�D�W�L�R�Q���R�I���W�K�H���D�X�W�R�P�R�E�L�O�H�����+�H�D�G�O�L�J�K�W�V���Z�H�U�H���T�X�L�F�N�O�\���I�R�O�O�R�Z�H�G���E�\���Q�X�P�H�U�R�X�V��
�R�W�K�H�U���H�O�H�F�W�U�L�F�D�O���F�R�Q�V�X�P�H�U�V�����V�X�F�K���D�V���W�K�H���H�O�H�F�W�U�L�F���V�W�D�U�W�H�U���D�Q�G���W�K�H���¿�U�V�W���H�O�H�F�W�U�L�F��
�G�U�L�Y�H���I�R�U���Z�L�Q�G�V�F�U�H�H�Q���Z�L�S�H�U�V�����O�D�X�Q�F�K�H�G���L�Q�����������������7�K�H���¿�U�V�W���J�H�Q�H�U�D�W�R�U�V���S�U�R�Y�L�G�H�G���D��
modest output of just 4 amps. The latest Bosch generators (the Power Density 
Line for passenger cars) has four output categories ranging from 130 to 250 
amps. Without the continuous improvements made to generator (alternator) 
�H�I�¿�F�L�H�Q�F�\�����W�R�G�D�\�¶�V���P�D�F�K�L�Q�H�V���Z�R�X�O�G���Q�H�H�G���W�R���Z�H�L�J�K���D�V���P�X�F�K���D�V���D���V�P�D�O�O���F�D�U���W�R��
provide all the power needed by modern electrical systems with their numerous 
consumers!

The ratio between the power supplied to a machine and the power it produces 
�L�V���N�Q�R�Z�Q���D�V���L�W�V���H�I�¿�F�L�H�Q�F�\�����,�Q���D�Q���D�O�W�H�U�Q�D�W�R�U�����W�K�H�U�H���D�U�H���¿�Y�H���N�H�\���D�U�H�D�V���Z�K�H�U�H��
power is lost as it is converted from mechanical (or kinetic) energy to electrical 
energy. Ongoing developments aim to optimize all these losses.

1. Copper losses: These are caused by the electrical resistance of the stator 
and rotor windings.

2.���,�U�R�Q���O�R�V�V�H�V�������V�W�D�W�R�U�����7�K�H�V�H���R�F�F�X�U���L�Q���W�K�H���L�U�R�Q���R�I���W�K�H���V�W�D�W�R�U���F�R�U�H�����7�K�H�\���D�U�H��
�F�D�X�V�H�G���E�\���D�O�W�H�U�Q�D�W�L�Q�J���P�D�J�Q�H�W�L�F���¿�H�O�G�V�����Z�K�L�F�K���U�H�V�X�O�W�V���L�Q���H�G�G�\���F�X�U�U�H�Q�W�V���W�K�D�W��
produce heat. They can be reduced by laminating the stator core.

3.���,�U�R�Q���O�R�V�V�H�V�������U�R�W�R�U�����(�G�G�\���F�X�U�U�H�Q�W�V���D�U�H���S�U�R�G�X�F�H�G���R�Q���W�K�H���V�X�U�I�D�F�H���R�I���W�K�H���U�R�W�R�U��
�E�H�F�D�X�V�H���R�I���W�K�H���À�X�F�W�X�D�W�L�R�Q�V���R�I���P�D�J�Q�H�W�L�F���¿�H�O�G�V���F�D�X�V�H�G���E�\���W�K�H���V�O�L�W�V���L�Q���W�K�H��
stator core.

4.���5�H�F�W�L�¿�H�U���O�R�V�V�H�V�����5�H�F�W�L�¿�H�U���G�L�R�G�H�V���F�D�X�V�H���D���Y�R�O�W�D�J�H���G�U�R�S�����7�K�L�V���U�H�V�X�O�W�V���L�Q���K�H�D�W����
�K�H�Q�F�H���W�K�H���Q�H�H�G���I�R�U���W�K�H���U�H�F�W�L�¿�H�U���K�H�D�W���V�L�Q�N�����+�L�J�K���H�I�¿�F�L�H�Q�F�\���G�L�R�G�H�V�����+�(�'�V�����F�D�Q��
reduce, but not eliminate this loss

5. Mechanical losses: These are caused by friction in the bearings and sliding 
contacts, but mostly by air resistance (known as windage). This is caused 
by the rotor and fan and is particularly noticeable at higher speeds.

�$�O�W�H�U�Q�D�W�R�U���Q�R�L�V�H���L�V���F�D�X�V�H�G���E�\���W�K�H���F�X�W�W�L�Q�J���R�I���P�D�J�Q�H�W�L�F���À�X�[�����,�Q�W�H�U�H�V�W�L�Q�J�O�\�����R�Q��
some alternators, it is possible to determine if they are working by listening 
for the ‘whine’ they produce. Of course, proper measurements are needed 
�W�R�R�����2�Q�H���D�U�H�D���R�I���U�H�V�H�D�U�F�K���W�K�D�W���P�D�\���U�H�G�X�F�H���W�K�H���Q�R�L�V�H���L�V���W�K�H���X�V�H���R�I���D�������S�K�D�V�H����
�S�H�Q�W�D�J�U�D�P���F�R�Q�Q�H�F�W�H�G���V�W�D�W�R�U���Z�L�Q�G�L�Q�J���D�V���V�K�R�Z�Q���K�H�U�H�����$�Q�R�W�K�H�U���P�H�W�K�R�G���L�V���W�R���X�V�H��
�W�Z�R�������S�K�D�V�H���Z�L�Q�G�L�Q�J�V���R�I�I�V�H�W���E�\���������G�H�J�U�H�H�V��

�7�K�H���µ�(�I�¿�F�L�H�Q�F�\���/�L�Q�H�¶�����(�/�����V�H�U�L�H�V���D�O�W�H�U�Q�D�W�R�U�V���D�U�H���G�H�V�L�J�Q�H�G���I�R�U���Y�H�K�L�F�O�H�V���W�K�D�W��
feature several safety and comfort functions, and therefore require a greater 
amount of electrical energy. By further improving the electrical design of this 
�D�O�W�H�U�Q�D�W�R�U���D�Q�G���D�G�G�L�Q�J���Q�H�Z���G�L�R�G�H�V�����L�W�V���H�I�¿�F�L�H�Q�F�\���L�V���D�V���P�X�F�K���D�V�������������7�K�L�V��
means that the alternator needs less mechanical energy to generate the 
same electrical power. In real driving conditions, fuel consumption and CO2 
emissions can be reduced by as much as 2%. These alternators can also 
withstand temperatures of up to 125°C.

       �'�H�¿�Q�L�W�L�R�Q
�(�I�¿�F�L�H�Q�F�\�����7�K�H���U�D�W�L�R���E�H�W�Z�H�H�Q��
the power supplied to a 
machine and the power it 
produces.
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Starting

6.1  Requirements of the starting system

6.1.1  Engine starting r equirements

An internal combustion engine requires the following criteria in order to start 
and continue running:

• �Combustible mixture.

• �Compression stroke.

• �A form of ignition.

 � �The minimum starting speed (about 100 rpm).

�,�Q���R�U�G�H�U���W�R���S�U�R�G�X�F�H���W�K�H���¿�U�V�W���W�K�U�H�H���R�I���W�K�H�V�H�����W�K�H���P�L�Q�L�P�X�P���V�W�D�U�W�L�Q�J���V�S�H�H�G���P�X�V�W��
be achieved. This is where the electric starter comes in. The ability to reach 
this minimum speed is dependent on a number of factors:

• �Rated voltage of the starting system.

• �Lowest possible temperature at which it must still be possible to start the 
engine. This is known as the starting limit temperature.

• ��(�Q�J�L�Q�H���F�U�D�Q�N�L�Q�J���U�H�V�L�V�W�D�Q�F�H�����,�Q���R�W�K�H�U���Z�R�U�G�V�����W�K�H���W�R�U�T�X�H���U�H�T�X�L�U�H�G���W�R���F�U�D�Q�N���W�K�H��
engine at its starting limit temperature (including the initial stalled torque).

• �Battery characteristics.

• �Voltage drop between the battery and the starter.

• �Starter-to-ring gear ratio.

• �Characteristics of the starter.

 � �Minimum cranking speed of the engine at the starting limit temperature.

�7�K�H���V�W�D�U�W�H�U���L�V���D�Q���L�V�R�O�D�W�H�G���F�R�P�S�R�Q�H�Q�W���Z�L�W�K�L�Q���W�K�H���Y�H�K�L�F�O�H���H�O�H�F�W�U�L�F�D�O���V�\�V�W�H�P�����D�V��
Figure 6.2 shows. The battery in particular is of prime importance.

Another particularly important consideration in relation to engine starting 
�U�H�T�X�L�U�H�P�H�Q�W�V���L�V���W�K�H���V�W�D�U�W�L�Q�J���O�L�P�L�W���W�H�P�S�H�U�D�W�X�U�H�����)�L�J�X�U�H�����������V�K�R�Z�V���K�R�Z�����D�V��
�W�H�P�S�H�U�D�W�X�U�H���G�H�F�U�H�D�V�H�V�����V�W�D�U�W�H�U���W�R�U�T�X�H���D�O�V�R���G�H�F�U�H�D�V�H�V���D�Q�G���W�K�H���W�R�U�T�X�H���U�H�T�X�L�U�H�G��
to crank the engine to its minimum speed increases.

       Key fact
�$�V���W�H�P�S�H�U�D�W�X�U�H���G�H�F�U�H�D�V�H�V����
starter torque decreases and 
the torque required to crank the 
engine to its minimum speed 
increases.
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Figure 6.4  Starter system general layout

Table 6.1 Typical minimum cranking speeds

Engine Minimum cranking speed (rpm) 

Reciprocating spark ignition 60–90

Rotary spark ignition 150–180

Diesel with glow plugs 60–140

Diesel without glow plugs 100–200 

Typical starting limit temperatures are –18°C to –25°C for passenger cars and 
–15°C to –20°C for trucks and buses. Figures from starter manufacturers are 
normally quoted at both –20°C and +20°C.

6.1.2  Starting system design

The starting system of any vehicle must meet a number of criteria in excess of 
the eight listed above.

• �Long service life and maintenance free.

• �Continuous readiness to operate.

• ��5�R�E�X�V�W�����V�X�F�K���D�V���W�R���Z�L�W�K�V�W�D�Q�G���V�W�D�U�W�L�Q�J���I�R�U�F�H�V�����Y�L�E�U�D�W�L�R�Q�����F�R�U�U�R�V�L�R�Q���D�Q�G��
temperature cycles.

• �Lowest possible size and weight.

Figure 6.4 shows the starting system general layout. It is important to 
determine the minimum cranking speed for the particular engine. This varies 
considerably with the design and type of engine. Some typical values are given 
in Table 6.1 for a temperature of 20°C.

�7�K�H���U�D�W�H�G���Y�R�O�W�D�J�H���R�I���W�K�H���V�\�V�W�H�P���I�R�U���S�D�V�V�H�Q�J�H�U���F�D�U�V���L�V�����D�O�P�R�V�W���Z�L�W�K�R�X�W���H�[�F�H�S�W�L�R�Q����
12 V. Trucks and buses are generally 24 V as this allows the use of half the 
current that would be required with a 12 V system to produce the same power. 
�,�W���Z�L�O�O���D�O�V�R���F�R�Q�V�L�G�H�U�D�E�O�\���U�H�G�X�F�H���W�K�H���Y�R�O�W�D�J�H���G�U�R�S���L�Q���W�K�H���Z�L�U�L�Q�J�����D�V���W�K�H���O�H�Q�J�W�K���R�I��
wires used on commercial vehicles is often greater than passenger cars.

The rated output of a starter motor can be determined on a test bench. A battery 
�R�I���P�D�[�L�P�X�P���F�D�S�D�F�L�W�\���I�R�U���W�K�H���V�W�D�U�W�H�U�����Z�K�L�F�K���K�D�V���D�����������G�U�R�S���L�Q���F�D�S�D�F�L�W�\���D�W�������ƒ�&����
is connected to the starter by a cable with a resistance of 1 m� . These criteria 
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will ensure the starter is able to operate even under the most adverse conditions. 
The actual output of the starter can now be measured under typical operating 
conditions. The rated power of the motor corresponds to the power drawn from the 
�E�D�W�W�H�U�\���O�H�V�V���F�R�S�S�H�U���O�R�V�V�H�V�����G�X�H���W�R���W�K�H���U�H�V�L�V�W�D�Q�F�H���R�I���W�K�H���F�L�U�F�X�L�W�������L�U�R�Q���O�R�V�V�H�V�����G�X�H���W�R��
eddy currents being induced in the iron parts of the motor) and friction losses.

Figure 6.5 shows an equivalent circuit for a starter and battery. This indicates 
how the starter output is very much determined by line resistance and battery 
�L�Q�W�H�U�Q�D�O���U�H�V�L�V�W�D�Q�F�H�����7�K�H���O�R�Z�H�U���W�K�H���W�R�W�D�O���F�L�U�F�X�L�W���U�H�V�L�V�W�D�Q�F�H���L�V�����W�K�H�Q���W�K�H���K�L�J�K�H�U���W�K�H��
output from the starter.

Figure 6.5  Equivalent circuit for starter system

       Key fact
Manufacturers of starter motors 
provide data in the form of  
characteristic curves.

There are two other considerations when designing a starting system. The 
�O�R�F�D�W�L�R�Q���R�I���W�K�H���V�W�D�U�W�H�U���R�Q���W�K�H���H�Q�J�L�Q�H���L�V���X�V�X�D�O�O�\���S�U�H���G�H�W�H�U�P�L�Q�H�G�����E�X�W���W�K�H���S�R�V�L�W�L�R�Q��
�R�I���W�K�H���E�D�W�W�H�U�\���P�X�V�W���E�H���F�R�Q�V�L�G�H�U�H�G�����2�W�K�H�U���F�R�Q�V�W�U�D�L�Q�W�V���P�D�\���G�H�W�H�U�P�L�Q�H���W�K�L�V�����E�X�W��
if the battery is closer to the starter the cables will be shorter. A longer run will 
mean cables with a greater cross-section are needed to ensure a low resistance. 
�'�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���L�Q�W�H�Q�G�H�G���X�V�H���R�I���W�K�H���Y�H�K�L�F�O�H�����V�S�H�F�L�D�O���V�H�D�O�L�Q�J���D�U�U�D�Q�J�H�P�H�Q�W�V���R�Q��
the starter may be necessary to prevent the ingress of contaminants. Starters are 
available designed with this in mind. This may be appropriate for off-road vehicles.

6.1.3  Choosing a starter motor

�$�V���D���J�X�L�G�H�����W�K�H���V�W�D�U�W�H�U���P�R�W�R�U���P�X�V�W���P�H�H�W���D�O�O���W�K�H���F�U�L�W�H�U�L�D���S�U�H�Y�L�R�X�V�O�\���G�L�V�F�X�V�V�H�G����
Referring back to Figure 6.3 (the data showing engine cranking torque compared 
with minimum cranking speed) will determine the torque required from the starter.

Manufacturers of starter motors provide data in the form of characteristic  
curves. These are discussed in more detail in the next section. The data will 
�V�K�R�Z���W�K�H���W�R�U�T�X�H�����V�S�H�H�G�����S�R�Z�H�U���D�Q�G���F�X�U�U�H�Q�W���F�R�Q�V�X�P�S�W�L�R�Q���R�I���W�K�H���V�W�D�U�W�H�U���D�W��
–20°C and +20°C. The power rating of the motor is quoted as the maximum 
output at 20°C using the recommended battery.

As a very general guide the stalled (locked) starter torque required per litre of 
engine capacity at the starting limit temperature is as shown in Table 6.2.

A greater torque is required for engines with a lower number of cylinders due 
to the greater piston displacement per cylinder. This will determine the peak 
torque values. The other main factor is compression ratio.

�7�R���L�O�O�X�V�W�U�D�W�H���W�K�H���O�L�Q�N���E�H�W�Z�H�H�Q���W�R�U�T�X�H���D�Q�G���S�R�Z�H�U�����Z�H���F�D�Q���D�V�V�X�P�H���W�K�D�W�����X�Q�G�H�U��
�W�K�H���Z�R�U�V�W���F�R�Q�G�L�W�L�R�Q�V���������ƒ�&�������D���I�R�X�U���F�\�O�L�Q�G�H�U�������O�L�W�U�H���H�Q�J�L�Q�H���U�H�T�X�L�U�H�V�����������1�P���W�R��
�R�Y�H�U�F�R�P�H���V�W�D�W�L�F���I�U�L�F�W�L�R�Q���D�Q�G�����������1�P���W�R���P�D�L�Q�W�D�L�Q���W�K�H���P�L�Q�L�P�X�P���F�U�D�Q�N�L�Q�J���V�S�H�H�G��
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�,�Q���W�K�L�V���H�[�D�P�S�O�H���W�K�H���S�R�Z�H�U���G�H�Y�H�O�R�S�H�G���D�W�������������U�S�P���Z�L�W�K���D���W�R�U�T�X�H���R�I�������1�P�����D�W���W�K�H��
�V�W�D�U�W�H�U�������L�V���D�E�R�X�W�����������:�����5�H�I�H�U�U�L�Q�J���E�D�F�N���W�R��Figure 6.6 the ideal choice would 
appear to be the starter marked (c).

The maximum permissible recommended battery would be 55 Ah and 255 A 
cold start performance.

6.2  Starter motors and circuits

6.2.1  Starting system cir cuits

�,�Q���F�R�P�S�D�U�L�V�R�Q���Z�L�W�K���P�R�V�W���R�W�K�H�U���F�L�U�F�X�L�W�V���R�Q���W�K�H���P�R�G�H�U�Q���Y�H�K�L�F�O�H�����W�K�H���V�W�D�U�W�H�U���F�L�U�F�X�L�W��
�L�V���Y�H�U�\���V�L�P�S�O�H�����7�K�H���S�U�R�E�O�H�P���W�R���E�H���R�Y�H�U�F�R�P�H�����K�R�Z�H�Y�H�U�����L�V���W�K�D�W���R�I���Y�R�O�W���G�U�R�S���L�Q���W�K�H��
�P�D�L�Q���V�X�S�S�O�\���Z�L�U�H�V�����7�K�H���V�W�D�U�W�H�U���L�V���X�V�X�D�O�O�\���R�S�H�U�D�W�H�G���E�\���D���V�S�U�L�Q�J���O�R�D�G�H�G���N�H�\���V�Z�L�W�F�K����
and the same switch also controls the ignition and accessories. The supply from 
�W�K�H���N�H�\���V�Z�L�W�F�K�����Y�L�D���D���U�H�O�D�\���L�Q���P�D�Q�\���F�D�V�H�V�����F�D�X�V�H�V���W�K�H���V�W�D�U�W�H�U���V�R�O�H�Q�R�L�G���W�R���R�S�H�U�D�W�H����
�D�Q�G���W�K�L�V���L�Q���W�X�U�Q�����E�\���D���V�H�W���R�I���F�R�Q�W�D�F�W�V�����F�R�Q�W�U�R�O�V���W�K�H���K�H�D�Y�\���F�X�U�U�H�Q�W�����,�Q���V�R�P�H���F�D�V�H�V��
�D�Q���H�[�W�U�D���W�H�U�P�L�Q�D�O���R�Q���W�K�H���V�W�D�U�W�H�U���V�R�O�H�Q�R�L�G���S�U�R�Y�L�G�H�V���D�Q���R�X�W�S�X�W���Z�K�H�Q���F�U�D�Q�N�L�Q�J����
which is usually used to bypass a dropping resistor on the ignition or fuel pump 
circuits. The basic circuit for the starting system is shown in Figure 6.7.

The problem of volt drop in the main supply circuit is due to the high current 
�U�H�T�X�L�U�H�G���E�\���W�K�H���V�W�D�U�W�H�U�����S�D�U�W�L�F�X�O�D�U�O�\���X�Q�G�H�U���D�G�Y�H�U�V�H���V�W�D�U�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V���V�X�F�K���D�V��
very low temperatures.

�$���W�\�S�L�F�D�O���F�U�D�Q�N�L�Q�J���F�X�U�U�H�Q�W���I�R�U���D���O�L�J�K�W���Y�H�K�L�F�O�H���H�Q�J�L�Q�H���L�V���R�I���W�K�H���R�U�G�H�U���R�I�����������W�R�����������$����
but this may peak in excess of 500 A to provide the initial stalled torque. It is 
generally accepted that a maximum volt drop of only 0.5 V should be allowed 
between the battery and the starter when operating. An Ohm’s law calculation 
indicates that the maximum allowed circuit resistance is 2.5 m when using a 12 V 
supply. This is a worst case situation and lower resistance values are used in 
most applications. The choice of suitable conductors is therefore very important.

6.2.2  Example circuits

�7�K�H���F�L�U�F�X�L�W���V�K�R�Z�Q���L�Q���)�L�J�X�U�H�����������L�V���I�U�R�P���D���)�R�U�G���Y�H�K�L�F�O�H���¿�W�W�H�G���Z�L�W�K���P�D�Q�X�D�O���R�U��
automatic transmission. The inhibitor circuits will only allow the starter to 
operate when the automatic transmission is in ‘park’ or ‘neutral’. Similarly for the 
�P�D�Q�X�D�O���Y�H�U�V�L�R�Q�����W�K�H���V�W�D�U�W�H�U���Z�L�O�O���R�Q�O�\���R�S�H�U�D�W�H���L�I���W�K�H���F�O�X�W�F�K���S�H�G�D�O���L�V���G�H�S�U�H�V�V�H�G��

Figure 6.7  Basic starting circuit

       Key fact
The volt drop in the main 
starter supply wires must be 
kept to a minimum.

       Key fact
A typical cranking current for 
a light vehicle engine is of the 
�R�U�G�H�U���R�I�����������W�R�����������$�����E�X�W���W�K�L�V��
may peak in excess of 500 A to 
provide the initial stalled torque.



Starting 253

�7�K�H���3�&�0���V�Z�L�W�F�K�H�V���W�K�H���J�U�R�X�Q�G���L�Q���W�K�H���F�R�Q�W�U�R�O���F�L�U�F�X�L�W���R�I���W�K�H���V�W�D�U�W�H�U���U�H�O�D�\�����Z�K�L�F�K��
then connects power through to the starter solenoid. As soon as the speed 
of the engine has reached 750 rpm or the maximum permitted start time of 
�������V�H�F�R�Q�G�V���K�D�V���E�H�H�Q���H�[�F�H�H�G�H�G�����W�K�H���3�&�0���V�Z�L�W�F�K�H�V���R�I�I���W�K�H���V�W�D�U�W�H�U���U�H�O�D�\���D�Q�G��
therefore the starter motor. This protects the starter. If the engine does not turn 
�R�U���W�X�U�Q�V���R�Q�O�\���V�O�R�Z�O�\�����W�K�H���V�W�D�U�W�L�Q�J���S�U�R�F�H�V�V���L�V���D�E�R�U�W�H�G���E�\���W�K�H���3�&�0����

6.2.3  Starter cir cuit testing

The process of checking a 12 V starting system operation is as follows (tests  
3 to 8 are all carried out while trying to crank the engine).

1.���%�D�W�W�H�U�\�����D�W���O�H�D�V�W������������

2. Hand and eye checks.

3. Battery volts (minimum 10 V).

4. Solenoid lead (same as battery).

5. Starter voltage (no more than 0.5 V less than battery).

6. Insulated line volt drop (maximum 0.25 V).

7. Solenoid contacts volt drop (almost 0 V).

8. Earth line volt drop (maximum 0.25 V).

The idea of these tests is to see if the circuit is supplying all the available voltage 
�W�R���W�K�H���V�W�D�U�W�H�U�����,�I���L�W���L�V�����W�K�H�Q���W�K�H���V�W�D�U�W�H�U���L�V���D�W���I�D�X�O�W�����L�I���Q�R�W���W�K�H�Q���W�K�H���F�L�U�F�X�L�W���L�V���D�W���I�D�X�O�W��

If the starter is found to be defective then a replacement unit is the normal 
recommendation. Figure 6.10 explains the procedure used by Bosch to ensure 

Figure 6.10  Quality starter overhaul procedure
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quality exchange units. Repairs are possible but only if the general state of the 
motor is good.

Table 6.3 lists some common symptoms of a charging system malfunction 
together with suggestions for the possible fault.

6.2.4  Principle of opera tion

�7�K�H���V�L�P�S�O�H���G�H�¿�Q�L�W�L�R�Q���R�I���D�Q�\���P�R�W�R�U���L�V���D���P�D�F�K�L�Q�H���W�R���F�R�Q�Y�H�U�W���H�O�H�F�W�U�L�F�D�O���H�Q�H�U�J�\���L�Q�W�R��
�P�H�F�K�D�Q�L�F�D�O���H�Q�H�U�J�\�����7�K�H���V�W�D�U�W�H�U���P�R�W�R�U���L�V���Q�R���H�[�F�H�S�W�L�R�Q�����:�K�H�Q���F�X�U�U�H�Q�W���À�R�Z�V���W�K�U�R�X�J�K��
�D���F�R�Q�G�X�F�W�R�U���S�O�D�F�H�G���L�Q���D���P�D�J�Q�H�W�L�F���¿�H�O�G�����D���I�R�U�F�H���L�V���F�U�H�D�W�H�G���D�F�W�L�Q�J���R�Q���W�K�H���F�R�Q�G�X�F�W�R�U��
�U�H�O�D�W�L�Y�H���W�R���W�K�H���¿�H�O�G�����7�K�H���P�D�J�Q�L�W�X�G�H���R�I���W�K�L�V���I�R�U�F�H���L�V���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���¿�H�O�G���V�W�U�H�Q�J�W�K����
�W�K�H���O�H�Q�J�W�K���R�I���W�K�H���F�R�Q�G�X�F�W�R�U���L�Q���W�K�H���¿�H�O�G���D�Q�G���W�K�H���F�X�U�U�H�Q�W���À�R�Z�L�Q�J���L�Q���W�K�H���F�R�Q�G�X�F�W�R�U��

�,�Q���D�Q�\���'�&���P�R�W�R�U�����W�K�H���V�L�Q�J�O�H���F�R�Q�G�X�F�W�R�U���L�V���R�I���Q�R���S�U�D�F�W�L�F�D�O���X�V�H���D�Q�G���V�R���W�K�H��
conductor is shaped into a loop or many loops to form the armature. A many-
segment commutator allows contact via brushes to the supply current.

The force on the conductor is created due to the interaction of the main 
�P�D�J�Q�H�W�L�F���¿�H�O�G���D�Q�G���W�K�H���¿�H�O�G���F�U�H�D�W�H�G���D�U�R�X�Q�G���W�K�H���F�R�Q�G�X�F�W�R�U�����,�Q���D���O�L�J�K�W���Y�H�K�L�F�O�H��
�V�W�D�U�W�H�U���P�R�W�R�U�����W�K�H���P�D�L�Q���¿�H�O�G���Z�D�V���W�U�D�G�L�W�L�R�Q�D�O�O�\���F�U�H�D�W�H�G���E�\���K�H�D�Y�\���G�X�W�\���V�H�U�L�H�V��
windings wound around soft iron pole shoes. Due to improvements in 
�P�D�J�Q�H�W���W�H�F�K�Q�R�O�R�J�\�����S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W���¿�H�O�G�V���D�O�O�R�Z�L�Q�J���D���V�P�D�O�O�H�U���D�Q�G���O�L�J�K�W�H�U��
�F�R�Q�V�W�U�X�F�W�L�R�Q���D�U�H���U�H�S�O�D�F�L�Q�J���Z�L�U�H���Z�R�X�Q�G���¿�H�O�G�V�����7�K�H���V�W�U�H�Q�J�W�K���R�I���W�K�H���P�D�J�Q�H�W�L�F���¿�H�O�G��
created around the conductors in the armature is determined by the value of 
�W�K�H���F�X�U�U�H�Q�W���À�R�Z�L�Q�J�����7�K�H���S�U�L�Q�F�L�S�O�H���R�I���D���'�&���P�R�W�R�U���L�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H������������

�0�R�V�W���V�W�D�U�W�H�U���G�H�V�L�J�Q�V���X�V�H���D���I�R�X�U���S�R�O�H���I�R�X�U���E�U�X�V�K���V�\�V�W�H�P�����8�V�L�Q�J���I�R�X�U���¿�H�O�G���S�R�O�H�V��
�F�R�Q�F�H�Q�W�U�D�W�H�V���W�K�H���P�D�J�Q�H�W�L�F���¿�H�O�G���L�Q���I�R�X�U���D�U�H�D�V���D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������������7�K�H��
�P�D�J�Q�H�W�L�V�P���L�V���F�U�H�D�W�H�G���L�Q���R�Q�H���R�I���W�K�U�H�H���Z�D�\�V�����S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W�V�����V�H�U�L�H�V���¿�H�O�G��
�Z�L�Q�G�L�Q�J�V���R�U���V�H�U�L�H�V���S�D�U�D�O�O�H�O���¿�H�O�G���Z�L�Q�G�L�Q�J�V��

�)�L�J�X�U�H�������������V�K�R�Z�V���W�K�H���F�L�U�F�X�L�W�V���R�I���W�K�H���W�Z�R���P�H�W�K�R�G�V���Z�K�H�U�H���¿�H�O�G���Z�L�Q�G�L�Q�J�V���D�U�H��
�X�V�H�G�����7�K�H���V�H�U�L�H�V�±�S�D�U�D�O�O�H�O���¿�H�O�G�V���F�D�Q���E�H���F�R�Q�V�W�U�X�F�W�H�G���Z�L�W�K���D���O�R�Z�H�U���U�H�V�L�V�W�D�Q�F�H��
thereby increasing the current and hence torque of the motor. Four brushes 

Table 6.3 Common starting system symptoms and faults

Symptom Possible fault

Engine does not 
rotate when trying to 
start

Battery connection loose or corroded
Battery discharged or faulty
Broken loose or disconnected wiring in the starter 

circuit
Defective starter switch or automatic gearbox 

inhibitor switch
�6�W�D�U�W�H�U���S�L�Q�L�R�Q���R�U���À�\�Z�K�H�H�O���U�L�Q�J���J�H�D�U���O�R�R�V�H
Earth strap broken. Loose or corroded

Starter noisy �6�W�D�U�W�H�U���S�L�Q�L�R�Q���R�U���À�\�Z�K�H�H�O���U�L�Q�J���J�H�D�U���O�R�R�V�H
Starter mounting bolts loose
Starter worn (bearings etc.)
Discharged battery (starter may jump in and out)

Starter turns engine 
slowly

Discharged battery (slow rotation)
Battery terminals loose or corroded
Earth strap or starter supply loose or disconnected
High resistance in supply or earth circuit
Internal starter fault

       

Key fact
Most starter designs use a  
four-pole four-brush system.

       �'�H�¿�Q�L�W�L�R�Q
Motor: A machine to convert 
electrical energy into 
mechanical energy.
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6.2.5  DC motor characteristics

It is possible to design a motor with characteristics that are most suitable for 
�D���S�D�U�W�L�F�X�O�D�U���W�D�V�N�����)�R�U���D���F�R�P�S�D�U�L�V�R�Q���E�H�W�Z�H�H�Q���W�K�H���P�D�L�Q���W�\�S�H�V���R�I���'�&���P�R�W�R�U�����W�K�H��
speed–torque characteristics are shown in Figure 6.16. The four main types 
�R�I���P�R�W�R�U���D�U�H���U�H�I�H�U�U�H�G���W�R���D�V���V�K�X�Q�W���Z�R�X�Q�G�����V�H�U�L�H�V���Z�R�X�Q�G�����F�R�P�S�R�X�Q�G���Z�R�X�Q�G���D�Q�G��
permanent magnet excitation.

�,�Q���V�K�X�Q�W���Z�R�X�Q�G���P�R�W�R�U�V�����W�K�H���¿�H�O�G���Z�L�Q�G�L�Q�J���L�V���F�R�Q�Q�H�F�W�H�G���L�Q���S�D�U�D�O�O�H�O���Z�L�W�K���W�K�H��
�D�U�P�D�W�X�U�H���D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������������'�X�H���W�R���W�K�H���F�R�Q�V�W�D�Q�W���H�[�F�L�W�D�W�L�R�Q���R�I���W�K�H���¿�H�O�G�V����
�W�K�H���V�S�H�H�G���R�I���W�K�L�V���P�R�W�R�U���U�H�P�D�L�Q�V���F�R�Q�V�W�D�Q�W�����Y�L�U�W�X�D�O�O�\���L�Q�G�H�S�H�Q�G�H�Q�W���R�I���W�R�U�T�X�H��

�6�H�U�L�H�V���Z�R�X�Q�G���P�R�W�R�U�V���K�D�Y�H���W�K�H���¿�H�O�G���D�Q�G���D�U�P�D�W�X�U�H���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V�����%�H�F�D�X�V�H��
�R�I���W�K�L�V���P�H�W�K�R�G���R�I���F�R�Q�Q�H�F�W�L�R�Q�����W�K�H���D�U�P�D�W�X�U�H���F�X�U�U�H�Q�W���S�D�V�V�H�V���W�K�U�R�X�J�K���W�K�H���¿�H�O�G�V��
�P�D�N�L�Q�J���L�W���Q�H�F�H�V�V�D�U�\���I�R�U���W�K�H���¿�H�O�G���Z�L�Q�G�L�Q�J�V���W�R���F�R�Q�V�L�V�W���X�V�X�D�O�O�\���R�I���R�Q�O�\���D���I�H�Z���W�X�U�Q�V��
�R�I���K�H�D�Y�\���Z�L�U�H�����:�K�H�Q���W�K�L�V���P�R�W�R�U���V�W�D�U�W�V���X�Q�G�H�U���O�R�D�G���W�K�H���K�L�J�K���L�Q�L�W�L�D�O���F�X�U�U�H�Q�W�����G�X�H���W�R��
�O�R�Z���U�H�V�L�V�W�D�Q�F�H���D�Q�G���Q�R���E�D�F�N���(�0�)�����J�H�Q�H�U�D�W�H�V���D���Y�H�U�\���V�W�U�R�Q�J���P�D�J�Q�H�W�L�F���¿�H�O�G���D�Q�G��
therefore high initial torque. This characteristic makes the series wound motor 
ideal as a starter motor. Figure 6.18 shows the circuit of a series wound motor.

�7�K�H���F�R�P�S�R�X�Q�G���Z�R�X�Q�G���P�R�W�R�U�����D�V���V�K�R�Z�Q���L�Q���)�L�J�X�U�H���������������L�V���D���F�R�P�E�L�Q�D�W�L�R�Q���R�I��
�V�K�X�Q�W���D�Q�G���V�H�U�L�H�V���Z�R�X�Q�G���P�R�W�R�U�V�����'�H�S�H�Q�G�L�Q�J���R�Q���K�R�Z���W�K�H���¿�H�O�G���Z�L�Q�G�L�Q�J�V���D�U�H��
�F�R�Q�Q�H�F�W�H�G�����W�K�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F�V���F�D�Q���Y�D�U�\�����7�K�H���X�V�X�D�O���Y�D�U�L�D�W�L�R�Q���L�V���Z�K�H�U�H���W�K�H��
�V�K�X�Q�W���Z�L�Q�G�L�Q�J���L�V���F�R�Q�Q�H�F�W�H�G�����Z�K�L�F�K���L�V���H�L�W�K�H�U���D�F�U�R�V�V���W�K�H���D�U�P�D�W�X�U�H���R�U���D�F�U�R�V�V���W�K�H��
armature and series winding. Large starter motors are often compound wound 
�D�Q�G���F�D�Q���E�H���R�S�H�U�D�W�H�G���L�Q���W�Z�R���V�W�D�J�H�V�����7�K�H���¿�U�V�W���V�W�D�J�H���L�Q�Y�R�O�Y�H�V���W�K�H���V�K�X�Q�W���Z�L�Q�G�L�Q�J��
being connected in series with the armature. This unusual connection allows 
for low meshing torque due to the resistance of the shunt winding. When the 
�S�L�Q�L�R�Q���R�I���W�K�H���V�W�D�U�W�H�U���L�V���I�X�O�O�\���L�Q���P�H�V�K���Z�L�W�K���W�K�H���U�L�Q�J���J�H�D�U�����D���V�H�W���R�I���F�R�Q�W�D�F�W�V���F�D�X�V�H�V��
the main supply to be passed through the series winding and armature giving 
full torque. The shunt winding will now be connected in parallel and will act in 
such a way as to limit the maximum speed of the motor.

Permanent magnet motors are smaller and simpler compared with the other 
�W�K�U�H�H���G�L�V�F�X�V�V�H�G�����)�L�H�O�G���H�[�F�L�W�D�W�L�R�Q�����D�V���W�K�H���Q�D�P�H���V�X�J�J�H�V�W�V�����L�V���E�\���S�H�U�P�D�Q�H�Q�W��
magnet. This excitation will remain constant under all operating conditions. 
Figure 6.20 shows the accepted representation for this type of motor.

The characteristics of this type of motor are broadly similar to the shunt wound 
�P�R�W�R�U�V�����+�R�Z�H�Y�H�U�����Z�K�H�Q���R�Q�H���R�I���W�K�H�V�H���W�\�S�H�V���L�V���X�V�H�G���D�V���D���V�W�D�U�W�H�U���P�R�W�R�U�����W�K�H��

Figure 6.16  Speed and torque characteristics of DC motors

Figure 6.17  Shunt wound motor 
(parallel wound)

Figure 6.18  Series wound DC motor

Figure 6.19  Compound wound motor

       Key fact
Series wound motors have the 
�¿�H�O�G���D�Q�G���D�U�P�D�W�X�U�H���F�R�Q�Q�H�F�W�H�G��
in series.
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drop in battery voltage tends to cause the motor to behave in a similar way to 
�D���V�H�U�L�H�V���Z�R�X�Q�G���P�D�F�K�L�Q�H�����,�Q���V�R�P�H���F�D�V�H�V���W�K�R�X�J�K�����W�K�H���K�L�J�K�H�U���V�S�H�H�G���D�Q�G���O�R�Z�H�U��
torque characteristic are enhanced by using an intermediate transmission 
gearbox inside the starter motor.

Information on particular starters is provided in the form of characteristic 
curves. Figure 6.21 shows the details for a typical light vehicle starter motor.

This graph shows how the speed of the motor varies with load. Owing to the very 
�K�L�J�K���V�S�H�H�G�V���G�H�Y�H�O�R�S�H�G���X�Q�G�H�U���Q�R���O�R�D�G���F�R�Q�G�L�W�L�R�Q�V�����L�W���L�V���S�R�V�V�L�E�O�H���W�R���G�D�P�D�J�H���W�K�L�V��
type of motor. Running off load due to the high centrifugal forces on the armature 
�P�D�\���F�D�X�V�H���W�K�H���Z�L�Q�G�L�Q�J�V���W�R���E�H���G�H�V�W�U�R�\�H�G�����1�R�W�H���W�K�D�W���W�K�H���P�D�[�L�P�X�P���S�R�Z�H�U���R�I���W�K�L�V��
motor is developed at midrange speed but maximum torque is at zero speed.

6.3  Types of starter motor

6.3.1  Inertia star ters

In all standard motor vehicle applications it is necessary to connect the starter 
to the engine ring gear only during the starting phase. If the connection 
�U�H�P�D�L�Q�H�G���S�H�U�P�D�Q�H�Q�W�����W�K�H���H�[�F�H�V�V�L�Y�H���V�S�H�H�G���D�W���Z�K�L�F�K���W�K�H���V�W�D�U�W�H�U���Z�R�X�O�G���E�H���G�U�L�Y�H�Q��
by the engine would destroy the motor almost immediately.

The inertia type of starter motor (Figure 6.22) has been the technique used 
�I�R�U���R�Y�H�U���������\�H�D�U�V�����E�X�W���L�V���Q�R�Z���E�H�F�R�P�L�Q�J���U�H�G�X�Q�G�D�Q�W�����,�W���L�V���D���I�R�X�U���S�R�O�H�����I�R�X�U���E�U�X�V�K��
machine and was used on small to medium-sized petrol engined vehicles. It is 
�F�D�S�D�E�O�H���R�I���S�U�R�G�X�F�L�Q�J�����������1�P���Z�L�W�K���D���F�X�U�U�H�Q�W���G�U�D�Z���R�I�����������$�����7�K�H���P�R�W�R�U���V�K�R�Z�Q��
�X�V�H�V���D���I�D�F�H���W�\�S�H���F�R�P�P�X�W�D�W�R�U���D�Q�G���D�[�L�D�O�O�\���D�O�L�J�Q�H�G���E�U�X�V�K���J�H�D�U�����7�K�H���¿�H�O�G�V���D�U�H��
wave wound and are earthed to the starter yoke.

�7�K�H���V�W�D�U�W�H�U���H�Q�J�D�J�H�V���Z�L�W�K���W�K�H���À�\�Z�K�H�H�O���U�L�Q�J���J�H�D�U���E�\���P�H�D�Q�V���R�I���D���V�P�D�O�O���S�L�Q�L�R�Q����
The toothed pinion and a sleeve splined on to the armature shaft are threaded 
�V�X�F�K���W�K�D�W���Z�K�H�Q���W�K�H���V�W�D�U�W�H�U���L�V���R�S�H�U�D�W�H�G�����Y�L�D���D���U�H�P�R�W�H���U�H�O�D�\�����W�K�H���D�U�P�D�W�X�U�H���Z�L�O�O��
cause the sleeve to rotate inside the pinion. The pinion remains still due to 

Figure 6.20  Permanent magnet motor

Figure 6.21  Starter motor characteristic curves

Figure 6.22  Inertia type starter

       

Key fact
�1�R�W�H���W�K�D�W���W�K�H���P�D�[�L�P�X�P���S�R�Z�H�U���R�I��
a starter motor is developed at 
midrange speed but maximum 
torque is at zero speed.
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�L�W�V���L�Q�H�U�W�L�D���D�Q�G�����E�H�F�D�X�V�H���R�I���W�K�H���V�F�U�H�Z�H�G���V�O�H�H�Y�H���U�R�W�D�W�L�Q�J���L�Q�V�L�G�H���L�W�����W�K�H���S�L�Q�L�R�Q���L�V��
moved to mesh with the ring gear.

�:�K�H�Q���W�K�H���H�Q�J�L�Q�H���¿�U�H�V���D�Q�G���U�X�Q�V���X�Q�G�H�U���L�W�V���R�Z�Q���S�R�Z�H�U�����W�K�H���S�L�Q�L�R�Q���L�V���G�U�L�Y�H�Q���I�D�V�W�H�U��
than the armature shaft. This causes the pinion to be screwed back along the 
�V�O�H�H�Y�H���D�Q�G���R�X�W���R�I���H�Q�J�D�J�H�P�H�Q�W���Z�L�W�K���W�K�H���À�\�Z�K�H�H�O�����7�K�H���P�D�L�Q���V�S�U�L�Q�J���D�F�W�V���D�V���D��
�E�X�I�I�H�U���Z�K�H�Q���W�K�H���S�L�Q�L�R�Q���¿�U�V�W���W�D�N�H�V���X�S���W�K�H���G�U�L�Y�L�Q�J���W�R�U�T�X�H���D�Q�G���D�O�V�R���D�F�W�V���D�V���D���E�X�I�I�H�U��
when the engine throws the pinion back out of mesh.

One of the main problems with this type of starter was the aggressive nature 
of the engagement. This tended to cause the pinion and ring gear to wear 
prematurely. In some applications the pinion tended to fall out of mesh when 
�F�U�D�Q�N�L�Q�J���G�X�H���W�R���W�K�H���H�Q�J�L�Q�H���D�O�P�R�V�W�����E�X�W���Q�R�W���T�X�L�W�H�����U�X�Q�Q�L�Q�J�����7�K�H���S�L�Q�L�R�Q���Z�D�V���D�O�V�R��
prone to seizure often due to contamination by dust from the clutch. This was 
�R�I�W�H�Q���F�R�P�S�R�X�Q�G�H�G���E�\���D�S�S�O�L�F�D�W�L�R�Q���R�I���R�L�O���W�R���W�K�H���S�L�Q�L�R�Q���P�H�F�K�D�Q�L�V�P�����Z�K�L�F�K���W�H�Q�G�H�G��
to attract even more dust and thus prevent engagement.

The pre-engaged starter motor has largely overcome these problems.

6.3.2  Pre-engaged starters

�3�U�H���H�Q�J�D�J�H�G���V�W�D�U�W�H�U�V���D�U�H���¿�W�W�H�G���W�R���W�K�H���P�D�M�R�U�L�W�\���R�I���Y�H�K�L�F�O�H�V���L�Q���X�V�H���W�R�G�D�\�����$���F�X�W�D�Z�D�\��
pre-engaged starter is shown as Figure 6.23. This type of starter provides a 
�S�R�V�L�W�L�Y�H���H�Q�J�D�J�H�P�H�Q�W���Z�L�W�K���W�K�H���U�L�Q�J���J�H�D�U�����D�V���I�X�O�O���S�R�Z�H�U���L�V���Q�R�W���D�S�S�O�L�H�G���X�Q�W�L�O���W�K�H��
pinion is fully in mesh. They prevent premature ejection as the pinion is held into 
mesh by the action of a solenoid. A one-way clutch is incorporated into the pinion 
to prevent the starter motor being driven by the engine. One example of a pre-
engaged starter similar to many in common use is shown in Figure 6.24.

Figure 6.25 shows the circuit associated with operating this type of pre-engaged 
starter. The basic operation of the pre-engaged starter is as follows. When 
�W�K�H���N�H�\���V�Z�L�W�F�K���L�V���R�S�H�U�D�W�H�G�����D���V�X�S�S�O�\���L�V���P�D�G�H���W�R���W�H�U�P�L�Q�D�O���������R�Q���W�K�H���V�R�O�H�Q�R�L�G����
�7�K�L�V���F�D�X�V�H�V���W�Z�R���Z�L�Q�G�L�Q�J�V���W�R���E�H���H�Q�H�U�J�L�]�H�G�����W�K�H���K�R�O�G���R�Q���Z�L�Q�G�L�Q�J���D�Q�G���W�K�H���S�X�O�O���L�Q��
�Z�L�Q�G�L�Q�J�����1�R�W�H���W�K�D�W���W�K�H���S�X�O�O���L�Q���Z�L�Q�G�L�Q�J���L�V���R�I���Y�H�U�\���O�R�Z���U�H�V�L�V�W�D�Q�F�H���D�Q�G���K�H�Q�F�H���D���K�L�J�K��
�F�X�U�U�H�Q�W���À�R�Z�V�����7�K�L�V���Z�L�Q�G�L�Q�J���L�V���F�R�Q�Q�H�F�W�H�G���L�Q���V�H�U�L�H�V���Z�L�W�K���W�K�H���P�R�W�R�U���F�L�U�F�X�L�W���D�Q�G���W�K�H��
�F�X�U�U�H�Q�W���À�R�Z�L�Q�J���Z�L�O�O���D�O�O�R�Z���W�K�H���P�R�W�R�U���W�R���U�R�W�D�W�H���V�O�R�Z�O�\���W�R���I�D�F�L�O�L�W�D�W�H���H�Q�J�D�J�H�P�H�Q�W�����$�W��
�W�K�H���V�D�P�H���W�L�P�H�����W�K�H���P�D�J�Q�H�W�L�V�P���F�U�H�D�W�H�G���L�Q���W�K�H���V�R�O�H�Q�R�L�G���D�W�W�U�D�F�W�V���W�K�H���S�O�X�Q�J�H�U���D�Q�G����
�Y�L�D���D�Q���R�S�H�U�D�W�L�Q�J���O�H�Y�H�U�����S�X�V�K�H�V���W�K�H���S�L�Q�L�R�Q���L�Q�W�R���P�H�V�K���Z�L�W�K���W�K�H���À�\�Z�K�H�H�O���U�L�Q�J���J�H�D�U��

Figure 6.23  Pre-engaged starter
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The clutch consists of a driving and driven member with several rollers between 
the two. The rollers are spring loaded and either wedge-lock the two members 
�W�R�J�H�W�K�H�U���E�\���E�H�L�Q�J���F�R�P�S�U�H�V�V�H�G���D�J�D�L�Q�V�W���W�K�H���V�S�U�L�Q�J�V�����R�U���I�U�H�H���Z�K�H�H�O���L�Q���W�K�H���R�S�S�R�V�L�W�H��
direction.

�0�D�Q�\���Y�D�U�L�D�W�L�R�Q�V���R�I���W�K�H���S�U�H���H�Q�J�D�J�H�G���V�W�D�U�W�H�U���D�U�H���L�Q���F�R�P�P�R�Q���X�V�H�����E�X�W���D�O�O���Z�R�U�N���R�Q��
�V�L�P�L�O�D�U���O�L�Q�H�V���W�R���W�K�H���D�E�R�Y�H���G�H�V�F�U�L�S�W�L�R�Q�����7�K�H���Z�R�X�Q�G���¿�H�O�G���W�\�S�H���R�I���P�R�W�R�U���K�D�V���Q�R�Z��
largely been replaced by the permanent magnet version.

6.3.3  Permanent magnet starters

Permanent magnet starters began to appear on production vehicles in the late 
���������V�����7�K�H���W�Z�R���P�D�L�Q���D�G�Y�D�Q�W�D�J�H�V���R�I���W�K�H�V�H���P�R�W�R�U�V�����F�R�P�S�D�U�H�G���Z�L�W�K���F�R�Q�Y�H�Q�W�L�R�Q�D�O��
�W�\�S�H�V�����D�U�H���O�H�V�V���Z�H�L�J�K�W���D�Q�G���V�P�D�O�O�H�U���V�L�]�H�����7�K�L�V���P�D�N�H�V���W�K�H���S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W��
�V�W�D�U�W�H�U���D���S�R�S�X�O�D�U���F�K�R�L�F�H���E�\���Y�H�K�L�F�O�H���P�D�Q�X�I�D�F�W�X�U�H�U�V���D�V�����G�X�H���W�R���W�K�H���O�R�Z�H�U���O�L�Q�H�V��
�R�I���W�R�G�D�\�¶�V���F�D�U�V�����O�H�V�V���V�S�D�F�H���L�V���Q�R�Z���D�Y�D�L�O�D�E�O�H���I�R�U���H�Q�J�L�Q�H���H�O�H�F�W�U�L�F�D�O���V�\�V�W�H�P�V�����7�K�H��
reduction in weight provides a contribution towards reducing fuel consumption.

The principle of operation is similar in most respects to the conventional pre-
�H�Q�J�D�J�H�G���V�W�D�U�W�H�U���P�R�W�R�U�����7�K�H���P�D�L�Q���G�L�I�I�H�U�H�Q�F�H���E�H�L�Q�J���W�K�H���U�H�S�O�D�F�H�P�H�Q�W���R�I���¿�H�O�G���Z�L�Q�G�L�Q�J�V��
and pole shoes with high quality permanent magnets. The reduction in weight is in 
�W�K�H���U�H�J�L�R�Q���R�I�����������D�Q�G���W�K�H���G�L�D�P�H�W�H�U���R�I���W�K�H���\�R�N�H���F�D�Q���E�H���U�H�G�X�F�H�G���E�\���D���V�L�P�L�O�D�U���I�D�F�W�R�U��

Permanent magnets provide constant excitation and it would be reasonable to 
expect the speed and torque characteristic to be constant.

�+�R�Z�H�Y�H�U�����G�X�H���W�R���W�K�H���I�D�O�O���L�Q���E�D�W�W�H�U�\���Y�R�O�W�D�J�H���X�Q�G�H�U���O�R�D�G���D�Q�G���W�K�H���O�R�Z���U�H�V�L�V�W�D�Q�F�H��
�R�I���W�K�H���D�U�P�D�W�X�U�H���Z�L�Q�G�L�Q�J�V�����W�K�H���F�K�D�U�D�F�W�H�U�L�V�W�L�F���L�V���F�R�P�S�D�U�D�E�O�H���W�R���V�H�U�L�H�V���Z�R�X�Q�G��
�P�R�W�R�U�V�����,�Q���V�R�P�H���F�D�V�H�V�����À�X�[���F�R�Q�F�H�Q�W�U�D�W�L�Q�J���S�L�H�F�H�V���R�U���L�Q�W�H�U�S�R�O�H�V���D�U�H���X�V�H�G��
�E�H�W�Z�H�H�Q���W�K�H���P�D�L�Q���P�D�J�Q�H�W�V�����'�X�H���W�R���W�K�H���Z�D�U�S�L�Q�J���H�I�I�H�F�W���R�I���W�K�H���P�D�J�Q�H�W�L�F���¿�H�O�G�����W�K�L�V��
tends to make the characteristic curve very similar to that of the series motor.

Development by some manufacturers has also taken place in the construction 
of the brushes. A copper and graphite mix is used but the brushes are made 
in two parts allowing a higher copper content in the power zone and a higher 
graphite content in the commutation zone. This results in increased service 
�O�L�I�H���D�Q�G���D���U�H�G�X�F�W�L�R�Q���L�Q���Y�R�O�W�D�J�H���G�U�R�S�����J�L�Y�L�Q�J���L�P�S�U�R�Y�H�G���V�W�D�U�W�H�U���S�R�Z�H�U�����)�L�J�X�U�H������������
shows a modern permanent magnet (PM) starter.

�)�R�U���D�S�S�O�L�F�D�W�L�R�Q�V���Z�L�W�K���D���K�L�J�K�H�U���S�R�Z�H�U���U�H�T�X�L�U�H�P�H�Q�W�����S�H�U�P�D�Q�H�Q�W���P�D�J�Q�H�W���P�R�W�R�U�V��
with intermediate transmission have been developed. These allow the 

Figure 6.27  Cutaway view of a permanent magnet starter
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6.3.4  Integ rated starters

A device called a ‘dynastart’ was used on a number of vehicles from the 1930s 
through to the 1960s. This device was a combination of the starter and a 
�G�\�Q�D�P�R�����7�K�H���G�H�Y�L�F�H�����G�L�U�H�F�W�O�\���P�R�X�Q�W�H�G���R�Q���W�K�H���F�U�D�Q�N�V�K�D�I�W�����Z�D�V���D���F�R�P�S�U�R�P�L�V�H��
�D�Q�G���K�H�Q�F�H���Q�R�W���Y�H�U�\���H�I�¿�F�L�H�Q�W��

The method is now known as an Integrated Starter Alternator Damper (ISAD). 
�,�W���F�R�Q�V�L�V�W�V���R�I���D�Q���H�O�H�F�W�U�L�F���P�R�W�R�U�����Z�K�L�F�K���I�X�Q�F�W�L�R�Q�V���D�V���D���F�R�Q�W�U�R�O���H�O�H�P�H�Q�W���E�H�W�Z�H�H�Q��
�W�K�H���H�Q�J�L�Q�H���D�Q�G���W�K�H���W�U�D�Q�V�P�L�V�V�L�R�Q�����D�Q�G���F�D�Q���D�O�V�R���E�H���X�V�H�G���W�R���V�W�D�U�W���W�K�H���H�Q�J�L�Q�H���D�Q�G��
deliver electrical power to the batteries and the rest of the vehicle systems. The 
�H�O�H�F�W�U�L�F���P�R�W�R�U���U�H�S�O�D�F�H�V���W�K�H���P�D�V�V���R�I���W�K�H���À�\�Z�K�H�H�O��

The motor transfers the drive from the engine and is also able to act as a 
damper/vibration absorber unit. The damping effect is achieved by a rotation 
capacitor. A change in relative speed between the rotor and the engine due to 
�W�K�H���Y�L�E�U�D�W�L�R�Q�����F�D�X�V�H�V���R�Q�H���S�R�O�H���R�I���W�K�H���F�D�S�D�F�L�W�R�U���W�R���E�H���F�K�D�U�J�H�G�����7�K�H���H�I�I�H�F�W���R�I���W�K�L�V��
is to take the energy from the vibration.

�8�V�L�Q�J���,�6�$�'���W�R���V�W�D�U�W���W�K�H���H�Q�J�L�Q�H���L�V���Y�L�U�W�X�D�O�O�\���Q�R�L�V�H�O�H�V�V�����D�Q�G���F�U�D�Q�N�L�Q�J���V�S�H�H�G�V��
of 700 rpm are possible. Even at –25°C it is still possible to crank at about 
400 rpm. A good feature of this is that a stop/start function is possible as an 
economy and emissions improvement technique. Because of the high speed 
�F�U�D�Q�N�L�Q�J�����W�K�H���H�Q�J�L�Q�H���Z�L�O�O���¿�U�H���X�S���L�Q���D�E�R�X�W���������±���������V�H�F�R�Q�G�V��

The motor can also be used to aid with acceleration of the vehicle. This 
feature could be used to allow a smaller engine to be used or to enhance the 
performance of a standard engine. It is effectively a light hybrid.

�:�K�H�Q���X�V�H�G���L�Q���D�O�W�H�U�Q�D�W�R�U���P�R�G�H�����W�K�H���,�6�$�'���F�D�Q���S�U�R�G�X�F�H���X�S���W�R�������N�:���D�W���L�G�O�H���V�S�H�H�G����
It can supply power at different voltages as both AC and DC. Through the 
�D�S�S�O�L�F�D�W�L�R�Q���R�I���L�Q�W�H�O�O�L�J�H�Q�W���F�R�Q�W�U�R�O���H�O�H�F�W�U�R�Q�L�F�V�����W�K�H���,�6�$�'���F�D�Q���E�H���X�S���W�R�����������H�I�¿�F�L�H�Q�W��

6.3.5  Electronic star ter control

The electronic starter incorporates a static relay on a circuit board integrated 
into the solenoid switch. This will prevent cranking when the engine is running. 
Starter control can be supported by an ECU and ‘smart’ features can be added 
�W�R���L�P�S�U�R�Y�H���F�R�P�I�R�U�W�����V�D�I�H�W�\���D�Q�G���V�H�U�Y�L�F�H���O�L�I�H��

• �Starter torque can be evaluated in real time to tell the precise instant of 
engine start. The starter can be simultaneously shut off to reduce wear and 
noise generated by the free-wheel phase.

• �Thermal protection of the starter components allows optimization of the 
components to save weight and to give short circuit protection.

• �Electrical protection also reduces damage from misuse or system failure.

• �Modulating the solenoid current allows redesign of the mechanical parts 
allowing a softer operation and weight reduction.

6.3.6  Starter installa tion

Starters are generally mounted in a horizontal position next to the engine 
�F�U�D�Q�N�F�D�V�H���Z�L�W�K���W�K�H���G�U�L�Y�H���S�L�Q�L�R�Q���L�Q���D���S�R�V�L�W�L�R�Q���I�R�U���P�H�V�K�L�Q�J���Z�L�W�K���W�K�H���À�\�Z�K�H�H�O���R�U��
drive plate ring gear.

�7�K�H���V�W�D�U�W�H�U���F�D�Q���E�H���V�H�F�X�U�H�G���L�Q���W�Z�R���Z�D�\�V�����H�L�W�K�H�U���E�\���À�D�Q�J�H���R�U���F�U�D�G�O�H���P�R�X�Q�W�L�Q�J����
Flange mounting is the most popular technique used on small and medium-
�V�L�]�H�G���Y�H�K�L�F�O�H�V���D�Q�G�����L�Q���V�R�P�H���F�D�V�H�V�����L�W���Z�L�O�O���L�Q�F�R�U�S�R�U�D�W�H���D���I�X�U�W�K�H�U���V�X�S�S�R�U�W���E�U�D�F�N�H�W��

Figure 6.31  Integrated starter alternator 
damper (Source: Bosch Media)
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at the rear of the starter to reduce the effect of vibration. Larger vehicle starters 
�D�U�H���R�I�W�H�Q���F�U�D�G�O�H���P�R�X�Q�W�H�G���E�X�W���D�J�D�L�Q���D�O�V�R���X�V�H���W�K�H���À�D�Q�J�H���P�R�X�Q�W�L�Q�J���P�H�W�K�R�G����
�X�V�X�D�O�O�\���¿�[�H�G���Z�L�W�K���D�W���O�H�D�V�W���W�K�U�H�H���O�D�U�J�H���E�R�O�W�V�����,�Q���E�R�W�K���F�D�V�H�V���W�K�H���V�W�D�U�W�H�U�V���P�X�V�W��
�K�D�Y�H���V�R�P�H���N�L�Q�G���R�I���S�L�O�R�W�����R�I�W�H�Q���D���U�L�Q�J���P�D�F�K�L�Q�H�G���R�Q���W�K�H���G�U�L�Y�H���H�Q�G���E�U�D�F�N�H�W�����W�R��
ensure correct positioning with respect to the ring gear. This will ensure correct 
gear backlash and a suitable out of mesh clearance. Figure 6.32 shows the 
�À�D�Q�J�H���P�R�X�Q�W�L�Q�J�V���P�H�W�K�R�G���X�V�H�G���I�R�U���P�R�V�W���O�L�J�K�W���Y�H�K�L�F�O�H���V�W�D�U�W�H�U���P�R�W�R�U�V��

�&�O�H�D�U�O�\���W�K�H���P�D�L�Q���O�R�D�G���R�Q���W�K�H���Y�H�K�L�F�O�H���E�D�W�W�H�U�\���L�V���W�K�H���V�W�D�U�W�H�U���D�Q�G���W�K�L�V���L�V���U�H�À�H�F�W�H�G���L�Q��
the size of supply cable required. Any cable carrying a current will experience 
power loss known as I2�5���O�R�V�V�����,�Q���R�U�G�H�U���W�R���U�H�G�X�F�H���W�K�L�V���S�R�Z�H�U���O�R�V�V�����W�K�H���F�X�U�U�H�Q�W��
or the resistance must be reduced. In the case of the starter the high current 
is the only way of delivering the high torque. This is the reason for using heavy 
�F�R�Q�G�X�F�W�R�U�V���W�R���W�K�H���V�W�D�U�W�H�U���W�R���H�Q�V�X�U�H���O�R�Z���U�H�V�L�V�W�D�Q�F�H�����W�K�X�V���U�H�G�X�F�L�Q�J���W�K�H���Y�R�O�W���G�U�R�S��
and power loss. The maximum allowed volt drop is 0.5 V on a 12 V system and  
1 V on a 24 V system. The short circuit (initial) current for a typical car starter is 
500 A and for very heavy applications can be 3000 A.

Control of the starter system is normally by a spring-loaded key switch. This 
�V�Z�L�W�F�K���Z�L�O�O���F�R�Q�W�U�R�O���W�K�H���F�X�U�U�H�Q�W���W�R���W�K�H���V�W�D�U�W�H�U���V�R�O�H�Q�R�L�G�����L�Q���P�D�Q�\���F�D�V�H�V���Y�L�D���D���U�H�O�D�\����
�2�Q���Y�H�K�L�F�O�H�V���Z�L�W�K���D�X�W�R�P�D�W�L�F���W�U�D�Q�V�P�L�V�V�L�R�Q�����D�Q���L�Q�K�L�E�L�W�R�U���V�Z�L�W�F�K���W�R���S�U�H�Y�H�Q�W���W�K�H��
engine being started in gear will also interrupt this circuit.

Diesel engined vehicles may have a connection between the starter circuit and 
a circuit to control the glow plugs. This may also incorporate a timer relay. On 
some vehicles the glow plugs are activated by a switch position just before the 
start position.

6.3.7  Belt-driven star ter-generator

�*�D�W�H�V�����Z�H�O�O���N�Q�R�Z�Q���D�V���P�D�Q�X�I�D�F�W�X�U�H�U�V���R�I���G�U�L�Y�H���E�H�O�W�V�����F�U�H�D�W�H�G���D���V�W�D�U�W�H�U���J�H�Q�H�U�D�W�R�U��
concept that is belt driven. It is an electromechanical system made up of a 
�K�L�J�K���H�I�¿�F�L�H�Q�F�\���L�Q�G�X�F�W�L�R�Q���P�R�W�R�U�����O�R�Q�J���O�L�I�H���E�H�O�W���G�U�L�Y�H���V�\�V�W�H�P���D�Q�G���V�R�S�K�L�V�W�L�F�D�W�H�G��
electronic controls. The belt-driven starter-generator replaces the current 
alternator and has a similar space requirement.

�2�Q�H���R�I���W�K�H���N�H�\���F�R�P�S�R�Q�H�Q�W�V���R�I���W�K�L�V���V�\�V�W�H�P�����L�Q���D�G�G�L�W�L�R�Q���W�R���W�K�H���V�W�D�U�W�H�U���J�H�Q�H�U�D�W�R�U��
�L�V���D���K�\�G�U�D�X�O�L�F���W�H�Q�V�L�R�Q�H�U�����7�K�L�V���P�X�V�W���E�H���D�E�O�H���W�R���S�U�H�Y�H�Q�W���V�L�J�Q�L�¿�F�D�Q�W���P�R�Y�H�P�H�Q�W��
during starting but also control system dynamics during acceleration and 

Figure 6.32  Flange mounting is used for most light vehicle starter motors

       

Key fact
Any cable carrying a current 
will experience power loss 
known as I2R loss.
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�G�H�F�H�O�H�U�D�W�L�R�Q���R�I���W�K�H���H�Q�J�L�Q�H�����7�K�H���V�W�D�U�W�H�U���J�H�Q�H�U�D�W�R�U���L�V���G�U�L�Y�H�Q���E�\���D���P�X�O�W�L���Y�H�H���E�H�O�W����
which has been specially designed for the extra load.

�7�K�H���P�D�L�Q���I�H�D�W�X�U�H�V���D�Q�G���S�R�W�H�Q�W�L�D�O���E�H�Q�H�¿�W�V���R�I���W�K�L�V���V�\�V�W�H�P���D�U�H���D�V���I�R�O�O�R�Z�V��

• �Generating capability of 6 kW at 42 V and a brushless design for 10-year life.

• �Regenerative braking and electric torque assist.

• �Power for increased feature content and silent cranking at a lower system 
cost than in-line starter-alternator systems.

• �Allows implementation of fuel-saving strategies and emission reduction through 
�K�\�E�U�L�G���H�O�H�F�W�U�L�F���V�W�U�D�W�H�J�L�H�V�����L�Q�F�U�H�D�V�H�G���F�U�D�Q�N�L�Q�J���V�S�H�H�G���D�Q�G���V�W�D�U�W�±�V�W�R�S���V�\�V�W�H�P�V��

The starter-generator concept is not new but until recently it could not meet 
the requirements of modern vehicles. These requirements relate to the starting 
torque and the power generation capabilities. The biggest advantage of the 
�V�\�V�W�H�P���X�Q�G�H�U���G�H�Y�H�O�R�S�P�H�Q�W���L�V���W�K�D�W���L�W���F�D�Q���E�H���¿�W�W�H�G���W�R���H�[�L�V�W�L�Q�J���H�Q�J�L�Q�H���G�H�V�L�J�Q�V��
�Z�L�W�K���R�Q�O�\���O�L�P�L�W�H�G���P�R�G�L�¿�F�D�W�L�R�Q�V�����,�W���P�D�\�����W�K�H�U�H�I�R�U�H�����E�H�F�R�P�H���D���µ�V�W�H�S�S�L�Q�J���V�W�R�Q�H��
technology’ that allows manufacturers to offer new features without the 
expense of development and extensive redesigning.

6.3.8  Summary

The overall principle of starting a vehicle engine with an electric motor has 
�F�K�D�Q�J�H�G���O�L�W�W�O�H���L�Q���R�Y�H�U���������\�H�D�U�V�����2�I���F�R�X�U�V�H�����W�K�H���P�R�W�R�U�V���K�D�Y�H���E�H�F�R�P�H���I�D�U���P�R�U�H��
�U�H�O�L�D�E�O�H���D�Q�G���O�R�Q�J�H�U���O�D�V�W�L�Q�J�����,�W���L�V���L�Q�W�H�U�H�V�W�L�Q�J���W�R���Q�R�W�H���W�K�D�W�����D�V�V�X�P�L�Q�J���D�Y�H�U�D�J�H���P�L�O�H�D�J�H����
�W�K�H���P�R�G�H�U�Q���V�W�D�U�W�H�U���L�V���X�V�H�G���D�E�R�X�W�������������W�L�P�H�V���D���\�H�D�U���L�Q���F�L�W�\���W�U�D�I�¿�F�����7�K�L�V���O�H�Y�H�O���R�I��
reliability has been achieved by many years of research and development.

6.4  Advanced starting system tec hnology

6.4.1  Speed, torque and po wer

�7�R���X�Q�G�H�U�V�W�D�Q�G���W�K�H���I�R�U�F�H�V���D�F�W�L�Q�J���R�Q���D���V�W�D�U�W�H�U���P�R�W�R�U���O�H�W���X�V���¿�U�V�W���F�R�Q�V�L�G�H�U���D���V�L�Q�J�O�H��
�F�R�Q�G�X�F�W�L�Q�J���Z�L�U�H���L�Q���D���P�D�J�Q�H�W�L�F���¿�H�O�G�����7�K�H���I�R�U�F�H���R�Q���D���V�L�Q�J�O�H���F�R�Q�G�X�F�W�R�U���L�Q���D��
�P�D�J�Q�H�W�L�F���¿�H�O�G���F�D�Q���E�H���F�D�O�F�X�O�D�W�H�G���E�\���W�K�H���I�R�U�P�X�O�D��

F = BIl

Figure 6.33  Belt-driven starter-generator concept (Source: Gates)

       Key fact
The modern starter is used 
about 2000 times a year in city 
�W�U�D�I�¿�F��
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�3�R�O�H���V�K�R�H�V���Z�L�W�K���Z�L�Q�G�L�Q�J�V���D�U�H���P�R�U�H���F�R�P�S�O�L�F�D�W�H�G���D�V���W�K�H���À�X�[���G�H�Q�V�L�W�\���G�H�S�H�Q�G�V��
�R�Q���W�K�H���P�D�W�H�U�L�D�O���R�I���W�K�H���S�R�O�H���V�K�R�H���D�V���Z�H�O�O���D�V���W�K�H���F�R�L�O���D�Q�G���W�K�H���F�X�U�U�H�Q�W���À�R�Z�L�Q�J�����7�K�H��
magneto-motive force (MMF) of a coil is determined as follows:

MMF = NI Ampere turns

�Z�K�H�U�H�����1��� ���W�K�H���Q�X�P�E�H�U���R�I���W�X�U�Q�V���R�Q���W�K�H���F�R�L�O�����,��� ���W�K�H���F�X�U�U�H�Q�W���À�R�Z�L�Q�J���L�Q���W�K�H���F�R�L�O��

�0�D�J�Q�H�W�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K���+�����U�H�T�X�L�U�H�V���W�K�H���D�F�W�L�Y�H���O�H�Q�J�W�K���R�I���W�K�H���F�R�L�O���W�R���E�H���L�Q�F�O�X�G�H�G��

�Z�K�H�U�H�����O��� ���D�F�W�L�Y�H���O�H�Q�J�W�K���R�I���W�K�H���F�R�L�O�����+��� ���P�D�J�Q�H�W�L�F���¿�H�O�G���V�W�U�H�Q�J�W�K��

�,�Q���R�U�G�H�U���W�R���F�R�Q�Y�H�U�W���W�K�L�V���W�R���À�X�[���G�H�Q�V�L�W�\���%�����W�K�H���S�H�U�P�H�D�E�L�O�L�W�\���R�I���W�K�H���S�R�O�H���V�K�R�H���P�X�V�W��
be included:

where: � 0��� ���S�H�U�P�H�D�E�L�O�L�W�\���R�I���I�U�H�H���V�S�D�F�H���������[������–7 Henry/metre), � r = relative 
permeability of the core to free space.

To calculate power consumed is a simple task using the formula:

P = T�

where: P = power in watts, T = torque in Nm, � = angular velocity in rad/s.

Here is a simple example of the use of this formula. An engine requires a 
minimum cranking speed of 100 rpm and the required torque to achieve this  
�L�V�����������1�P��

At a 10:1 ring gear to pinion ratio this will require a 1000 rpm starter speed (n).  
To convert this to rad/s:

This works out to 105 rad/s

P = T�  

9.6 x 105 = 1000 W or 1 kW

������������ �(�I�À�F�L�H�Q�F�\

�7�K�H���H�I�¿�F�L�H�Q�F�\���R�I���P�R�V�W���V�W�D�U�W�H�U���P�R�W�R�U�V���L�V���L�Q���W�K�H���R�U�G�H�U���R�I����������

�(�I�¿�F�L�H�Q�F�\��� ���3�R�Z�H�U���R�X�W�������3�R�Z�H�U���L�Q�����������������

�6�R�����W�R���F�D�O�F�X�O�D�W�H���W�K�H���U�H�T�X�L�U�H�G���L�Q�S�X�W���S�R�Z�H�U���������N�:����������� �������������N�:

�7�K�H���P�D�L�Q���O�R�V�V�H�V�����Z�K�L�F�K���F�D�X�V�H���W�K�L�V�����D�U�H���L�U�R�Q���O�R�V�V�H�V�����F�R�S�S�H�U���O�R�V�V�H�V���D�Q�G��
mechanical losses.

�,�U�R�Q���O�R�V�V�H�V���D�U�H���G�X�H���W�R���K�\�V�W�H�U�H�V�L�V���O�R�V�V���F�D�X�V�H�G���E�\���F�K�D�Q�J�H�V���L�Q���P�D�J�Q�H�W�L�F���À�X�[�����D�Q�G��
also due to induced eddy currents in the iron parts of the motor. Copper losses 
are caused by the resistance of the windings; sometimes called I2R losses. 
Mechanical losses include friction and windage (air) losses.

Using the previous example of a 1 kW starter it can be seen that at an 
�H�I�¿�F�L�H�Q�F�\���R�I�����������W�K�L�V���P�R�W�R�U���Z�L�O�O���U�H�T�X�L�U�H���D���V�X�S�S�O�\���R�I���D�E�R�X�W�����������N�:��

�)�U�R�P���D���Q�R�P�L�Q�D�O���������9���V�X�S�S�O�\���D�Q�G���D�O�O�R�Z�L�Q�J���I�R�U���E�D�W�W�H�U�\���Y�R�O�W���G�U�R�S�����D���F�X�U�U�H�Q�W���L�Q���W�K�H��
order of 170 A will be required to achieve the necessary power.
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6.5  Updates

6.5.1   Electronic star ter motor control and 
stop-start system

An electronically controlled starting system differs from a normal system in that 
�W�K�H���G�U�L�Y�H�U���L�V���Q�R�W���L�Q���G�L�U�H�F�W���F�R�Q�W�U�R�O�����7�K�H���G�U�L�Y�H�U���V�H�Q�G�V���D���µ�V�W�D�U�W�¶���U�H�T�X�H�V�W���W�R���D�Q���(�&�8����
which then in turn can carry out several different checks. For example:

• Is the driver authorized to start the engine?

• Is the engine stationary?

• Is battery state of charge adequate at the current temperature?

• Is the clutch disengaged or is the automatic transmission in neutral?

The checks only take a fraction of a second after which the ECU initiates the 
start. Once a set engine speed has been reached the starter is switched off. 
This always ensures the shortest possible start time and reduces starter wear. 
A similar process can be used for start-stop operation.

Stop-start systems were mostly used on cars with manual transmission 
but it is now possible to achieve the same feature to work with automatic 
�W�U�D�Q�V�P�L�V�V�L�R�Q�����7�K�H���E�H�Q�H�¿�W���R�I���W�K�L�V���V�\�V�W�H�P���L�V���������R�U���P�R�U�H���U�H�G�X�F�W�L�R�Q���L�Q���&�22 and 
�I�X�H�O���F�R�Q�V�X�P�S�W�L�R�Q���L�Q���X�U�E�D�Q���W�U�D�I�¿�F�����$�O�P�R�V�W���D�O�O���(�X�U�R�S�H�D�Q���D�X�W�R�P�D�N�H�U�V���D�U�H���Q�R�Z��
�L�Q�W�H�J�U�D�W�L�Q�J���V�W�R�S���V�W�D�U�W���W�H�F�K�Q�R�O�R�J�\���L�Q�W�R���F�R�P�S�D�F�W���F�D�U�V�����S�U�H�P�L�X�P���V�H�G�D�Q�V�����O�L�J�K�W��
trucks and even in powerful sports cars. Interest in this fuel-saving technology 
is also on the rise in the US and China.

To ensure reliable operation a high degree of control of other systems is 
�Q�H�F�H�V�V�D�U�\�����)�R�U���H�[�D�P�S�O�H�����H�O�H�F�W�U�L�F�D�O���H�Q�H�U�J�\���P�D�Q�D�J�H�P�H�Q�W���W�K�D�W���L�Q�F�R�U�S�R�U�D�W�H�V��
battery charge detection. Measures such as a DC–DC converter may also be 
needed to stabilize the supply to other electrical systems during the voltage 
drop caused by the starter. Engine systems must also be optimized to ensure a 
�I�D�V�W���V�W�D�U�W���D�Q�G���¿�Q�D�O�O�\���W�K�H���V�W�D�U�W�H�U���D�Q�G���U�L�Q�J���J�H�D�U���F�R�P�S�R�Q�H�Q�W�V���P�X�V�W���E�H���H�Q�K�D�Q�F�H�G���W�R��
not wear out prematurely.

Figure 6.34  �$�X�W�R�P�D�W�L�F���V�W�D�U�W�L�Q�J���F�L�U�F�X�L�W�����������6�W�D�U�W���V�L�J�Q�D�O���I�U�R�P���G�U�L�Y�H�U�����������5�H�O�D�\�����������2�W�K�H�U��
�L�Q�S�X�W���V�L�J�Q�D�O�V�����������3�D�U�N���Q�H�X�W�U�D�O���R�U���F�O�X�W�F�K���V�L�J�Q�D�O�����������6�W�D�U�W�H�U�����������(�&�8�����7�H�U�P�L�Q�D�O���������L�V���L�J�Q�L�W�L�R�Q��
live and 30 is battery live)
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6.5.2  Jump start without a battery

A jump start without a battery is a device that as the names suggests is 
‘batteryless’. Instead it contains super-capacitors. These components have 
�D���K�L�J�K�H�U���H�Q�H�U�J�\���À�R�Z���G�H�Q�V�L�W�\���E�X�W���Q�R�W���D���K�L�J�K���S�R�Z�H�U���V�W�R�U�D�J�H���F�D�S�D�F�L�W�\�����)�R�U���W�K�L�V��
�U�H�D�V�R�Q�����L�W���L�V���S�R�V�V�L�E�O�H���W�R���F�K�D�U�J�H���W�K�H���F�D�S�D�F�L�W�R�U�V���Z�L�W�K���D���U�H�O�D�W�L�Y�H�O�\���V�P�D�O�O���S�R�Z�H�U��
�V�R�X�U�F�H�����,�Q�V�L�G�H���W�K�H���X�Q�L�W�����D���'�&���'�&���F�R�Q�Y�H�U�W�H�U���D�F�W�V���O�L�N�H���D���W�U�D�Q�V�I�R�U�P�H�U���W�R���V�W�H�S���X�S��
�W�K�H���Y�R�O�W�D�J�H���W�R���F�K�D�U�J�H���W�K�H���F�D�S�D�F�L�W�R�U�V���Z�L�W�K���V�X�I�¿�F�L�H�Q�W���H�Q�H�U�J�\���I�R�U���D���V�L�Q�J�O�H���V�W�D�U�W��
operation.

This is where the capacitors win over a battery due to their power delivery 
capability. Another interesting development is that using this power transform 
�F�D�S�D�E�L�O�L�W�\�����W�K�H���F�D�S�D�F�L�W�R�U�V���F�D�Q���E�H���F�K�D�U�J�H�G���I�U�R�P���W�K�H���G�H�D�G���E�D�W�W�H�U�\���L�W�V�H�O�I�����L�I���L�W��
�K�D�V���V�R�P�H���Y�R�O�W�D�J�H���D�Q�G���S�R�Z�H�U���F�D�S�D�F�L�W�\�����7�K�L�V���V�H�H�P�V���G�L�I�¿�F�X�O�W���W�R���F�R�P�S�U�H�K�H�Q�G��
but remember that the normal failure mode of a chemical battery involves its 
ability to deliver high power for starting. It is less often the case that the battery 
�F�D�Q�Q�R�W���G�H�O�L�Y�H�U���D�Q�\���S�R�Z�H�U�����H�Y�H�Q���D���V�P�D�O�O���D�P�R�X�Q�W���R�Y�H�U���D���O�R�Q�J�H�U���S�H�U�L�R�G�����F�D�Q���E�H��
utilized for charging the capacitors for a start assistance situation.

       Key fact
The ‘batteryless’ jump starter 
capacitors can be charged 
from the dead battery.

Figure 6.36  �%�D�W�W�H�U�\�O�H�V�V���M�X�P�S���V�W�D�U�W���S�D�F�N�����6�R�X�U�F�H�����-�D�F�N���6�H�D�O�H�\�����Z�Z�Z���V�H�D�O�H�\���F�R���X�N��

The tools and equipment company Sealey have an exclusive licence to sell the 
device from the manufacturer. The device is sold as a ‘batteryless’ jump start 
pack. It is small and light when compared to a battery based device. It needs 
�Q�R���P�D�L�Q�W�H�Q�D�Q�F�H���D�Q�G���F�K�D�U�J�H�V���I�U�R�P���W�K�H���G�H�D�G���E�D�W�W�H�U�\�����R�U���I�U�R�P���D�Q�R�W�K�H�U���Y�H�K�L�F�O�H����
�R�U���H�Y�H�Q���Y�L�D���8�6�%�����,�W���F�D�Q���D�O�V�R���E�H���X�V�H�G���Z�L�W�K���W�K�H���Y�H�K�L�F�O�H���E�D�W�W�H�U�\���R�S�H�Q���F�L�U�F�X�L�W�����I�R�U��
situations where the battery is completely dead.

�,�Q���V�H�U�Y�L�F�H�����L�W���Z�R�U�N�V���Z�H�O�O�����W�K�H���S�D�F�N�D�J�H���L�V���D�L�P�H�G���D�W���S�D�V�V�H�Q�J�H�U���F�D�U���X�V�H�U�V���D�Q�G��
�F�D�Q���V�X�S�S�O�\���D�E�R�X�W�����������$�����Z�K�L�F�K���L�V���P�R�U�H���W�K�D�Q���H�Q�R�X�J�K���S�R�Z�H�U���W�R���V�W�D�U�W���P�R�V�W���F�D�U�V����
The device also includes a diesel glow plug support mode to allow pre- 
heating time.
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Ignition

7.1  Ignition system fundamentals

7.1.1  Functional requir ements

The fundamental purpose of the ignition system is to supply a spark inside 
the cylinder, near the end of the compression stroke, to ignite the compressed 
charge of air–fuel vapour.

For a spark to jump across an air gap of 1 mm under normal atmospheric 
conditions (1 bar), a voltage of 3–4 kV is required. For a spark to jump across 
a similar gap in an engine cylinder, having a compression ratio of 8 : 1, 
approximately 8–10 kV is required. For higher compression ratios and weaker 
mixtures, a voltage up to 30 kV may be necessary. The ignition system has to 
transform the normal battery voltage of 12 V to approximately 8–20 kV and, in 
addition, has to deliver this high voltage to the right cylinder, at the right time. 
Some ignition systems will supply up to 40 kV to the spark plugs.

Conventional ignition is the forerunner of the more advanced systems 
controlled by electronics. It is worth mentioning at this stage that the 
fundamental operation of most ignition systems is very similar. One winding of 
a coil is switched on and off causing a high voltage to be induced in a second 
winding. A coil-ignition system is composed of various components and sub-
assemblies, the actual design and construction of which depend mainly on the 
engine with which the system is to be used.

When considering the design of an ignition system many factors must be taken 
into account, the most important of these being:

• Combustion chamber design.

• Air–fuel ratio.

• Engine speed range.

• Engine load.

• Engine combustion temperature.

• Intended use.

• Emission regulations.

       Key fact
For higher compression ratios 
and weaker mixtures, a voltage 
up to 30 kV may be necessary 
to jump a 1 mm gap.
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7.1.2  Genera tion of high tension

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 into 
the other. This happens when a current is switched on and off to the primary 
coil. If the number of turns of wire on the secondary coil is more than the 
primary, a higher voltage can be produced. This is called transformer action 
and is the principle of the ignition coil.

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

• The primary current.

• The turns ratio between the primary and secondary coils.

• The speed at which the magnetism changes.

Figure 7.1 shows a typical ignition coil in section. The two windings are wound 
�R�Q���D���O�D�P�L�Q�D�W�H�G���L�U�R�Q���F�R�U�H���W�R���F�R�Q�F�H�Q�W�U�D�W�H���W�K�H���P�D�J�Q�H�W�L�V�P�����6�R�P�H���F�R�L�O�V���D�U�H���R�L�O���¿�O�O�H�G��
to assist with cooling.

7.1.3  Advance angle (timing)

�)�R�U���R�S�W�L�P�X�P���H�I�¿�F�L�H�Q�F�\���W�K�H���L�J�Q�L�W�L�R�Q���D�G�Y�D�Q�F�H���D�Q�J�O�H���V�K�R�X�O�G���E�H���V�X�F�K���D�V���W�R���F�D�X�V�H��
the maximum combustion pressure to occur about 10° after top dead centre 
(TDC). The ideal ignition timing is dependent on two main factors, engine 
speed and engine load. An increase in engine speed requires the ignition 
timing to be advanced. The cylinder charge, of air–fuel mixture, requires a 
certain time to burn (normally about 2 ms). At higher engine speeds the time 
taken for the piston to travel the same distance reduces. Advancing the time of 
the spark ensures full burning is achieved. 

A change in timing due to engine load is also required as the weaker mixture 
used on low load conditions burns at a slower rate. In this situation, further 
ignition advance is necessary. Greater load on the engine requires a richer 

Figure 7.1  Earlier type ignition coil

       Key fact
The ideal ignition timing is 
dependent on two main factors, 
engine speed and engine load.
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mixture, which burns more rapidly. In this case some retardation of timing is 
necessary. Overall, under any condition of engine speed and load an ideal 
advance angle is required to ensure maximum pressure is achieved in the 
cylinder just after top dead centre. The ideal advance angle may be further 
�U�H�¿�Q�H�G���E�\���H�Q�J�L�Q�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���D�Q�\���U�L�V�N���R�I���G�H�W�R�Q�D�W�L�R�Q��

Spark advance is achieved in a number of ways. The simplest of these being 
the mechanical system comprising a centrifugal advance mechanism and 
a vacuum (load sensitive) control unit. Manifold vacuum is almost inversely 
proportional to the engine load. I prefer to consider manifold pressure, albeit 
less than atmospheric pressure, as the manifold absolute pressure (MAP) is 
proportional to engine load. Digital ignition systems may adjust the timing in 
relation to the temperature as well as speed and load. The values of all ignition 
timing functions are combined either mechanically or electronically in order to 
determine the ideal ignition point.

The energy storage takes place in the ignition coil. The energy is stored in the 
�I�R�U�P���R�I���D���P�D�J�Q�H�W�L�F���¿�H�O�G�����7�R���H�Q�V�X�U�H���W�K�H���F�R�L�O���L�V���F�K�D�U�J�H�G���E�H�I�R�U�H���W�K�H���L�J�Q�L�W�L�R�Q���S�R�L�Q�W��
a dwell period is required. Ignition timing is at the end of the dwell period.

7.1.4  Fuel consumption and exhaust emissions

�7�K�H���L�J�Q�L�W�L�R�Q���W�L�P�L�Q�J���K�D�V���D���V�L�J�Q�L�¿�F�D�Q�W���H�I�I�H�F�W���R�Q���I�X�H�O���F�R�Q�V�X�P�S�W�L�R�Q�����W�R�U�T�X�H����
drivability and exhaust emissions. The three most important pollutants are 
hydrocarbons (HC), carbon monoxide (CO) and nitrogen oxides (NOx).

The HC emissions increase as timing is advanced. NOx emissions also 
increase with advanced timing due to the higher combustion temperature. CO 
changes very little with timing and is mostly dependent on the air–fuel ratio.

As is the case with most alterations of this type, a change in timing to improve 
exhaust emissions will increase fuel consumption. With the leaner mixtures 
now prevalent, a larger advance is required to compensate for the slower 
burning rate. This will provide lower consumption and high torque but the 
mixture must be controlled accurately to provide the best compromise with 
regard to the emission problem. Figure 7.2 shows the effect of timing changes 
on emissions, performance, and consumption.

7.1.5  Contact break er ignition

Contact breaker ignition (Figure 7.3) is not now used on new vehicles but 
there are many early cars out their still! The main components of this system, 
together with some that are still used, are outlined in Table 7.1.

Figure 7.2  �(�I�I�H�F�W���R�I���F�K�D�Q�J�H�V���L�Q���L�J�Q�L�W�L�R�Q���W�L�P�L�Q�J���D�W���D���¿�[�H�G���H�Q�J�L�Q�H���V�S�H�H�G

       Key fact
The ignition timing has a 
�V�L�J�Q�L�¿�F�D�Q�W���H�I�I�H�F�W���R�Q���I�X�H�O��
consumption, torque, drivability, 
and exhaust emissions.
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Figure 7.3  Contact breaker system 

Table 7.1 Traditional ignition components

Spark plug Seals electrodes for the spark to jump across in the 
cylinder. Must withstand very high voltages, pressures 
and temperatures.

Ignition coil Stores energy in the form of magnetism and delivers it 
to the distributor via the HT lead. Consists of primary 
and secondary windings.

Ignition switch Provides driver control of the ignition system and is 
usually also used to cause the starter to crank.

Contact 
breakers 
(breaker points)

Switches the primary ignition circuit on and off to 
charge and discharge the coil. The contacts are 
operated by a rotating cam in the distributor.

Capacitor 
(condenser)

Suppresses most of the arcing as the contact breakers 
open. This allows for a more rapid break of primary 
current and hence a more rapid collapse of coil 
magnetism which produces a higher voltage output.

Distributor Directs the spark from the coil to each cylinder in a pre-
set sequence.

Plug leads Thickly insulated wires to connect the spark from the 
distributor to the plugs.

Centrifugal 
advance

Changes the ignition timing with engine speed. As 
speed increases the timing is advanced.

Vacuum 
advance

Changes timing depending on engine load. On 
conventional systems the vacuum advance is most 
important during cruise conditions.

7.1.6  Plug leads

High tension (HT) is just an old fashioned way of saying high voltage. HT 
components and systems, must meet or exceed stringent ignition product 
requirements, such as:

• Insulation to withstand 50 000 V.

• Temperatures from 40°C to 260°C (40°F to 500°F).

• Radio frequency interference suppression.

• 160 000 km (100 000 mile) product life.

• �5�H�V�L�V�W�D�Q�F�H���W�R���R�]�R�Q�H�����F�R�U�R�Q�D�����D�Q�G���À�X�L�G�V��

• Ten-year durability.

       �'�H�¿�Q�L�W�L�R�Q
High tension (HT): High voltage.



Ignition278

7.1.7  Ignition coil cores

Most ignition coil cores are made of laminated iron. The iron is ideal as it is 
easily magnetized and demagnetized. The laminations reduce eddy currents, 
�Z�K�L�F�K���F�D�X�V�H���L�Q�H�I�¿�F�L�H�Q�F�\���G�X�H���W�R���W�K�H���K�H�D�W�L�Q�J���H�I�I�H�F�W�����L�U�R�Q���O�R�V�V�H�V�������,�I���W�K�L�Q�Q�H�U��
laminations or sheets are used, then the better the performance.

Powder metal is now in use as coil cores. This reduces eddy currents to a 
minimum but the density of the magnetism is decreased. Overall, however, 
�W�K�L�V���S�U�R�G�X�F�H�V���D���P�R�U�H���H�I�¿�F�L�H�Q�W���D�Q�G���K�L�J�K�H�U���R�X�W�S�X�W���L�J�Q�L�W�L�R�Q���F�R�L�O�����'�H�Y�H�O�R�S�P�H�Q�W�V��
�D�U�H���F�R�Q�W�L�Q�X�L�Q�J���D�Q�G���W�K�H���À�X�[���G�H�Q�V�L�W�\���S�U�R�E�O�H�P���L�V���D�E�R�X�W���W�R���E�H���V�R�O�Y�H�G�����J�L�Y�L�Q�J���U�L�V�H���W�R��
�H�Y�H�Q���P�R�U�H���H�I�¿�F�L�H�Q�W���F�R�P�S�R�Q�H�Q�W�V��

7.2  Electronic ignition

7.2.1  Intr oduction

�(�O�H�F�W�U�R�Q�L�F���L�J�Q�L�W�L�R�Q���L�V���Q�R�Z���¿�W�W�H�G���W�R���D�O�P�R�V�W���D�O�O���V�S�D�U�N���L�J�Q�L�W�L�R�Q���Y�H�K�L�F�O�H�V�����7�K�L�V���L�V��
because the conventional mechanical system has some major disadvantages.

•  Mechanical problems with the contact breakers, not the least of which is the 
limited lifetime.

• ���&�X�U�U�H�Q�W���À�R�Z���L�Q���W�K�H���S�U�L�P�D�U�\���F�L�U�F�X�L�W���L�V���O�L�P�L�W�H�G���W�R���D�E�R�X�W�������$���R�U���G�D�P�D�J�H���Z�L�O�O���R�F�F�X�U��
to the contacts – or at least the lifetime will be seriously reduced.

•  Legislation requires stringent emission limits, which means the ignition 
timing must stay in tune for a long period of time.

•  Weaker mixtures require more energy from the spark to ensure successful 
ignition, even at very high engine speed.

These problems can be overcome by using a power transistor to carry out the 
switching function and a pulse generator to provide the timing signal. Very early 
forms of electronic ignition used the existing contact breakers as the signal 
provider. This was a step in the right direction but did not overcome all the 
mechanical limitations, such as contact bounce and timing slip. All modern systems 
are constant energy, ensuring high performance ignition even at high engine 
speed. Figure 7.5 shows the circuit of a traditional electronic ignition system.

Figure 7.5  Early electronic ignition system
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7.2.2  Constant dw ell systems

The term ‘dwell’ when applied to ignition is a measure of the time during which 
�W�K�H���L�J�Q�L�W�L�R�Q���F�R�L�O���L�V���F�K�D�U�J�L�Q�J�����L�Q���R�W�K�H�U���Z�R�U�G�V���Z�K�H�Q���W�K�H���S�U�L�P�D�U�\���F�X�U�U�H�Q�W���L�V���À�R�Z�L�Q�J����
The dwell in conventional systems was simply the time during which the contact 
breakers were closed. This is now often expressed as a percentage of one charge–
discharge cycle. Constant dwell electronic ignition systems have now been replaced 
almost without exception by constant energy systems discussed in the next section.

Whilst this was a very good system in its time, constant dwell still meant that 
at very high engine speeds, the time available to charge the coil could only 
produce a lower power spark. Note that as engine speed increases, the dwell 
angle or dwell percentage remains the same but the actual time is reduced.

7.2.3  Constant energ y systems

In order for a constant energy electronic ignition system to operate, the dwell must 
�L�Q�F�U�H�D�V�H���Z�L�W�K���H�Q�J�L�Q�H���V�S�H�H�G�����7�K�L�V���Z�L�O�O���R�Q�O�\���E�H���R�I���E�H�Q�H�¿�W�����K�R�Z�H�Y�H�U�����L�I���W�K�H���L�J�Q�L�W�L�R�Q��
coil can be charged up to its full capacity, in a very short time (the time available 
for maximum dwell at the highest expected engine speed). To this end, constant 
energy coils are very low resistance and low inductance. Typical resistance values 
are less than 1 (often 0.5). Constant energy means that, within limits, the energy 
available to the spark plug remains constant under all operating conditions.

An energy value of about 0.3 mJ is all that is required to ignite a static 
stoichiometric mixture. In the case of lean or rich mixtures together with high 
turbulence, energy values in the region of 3–4 mJ are necessary. This has 
made constant energy ignition essential on all of today’s vehicles in order to 
meet the expected emission and performance criteria. Figure 7.6 is a block 
diagram of a closed loop constant energy ignition system. The earlier open 
loop systems are the same but without the current detection feedback section.

Due to the high energy nature of constant energy ignition coils, the coil cannot 
be allowed to remain switched on for more than a certain time. This is not a 
problem when the engine is running, as the variable dwell or current limiting 
circuit prevents the coil overheating. Some form of protection must be provided 
for, however, when the ignition is switched on but the engine is not running. 
This is known as the ‘stationary engine primary current cut off’.

7.2.4  Hall Eff ect pulse generator

The operating principle of the Hall Effect is discussed in Chapter 1. The Hall 
Effect distributor has become very popular with many manufacturers. Figure 7.7 
shows a typical distributor with a Hall Effect sensor.

Figure 7.6  Constant energy ignition

       �'�H�¿�Q�L�W�L�R�Q
Dwell: When applied to ignition 
is a measure of the time 
during which the ignition coil is 
charging, in other words when 
�W�K�H���S�U�L�P�D�U�\���F�X�U�U�H�Q�W���L�V���À�R�Z�L�Q�J��
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As the central shaft of the distributor rotates, the vanes attached under the 
rotor arm alternately cover and uncover the Hall chip. The number of vanes 
corresponds to the number of cylinders. In constant dwell systems the dwell 
is determined by the width of the vanes. The vanes cause the Hall chip to be 
�D�O�W�H�U�Q�D�W�H�O�\���L�Q���D�Q�G���R�X�W���R�I���D���P�D�J�Q�H�W�L�F���¿�H�O�G�����7�K�H���U�H�V�X�O�W���R�I���W�K�L�V���L�V���W�K�D�W���W�K�H���G�H�Y�L�F�H��
will produce almost a square wave output, which can then easily be used to 
switch further electronic circuits. The three terminals on the distributor are 
marked ‘–, 0, + ’, the terminals – and +, are for a voltage supply and terminal 
‘0’ is the output signal. Typically, the output from a Hall Effect sensor in a 
distributor will switch between 0 V and about 7 V as shown in Figure 7.8. 
The supply voltage is taken from the ignition ECU and, on some systems, is 
stabilized at about 10 V to prevent changes to the output of the sensor when 
the engine is being cranked.

Hall Effect distributors are very common due to the accurate signal produced and 
long-term reliability. They are suitable for use on both constant dwell and constant 
energy systems. Operation of a Hall effect pulse generator can easily be tested 
with a DC voltmeter or a logic probe. Note that tests must not be carried out using 
an ohmmeter as the voltage from the meter can damage the Hall chip.

7.2.5  Inductive pulse gener ator

Inductive pulse generators use the basic principle of induction to produce 
a signal typical of the one shown in Figure 7.9. Many forms exist but all are 
based around a coil of wire and a permanent magnet.

The example distributor shown in Figure 7.10 has the coil of wire wound on the 
�S�L�F�N���X�S���D�Q�G�����D�V���W�K�H���U�H�O�X�F�W�R�U���U�R�W�D�W�H�V�����W�K�H���P�D�J�Q�H�W�L�F���À�X�[���Y�D�U�L�H�V���G�X�H���W�R���W�K�H���S�H�D�N�V��
on the reluctor. The number of peaks, or teeth, on the reluctor corresponds to 
the number of engine cylinders. The gap between the reluctor and pick-up can 
be important and manufacturers have recommended settings.

Figure 7.7  Ignition distributor with Hall generator

Figure 7.8  A Hall effective sensor output will switch between 0 V and 7 V



Ignition 281

Figure 7.9  Inductive pulse generators use the basic principle of induction to produce a 
signal

Figure 7.10  Inductive pulse generator in a distributor

7.2.6  Other pulse generator s

An early system known as transistor assisted contacts (TAC) was used, where 
the contact breakers were used as the trigger. The only other technique, which 
has been used on a reasonable scale, is the optical pulse generator. This 
involved a focused beam of light from a light emitting diode (LED) and a photo-
transistor. The beam of light is interrupted by a rotating vane, which provides 
a switching output in the form of a square wave. The most popular use for 
this system is in the after-market as a replacement for conventional contact 
breakers. Figure 7.11 shows the basic principle of an optical pulse generator; 
note how the beam is focused to ensure accurate switching.

7.2.7  Dwell angle control (open loop)

Figure 7.12 shows a circuit diagram of a transistorized ignition module. For 
the purposes of explaining how this system works, the pulse generator is the 
inductive type. To understand how the dwell is controlled, an explanation of the 
whole circuit is necessary.

�7�K�H���¿�U�V�W���S�D�U�W���R�I���W�K�H���F�L�U�F�X�L�W���L�V���D���Y�R�O�W�D�J�H���V�W�D�E�L�O�L�]�H�U���W�R���S�U�H�Y�H�Q�W���G�D�P�D�J�H���W�R���D�Q�\��
components and to allow known voltages for charging and discharging the 
capacitors. This circuit consists of ZD1 and R1.
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alternating control voltage, now approaching from positive values, drops below 
the threshold voltage. Transistor T1 now switches off. The base of T2 becomes 
positive via R5 and T2 is on. This alternation – T1 on/T2 off or T1 off/T2 on – is 
typical of the Schmitt trigger and the circuit repeats this action continuously. 
Two series-connected diodes, D2 and D3, are provided for temperature 
compensation. The diode D1 is for reverse polarity protection.

The energy stored in the ignition coil can be put to optimum use with the help 
�R�I���W�K�H���G�Z�H�O�O���V�H�F�W�L�R�Q���L�Q���W�K�H���W�U�L�J�J�H�U���E�R�[�����7�K�H���U�H�V�X�O�W���L�V���W�K�D�W���V�X�I�¿�F�L�H�Q�W���K�L�J�K���Y�R�O�W�D�J�H��
is available for the spark at the spark plug under any operating condition 
�R�I���W�K�H���H�Q�J�L�Q�H�����7�K�H���G�Z�H�O�O���F�R�Q�W�U�R�O���V�S�H�F�L�¿�H�V���W�K�H���V�W�D�U�W���R�I���W�K�H���G�Z�H�O�O���S�H�U�L�R�G�����7�K�H��
beginning of the dwell period (when T3 switches on), is also the beginning of a 
rectangular current pulse that is used to trigger the transistor T4, which is the 
driver stage. This in turn switches on the output stage.

A timing circuit using RC elements is used to provide a variable dwell. This  
circuit alternately charges and discharges capacitors by way of resistors. This  
is an open loop dwell control circuit because the combination of the resistors  
�D�Q�G���F�D�S�D�F�L�W�R�U�V���S�U�R�Y�L�G�H�V���D���¿�[�H�G���W�L�P�H���U�H�O�D�W�L�R�Q�V�K�L�S���D�V���D���I�X�Q�F�W�L�R�Q���R�I���H�Q�J�L�Q�H���V�S�H�H�G��

The capacitor C5 and the resistors R9 and R11 form the RC circuit. When transistor 
T2 is switched off, the capacitor C5 will charge via R9 and the base emitter of T3. 
At low engine speed the capacitor will have time to charge to almost 12 V. During 
this time T3 is switched on and, via T4, T5 and T6, so is the ignition coil. At the point 
of ignition T2 switches on and capacitor C5 can now discharge via R11 and T2. T3 
remains switched off all the time C5 is discharging. It is this discharge time (which 
is dependent on how much C5 had been charged), that delays the start of the 
next dwell period. Capacitor C5���¿�Q�D�O�O�\���E�H�J�L�Q�V���W�R���E�H���F�K�D�U�J�H�G�����Y�L�D���5�������D�Q�G���72, in 
the opposite direction and, when it reaches about 12 V, T3 will switch back on. T3 
remains on until T2 switches off again. As the engine speed increases, the charge 
time available for capacitor C5 decreases. This means it will only reach a lower 
voltage and hence will discharge more quickly. This results in T3 switching on 
earlier and hence a longer dwell period is the result.

The current from this driver transistor drives the power output stage (a 
�'�D�U�O�L�Q�J�W�R�Q���S�D�L�U�������,�Q���W�K�L�V���'�D�U�O�L�Q�J�W�R�Q���F�L�U�F�X�L�W���W�K�H���F�X�U�U�H�Q�W���À�R�Z�L�Q�J���L�Q�W�R���W�K�H���E�D�V�H���R�I��
transistor T5���L�V���D�P�S�O�L�¿�H�G���W�R���D���F�R�Q�V�L�G�H�U�D�E�O�\���K�L�J�K�H�U���F�X�U�U�H�Q�W�����Z�K�L�F�K���L�V���I�H�G���L�Q�W�R���W�K�H��
base of the transistor T6�����7�K�H���K�L�J�K���S�U�L�P�D�U�\���F�X�U�U�H�Q�W���F�D�Q���W�K�H�Q���À�R�Z���W�K�U�R�X�J�K���W�K�H��
ignition coil via transistor T6. The primary current is switched on the collector 
side of this transistor. The Darlington circuit functions as one transistor and is 
often described as the power stage.

�&�R�P�S�R�Q�H�Q�W�V���Q�R�W���V�S�H�F�L�¿�F�D�O�O�\���P�H�Q�W�L�R�Q�H�G���L�Q���W�K�L�V���H�[�S�O�D�Q�D�W�L�R�Q���D�U�H���I�R�U���S�U�R�W�H�F�W�L�R�Q��
against back emf (ZD4, D6) from the ignition coil and to prevent the dwell 
becoming too small (ZD2 and C4). A trigger box for Hall Effect pulse 
generators functions in a similar manner to the above description. The hybrid 
ignition trigger boxes are considerably smaller than those utilizing discrete 
components. Figure 7.13 is a picture of a typical complete unit.

7.2.8  Curr ent limiting and closed loop dwell

Primary current limiting ensures no damage can be caused to the system by 
excessive primary current, but also forms a part of a constant energy system.

The primary current is allowed to build up to its pre-set maximum as soon as 
possible and then be held at this value. The value of this current is calculated 
�D�Q�G���W�K�H�Q���S�U�H���V�H�W���G�X�U�L�Q�J���F�R�Q�V�W�U�X�F�W�L�R�Q���R�I���W�K�H���D�P�S�O�L�¿�H�U���P�R�G�X�O�H�����7�K�L�V���W�H�F�K�Q�L�T�X�H����
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when combined with dwell angle control, is known as closed loop control as 
the actual value of the primary current is fed back to the control stages.

A very low resistance, high power precision resistor is used in this circuit. 
The resistor is connected in series with the power transistor and the ignition 
coil. A voltage sensing circuit connected across this resistor will be activated 
at a pre-set voltage (which is proportional to the current), and will cause the 
output stage to hold the current at a constant value. Figure 7.14 shows a block 
diagram of a closed loop dwell control system.

Stationary current cut-off is for when the ignition is on but the engine is not 
running. This is achieved in many cases by a simple timer circuit, which will cut 
the output stage after about one second.

7.2.9  Capacitor discharge ignition

Capacitor discharge ignition (CDI) has been in use for many years by Saab, on 
some models of the Porsche 911 and some Ferrari models. It is now still used 
by some coil on plug (COP) ignition systems.

Figure 7.13  Transistorized ignition module

Figure 7.14  Closed loop dwell control system
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Figure 7.15 shows a block diagram of the CDI system. The CDI works by 
�¿�U�V�W���V�W�H�S�S�L�Q�J���X�S���W�K�H���E�D�W�W�H�U�\���Y�R�O�W�D�J�H���W�R���D�E�R�X�W�����������9�����'�&�������X�V�L�Q�J���D�Q���R�V�F�L�O�O�D�W�R�U��
�D�Q�G���D���W�U�D�Q�V�I�R�U�P�H�U�����I�R�O�O�R�Z�H�G���E�\���D���U�H�F�W�L�¿�H�U�����7�K�L�V���K�L�J�K���Y�R�O�W�D�J�H���L�V���X�V�H�G���W�R���F�K�D�U�J�H��
a capacitor. At the point of ignition the capacitor is discharged through the 
primary winding of a coil, often by use of a thyristor. This rapid discharge 
through the coil primary will produce a very high voltage output from the 
secondary winding. This voltage has a very fast rise time compared with a 
more conventional system. Typically, the rise time for CDI is 3–10 kV/s as 
compared with the pure inductive system, which is 300–500 V/s. This very fast 
rise time and high voltage will ensure that even a carbon- or oil-fouled plug 
�Z�L�O�O���E�H���¿�U�H�G�����7�K�H���G�L�V�D�G�Y�D�Q�W�D�J�H�����K�R�Z�H�Y�H�U�����L�V���W�K�D�W���W�K�H���V�S�D�U�N���G�X�U�D�W�L�R�Q���L�V���V�K�R�U�W����
which can cause problems particularly during starting. This is often overcome 
by providing the facility for multi-sparking. However, when used in conjunction 
with direct ignition (one coil for each plug) the spark duration is acceptable.

7.3  Electronic spar k advance

7.3.1  Ov erview

Constant energy electronic ignition was a major step forwards and is still 
used on most vehicles. However, limitations lay in still having to rely upon 
mechanical components for speed and load advance characteristics. In many 
cases these did not match ideally the requirements of the engine.

Electronic spark advance (ESA) ignition systems have a major difference 
compared with earlier systems, in that they operate digitally. Information  
about the operating requirements of a particular engine is programmed  
into the memory inside the electronic control unit. The data for storage in  
ROM are obtained from rigorous testing on an engine dynamometer and  
from further development work on the vehicle under various operating  
conditions.

ESA ignition has several advantages.

•  The ignition timing can be accurately matched to the individual application 
under a range of operating conditions.

•  Other control inputs can be utilized such as coolant temperature and 
ambient air temperature.

•  Starting is improved and fuel consumption is reduced, as are emissions, and 
idle control is better.

• Other inputs can be taken into account such as engine knock.

•  The number of wearing components in the ignition system is considerably 
reduced.

ESA (also referred to as programmed ignition), can be a separate system  
but is now most likely to be included as part of the full engine management 
system.

Figure 7.15  CDI system

       Key fact
Electronic spark advance (ESA) 
ignition systems have data on 
the operating requirements of a 
particular engine programmed 
into memory.
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7.3.2  Sensors and input infor mation

A typical early ESA system is shown as Figure 7.16. In order for the ECU 
to calculate suitable timing and dwell outputs, certain input information is 
required.

Figure 7.16  Programmed ignition systems

Figure 7.17  Position of a programmed 
ignition crankshaft sensor

Engine speed and position – crankshaft sensor

This sensor is a reluctance sensor positioned as shown in Figure 7.17. The 
device consists of a permanent magnet, a winding and a soft iron core. It 
is mounted in proximity to a reluctor disc. The disc has 34 teeth, spaced at 
10° intervals around the periphery of the disc. It has two teeth missing, 180° 
apart, at a known position before TDC (BTDC). Many manufacturers use this 
technique with minor differences. As a tooth from the reluctor disc passes 
the core of the sensor, the reluctance of the magnetic circuit is changed. 
This induces a voltage in the winding, the frequency of the waveform being 
proportional to the engine speed. The missing tooth causes a ‘missed’ output 
wave and hence the engine position can be determined.

Engine load – manifold absolute pressure sensor

Engine load is proportional to manifold pressure in that high load conditions 
produce high pressure and lower load conditions – such as cruise – produce 
lower pressure. Load sensors are therefore pressure transducers. They are 
either mounted in the ECU or as a separate unit, and are connected to the 
inlet manifold with a pipe. The pipe often incorporates a restriction to damp out 
�À�X�F�W�X�D�W�L�R�Q�V���D�Q�G���D���Y�D�S�R�X�U���W�U�D�S���W�R���S�U�H�Y�H�Q�W���S�H�W�U�R�O���I�X�P�H�V���U�H�D�F�K�L�Q�J���W�K�H���V�H�Q�V�R�U��

Engine temperature – coolant sensor

Coolant temperature measurement is carried out by a simple thermistor, and 
in many cases the same sensor is used for the operation of the temperature 
gauge and to provide information to the fuel control system. A separate 
memory map is used to correct the basic timing settings. Timing may be 
retarded when the engine is cold to assist in more rapid warm up.
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Detonation – knock sensor

Combustion knock can cause serious damage to an engine if sustained for 
long periods. This knock, or detonation, is caused by over-advanced ignition 
timing. At variance with this is that an engine will, in general, run at its most 
�H�I�¿�F�L�H�Q�W���Z�K�H�Q���W�K�H���W�L�P�L�Q�J���L�V���D�G�Y�D�Q�F�H�G���D�V���I�D�U���D�V���S�R�V�V�L�E�O�H�����7�R���D�F�K�L�H�Y�H���W�K�L�V�����W�K�H��
data stored in the basic timing map will be as close to the knock limit of the 
engine as possible (see Figure 7.18). The knock limit is also known as the 
detonation border line (DBL). The knock sensor provides a margin for error. 
�7�K�H���V�H�Q�V�R�U���L�W�V�H�O�I���L�V���D�Q���D�F�F�H�O�H�U�R�P�H�W�H�U���R�I�W�H�Q���R�I���W�K�H���S�L�H�]�R�H�O�H�F�W�U�L�F���W�\�S�H�����,�W���L�V���¿�W�W�H�G��
in the engine block between cylinders two and three on in-line four-cylinder 
engines. Vee engines require two sensors, one on each side. The ECU 
responds to signals from the knock sensor in the engine’s knock window for 
each cylinder – this is often just a few degrees each side of TDC. This prevents 
clatter from the valve mechanism being interpreted as knock. The signal from 
�W�K�H���V�H�Q�V�R�U���L�V���D�O�V�R���¿�O�W�H�U�H�G���L�Q���W�K�H���(�&�8���W�R���U�H�P�R�Y�H���X�Q�Z�D�Q�W�H�G���Q�R�L�V�H�����,�I���G�H�W�R�Q�D�W�L�R�Q��
is detected, the ignition timing is retarded on the fourth ignition pulse after 
detection (four-cylinder engine) in steps until knock is no longer detected.

The steps vary between manufacturers, but about 2° is typical. The timing is 
then advanced slowly in steps of, say 1°, over a number of engine revolutions, 
�X�Q�W�L�O���W�K�H���D�G�Y�D�Q�F�H���U�H�T�X�L�U�H�G���E�\���P�H�P�R�U�\���L�V���U�H�V�W�R�U�H�G�����7�K�L�V���¿�Q�H���F�R�Q�W�U�R�O���D�O�O�R�Z�V���W�K�H��
engine to be run very close to the knock limit without risk of engine damage.

Battery voltage

Correction to dwell settings is required if the battery voltage falls, as a lower 
�Y�R�O�W�D�J�H���V�X�S�S�O�\���W�R���W�K�H���F�R�L�O���Z�L�O�O���U�H�T�X�L�U�H���D���V�O�L�J�K�W�O�\���O�D�U�J�H�U���G�Z�H�O�O���¿�J�X�U�H�����7�K�L�V��
information is often stored in the form of a dwell correction map.

7.3.3  Electronic contr ol unit

As the sophistication of systems has increased, the information held in the memory 
chips of the ECU has also increased. The earlier versions of a programmed 
ignition system achieved accuracy in ignition timing of 1.8° whereas a conventional 
distributor is 8°. The information, which is derived from dynamometer tests as well 
as running tests in the vehicle, is stored in ROM. The basic timing map consists of 
the correct ignition advance for 16 engine speeds and 16 engine load conditions. 
This is shown in Figure 7.19 using a cartographic representation.

Figure 7.18  Ideal timing angle for an engine is close to the knock limit

       Key fact
Combustion knock can cause  
serious damage to an engine if  
sustained for long periods.
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build-up of harmful gases such as ozone and nitric oxide by venting them to 
the atmosphere. These gases are created by the electrolytic action of the spark 
as it jumps the air gap between the rotor arm and the cap segment. The rotor 
arm is also made of Crasline and is reinforced with a metal insert to relieve 
�¿�[�L�Q�J���V�W�U�H�V�V�H�V��

7.4  Distributorless ignition

7.4.1  Principle of oper ation

Distributorless ignition has all the features of programmed ignition systems but, 
by using a special type of ignition coil, outputs to the spark plugs without the 
need for an HT distributor.

The system is generally only used on four-cylinder engines because the 
control system becomes more complex for higher numbers. The basic principle 
is that of the ‘lost spark’. The distribution of the spark is achieved by using 
�W�Z�R���G�R�X�E�O�H���H�Q�G�H�G���F�R�L�O�V�����Z�K�L�F�K���D�U�H���¿�U�H�G���D�O�W�H�U�Q�D�W�H�O�\���E�\���W�K�H���(�&�8�����7�K�H���W�L�P�L�Q�J��
is determined from a crankshaft speed and position sensor as well as load 
�D�Q�G���R�W�K�H�U���F�R�U�U�H�F�W�L�R�Q�V�����:�K�H�Q���R�Q�H���R�I���W�K�H���F�R�L�O�V���L�V���¿�U�H�G�����D���V�S�D�U�N���L�V���G�H�O�L�Y�H�U�H�G���W�R��
two engine cylinders, either 1 and 4, or 2 and 3. The spark delivered to the 
cylinder on the compression stroke will ignite the mixture as normal. The spark 
produced in the other cylinder will have no effect, as this cylinder will be just 
completing its exhausted stroke.

Because of the low compression and the exhaust gases in the ‘lost spark’ 
cylinder, the voltage used for the spark to jump the gap is only about 3 kV. 
This is similar to the more conventional rotor arm to cap voltage. The spark 
produced in the compression cylinder is therefore not affected.

An interesting point here is that the spark on one of the cylinders will jump 
from the earth electrode to the spark plug centre. Many years ago this would 
not have been acceptable, as the spark quality when jumping this way would 
not have been as good as when it jumps from the centre electrode. However, 
the energy available from modern constant energy systems will produce a 
spark of suitable quality in either direction. Figure 7.23 shows the layout of the 
distributorless ignition system (DIS) system.

Figure 7.22  DIS ignition system

       

Key fact
Distributorless ignition outputs 
to the spark plugs without the 
need for an HT distributor.

       Key fact
Because of the low compression 
and the exhaust gases in the 
‘lost spark’ cylinder, the voltage 
used for the spark to jump the 
gap is only about 3 kV.
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7.4.2  System components

The DIS system consists of three main components: the electronic module, 
a crankshaft position sensor and the DIS coil. In many systems a manifold 
absolute pressure sensor is integrated in the module. The module functions 
in much the same way as has been described for the previously described 
electronic spark advance system.

The crankshaft position sensor is similar in operation to the one described in the 
previous section. It is again a reluctance sensor and is positioned against the 
�I�U�R�Q�W���R�I���W�K�H���À�\�Z�K�H�H�O���R�U���D�J�D�L�Q�V�W���D���U�H�O�X�F�W�R�U���Z�K�H�H�O���M�X�V�W���E�H�K�L�Q�G���W�K�H���I�U�R�Q�W���F�U�D�Q�N�V�K�D�I�W��
pulley. The tooth pattern consists of 35 teeth. These are spaced at 10° intervals 
with a gap where the 36th tooth would be. The missing tooth is positioned at 
90° BTDC for cylinders number 1 and 4. This reference position is placed a 
�¿�[�H�G���Q�X�P�E�H�U���R�I���G�H�J�U�H�H�V���E�H�I�R�U�H���W�R�S���G�H�D�G���F�H�Q�W�U�H�����L�Q���R�U�G�H�U���W�R���D�O�O�R�Z���W�K�H���W�L�P�L�Q�J���R�U��
�L�J�Q�L�W�L�R�Q���S�R�L�Q�W���W�R���E�H���F�D�O�F�X�O�D�W�H�G���D�V���D���¿�[�H�G���D�Q�J�O�H���D�I�W�H�U���W�K�H���U�H�I�H�U�H�Q�F�H���P�D�U�N��

The low tension winding is supplied with battery voltage to a centre terminal. 
The appropriate half of the winding is then switched to earth in the module. The 
�K�L�J�K���W�H�Q�V�L�R�Q���Z�L�Q�G�L�Q�J�V���D�U�H���V�H�S�D�U�D�W�H���D�Q�G���D�U�H���V�S�H�F�L�¿�F���W�R���F�\�O�L�Q�G�H�U�V�������D�Q�G���������R�U������
and 3. Figure 7.24 shows a typical DIS coil.

7.5  Coil on plug (COP) ignition

7.5.1  General description

Coil on plug (COP), or direct ignition, is the natural follow-on from 
distributorless ignition. This system utilizes an inductive coil for each cylinder. 
These coils are mounted directly on the spark plugs. Figure 7.25 shows a 
cross-section of the direct ignition coil. The use of an individual coil for each 

Figure 7.23  DIS coil on a car
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container. This allows less interference to be caused in the main ECU due to 
heavy current switching and shorter runs of wires carrying higher currents.

7.5.2  Control of  ignition

Ignition timing and dwell are controlled in a manner similar to the previously 
described programmed system. The one important addition to this on some 
systems is a camshaft sensor to provide information as to which cylinder is on 
the compression stroke. A system that does not require a sensor to determine 
which cylinder is on compression (engine position is known from a crank 
�V�H�Q�V�R�U�����G�H�W�H�U�P�L�Q�H�V���W�K�H���L�Q�I�R�U�P�D�W�L�R�Q���E�\���L�Q�L�W�L�D�O�O�\���¿�U�L�Q�J���D�O�O���R�I���W�K�H���F�R�L�O�V�����7�K�H���Y�R�O�W�D�J�H��
across the plugs allows measurement of the current for each spark and will 
indicate which cylinder is on its combustion stroke. This works because a 
burning mixture has a lower resistance. The cylinder with the highest current at 
this point will be the cylinder on the combustion stroke.

A further feature of some systems is the case when the engine is cranked 
�R�Y�H�U���I�R�U���D�Q���H�[�F�H�V�V�L�Y�H���W�L�P�H�����P�D�N�L�Q�J���À�R�R�G�L�Q�J���O�L�N�H�O�\�����7�K�H���S�O�X�J�V���D�U�H���D�O�O���¿�U�H�G���Z�L�W�K��
multisparks for a period of time after the ignition is left in the on position for  
5 seconds. This will burn away any excess fuel.

�'�X�U�L�Q�J���G�L�I�¿�F�X�O�W���V�W�D�U�W�L�Q�J���F�R�Q�G�L�W�L�R�Q�V�����P�X�O�W�L�V�S�D�U�N�L�Q�J���L�V���D�O�V�R���X�V�H�G���E�\���V�R�P�H���V�\�V�W�H�P�V��
during 70° of crank rotation before TDC. This assists with starting and then, once 
the engine is running, the timing will return to its normal calculated position.

7.6  Spark plugs

7.6.1  Functional requir ements

The simple requirement of a spark plug is that it must allow a spark to form  
within the combustion chamber, to initiate burning. In order to do this the plug 
has to withstand a number of severe conditions. Consider, as an example, a  

Figure 7.26  Six direct ignition coils in position
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four-cylinder four-stroke engine with a compression ratio of 9 : 1, running at 
speeds up to 5000 rpm. The following conditions are typical. At this speed the 
four-stroke cycle will repeat every 24 ms.

• End of induction stroke –0.9 bar at 65°C.

• �,�J�Q�L�W�L�R�Q���¿�U�L�Q�J���S�R�L�Q�W���±�����E�D�U���D�W���������ƒ�&��

• Highest value during power stroke –45 bar at 3000°C.

• Power stroke completed –4 bar at 1100°C.

Besides the above conditions, the spark plug must withstand severe vibration 
and a harsh chemical environment. Finally, but perhaps most important, the 
insulation properties must withstand voltage pressures up to 40 kV.

7.6.2  Construction

Figure 7.28 shows a standard and a resistor spark plug. The centre electrode is 
connected to the top terminal by a stud. The electrode is constructed of a nickel-
based alloy. Silver and platinum are also used for some applications. If a copper 
core is used in the electrode this improves the thermal conduction properties.

The insulating material is ceramic-based and of a very high grade. Aluminium 
oxide, Al2O3 (95% pure), is a popular choice, it is bonded into the metal parts 
and glazed on the outside surface. The properties of this material, which make 
it most suitable, are as follows:

• Young’s modulus: 340 kN/mm2.

• �&�R�H�I�¿�F�L�H�Q�W���R�I���W�K�H�U�P�D�O���H�[�S�D�Q�V�L�R�Q�������������������.����

• �7�K�H�U�P�D�O���F�R�Q�G�X�F�W�L�Y�L�W�\���������±�����:���P���.�����U�D�Q�J�H���������±�������ƒ�&����

• Electrical resistance: 1013 /m.

The above list is intended as a guide only, as actual values can vary widely 
with slight manufacturing changes. The electrically conductive glass seal 
between the electrode and terminal stud is also used as a resistor. This 

Figure 7.27  Spark plugs
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resistor has two functions. First, to prevent burn-off of the centre electrode, 
and secondly to reduce radio interference. In both cases the desired effect is 
achieved because the resistor damps the current at the instant of ignition.

Flash-over, or tracking down the outside of the plug insulation, is prevented by 
ribs that effectively increase the surface distance from the terminal to the metal 
�¿�[�L�Q�J���E�R�O�W�����Z�K�L�F�K���L�V���R�I���F�R�X�U�V�H���H�D�U�W�K�H�G���W�R���W�K�H���H�Q�J�L�Q�H��

7.6.3  Heat r ange

Due to the many and varied constructional features involved in the design of 
an engine, the range of temperatures in which a spark plug is exposed to, can 
�Y�D�U�\���V�L�J�Q�L�¿�F�D�Q�W�O�\�����7�K�H���R�S�H�U�D�W�L�Q�J���W�H�P�S�H�U�D�W�X�U�H���R�I���W�K�H���F�H�Q�W�U�H���H�O�H�F�W�U�R�G�H���R�I���D���V�S�D�U�N��
plug is critical. If the temperature becomes too high then pre-ignition may occur 
as the fuel–air mixture may become ignited due to the incandescence of the 
plug electrode. On the other hand, if the electrode temperature is too low then 
carbon and oil fouling can occur as deposits are not burnt off. Fouling of the 
plug nose can cause shunts (a circuit in parallel with the spark gap). It has 
been shown through experimentation and experience that the ideal operating 
temperature of the plug electrode is between 400 and 900°C. Figure 7.29 
shows how the temperature of the electrode changes with engine power output.

The heat range of a spark plug then is a measure of its ability to transfer heat 
away from the centre electrode. A hot running engine will require plugs with a 
higher thermal loading ability than a colder running engine. Note that hot and 
cold running of an engine in this sense refers to the combustion temperature  
�D�Q�G���Q�R�W���W�R���W�K�H���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���F�R�R�O�L�Q�J���V�\�V�W�H�P��

Figure 7.28  �6�S�D�U�N���S�O�X�J���F�R�Q�V�W�U�X�F�W�L�R�Q�����6�R�X�U�F�H�����1�*�.��

       Key fact
The operating temperature of 
the centre electrode of a spark 
plug is critical.

       Key fact
The heat range of a spark plug 
then is a measure of its ability 
to transfer heat away from the 
centre electrode.
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The following factors determine the thermal capacity of a spark plug.

• Insulator nose length.

• Electrode material.

• Thread contact length.

• Projection of the electrode.

All these factors are dependent on each other and the position of the plug in 
the engine also has a particular effect.

It has been found that a longer projection of the electrode helps to reduce fouling 
problems due to low power operation, stop–go driving and high altitude conditions. 
In order to use greater projection of the electrode, better quality thermal conduction 
is required to allow suitable heat transfer at higher power outputs. Figure 7.30 
shows the heat conducting paths of a spark plug together with changes in design 
�I�R�U���K�H�D�W���U�D�Q�J�H�V�����$�O�V�R���V�K�R�Z�Q���L�V���W�K�H���U�D�Q�J�H���R�I���S�D�U�W���Q�X�P�E�H�U�V���I�R�U���1�*�.���S�O�X�J�V��

7.6.4  Electrode ma terials

The material chosen for the spark plug electrode must exhibit the following 
properties:

• High thermal conductivity.

• High corrosion resistance.

• High resistance to burn-off.

Figure 7.29  Temperature of a spark plug electrode changes with engine power output

Figure 7.30  �+�H�D�W���F�R�Q�G�X�F�W�L�Q�J���S�D�W�K�V���R�I���D���V�S�D�U�N���S�O�X�J�����6�R�X�U�F�H�����1�*�.��

       Key fact
For normal applications, alloys 
of nickel are used for the 
electrode material.
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For normal applications, alloys of nickel are used for the electrode material. 
Chromium, manganese, silicon and magnesium are examples of the alloying 
constituents. These alloys exhibit excellent properties with respect to corrosion 
and burn-off resistance. To improve on the thermal conductivity, compound 
electrodes are used. These allow a greater nose projection for the same 
temperature range, as discussed in the last section. A common example of this 
type of plug is the copper-core spark plug.

Silver electrodes are used for specialist applications as silver has very good 
thermal and electrical properties. Again, with these plugs nose length can be 
increased within the same temperature range. The thermal conductivity of 
some electrode materials is listed for comparison.

• �6�L�O�Y�H�U�����������:���P���.��

• �&�R�S�S�H�U�����������:���P���.��

• �3�O�D�W�L�Q�X�P���������:���P���.��

• �1�L�F�N�H�O���������:���P���.��

Compound electrodes have an average thermal conductivity of about  
200 W/m� ���.�����3�O�D�W�L�Q�X�P���W�L�S�V���D�U�H���X�V�H�G���I�R�U���V�R�P�H���V�S�D�U�N���S�O�X�J���D�S�S�O�L�F�D�W�L�R�Q�V���G�X�H���W�R��
the very high burn-off resistance of this material. It is also possible because 
of this to use much smaller diameter electrodes, thus increasing mixture 
accessibility. Platinum also has a catalytic effect, further accelerating the 
combustion process (Figure 7.31).

7.6.5  Electrode ga p

Spark plug electrode gaps have, in general, increased as the power of the 
ignition systems driving the spark has increased. The simple relationship 
between plug gap and voltage required is that, as the gap increases so must 
the voltage (leaving aside engine operating conditions). Furthermore, the 
�H�Q�H�U�J�\���D�Y�D�L�O�D�E�O�H���W�R���I�R�U�P���D���V�S�D�U�N���D�W���D���¿�[�H�G���H�Q�J�L�Q�H���V�S�H�H�G���L�V���F�R�Q�V�W�D�Q�W�����Z�K�L�F�K��
means that a larger gap using higher voltage will result in a shorter duration 
spark. A smaller gap will allow a longer duration spark. For cold starting an 
engine and for igniting weak mixtures, the duration of the spark is critical. 
Likewise the plug gap must be as large as possible to allow easy access for 
�W�K�H���P�L�[�W�X�U�H���L�Q���R�U�G�H�U���W�R���S�U�H�Y�H�Q�W���T�X�H�Q�F�K�L�Q�J���R�I���W�K�H���À�D�P�H��

�7�K�H���¿�Q�D�O���F�K�R�L�F�H���L�V���W�K�H�U�H�I�R�U�H���D���F�R�P�S�U�R�P�L�V�H���U�H�D�F�K�H�G���W�K�U�R�X�J�K���W�H�V�W�L�Q�J���D�Q�G��
development of a particular application. Plug gaps in the region of 0.6–1.2 mm 
seem to be the norm at present.

7.6.6  V-grooved spark plug

�7�K�H���9���J�U�R�R�Y�H�G���S�O�X�J���L�V���D���G�H�Y�H�O�R�S�P�H�Q�W���E�\���1�*�.���G�H�V�L�J�Q�H�G���W�R���U�H�G�X�F�H���H�O�H�F�W�U�R�G�H��
�T�X�H�Q�F�K�L�Q�J���D�Q�G���D�O�O�R�Z���W�K�H���À�D�P�H���I�U�R�Q�W���W�R���S�U�R�J�U�H�V�V���P�R�U�H���H�D�V�L�O�\���I�U�R�P���W�K�H���V�S�D�U�N����
This is achieved by forming the electrode end into a ‘V’ shape, as shown in 
Figure 7.32.

This allows the spark to be formed at the side of the electrode, giving better 
�S�U�R�S�D�J�D�W�L�R�Q���R�I���W�K�H���À�D�P�H���I�U�R�Q�W���D�Q�G���O�H�V�V���T�X�H�Q�F�K�L�Q�J���G�X�H���W�R���F�R�Q�W�D�F�W���Z�L�W�K���W�K�H���H�D�U�W�K��
�D�Q�G���F�H�Q�W�U�H���H�O�H�F�W�U�R�G�H�V�����)�L�J�X�U�H�������������V�K�R�Z�V���D���9���J�U�R�R�Y�H�G���S�O�X�J���¿�U�L�Q�J���W�R�J�H�W�K�H�U���Z�L�W�K��
a graphical indication of the potential improvements when compared with the 
conventional plug.

Figure 7.31  The plug has good anti-
fouling characteristics
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7.6.7  Choosing the corr ect plug

Two methods are often used to determine the best spark plug for a given 
application. In the main it is the temperature range that is of prime importance. 
�7�K�H���¿�U�V�W���P�H�W�K�R�G���R�I���D�V�V�H�V�V�L�Q�J���S�O�X�J���W�H�P�S�H�U�D�W�X�U�H���L�V���W�K�H���W�K�H�U�P�R�F�R�X�S�O�H���V�S�D�U�N��
plug, as shown in Figure 7.34. This allows quite accurate measurement of the 
temperature but does not allow the test to be carried out for all types of plug.

A second method is the technique of ionic current measurement. When com- 
�E�X�V�W�L�R�Q���K�D�V���E�H�H�Q���L�Q�L�W�L�D�W�H�G�����W�K�H���F�R�Q�G�X�F�W�L�Y�L�W�\���D�Q�G���S�D�W�W�H�U�Q���R�I���F�X�U�U�H�Q�W���À�R�Z��
across the plug gap is a very good indication of the thermal load on the 
plug. This process allows accurate matching of the spark plug heat range to 
every engine, as well as providing data on the combustion temperature of 
a test engine. This technique is starting to be used as feedback to engine 
management systems to assist with accurate control.

Figure 7.32  �1�*�.���9���S�R�Z�H�U���S�O�X�J�����6�R�X�U�F�H�����1�*�.��

Figure 7.33  �9���J�U�R�R�Y�H�G���V�S�D�U�N���S�O�X�J���¿�U�L�Q�J�����W�R�J�H�W�K�H�U���Z�L�W�K���D���J�U�D�S�K���L�Q�G�L�F�D�W�L�Q�J���S�R�W�H�Q�W�L�D�O��
improvements when compared with the conventional plug
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In the after-market, choosing the correct plug is a matter of using 
manufacturers’ parts catalogues.

7.6.8  Spark plugs de velopment

Most developments in spark plug technology are incremental. Recent trends 
have been towards the use of platinum plugs and the development of a plug 
that will stay within acceptable parameters for long periods (i.e. in excess of 50 
000 miles/80 000 km).

Multiple electrode plugs are a contribution to long life and reliability. Do note 
though that these plugs only produce one spark at one of the electrodes 
�H�D�F�K���W�L�P�H���W�K�H�\���¿�U�H�����7�K�H���V�S�D�U�N���Z�L�O�O���M�X�P�S���D�F�U�R�V�V���W�K�H���S�D�W�K���R�I���O�H�D�V�W���U�H�V�L�V�W�D�Q�F�H��
and this will normally be the path that will produce the best ignition or start 
to combustion. Equally, the wear rate is spread over two or more electrodes. 
Figure 7.35 shows a number of platinum spark plugs.

7.7  Summary

7.7.1  Ov erview

Modern ignition systems are now part of the engine management, which  
controls fuel delivery, ignition and other vehicle functions. These systems 
are under continuous development and reference to the manufacturer’s 
workshop manual is essential when working on any vehicle. The main 
ignition components are the engine speed and load sensors, knock sensor, 
temperature sensor and the ignition coil. The ECU reads from the sensors, 
interprets and compares the data, and sends output signals to the actuators. 
The output component for ignition is the coil. Some form of electronic ignition is 
�Q�R�Z���¿�W�W�H�G���W�R���D�O�O���V�S�D�U�N���L�J�Q�L�W�L�R�Q���Y�H�K�L�F�O�H�V��

Figure 7.34  Thermocouple spark plug

       Key fact
The main ignition components 
are the engine speed and 
load sensors, knock sensor, 
temperature sensor, and the 
ignition coil.
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the other cylinder will have no effect, as this cylinder will be just completing its 
exhaust stroke.

Coil on plug (COP) or direct ignition is similar, but has one ignition coil for each 
cylinder, which is mounted directly on the spark plug. The use of an individual 
coil for each plug ensures that the charge time for the low inductance primary 
winding is very fast. This ensures that a very high voltage, high-energy spark is 
produced.

Ignition timing and dwell are controlled digitally. On some systems a 
camshaft sensor is used to provide information about which cylinder is on 
the compression stroke. An interesting method, which does not require a 
sensor to determine which cylinder is on compression (engine position is 
�N�Q�R�Z�Q���I�U�R�P���D���F�U�D�Q�N���V�H�Q�V�R�U�������G�H�W�H�U�P�L�Q�H�V���W�K�H���L�Q�I�R�U�P�D�W�L�R�Q���E�\���L�Q�L�W�L�D�O�O�\���¿�U�L�Q�J���D�O�O��
of the coils. The voltage across the plugs allows measurement of the current 
for each spark and will indicate which cylinder is on its combustion stroke. 
This works because a burning mixture has a lower resistance. The cylinder 
with the highest current at this point will be the cylinder on the combustion 
stroke.

Modern ignition systems, that are part of an engine management system, 
usually have a limp-home facility that allows the engine to continue to operate 
when defects are detected by the ECU. Basic settings are substituted and a 
warning light is illuminated to alert the driver. Self-test and onboard diagnostic 
(OBD) links are provided for diagnostic tests to be carried out.

Ignition systems continue to develop and will continue to improve. However, 
keep in mind that the simple purpose of an ignition system is to ignite the 
fuel–air mixture every time at the right time. And, no matter how complex the 
electronics may seem, the high voltage is produced by switching a coil on 
and off.

7.7.2  Testing procedure

Table 7.3 lists some common symptoms of an ignition system malfunction 
together with suggestions for the possible fault.

Figure 7.36  Combustion taking place (Source: Ford Media)

       Key fact
High voltage sparks are 
produced by switching a coil on 
and off.

   

Caution/Achtung/Attention – 
High voltages can seriously 
damage your health!

�6�D�I�H�W�\���¿�U�V�W
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7.8  Advanced ignition technolog y

7.8.1  Ignition coil perfor mance

The instantaneous value of primary current in the inductive circuit of the 
ignition coil is determined by a number of factors. The HT produced is mainly 
dependent on this value of primary current. The rate of increase of primary 
current is vital because this determines the value of current when the circuit is 
�µ�E�U�R�N�H�Q�¶���W�R���S�U�R�G�X�F�H���W�K�H���F�R�O�O�D�S�V�H���R�I���W�K�H���P�D�J�Q�H�W�L�F���¿�H�O�G��

If the electrical constants of the primary ignition system are known it is possible 
to calculate the instantaneous primary current. This requires the exponential 
equation:

where: i = instantaneous primary current, R = total primary resistance, L = 
�L�Q�G�X�F�W�D�Q�F�H���R�I���S�U�L�P�D�U�\���Z�L�Q�G�L�Q�J�����W��� ���W�L�P�H���F�X�U�U�H�Q�W���K�D�V���E�H�H�Q���À�R�Z�L�Q�J�����H��� ���E�D�V�H���R�I��
natural logs.

Some typical values for comparison are:

Contact breaker ignition Electronic ignition

R = 3 to 4 �8 R = 1 �8

V = 14 V V = 14 V

L = 10 mH L = 4 mH

Using as an example a four-cylinder engine running at 3000 rpm, 6000 sparks 
per minute are required (four sparks during the two revolutions to complete the 
four-stroke cycle). This equates to 6000/60 or 100 sparks per second. At this 
rate each spark must be produced and used in 10 ms.

Taking a typical dwell period of say 60% the time t, at 3000 rpm on a four 
cylinder engine is 6 ms. At 6000 rpm, t will be 3 ms. Employing the exponential 
equation above, the instantaneous current for each system is:

 3000 rpm 6000 rpm
Conventional system = 3.2 A 2.4 A
Electronic system = 10.9 A 7.3 A

This gives a clear indication of how the energy stored in the coil is much 
increased by the use of low resistance and low inductance ignition coils. It is 
�L�P�S�R�U�W�D�Q�W���W�R���Q�R�W�H���W�K�D�W���W�K�H���K�L�J�K�H�U���F�X�U�U�H�Q�W���À�R�Z�L�Q�J���L�Q���W�K�H���H�O�H�F�W�U�R�Q�L�F���V�\�V�W�H�P���Z�R�X�O�G��
have been too much for the conventional contact breakers.

�7�K�H���H�Q�H�U�J�\���V�W�R�U�H�G���L�Q���W�K�H���P�D�J�Q�H�W�L�F���¿�H�O�G���R�I���W�K�H���L�J�Q�L�W�L�R�Q���F�R�L�O���L�V���F�D�O�F�X�O�D�W�H�G���D�V��
shown:

E = 1/2 (L�i 2)

where: E = energy, L = inductance of primary winding, i = instantaneous 
primary current.

The stored energy of the electronic system at 6000 rpm is 110 mJ; the energy 
in the conventional system is 30 mJ. This clearly shows the advantage of 
electronic ignition as the spark energy is directly related to energy stored in 
the coil.
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7.9  Updates

7.9.1  Spark plug electr ode designs

Every time the plug sparks, minute particles of material are worn away from 
the electrodes. This phenomenon is called spark erosion. Over time, this 
process increases the spark plug gap between the centre and the earth/ground 
�H�O�H�F�W�U�R�G�H�����,�I���W�K�H���J�D�S���E�H�F�R�P�H�V���W�R�R���O�D�U�J�H�����P�L�V�¿�U�L�Q�J���Z�L�O�O���R�F�F�X�U��

To extend the service interval of vehicles, the service life of the spark plug 
�P�X�V�W���E�H���L�Q�F�U�H�D�V�H�G�����6�R�P�H���P�D�Q�X�I�D�F�W�X�U�H�U�V���D�U�H���¿�W�W�L�Q�J���P�X�O�W�L���H�O�H�F�W�U�R�G�H���V�S�D�U�N��
plugs as original equipment to achieve this. Multi electrode spark plugs 
can have two, three or four ground electrodes depending on the service life 
requirement of the manufacturer. However, no matter how many ground 
�H�O�H�F�W�U�R�G�H�V���W�K�H���S�O�X�J���K�D�V�����H�Y�H�U�\���W�L�P�H���W�K�H���V�S�D�U�N���S�O�X�J���¿�U�H�V�����R�Q�O�\���R�Q�H���V�S�D�U�N��
occurs between the centre electrode and the ground electrode which has the 
lowest required voltage or the least distance to travel between the centre and 
the ground electrode.

       Key fact
No matter how many ground 
electrodes the plug has, every 
�W�L�P�H���W�K�H���V�S�D�U�N���S�O�X�J���¿�U�H�V�����R�Q�O�\��
one spark occurs between 
the centre electrode and the 
ground electrode.

Figure 7.37  Spark plug electrodes, left to right: multi-electrode, iridium wire, hybrid 
���6�R�X�U�F�H�����1�*�.���3�O�X�J�V��

The spark plug plays a vital role in the quest to improve ignition quality, engine 
performance, reduce emissions, and reduce fuel consumption. Spark plugs 
that employ small diameter centre and sometimes ground electrodes can offer 
�E�H�Q�H�¿�W�V���L�Q���V�H�Y�H�U�D�O���D�U�H�D�V�����7�K�H�V�H���¿�Q�H���Z�L�U�H���S�O�X�J�V���U�H�T�X�L�U�H���O�H�V�V���Y�R�O�W�D�J�H���W�R���F�U�H�D�W�H��
�W�K�H���V�S�D�U�N�����K�D�Y�H���D���P�R�U�H���F�R�Q�V�L�V�W�H�Q�W���V�S�D�U�N���S�R�V�L�W�L�R�Q�����E�H�W�W�H�U���J�D�V���À�R�Z���D�U�R�X�Q�G���W�K�H��
�¿�U�L�Q�J���S�R�V�L�W�L�R�Q�����D�Q�G���H�[�S�H�U�L�H�Q�F�H���O�H�V�V���T�X�H�Q�F�K���H�I�I�H�F�W���W�K�D�Q���R�W�K�H�U���G�H�V�L�J�Q�V�����$�V��
the electrodes erode during use it is necessary to compensate for the use 
of smaller electrodes by some means otherwise the plugs would have an 
unacceptable (short) service life.

By using small chips of special precious metals such as platinum or even 
iridium, which are welded to the tips of the electrodes, it is possible to increase 
�W�K�H���V�H�U�Y�L�F�H���O�L�I�H���V�L�J�Q�L�¿�F�D�Q�W�O�\���Z�K�L�O�V�W���P�D�L�Q�W�D�L�Q�L�Q�J���W�K�H���K�L�J�K�H�V�W���L�J�Q�L�W�L�R�Q���S�H�U�I�R�U�P�D�Q�F�H����
These metals are extremely hard and have very high melting points thus 
making them ideal for use in this hostile environment.

Some modern vehicles use a direct fuel injection system and these vehicles 
�G�H�P�D�Q�G���K�L�J�K���L�J�Q�L�W�L�R�Q���T�X�D�O�L�W�\���D�Q�G���H�[�W�U�H�P�H���D�Q�W�L���I�R�X�O�L�Q�J���S�H�U�I�R�U�P�D�Q�F�H�����1�*�.��
has developed a plug that has several special features designed to offer the 
�U�H�T�X�L�U�H�G���S�H�U�I�R�U�P�D�Q�F�H�����(�V�V�H�Q�W�L�D�O�O�\�����D���Y�H�U�\���S�U�R�M�H�F�W�H�G���¿�Q�H���Z�L�U�H���V�S�D�U�N���S�O�X�J���Z�L�W�K��
platinum electrodes is combined with a semi-surface discharge design. The 

       Key fact
Fine wire plugs require less 
voltage to create a spark.

   

Remember, all ignition systems 
are high voltage.

�6�D�I�H�W�\���¿�U�V�W
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Fuel control

8.1  Combustion

8.1.1  Intr oduction

The process of combustion in spark and compression ignition engines is best 
considered for petrol and diesel engines in turn. The knowledge of the more 
practical aspects of combustion has been gained after years of research and 
is by no means complete even now. For a complete picture of the factors 
involved, further reference should be made to appropriate sources. However, 
the combustion section here will give enough details to allow considered 
opinion about the design and operation of electronic fuel control systems.

8.1.2   Spark ignition engine combustion  
process

�$���V�L�P�S�O�L�¿�H�G���G�H�V�F�U�L�S�W�L�R�Q���R�I���W�K�H���F�R�P�E�X�V�W�L�R�Q���S�U�R�F�H�V�V���Z�L�W�K�L�Q���W�K�H���F�\�O�L�Q�G�H�U���R�I���D���V�S�D�U�N��
ignition engine is as follows. A single high intensity spark of high temperature 
passes between the electrodes of the spark plug leaving behind it a thin thread 
�R�I���À�D�P�H�����)�U�R�P���W�K�L�V���W�K�L�Q���W�K�U�H�D�G���F�R�P�E�X�V�W�L�R�Q���V�S�U�H�D�G�V���W�R���W�K�H���H�Q�Y�H�O�R�S�H���R�I���P�L�[�W�X�U�H��
�L�P�P�H�G�L�D�W�H�O�\���V�X�U�U�R�X�Q�G�L�Q�J���L�W���D�W���D���U�D�W�H���W�K�D�W���G�H�S�H�Q�G�V���P�D�L�Q�O�\���R�Q���W�K�H���À�D�P�H���I�U�R�Q�W��
temperature, but also, to a lesser degree, on the temperature and density of 
the surrounding envelope.

�,�Q���W�K�L�V���Z�D�\�����D���E�X�E�E�O�H���R�I���À�D�P�H���L�V���E�X�L�O�W���X�S���W�K�D�W���V�S�U�H�D�G�V���U�D�G�L�D�O�O�\���R�X�W�Z�D�U�G�V���X�Q�W�L�O��
�W�K�H���Z�K�R�O�H���P�D�V�V���R�I���P�L�[�W�X�U�H���L�V���E�X�U�Q�L�Q�J�����7�K�H���E�X�E�E�O�H���F�R�Q�W�D�L�Q�V���W�K�H���K�L�J�K�O�\���K�H�D�W�H�G��
products of combustion, while ahead of it, and being compressed by it, is the 
�V�W�L�O�O���X�Q�E�X�U�Q�W���P�L�[�W�X�U�H��

If the cylinder contents were at rest this bubble would be unbroken, but with 
�W�K�H���D�L�U���W�X�U�E�X�O�H�Q�F�H���Q�R�U�P�D�O�O�\���S�U�H�V�H�Q�W���Z�L�W�K�L�Q���W�K�H���F�\�O�L�Q�G�H�U�����W�K�H���¿�O�D�P�H�Q�W���R�I���À�D�P�H���L�V��
broken up into a ragged front, which increases its area and greatly increases 
the speed of advance. While the rate of advance depends on the degree of 
�W�X�U�E�X�O�H�Q�F�H�����W�K�H���G�L�U�H�F�W�L�R�Q���L�V���O�L�W�W�O�H���D�I�I�H�F�W�H�G�����X�Q�O�H�V�V���V�R�P�H���G�H�¿�Q�L�W�H���V�Z�L�U�O���L�V���L�P�S�R�V�H�G��
on the system. The combustion can be considered in two stages.

1.���*�U�R�Z�W�K���R�I���D���V�H�O�I���S�U�R�S�D�J�D�W�L�Q�J���À�D�P�H��

2. Spread through the combustion chamber.
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Figure 8.3  Fuel is burned at a constant volume having been compressed to a self-
ignition temperature. The pressure–time relationship is shown

Figure 8.4  �$�S�S�U�R�[�L�P�D�W�H�G���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���À�D�P�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���W�K�H���W�L�P�H���I�U�R�P��
�V�S�D�U�N���W�R���S�U�R�S�D�J�D�W�L�R�Q���R�I���À�D�P�H���I�R�U���D���K�\�G�U�R�F�D�U�E�R�Q���I�X�H�O

8.1.3  Range and ra te of burning

�7�K�H���U�D�Q�J�H���D�Q�G���U�D�W�H���R�I���E�X�U�Q�L�Q�J���L�V�V�X�H���F�D�Q���E�H���V�X�P�P�D�U�L�]�H�G���E�\���U�H�I�H�U�H�Q�F�H���W�R���W�K�H��
following graphs:

�)�L�J�X�U�H�����������V�K�R�Z�V���W�K�H���D�S�S�U�R�[�L�P�D�W�H���U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���À�D�P�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���W�K�H��
�W�L�P�H���I�U�R�P���V�S�D�U�N���W�R���S�U�R�S�D�J�D�W�L�R�Q���R�I���À�D�P�H���I�R�U���D���K�\�G�U�R�F�D�U�E�R�Q���I�X�H�O��

�)�L�J�X�U�H�����������V�K�R�Z�V���W�K�H���U�H�O�D�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���À�D�P�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���W�K�H���P�L�[�W�X�U�H��
strength.

�)�L�J�X�U�H�����������V�K�R�Z�V���W�K�H���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K���D�Q�G���U�D�W�H���R�I���E�X�U�Q�L�Q�J��

�7�K�H�V�H���J�U�D�S�K�V���V�K�R�Z���W�K�D�W���W�K�H���P�L�Q�L�P�X�P���G�H�O�D�\���W�L�P�H�����$���W�R���%�����L�V���D�E�R�X�W�����������P�V���Z�L�W�K��
�W�K�H���P�L�[�W�X�U�H���V�O�L�J�K�W�O�\���U�L�F�K�����:�K�L�O�H���W�K�H���V�H�F�R�Q�G���V�W�D�J�H�����%���W�R���&�����L�V���U�R�X�J�K�O�\���G�H�S�H�Q�G�H�Q�W��
upon the degree of the turbulence (and on the engine speed) the initial delay 
necessitates ignition advance as the engine speed increases.

Figure 8.7 shows the effects of incorrect ignition timing. As the ignition is 
�D�G�Y�D�Q�F�H�G���W�K�H�U�H���L�V���D�Q���L�Q�F�U�H�D�V�H���L�Q���¿�U�L�Q�J���S�U�H�V�V�X�U�H���R�U���P�D�[�L�P�X�P���F�\�O�L�Q�G�H�U���S�U�H�V�V�X�U�H����
�J�H�Q�H�U�D�O�O�\���D�F�F�R�P�S�D�Q�L�H�G���E�\���D���U�H�G�X�F�W�L�R�Q���L�Q���H�[�K�D�X�V�W���W�H�P�S�H�U�D�W�X�U�H�����7�K�H���H�I�I�H�F�W���R�I��
�L�Q�F�U�H�D�V�L�Q�J���W�K�H���U�D�Q�J�H���R�I���W�K�H���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K���V�S�H�H�G�V���W�K�H���Z�K�R�O�H���S�U�R�F�H�V�V���X�S���D�Q�G��
thus increases the tendency to detonate.
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8.1.4  Detonation

�7�K�H���G�H�W�R�Q�D�W�L�R�Q���S�K�H�Q�R�P�H�Q�R�Q���L�V���W�K�H���O�L�P�L�W�L�Q�J���I�D�F�W�R�U���R�Q���W�K�H���R�X�W�S�X�W���D�Q�G���H�I�¿�F�L�H�Q�F�\��
of the spark ignition engine. The mechanism of detonation is the setting up 
within the engine cylinder of a pressure wave travelling at such velocity as, by 
its impact against the cylinder walls, to set them in vibration, and thus produce a 
�K�L�J�K���S�L�W�F�K�H�G���µ�S�L�Q�J�¶�����:�K�H�Q���W�K�H���V�S�D�U�N���L�J�Q�L�W�H�V���D���F�R�P�E�X�V�W�L�E�O�H���P�L�[�W�X�U�H���R�I���W�K�H���I�X�H�O���D�Q�G��
�D�L�U�����D���V�P�D�O�O���Q�X�F�O�H�X�V���R�I���À�D�P�H���E�X�L�O�G�V���X�S�����V�O�R�Z�O�\���D�W���¿�U�V�W���E�X�W���D�F�F�H�O�H�U�D�W�L�Q�J���U�D�S�L�G�O�\����
�$�V���W�K�H���À�D�P�H���I�U�R�Q�W���D�G�Y�D�Q�F�H�V���L�W���F�R�P�S�U�H�V�V�H�V���W�K�H���U�H�P�D�L�Q�L�Q�J���X�Q�E�X�U�Q�H�G���P�L�[�W�X�U�H��
�D�K�H�D�G���R�I���L�W�����7�K�H���W�H�P�S�H�U�D�W�X�U�H���R�I���W�K�H���X�Q�E�X�U�Q�H�G���P�L�[�W�X�U�H���L�V���U�D�L�V�H�G���E�\���F�R�P�S�U�H�V�V�L�R�Q��
�D�Q�G���U�D�G�L�D�W�L�R�Q���I�U�R�P���W�K�H���D�G�Y�D�Q�F�L�Q�J���À�D�P�H���X�Q�W�L�O���W�K�H���U�H�P�D�L�Q�L�Q�J���F�K�D�U�J�H���L�J�Q�L�W�H�V��
spontaneously. The detonation pressure wave passes through the burning 
�P�L�[�W�X�U�H���D�W���D���Y�H�U�\���K�L�J�K���Y�H�O�R�F�L�W�\���D�Q�G���W�K�H���F�\�O�L�Q�G�H�U���Z�D�O�O�V���H�P�L�W���W�K�H���U�L�Q�J�L�Q�J���N�Q�R�F�N��

Detonation is not too dangerous in small engines because it is usually avoided 
�D�W���W�K�H���¿�U�V�W���Z�D�U�Q�L�Q�J���E�\���H�D�V�L�Q�J���W�K�H���O�R�D�G�����E�X�W���D�W���K�L�J�K�H�U���V�S�H�H�G�V�����Z�K�H�U�H���W�K�H���Q�R�L�V�H��
level is high, the characteristic noise can and often does go undetected. It can 
�E�H���H�[�W�U�H�P�H�O�\���G�D�Q�J�H�U�R�X�V�����S�U�R�P�S�W�L�Q�J���S�U�H���L�J�Q�L�W�L�R�Q���D�Q�G���S�R�V�V�L�E�O�\���W�K�H���F�R�P�S�O�H�W�H��
destruction of the engine.

High compression temperature and pressure tend to promote detonation. 
�,�Q���D�G�G�L�W�L�R�Q�����W�K�H���D�E�L�O�L�W�\���R�I���W�K�H���X�Q�E�X�U�Q�W���P�L�[�W�X�U�H���W�R���D�E�V�R�U�E���R�U���J�H�W���U�L�G���R�I���W�K�H���K�H�D�W��
�U�D�G�L�D�W�H�G���W�R���L�W���E�\���W�K�H���D�G�Y�D�Q�F�L�Q�J���À�D�P�H���I�U�R�Q�W���L�V���D�O�V�R���L�P�S�R�U�W�D�Q�W�����7�K�H���O�D�W�H�Q�W���H�Q�W�K�D�O�S�\��
�R�I���W�K�H���P�L�[�W�X�U�H���D�Q�G���W�K�H���G�H�V�L�J�Q���R�I���W�K�H���F�R�P�E�X�V�W�L�R�Q���F�K�D�P�E�H�U���D�I�I�H�F�W���W�K�L�V���D�E�L�O�L�W�\�����7�K�H��
�O�D�W�W�H�U���P�X�V�W���E�H���D�U�U�D�Q�J�H�G���I�R�U���D�G�H�T�X�D�W�H���F�R�R�O�L�Q�J���R�I���W�K�H���X�Q�E�X�U�Q�W���P�L�[�W�X�U�H���E�\���S�O�D�F�L�Q�J��
it near a well-cooled feature such as an inlet valve.

�7�K�H���O�H�Q�J�W�K���R�I���À�D�P�H���W�U�D�Y�H�O���V�K�R�X�O�G���E�H���N�H�S�W���D�V���V�K�R�U�W���D�V���S�R�V�V�L�E�O�H���E�\���F�D�U�H�I�X�O��
positioning of the point of ignition. Other factors include the time (hence the ignition 
�W�L�P�L�Q�J�������V�L�Q�F�H���W�K�H���U�H�D�F�W�L�R�Q���L�Q���W�K�H���X�Q�E�X�U�Q�W���P�L�[�W�X�U�H���P�X�V�W���W�D�N�H���V�R�P�H���W�L�P�H���W�R���G�H�Y�H�O�R�S����
the degree of turbulence (in general, higher turbulence tends to reduce detonation 
�H�I�I�H�F�W�V�������D�Q�G�����P�R�V�W���L�P�S�R�U�W�D�Q�W�O�\�����W�K�H���W�H�Q�G�H�Q�F�\���R�I���W�K�H���I�X�H�O���L�W�V�H�O�I���W�R���G�H�W�R�Q�D�W�H��

Some fuels behave better in this respect. Fuel can be treated by additives 
(e.g. tetra-ethyl lead) to improve performance. However, this aggravates an 
�D�O�U�H�D�G�\���G�L�I�¿�F�X�O�W���S�R�O�O�X�W�L�R�Q���S�U�R�E�O�H�P�����$���I�X�H�O���Z�L�W�K���J�R�R�G���D�Q�W�L���N�Q�R�F�N���S�U�R�S�H�U�W�L�H�V���L�V�� 
iso-octane, and a fuel that is susceptible to detonation is normal heptane.

To obtain the octane number or the anti-knock ratings of a particular blend of 
fuel, a test is carried out on an engine run under carefully monitored conditions, 
and the onset of detonation is compared with those values obtained from 
�Y�D�U�L�R�X�V���P�L�[�W�X�U�H�V���R�I���L�V�R���R�F�W�D�Q�H���D�Q�G���Q�R�U�P�D�O���K�H�S�W�D�Q�H�����,�I���W�K�H���S�H�U�I�R�U�P�D�Q�F�H���R�I���W�K�H��
�I�X�H�O���L�V���L�G�H�Q�W�L�F�D�O���W�R�����I�R�U���H�[�D�P�S�O�H�����D���P�L�[�W�X�U�H���R�I�����������L�V�R���R�F�W�D�Q�H���D�Q�G�����������K�H�S�W�D�Q�H����
�W�K�H�Q���W�K�H���I�X�H�O���L�V���V�D�L�G���W�R���K�D�Y�H���D�Q���R�F�W�D�Q�H���U�D�W�L�Q�J���R�I��������

�0�L�[�L�Q�J���Z�D�W�H�U�����R�U���P�H�W�K�D�Q�R�O���D�Q�G���Z�D�W�H�U�����Z�L�W�K���W�K�H���I�X�H�O���F�D�Q���U�H�G�X�F�H���G�H�W�R�Q�D�W�L�R�Q���� 
A mainly alcohol-based fuel, which enables the water to be held in solution, is 
also helpful so that better use can be made of the latent enthalpy of the water.

8.1.5  Pre-ignition

Evidence of the presence of pre-ignition is not so apparent at the onset as 
detonation, but the results are far more serious. There is no characteristic 
‘ping’. In fact, if audible at all, it appears as a dull thud. Since it is not 
immediately noticeable, its effects are often allowed to take a serious toll on 
�W�K�H���H�Q�J�L�Q�H�����7�K�H���S�U�R�F�H�V�V���R�I���F�R�P�E�X�V�W�L�R�Q���L�V���Q�R�W���D�I�I�H�F�W�H�G���W�R���D�Q�\���H�[�W�H�Q�W�����E�X�W���D��
serious factor is that control of ignition timing can be lost.

       Key fact
High compression temperature 
and pressure tend to promote 
detonation.
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Pre-ignition can occur at the time of the spark with no visible effect. More 
seriously, the ‘auto-ignition’ may creep earlier in the cycle. The danger of pre-
ignition lies not so much in development of high pressures but in the very great 
�L�Q�F�U�H�D�V�H���L�Q���K�H�D�W���À�R�Z���W�R���W�K�H���S�L�V�W�R�Q���D�Q�G���F�\�O�L�Q�G�H�U���Z�D�O�O�V�����7�K�H���P�D�[�L�P�X�P���S�U�H�V�V�X�U�H��
does not, in fact, increase appreciably, although it may occur a little early.

In a single-cylinder engine, the process is not dangerous since the reduction 
usually causes the engine to stall. In a multiple-cylinder engine the remaining 
cylinders (if only one is initially affected), will carry on at full power and speed, 
�G�U�D�J�J�L�Q�J���W�K�H���S�U�H���L�J�Q�L�W�L�Q�J���F�\�O�L�Q�G�H�U���D�I�W�H�U���W�K�H�P�����7�K�H���L�Q�W�H�Q�V�H���K�H�D�W���À�R�Z���L�Q���W�K�H��
�D�I�I�H�F�W�H�G���F�\�O�L�Q�G�H�U���F�D�Q���U�H�V�X�O�W���L�Q���S�L�V�W�R�Q���V�H�L�]�X�U�H���I�R�O�O�R�Z�H�G���E�\���W�K�H���E�U�H�D�N�L�Q�J���X�S���R�I���W�K�H��
piston with catastrophic results to the whole engine.

Pre-ignition is often initiated by some form of hot spot, perhaps red-hot carbon 
or some poorly cooled feature of combustion space. In some cases, if the 
incorrect spark plug is used, over-heated electrodes are responsible, but 
often detonation is the prime cause. The detonation wave scours the cylinder 
�Z�D�O�O�V���R�I���U�H�V�L�G�X�D�O���J�D�V�H�V���S�U�H�V�H�Q�W���L�Q���D���¿�O�P���R�Q���W�K�H���V�X�U�I�D�F�H���Z�L�W�K���W�K�H���U�H�V�X�O�W���W�K�D�W���W�K�H��
�S�U�L�P�H���V�R�X�U�F�H���R�I���U�H�V�L�V�W�D�Q�F�H���W�R���K�H�D�W���À�R�Z���L�V���U�H�P�R�Y�H�G���D�Q�G���D���J�U�H�D�W���U�H�O�H�D�V�H���R�I���K�H�D�W��
occurs. Any weaknesses in the cooling system are tested and any hot spots 
formed quickly give rise to pre-ignition.

8.1.6  Combustion chamber

To avoid the onset of detonation and pre-ignition, a careful layout of the valves 
�D�Q�G���V�S�D�U�N���S�O�X�J�V���L�V���H�V�V�H�Q�W�L�D�O�����6�P�D�O�O�H�U���H�Q�J�L�Q�H�V�����I�R�U���D�X�W�R�P�R�W�L�Y�H���X�V�H�����D�U�H���¿�U�P�O�\��
tied to the poppet valve. This, together with the restriction of space involved 
with high compression ratios, presents the designer with interesting problems.

The combustion chamber should be designed bearing in mind the following 
factors:

• ��7�K�H���F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R���V�K�R�X�O�G���E�H���������������I�R�U���Q�R�U�P�D�O���X�V�H�����������R�U�����������������I�R�U���K�L�J�K�H�U��
performance.

• ��7�K�H���S�O�X�J���R�U���S�O�X�J�V���V�K�R�X�O�G���E�H���S�O�D�F�H�G���W�R���P�L�Q�L�P�L�]�H���W�K�H���O�H�Q�J�W�K���R�I���À�D�P�H���W�U�D�Y�H�O����
They should not be in pockets or otherwise shrouded since this reduces 
effective cooling and also increases the tendency toward cyclical variations.

�(�[�S�H�U�L�P�H�Q�W�D�O���H�Y�L�G�H�Q�F�H���V�K�R�Z�V���D���F�R�Q�V�L�G�H�U�D�E�O�H���Y�D�U�L�D�W�L�R�Q���L�Q���S�U�H�V�V�X�U�H���G�X�U�L�Q�J��
�V�X�F�F�H�V�V�L�Y�H���H�[�S�D�Q�V�L�R�Q���V�W�R�N�H�V�����7�K�L�V���Y�D�U�L�D�W�L�R�Q���L�Q�F�U�H�D�V�H�V�����D�V���W�K�H���P�L�[�W�X�U�H���E�H�F�R�P�H�V��
too weak or too rich. Lighter loads and lower compression ratios also aggravate 
�W�K�H���S�U�R�F�H�V�V�����:�K�L�O�H���W�K�H���V�L�]�H���D�Q�G���S�R�V�L�W�L�R�Q���R�I���W�K�H���S�R�L�Q�W���R�I���P�D�[�L�P�X�P���S�U�H�V�V�X�U�H��
changes, the mean effective pressure and engine output is largely unaffected.

������������ �6�W�U�D�W�L�À�F�D�W�L�R�Q���R�I���F�\�O�L�Q�G�H�U���F�K�D�U�J�H

�$���Y�H�U�\���Z�H�D�N���P�L�[�W�X�U�H���L�V���G�L�I�¿�F�X�O�W���W�R���L�J�Q�L�W�H���E�X�W���K�D�V���J�U�H�D�W���S�R�W�H�Q�W�L�D�O���I�R�U���U�H�G�X�F�L�Q�J��
emissions and improving economy. One technique to get around the problem  
�R�I���L�J�Q�L�W�L�Q�J���Z�H�D�N���P�L�[�W�X�U�H�V���L�V���V�W�U�D�W�L�¿�F�D�W�L�R�Q��

�,�W���L�V���I�R�X�Q�G���W�K�D�W���L�I���W�K�H���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K���L�V���L�Q�F�U�H�D�V�H�G���Q�H�D�U���W�K�H���S�O�X�J���D�Q�G���Z�H�D�N�H�Q�H�G��
�L�Q���W�K�H���P�D�L�Q���F�R�P�E�X�V�W�L�R�Q���F�K�D�P�E�H�U���D�Q���R�Y�H�U�D�O�O���U�H�G�X�F�W�L�R�Q���L�Q���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K��
�U�H�V�X�O�W�V�����E�X�W���Z�L�W�K���D���F�R�U�U�H�V�S�R�Q�G�L�Q�J���L�Q�F�U�H�D�V�H���L�Q���W�K�H�U�P�D�O���H�I�¿�F�L�H�Q�F�\�����7�R���D�F�K�L�H�Y�H���W�K�L�V����
�S�H�W�U�R�O���L�Q�M�H�F�W�L�R�Q���L�V���X�V�H�G���±���V�W�U�D�W�L�¿�F�D�W�L�R�Q���E�H�L�Q�J���Y�H�U�\���G�L�I�¿�F�X�O�W���Z�L�W�K���D���F�R�Q�Y�H�Q�W�L�R�Q�D�O��
carburation system. A system that uses this technique is gasoline direct 
injection, which can allow a petrol engine to run with much weaker air-to-fuel 
ratios. This is discussed in a later section.

       Key fact
Pre-ignition is often initiated by 
some form of hot spot, perhaps 
red-hot carbon or some poorly 
cooled feature of combustion 
space.

       Key fact
One technique to get around 
the problem of igniting weak 
�P�L�[�W�X�U�H�V���L�V���V�W�U�D�W�L�¿�F�D�W�L�R�Q��
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8.1.8  Mixture str ength and performance

�7�K�H���H�I�I�H�F�W���R�I���Y�D�U�\�L�Q�J���W�K�H���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K���Z�K�L�O�H���P�D�L�Q�W�D�L�Q�L�Q�J���W�K�H���W�K�U�R�W�W�O�H��
position, engine speed and ignition timing constant is shown in Figure 8.8.

�)�L�J�X�U�H�����������V�K�R�Z�V���W�K�H���H�I�I�H�F�W���R�I���R�S�H�U�D�W�L�Q�J���D�W���S�D�U�W���W�K�U�R�W�W�O�H���Z�L�W�K���Y�D�U�\�L�Q�J���P�L�[�W�X�U�H��
�V�W�U�H�Q�J�W�K�����7�K�H���F�K�H�P�L�F�D�O�O�\���F�R�U�U�H�F�W���P�L�[�W�X�U�H���R�I���D�S�S�U�R�[�L�P�D�W�H�O�\���������������������O�L�H�V���E�H�W�Z�H�H�Q���W�K�H��
�U�D�W�L�R���W�K�D�W���S�U�R�Y�L�G�H�V���P�D�[�L�P�X�P���S�R�Z�H�U�����������������������D�Q�G���P�L�Q�L�P�X�P���F�R�Q�V�X�P�S�W�L�R�Q����������������������
�7�K�H���V�W�R�L�F�K�L�R�P�H�W�U�L�F���U�D�W�L�R���R�I���������������������L�V���N�Q�R�Z�Q���D�V���D���O�D�P�E�G�D���Y�D�O�X�H���R�I���R�Q�H�����)�L�J�X�U�H������������
compares engine power output and fuel consumption with changes in air–fuel ratio.

8.1.9  Compression ignition (CI) engines

The process of combustion in the compression ignition engine differs from that 
in a spark ignition engine. In this case the fuel is injected in a liquid state, into 
a highly compressed, high-temperature air supply in the engine cylinder. Each 
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Figure 8.8  �(�I�I�H�F�W���R�I���Y�D�U�\�L�Q�J���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K���Z�K�L�O�H���N�H�H�S�L�Q�J���W�K�U�R�W�W�O�H���S�R�V�L�W�L�R�Q�����H�Q�J�L�Q�H��
speed and ignition timing constant

Figure 8.9  �(�I�I�H�F�W���R�S�H�U�D�W�L�Q�J���D�W���S�D�U�W���W�K�U�R�W�W�O�H���Z�L�W�K���Y�D�U�\�L�Q�J���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K
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• �The volatility and latent enthalpy of the fuel.

• ��7�K�H���G�U�R�S�O�H�W���V�L�]�H��

• �Controlled turbulence.

�7�K�H���H�I�I�H�F�W���R�I���G�U�R�S�O�H�W���V�L�]�H���L�V���L�P�S�R�U�W�D�Q�W�����D�V���W�K�H���U�D�W�H���R�I���G�U�R�S�O�H�W���E�X�U�Q�L�Q�J���G�H�S�H�Q�G�V��
�S�U�L�P�D�U�L�O�\���R�Q���W�K�H���U�D�W�H���D�W���Z�K�L�F�K���R�[�\�J�H�Q���E�H�F�R�P�H�V���D�Y�D�L�O�D�E�O�H�����,�W���L�V�����K�R�Z�H�Y�H�U�����Y�L�W�D�O���I�R�U��
�W�K�H���G�U�R�S�O�H�W���W�R���S�H�Q�H�W�U�D�W�H���V�R�P�H���G�L�V�W�D�Q�F�H���I�U�R�P���W�K�H���Q�R�]�]�O�H���D�U�R�X�Q�G���Z�K�L�F�K���E�X�U�Q�L�Q�J�� 
�Z�L�O�O���O�D�W�H�U���E�H�F�R�P�H���F�R�Q�F�H�Q�W�U�D�W�H�G�����7�R���G�R���W�K�L�V�����W�K�H���V�L�]�H���R�I���W�K�H���G�U�R�S�O�H�W�V���P�X�V�W���E�H�� 
�O�D�U�J�H���H�Q�R�X�J�K���W�R���R�E�W�D�L�Q���V�X�I�¿�F�L�H�Q�W���P�R�P�H�Q�W�X�P���D�W���L�Q�M�H�F�W�L�R�Q�����2�Q���W�K�H���R�W�K�H�U���K�D�Q�G���� 
�W�K�H���V�P�D�O�O�H�U���W�K�H���G�U�R�S�O�H�W���W�K�H���J�U�H�D�W�H�U���W�K�H���U�H�O�D�W�L�Y�H���V�X�U�I�D�F�H���D�U�H�D���H�[�S�R�V�H�G���D�Q�G���W�K�H��
shorter the delay period. A compromise between these two effects is clearly 
necessary.

�:�L�W�K���K�L�J�K���F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R�V�������������������D�Q�G���D�E�R�Y�H�����W�K�H���W�H�P�S�H�U�D�W�X�U�H���D�Q�G���S�U�H�V�V�X�U�H��
are raised so that the delay is reduced, which is an advantage. However, 
high compression ratios are a disadvantage mechanically and also inhibit the 
design of the combustion chamber, particularly in small engines where the 
bumping clearance consumes a large proportion of the clearance volume.

8.1.10   Combustion chamber design –  
�G�L�H�V�H�O���H�Q�J�L�Q�H

The combustion chamber must be designed to:

• �Give the necessary compression ratio.

• �Provide the necessary turbulence.

• �Position for correct and optimum operation of the valves and injector.

These criteria have effects that are interrelated. Turbulence is normally 
�R�E�W�D�L�Q�H�G���D�W���W�K�H���H�[�S�H�Q�V�H���R�I���Y�R�O�X�P�H�W�U�L�F���H�I�¿�F�L�H�Q�F�\�����0�D�V�N�H�G���L�Q�O�H�W���Y�D�O�Y�H�V�����Z�K�L�F�K��
�D�U�H���P�H�F�K�D�Q�L�F�D�O�O�\���X�Q�G�H�V�L�U�D�E�O�H�����R�U���µ�W�D�Q�J�H�Q�W�¶���G�L�U�H�F�W�L�R�Q�D�O���S�R�U�W�V���U�H�V�W�U�L�F�W���W�K�H���D�L�U���À�R�Z��
and therefore are restrictive to high-speed engines.

�7�R���D�V�V�L�V�W���L�Q���E�U�H�D�W�K�L�Q�J�����I�R�X�U���R�U���H�Y�H�Q���V�L�[���Y�D�O�Y�H�V���S�H�U���F�\�O�L�Q�G�H�U���F�D�Q���E�H���X�V�H�G�����7�K�L�V��
arrangement has the advantage of keeping the injector central, a desirable 
aim for direct injection engines. Large valves and their associated high lift, in 
addition to providing mechanical problems often require heavy piston recesses, 
which disturb squish and orderly movement of the air.

A hemispherical combustion chamber assists with the area available for valves, 
�D�W���W�K�H���H�[�S�H�Q�V�H���R�I���X�V�L�Q�J���D�Q���R�I�I�V�H�W���L�Q�M�H�F�W�R�U�����3�U�H���F�R�P�E�X�V�W�L�R�Q���F�K�D�P�E�H�U�V�����Z�K�H�W�K�H�U��
of the air cell or ‘combustion swirl’ type have the general disadvantage of being 
prone to metallurgical failure or at least are under some stress since, as they 
are required to produce a ‘hot spot’ to assist combustion, the temperature 
�V�W�U�H�V�V�H�V���L�Q���W�K�L�V���U�H�J�L�R�Q���D�U�H���H�[�W�U�H�P�H�O�\���K�L�J�K�����7�K�H�U�H���L�V���Q�R���X�Q�L�T�X�H���V�R�O�X�W�L�R�Q���D�Q�G���W�K�H��
resulting combustion chamber is always a compromise.

�������������� �6�X�P�P�D�U�\���R�I���F�R�P�E�X�V�W�L�R�Q

This section has looked at some of the issues of combustion, and is intended 
to provide a background to some of the other sections in this book. The subject 
is very dynamic and improvements are constantly being made. Some of the 
key issues this chapter has raised so far include points such as the time to 
�E�X�U�Q���D���I�X�H�O�±�D�L�U���P�L�[�W�X�U�H�����W�K�H���H�I�I�H�F�W�V���R�I���F�K�D�Q�J�H�V���L�Q���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K���D�Q�G���L�J�Q�L�W�L�R�Q��
timing, the consequences of detonation and other design problems.

Accurate control of engine operating variables is one of the keys to controlling 
the combustion process. 
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�������� �(�Q�J�L�Q�H���I�X�H�O�O�L�Q�J���D�Q�G���H�[�K�D�X�V�W���H�P�L�V�V�L�R�Q�V

8.2.1  Opera ting conditions

�7�K�H���L�G�H�D�O���D�L�U�±�I�X�H�O���U�D�W�L�R���L�V���D�E�R�X�W�����������������������7�K�L�V���L�V���W�K�H���W�K�H�R�U�H�W�L�F�D�O���D�P�R�X�Q�W���R�I���D�L�U��
required to burn the fuel completely. It is given a ‘lambda (����¶���Y�D�O�X�H���R�I������

� = actual air quantity ÷ theoretical air quantity

The air–fuel ratio is altered during the following operating conditions of an 
engine to improve its performance, drivability, consumption and emissions.

• ��&�R�O�G���V�W�D�U�W�L�Q�J���±���D���U�L�F�K�H�U���P�L�[�W�X�U�H���L�V���Q�H�H�G�H�G���W�R���F�R�P�S�H�Q�V�D�W�H���I�R�U���I�X�H�O��
condensation and improves drivability.

• ��/�R�D�G���R�U���D�F�F�H�O�H�U�D�W�L�R�Q���±���D���U�L�F�K�H�U���P�L�[�W�X�U�H���W�R���L�P�S�U�R�Y�H���S�H�U�I�R�U�P�D�Q�F�H��

• ��&�U�X�L�V�H���R�U���O�L�J�K�W���O�R�D�G�V���±���D���Z�H�D�N�H�U���P�L�[�W�X�U�H���I�R�U���H�F�R�Q�R�P�\��

• ��2�Y�H�U�U�X�Q���±���Y�H�U�\���Z�H�D�N���P�L�[�W�X�U�H�����L�I���D�Q�\�����W�R���L�P�S�U�R�Y�H���H�P�L�V�V�L�R�Q�V���D�Q�G���H�F�R�Q�R�P�\��

�7�K�H���P�R�U�H���D�F�F�X�U�D�W�H�O�\���W�K�H���D�L�U�±�I�X�H�O���U�D�W�L�R���L�V���F�R�Q�W�U�R�O�O�H�G���W�R���F�D�W�H�U���I�R�U���H�[�W�H�U�Q�D�O��
conditions, then the better the overall operation of the engine.

8.2.2  Exhaust emissions

�)�L�J�X�U�H�������������V�K�R�Z�V�����¿�U�V�W�����W�K�H���W�K�H�R�U�H�W�L�F�D�O���U�H�V�X�O�W�V���R�I���E�X�U�Q�L�Q�J���D���K�\�G�U�R�F�D�U�E�R�Q���I�X�H�O��
�D�Q�G�����V�H�F�R�Q�G�����W�K�H���D�F�W�X�D�O���F�R�P�E�X�V�W�L�R�Q���U�H�V�X�O�W�V�����7�K�H���W�R�S���S�D�U�W���R�I���W�K�H���¿�J�X�U�H���L�V���L�G�H�D�O��
but the lower part is the realistic result under normal conditions. Note that this 
�U�H�V�X�O�W���L�V���S�U�L�R�U���W�R���D�Q�\���I�X�U�W�K�H�U���W�U�H�D�W�P�H�Q�W�����I�R�U���H�[�D�P�S�O�H���E�\���D���F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U��

�)�L�J�X�U�H�������������V�K�R�Z�V���W�K�H���D�S�S�U�R�[�L�P�D�W�H���S�H�U�F�H�Q�W�D�J�H�V���R�I���W�K�H���Y�D�U�L�R�X�V���H�[�K�D�X�V�W���J�D�V��
emissions. The volume of pollutants is small but, because they are so poisonous, 
�W�K�H�\���D�U�H���X�Q�G�H�V�L�U�D�E�O�H���D�Q�G���V�W�U�R�Q�J���O�H�J�L�V�O�D�W�L�R�Q���Q�R�Z���H�[�L�V�W�V���W�R���H�Q�F�R�X�U�D�J�H���W�K�H�L�U���U�H�G�X�F�W�L�R�Q����

Figure 8.12  Theoretical results of burning a hydrocarbon fuel and actual combustion 
results
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       Key fact
The ideal air–fuel ratio is about  
������������������
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The actual values of these emissions varies depending on engine design, operating 
conditions, temperature and smooth running, to name just a few variables.

�7�D�E�O�H�����������O�L�V�W�V���W�K�H���I�R�X�U���P�D�L�Q���H�P�L�V�V�L�R�Q�V���W�K�D�W���D�U�H���K�D�]�D�U�G�R�X�V���W�R���K�H�D�O�W�K�����W�R�J�H�W�K�H�U��
with a short description of each.

8.2.3  Other sources of  emissions

�7�K�H���P�D�L�Q���V�R�X�U�F�H���R�I���Y�H�K�L�F�O�H���H�P�L�V�V�L�R�Q�V���L�V���W�K�H���H�[�K�D�X�V�W�����E�X�W���R�W�K�H�U���D�U�H�D�V���R�I���W�K�H��
vehicle must also come under scrutiny.

As well as sulphur in fuel, another area of contention between car 
manufacturers and oil companies is the question of who should bear the 
�F�R�V�W���R�I���F�R�O�O�H�F�W�L�Q�J���I�X�H�O���Y�D�S�R�X�U���D�W���¿�O�O�L�Q�J���V�W�D�W�L�R�Q�V�����7�K�H���L�V�V�X�H���R�I���H�Y�D�S�R�U�D�W�L�Y�H��
fuel emissions (EFEs) has become a serious target for environmentalists. 
�$�S�S�U�R�[�L�P�D�W�H�O�\�����������R�I���(�)�(�V���H�V�F�D�S�H���G�X�U�L�Q�J���U�H�I�X�H�O�O�L�Q�J��

The vehicle emission control system that captures fuel vapours from the vehicle 
gas tank during refuelling is known as onboard refuelling vapour recovery 
���2�5�9�5�������7�K�H���I�X�H�O���W�D�Q�N���D�Q�G���¿�O�O���S�L�S�H���D�U�H���G�H�V�L�J�Q�H�G���V�R���W�K�D�W���Z�K�H�Q���U�H�I�X�H�O�O�L�Q�J���W�K�H��
vehicle, fuel vapours in the tank travel to an activated carbon packed canister, 
which adsorbs the vapour. When the engine is in operation, it draws the 
vapours into the engine intake manifold to be used as fuel. ORVR has been 
�P�D�Q�G�D�W�H�G���R�Q���D�O�O���S�D�V�V�H�Q�J�H�U���F�D�U�V���L�Q���W�K�H���8�Q�L�W�H�G���6�W�D�W�H�V���V�L�Q�F�H�������������E�\���W�K�H���8�Q�L�W�H�G��
States Environmental Protection Agency. The use of onboard vapour recovery 
is intended to make vapour recovery at fuel stations obsolete.

Table 8.1���(�P�L�V�V�L�R�Q�V���K�D�]�D�U�G�R�X�V���W�R���K�H�D�O�W�K

Substance Description

Carbon  
�P�R�Q�R�[�L�G�H��
(CO)

This gas is very dangerous even in low concentrations. It 
has no smell or taste and is colourless. When inhaled it 
combines in the body with the red blood cells preventing 
�W�K�H�P���I�U�R�P���F�D�U�U�\�L�Q�J���R�[�\�J�H�Q�����,�I���D�E�V�R�U�E�H�G���E�\���W�K�H���E�R�G�\���L�W���F�D�Q��
be fatal in a very short time.

Nitrogen 
�R�[�L�G�H�V�����1�2�[��

�2�[�L�G�H�V���R�I���Q�L�W�U�R�J�H�Q���D�U�H���F�R�O�R�X�U�O�H�V�V���D�Q�G���R�G�R�X�U�O�H�V�V���Z�K�H�Q���W�K�H�\��
leave the engine but as soon as they reach the atmosphere 
�D�Q�G���P�L�[���Z�L�W�K���P�R�U�H���R�[�\�J�H�Q�����Q�L�W�U�R�J�H�Q���R�[�L�G�H�V���D�U�H���I�R�U�P�H�G�����7�K�H�\��
are reddish brown and have an acrid and pungent smell. 
These gasses damage the body’s respiratory system when 
inhaled. When combined with water vapour nitric acid can be 
formed which is very damaging to the windpipe and lungs. 
�1�L�W�U�R�J�H�Q���R�[�L�G�H�V���D�U�H���D�O�V�R���D���F�R�Q�W�U�L�E�X�W�L�Q�J���I�D�F�W�R�U���W�R���D�F�L�G���U�D�L�Q��

Hydrocarbons 
(HC)

A number of different hydrocarbons are emitted from an 
�H�Q�J�L�Q�H���D�Q�G���D�U�H���S�D�U�W�O�\���R�U���X�Q�E�X�U�Q�W���I�X�H�O�����:�K�H�Q���W�K�H�\���P�L�[���Z�L�W�K��
the atmosphere they can help to form smog. It is also 
believed that hydrocarbons may be carcinogenic.

Particulate 
matter (PM)

This heading in the main covers lead and carbon. Lead 
was traditionally added to petrol to slow its burning rate to 
reduce detonation. It is detrimental to health and is thought 
to cause brain damage especially in children. Lead will 
eventually be phased out as all new engines now run on 
unleaded fuel. Particles of soot or carbon are more of a 
problem on diesel-fuelled vehicles and these now have 
limits set by legislation.
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In the EU the capture of these emissions has been made the responsibility of 
the fuelling stations.

This still leaves the matter of preventing evaporation from the fuel line itself, 
another key problem for car manufacturers. Technological advances in design 
actually increase fuel evaporation from within the fuelling system. This is 
because of the increasing use of plastics, rather than metal, for manufacturing 
fuel lines. Plastics allow petrol vapour to permeate through into the 
�D�W�P�R�V�S�K�H�U�H�����7�K�H���S�U�R�[�L�P�L�W�\���R�I���F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U�V�����Z�K�L�F�K���J�H�Q�H�U�D�W�H���W�U�H�P�H�Q�G�R�X�V��
heat to the fuel tank and the under-body shielding, contributes to making the 
fuel hotter and therefore more liable to evaporate.

Table 8.2 describes this issue further and also looks at crankcase emissions.

Evaporative emissions are measured in a ‘shed’! This Sealed Housing for 
Evaporative Determination (SHED) is used in two ways:

• ��7�K�H���Y�H�K�L�F�O�H���Z�L�W�K�����������R�I���L�W�V���P�D�[�L�P�X�P���I�X�H�O���L�V���Z�D�U�P�H�G���X�S�����I�U�R�P���D�E�R�X�W�������±�����ƒ�&����
in the shed and the increased concentration of the hydrocarbons measured.

• ��7�K�H���Y�H�K�L�F�O�H���L�V���¿�U�V�W���Z�D�U�P�H�G���X�S���R�Y�H�U���W�K�H���Q�R�U�P�D�O���W�H�V�W���F�\�F�O�H���D�Q�G���W�K�H�Q���S�O�D�F�H�G��
in the shed. The increase in HC concentration is measured over one hour.

������������ �/�H�D�G�H�G���D�Q�G���X�Q�O�H�D�G�H�G���I�X�H�O

�7�H�W�U�D���H�W�K�\�O���O�H�D�G���Z�D�V���¿�U�V�W���D�G�G�H�G���W�R���S�H�W�U�R�O���L�Q���W�K�H�����������V���W�R���V�O�R�Z���G�R�Z�Q���W�K�H���U�D�W�H���R�I��
burning, improve combustion and increase the octane rating of the fuel. All this 
�Z�D�V���D�F�K�L�H�Y�H�G���X�V�L�Q�J���W�K�H���O�H�D�G���D�G�G�L�W�L�Y�H���±���D�W���O�H�V�V���F�R�V�W���W�K�D�Q���I�X�U�W�K�H�U���U�H�¿�Q�L�Q�J���E�\���W�K�H��
petrol companies.

�7�K�H���¿�U�V�W���U�H�D�O���S�X�V�K���I�R�U���X�Q�O�H�D�G�H�G���I�X�H�O���Z�D�V���I�U�R�P���/�R�V���$�Q�J�H�O�H�V���L�Q���&�D�O�L�I�R�U�Q�L�D�����7�R��
reduce this city’s severe smog problem, the answer at the time seemed to be 
to employ catalytic converters. However, if leaded fuel is used, the ‘cat’ can be 
rendered inoperative. A further study showing that lead causes brain damage 
in children sounded the death knell for leaded fuel. This momentum spread 
�Z�R�U�O�G�Z�L�G�H���D�Q�G���V�W�L�O�O���H�[�L�V�W�V��

Table 8.2 Crankcase and evaporative emissions

Source Comments

Fuel 
evaporation 
from the tank 
and system

Fuel evaporation causes hydrocarbons to be produced. 
The effect is greater as temperature increases. A charcoal 
canister is the preferred method for reducing this problem. 
The fuel tank is usually run at a pressure just under 
atmospheric by a connection to the intake manifold 
drawing the vapour through the charcoal canister. This 
must be controlled by the management system however, 
�D�V���H�Y�H�Q���D���������F�R�Q�F�H�Q�W�U�D�W�L�R�Q���R�I���I�X�H�O���Y�D�S�R�X�U���Z�R�X�O�G���V�K�L�I�W��
�W�K�H���O�D�P�E�G�D���Y�D�O�X�H���E�\�������������7�K�L�V���L�V���G�R�Q�H���E�\���X�V�L�Q�J���D���µ�S�X�U�J�H��
valve’, which under some conditions is closed (full-load 
�D�Q�G���L�G�O�H�����I�R�U���H�[�D�P�S�O�H�����D�Q�G���F�D�Q���E�H���S�U�R�J�U�H�V�V�L�Y�H�O�\���R�S�H�Q�H�G��
under other conditions. The system monitors the effect by 
use of the lambda sensor signal.

Crankcase 
fumes (blow by)

Hydrocarbons become concentrated in the crankcase 
mostly due to pressure blowing past the piston rings. 
These gases must be conducted back into the combustion 
process. This is usually via the air intake system. This is 
described as positive crankcase ventilation.

       Key fact
�7�H�W�U�D���H�W�K�\�O���O�H�D�G���Z�D�V���¿�U�V�W���D�G�G�H�G��
�W�R���S�H�W�U�R�O���L�Q���W�K�H�����������V���W�R���V�O�R�Z��
down the rate of burning, 
improve combustion and 
increase the octane rating of 
the fuel.
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New evidence is now coming to light showing that the additives used instead 
�R�I���O�H�D�G���Z�H�U�H���H�Q�G�L�Q�J���X�S���L�Q���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W�����7�K�H���W�Z�R���P�D�L�Q���F�X�O�S�U�L�W�V���D�U�H���E�H�Q�]�H�Q�H����
�Z�K�L�F�K���L�V���V�W�U�R�Q�J�O�\���O�L�Q�N�H�G���W�R���O�H�X�N�D�H�P�L�D�����D�Q�G���P�H�W�K�\�O���W�H�U�W�L�D�U�\���E�X�W�\�O���H�W�K�H�U�����0�7�%�(������
�Z�K�L�F�K���S�R�L�V�R�Q�V���Z�D�W�H�U���D�Q�G���L�V���Y�H�U�\���W�R�[�L�F���W�R���D�O�P�R�V�W���D�O�O���O�L�Y�L�Q�J���W�K�L�Q�J�V�����7�K�L�V���L�V��
potentially a far worse problem than lead, which is now not thought to be as 
bad as the initial reaction suggested.

�0�7�%�(���D�V���D���S�H�W�U�R�O���J�D�V�R�O�L�Q�H���D�G�G�L�W�L�Y�H�����L�V���X�V�H�G���D�V���D�Q���R�[�\�J�H�Q�D�W�H���D�Q�G���W�R���U�D�L�V�H���W�K�H��
octane number. Its use has declined in response to environmental and health 
concerns. It has been found to easily pollute large quantities of groundwater when 
�I�X�H�O���Z�L�W�K���0�7�%�(���L�V���V�S�L�O�O�H�G���R�U���O�H�D�N�H�G���D�W���U�H�I�X�H�O�O�L�Q�J���V�W�D�W�L�R�Q�V�����0�7�%�(���V�S�U�H�D�G�V���P�R�U�H���H�D�V�L�O�\��
underground than other gasoline components due to its higher solubility in water.

�,�W���L�V���L�P�S�R�U�W�D�Q�W�����K�R�Z�H�Y�H�U�����W�R���Q�R�W�H���W�K�D�W���W�K�L�V���L�V���V�W�L�O�O���L�Q���W�K�H���µ�G�H�E�D�W�H�¶���V�W�D�J�H�����I�X�U�W�K�H�U��
research is necessary for a fully reasoned conclusion. Note though, how any 
�W�H�F�K�Q�R�O�R�J�L�F�D�O���L�V�V�X�H���X�V�X�D�O�O�\���K�D�V���I�D�U���P�R�U�H���W�R���L�W���W�K�D�Q���¿�U�V�W���P�H�H�W�V���W�K�H���H�\�H��

Modern engines are now designed to run on unleaded fuel, with one particular 
�P�R�G�L�¿�F�D�W�L�R�Q���E�H�L�Q�J���K�D�U�G�H�Q�H�G���Y�D�O�Y�H���V�H�D�W�V�����,�Q���(�X�U�R�S�H���D�Q�G���R�W�K�H�U���S�O�D�F�H�V�����O�H�D�G�H�G��
fuel has now been phased out completely. This is a problem for owners of 
classic vehicles. Many additives are available but these are not as good as 
lead. Here is a list of comments I have collated from a number of sources.

• ��$�O�O���H�Q�J�L�Q�H�V���Z�L�W�K���F�D�V�W���L�U�R�Q���K�H�D�G�V���D�Q�G���Q�R���V�S�H�F�L�D�O���K�D�U�G�H�Q�L�Q�J���R�I���W�K�H���H�[�K�D�X�V�W��
�Y�D�O�Y�H���V�H�D�W�V���Z�L�O�O���V�X�I�I�H�U���V�R�P�H���G�D�P�D�J�H���U�X�Q�Q�L�Q�J���R�Q���X�Q�O�H�D�G�H�G�����7�K�H���H�[�W�H�Q�W���R�I���W�K�H��
damage depends on the engine and on the engine revs.

• �No petrol additives prevent valve seat recession completely. Some are 
better than others but none replace the action of lead.

• ��7�K�H���P�L�Q�L�P�X�P���F�U�L�W�L�F�D�O���O�H�Y�H�O���R�I���O�H�D�G���L�Q���W�K�H���I�X�H�O���L�V���D�E�R�X�W�������������J���3�E���O�����&�X�U�U�H�Q�W��
�O�H�Y�H�O�V���L�Q���V�R�P�H���O�H�D�G�H�G���I�X�H�O���D�U�H�������������J���3�E���O���D�Q�G���V�R���P�L�[�L�Q�J���D�O�W�H�U�Q�D�W�H���W�D�Q�N�V���R�I��
leaded and unleaded is likely to be successful.

• �It is impossible to predict wear rates accurately and often wear shows up 
predominantly in only one cylinder.

• �Fitting hardened valve seats or performing induction hardening on the valve 
seats is effective in engines where either of these processes can be done.

• �Tests done by Rover appear to back up the theory that, although unleaded 
petrol does damage all iron heads, the less spirited driver will not.

�������� �(�P�L�V�V�L�R�Q�V���D�Q�G���G�U�L�Y�L�Q�J���F�\�F�O�H�V

������������ �(�[�K�D�X�V�W���H�P�L�V�V�L�R�Q���U�H�J�X�O�D�W�L�R�Q�V

�/�L�P�L�W�V���D�Q�G���U�H�J�X�O�D�W�L�R�Q�V���U�H�O�D�W�L�Q�J���W�R���H�[�K�D�X�V�W���H�P�L�V�V�L�R�Q�V���Y�D�U�\���L�Q���G�L�I�I�H�U�H�Q�W���F�R�X�Q�W�U�L�H�V��
�D�Q�G���L�Q���G�L�I�I�H�U�H�Q�W���V�L�W�X�D�W�L�R�Q�V�����)�R�U���H�[�D�P�S�O�H�����L�Q���W�K�H���8�.���F�H�U�W�D�L�Q���O�L�P�L�W�V���K�D�Y�H���W�R���E�H��
met during the annual test. The current test default limits (for vehicles since 
�6�H�S�W�H�P�E�H�U�������������¿�W�W�H�G���Z�L�W�K���D���F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U�����D�U�H��

�0�L�Q�L�P�X�P���R�L�O���W�H�P�S�H�U�D�W�X�U�H�������ƒ�&

�)�D�V�W���L�G�O�H���������������W�R�������������U�S�P��

• ��&�2����� ����������

• ��+�&����� �����������S�S�P

• ��/�D�P�E�G�D�������������W�R����������

�,�G�O�H�������������W�R�������������U�S�P��

• ��&�2����� ����������
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Manufacturers, however, have to meet stringent regulations when producing 
�Q�H�Z���Y�H�K�L�F�O�H�V�����,�Q���(�X�U�R�S�H���W�K�H���H�P�L�V�V�L�R�Q���V�W�D�Q�G�D�U�G�V���D�U�H���G�H�¿�Q�H�G���L�Q���D���V�H�U�L�H�V���R�I��
EU directives staging the progressive introduction of increasingly stringent 
standards (see Table 8.3).

In the USA, what are known as Tier II standards are divided into several 
�Q�X�P�E�H�U�H�G���µ�E�L�Q�V�¶�����V�H�H���7�D�E�O�H���������������(�O�H�Y�H�Q���E�L�Q�V���Z�H�U�H���L�Q�L�W�L�D�O�O�\���G�H�¿�Q�H�G�����Z�L�W�K���E�L�Q������
�E�H�L�Q�J���W�K�H���F�O�H�D�Q�H�V�W�����=�H�U�R���(�P�L�V�V�L�R�Q���9�H�K�L�F�O�H�����D�Q�G���������W�K�H���G�L�U�W�L�H�V�W�����+�R�Z�H�Y�H�U�����E�L�Q�V��
�������������D�Q�G���������D�U�H���W�H�P�S�R�U�D�U�\�����2�Q�O�\���W�K�H���¿�U�V�W���W�H�Q���E�L�Q�V���Z�H�U�H���X�V�H�G���I�R�U���O�L�J�K�W���G�X�W�\��
�Y�H�K�L�F�O�H�V���E�H�O�R�Z�������������S�R�X�Q�G�V���*�9�:�5�����E�X�W���P�H�G�L�X�P���G�X�W�\���S�D�V�V�H�Q�J�H�U���Y�H�K�L�F�O�H�V���X�S��
�W�R�����������������S�R�X�Q�G�V���������������N�J�����*�9�:�5���D�Q�G���W�R���D�O�O���������E�L�Q�V�����0�D�Q�X�I�D�F�W�X�U�H�U�V���F�D�Q���P�D�N�H��
�Y�H�K�L�F�O�H�V���Z�K�L�F�K���¿�W���L�Q�W�R���D�Q�\���R�I���W�K�H���D�Y�D�L�O�D�E�O�H���E�L�Q�V�����E�X�W���V�W�L�O�O���P�X�V�W���P�H�H�W���D�Y�H�U�D�J�H��
�W�D�U�J�H�W�V���I�R�U���W�K�H�L�U���H�Q�W�L�U�H���À�H�H�W�V��

�7�K�H���W�Z�R���O�H�D�V�W���U�H�V�W�U�L�F�W�L�Y�H���E�L�Q�V���I�R�U���S�D�V�V�H�Q�J�H�U���F�D�U�V���������D�Q�G�����������Z�H�U�H���S�K�D�V�H�G���R�X�W��
�D�W���W�K�H���H�Q�G���R�I���������������+�R�Z�H�Y�H�U�����E�L�Q�V�������D�Q�G���������Z�H�U�H���D�Y�D�L�O�D�E�O�H���I�R�U���F�O�D�V�V�L�I�\�L�Q�J���D��
�U�H�V�W�U�L�F�W�H�G���Q�X�P�E�H�U���R�I���O�L�J�K�W���G�X�W�\���W�U�X�F�N�V���X�Q�W�L�O���W�K�H���H�Q�G���R�I���������������Z�K�H�Q���W�K�H�\���Z�H�U�H��
�U�H�P�R�Y�H�G���D�O�R�Q�J���Z�L�W�K���E�L�Q���������I�R�U���P�H�G�L�X�P���G�X�W�\���Y�H�K�L�F�O�H�V�����$�V���R�I���������������O�L�J�K�W���G�X�W�\��
trucks must meet the same emissions standards as passenger cars.

�3�K�D�V�H�������Z�D�V�������������W�R�������������D�Q�G���Q�R�Z���H�Y�H�Q���P�R�U�H���V�W�U�L�Q�J�H�Q�W���V�W�D�Q�G�D�U�G�V���D�U�H���F�R�P�L�Q�J��
�L�Q�W�R���X�V�H�����$�O�V�R�����W�K�H���&�D�O�L�I�R�U�Q�L�D���$�L�U���5�H�V�R�X�U�F�H�V���%�R�D�U�G�����&�$�5�%�����P�D�\���D�O�V�R���D�G�R�S�W��
and enforce its own emissions standards. However, regardless of whether a 
�P�D�Q�X�I�D�F�W�X�U�H�U���U�H�F�H�L�Y�H�V���&�$�5�%���D�S�S�U�R�Y�D�O�����D�O�O���Q�H�Z���P�R�W�R�U���Y�H�K�L�F�O�H�V���D�Q�G���H�Q�J�L�Q�H�V�� 
�P�X�V�W���V�W�L�O�O���U�H�F�H�L�Y�H���F�H�U�W�L�¿�F�D�W�L�R�Q���I�U�R�P���W�K�H���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���S�U�R�W�H�F�W�L�R�Q���D�J�H�Q�F�\�����(�3�$����
before a vehicle is introduced.

In Europe the EU has set new CO2 �W�D�U�J�H�W�V���I�R�U���Y�D�Q�V�����7�K�H�V�H���D�U�H�����������J���N�P���E�\��
�����������D�Q�G�����������J���N�P���E�\���������������7�K�H�������������W�D�U�J�H�W���Z�D�V���S�K�D�V�H�G���L�Q���I�U�R�P�������������D�I�W�H�U��
the introduction of the Euro 6 emissions limits.

������������ �7�H�V�W���F�\�F�O�H�V

All new vehicles must pass stringent emissions tests before being ‘approved’. 
This is done by running the vehicle through test cycles and collecting the  
�H�[�K�D�X�V�W���I�R�U���D�Q�D�O�\�V�L�V��

8.3.2.1 Europe

The New European Driving Cycle (NEDC) is a driving cycle consisting of four 
�U�H�S�H�D�W�H�G���(�&�(���������G�U�L�Y�L�Q�J���F�\�F�O�H�V���D�Q�G���D�Q���(�[�W�U�D���8�U�E�D�Q���G�U�L�Y�L�Q�J���F�\�F�O�H�����R�U���(�8�'�&���� 
The NEDC is meant to represent the typical usage of a car in Europe, and is 

Table 8.3 European past and future emission limits

Emissions
standard 

Particulate  
matters (PM)/
(mg/km)

Oxides of  
nitrogen (NOx)
(mg/km)

Hydrocarbons 
(HC) (mg/km)

Diesel Petrol Diesel Petrol Diesel Petrol

�(�X�U�R�����������������������±������ – – – – –

�(�X�U�R������������������ ���� – ������ ������ – ������

�(�X�U�R������������������25 – ������ ������ – ������

�(�X�U�R������������������ 5 5 ������ ������ – ������

�(�X�U�R������������������ 5 5 ������ ������ – ������

       Key fact
Manufacturers have to meet 
stringent regulations when 
producing new vehicles.
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Figure 8.16  USA Federal Test Procedure

8.3.2.2 USA

In the USA a cycle known as the Federal Test Procedure FTP-75 is 
�X�V�H�G�����)�L�J�X�U�H�����������������7�K�L�V���K�D�V���E�H�H�Q���D�G�G�H�G���W�R���D�Q�G���E�H�F�D�P�H���N�Q�R�Z�Q���D�V���W�K�H��
Supplementary Federal Test Procedure (SFTP).

�������� �)�X�H�O���L�Q�M�H�F�W�L�R�Q

������������ �$�G�Y�D�Q�W�D�J�H�V���R�I���I�X�H�O���L�Q�M�H�F�W�L�R�Q

The major advantage of any type of fuel injection system is accurate control of 
the fuel quantity injected into the engine. The basic principle of fuel injection 
is that if petrol is supplied to an injector (electrically controlled valve), at a 
constant differential pressure, then the amount of fuel injected will be directly 
proportional to the injector open time.

Most systems are now electronically controlled even if containing some 
mechanical metering components. This allows the operation of the injection 
system to be very closely matched to the requirements of the engine. This 
matching process is carried out during development on test beds and 
dynamometers, as well as development in the car. The ideal operating data 
for a large number of engine operating conditions are stored in a read only 
memory in the ECU. Close control of the fuel quantity injected allows the 
�R�S�W�L�P�X�P���V�H�W�W�L�Q�J���I�R�U���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K���Z�K�H�Q���D�O�O���R�S�H�U�D�W�L�Q�J���I�D�F�W�R�U�V���D�U�H���W�D�N�H�Q���L�Q�W�R��
account (see the air–fuel ratio section).

Further advantages of electronic fuel injection control are that overrun cut 
off can easily be implemented, fuel can be cut at the engine’s rpm limit and 
information on fuel used can be supplied to a trip computer.

�)�X�H�O���L�Q�M�H�F�W�L�R�Q���V�\�V�W�H�P�V���F�D�Q���E�H���F�O�D�V�V�L�¿�H�G���L�Q�W�R���W�Z�R���P�D�L�Q���F�D�W�H�J�R�U�L�H�V��

• ��6�L�Q�J�O�H���S�R�L�Q�W���L�Q�M�H�F�W�L�R�Q���±���V�H�H���)�L�J�X�U�H������������

• ��0�X�O�W�L�S�R�L�Q�W���L�Q�M�H�F�W�L�R�Q���±���V�H�H���)�L�J�X�U�H������������

�%�R�W�K���R�I���W�K�H�V�H���V�\�V�W�H�P�V���D�U�H���G�L�V�F�X�V�V�H�G���L�Q���P�R�U�H���G�H�W�D�L�O���L�Q���O�D�W�H�U���V�H�F�W�L�R�Q�V���R�I���W�K�L�V��
chapter.

������������ �6�\�V�W�H�P���R�Y�H�U�Y�L�H�Z

�)�L�J�X�U�H�������������V�K�R�Z�V���D���W�\�S�L�F�D�O���F�R�Q�W�U�R�O���O�D�\�R�X�W���I�R�U���D���I�X�H�O���L�Q�M�H�F�W�L�R�Q���V�\�V�W�H�P����
�'�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���V�R�S�K�L�V�W�L�F�D�W�L�R�Q���R�I���W�K�H���V�\�V�W�H�P�����L�G�O�H���V�S�H�H�G���D�Q�G���L�G�O�H���P�L�[�W�X�U�H��
adjustment can be either mechanically or electronically controlled.

       Key fact
The major advantage of any  
type of fuel injection system is 
accurate control of the fuel  
quantity injected into the engine.

Key fact
Not in use yet but due to be 
introduced across the EU 
�D�Q�G���I�X�U�W�K�H�U���L�Q���O�D�W�H�������������L�V���D��
procedure know as a ‘Real 
Driving Emissions Test’. It has 
also become known as the 
�:�R�U�O�G�Z�L�G�H���+�D�U�P�R�Q�L�]�H�G���/�L�J�K�W��
Vehicle Test Procedure (WLTP).

The WLTP driving cycle will 
be divided into four parts with 
different average speeds: low, 
�P�H�G�L�X�P�����K�L�J�K���D�Q�G���H�[�W�U�D���K�L�J�K����
Each part contains a variety 
of driving phases, stops, 
acceleration and braking phases. 
For a certain car type, each 
�S�R�Z�H�U�W�U�D�L�Q���F�R�Q�¿�J�X�U�D�W�L�R�Q���L�V���W�H�V�W�H�G��
with WLTP for the car’s lightest 
(most economical) and heaviest 
(least economical) version.

Visit the book website for more 
updates.
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This information forms part of a read only memory (ROM) chip in the ECU. 
When the ECU has determined the look-up value of the fuel required (injector 
�R�S�H�Q���W�L�P�H�������F�R�U�U�H�F�W�L�R�Q�V���W�R���W�K�L�V���¿�J�X�U�H���F�D�Q���E�H���D�G�G�H�G���I�R�U���E�D�W�W�H�U�\���Y�R�O�W�D�J�H����
temperature, throttle change or position and fuel cut off.

Idle speed, and fast idle, are also controlled by the ECU and a suitable 
actuator. It is also possible to have a form of closed loop control with electronic 
�I�X�H�O���L�Q�M�H�F�W�L�R�Q�����7�K�L�V���L�Q�Y�R�O�Y�H�V���D���O�D�P�E�G�D���V�H�Q�V�R�U���W�R���P�R�Q�L�W�R�U���H�[�K�D�X�V�W���J�D�V���R�[�\�J�H�Q��
�F�R�Q�W�H�Q�W�����7�K�L�V���D�O�O�R�Z�V���Y�H�U�\���D�F�F�X�U�D�W�H���F�R�Q�W�U�R�O���R�I���W�K�H���P�L�[�W�X�U�H���V�W�U�H�Q�J�W�K�����D�V���W�K�H��
�R�[�\�J�H�Q���F�R�Q�W�H�Q�W���R�I���W�K�H���H�[�K�D�X�V�W���L�V���S�U�R�S�R�U�W�L�R�Q�D�O���W�R���W�K�H���D�L�U�±�I�X�H�O���U�D�W�L�R�����7�K�H���V�L�J�Q�D�O��
from the lambda sensor is used to adjust the injector open time.

�)�L�J�X�U�H�������������L�V���D���À�R�Z���F�K�D�U�W���V�K�R�Z�L�Q�J���R�Q�H���Z�D�\���L�Q���Z�K�L�F�K���W�K�H���L�Q�I�R�U�P�D�W�L�R�Q���I�U�R�P���W�K�H��
sensors could be processed to determine the best injector open duration as 
well as control of engine idle speed.

������������ �&�R�P�S�R�Q�H�Q�W�V���R�I���D���I�X�H�O���L�Q�M�H�F�W�L�R�Q���V�\�V�W�H�P

�7�K�H���I�R�O�O�R�Z�L�Q�J���F�R�P�S�R�Q�H�Q�W�V�����Z�L�W�K���V�R�P�H���D�G�G�L�W�L�R�Q�V�����D�U�H���W�\�S�L�F�D�O���R�I���W�K�H���%�R�V�F�K���µ�/�¶��
Jetronic systems. This system is not now used as almost all cars have full engine 
management (i.e. combined ignition and fuel control systems). However, it is a 
�J�R�R�G���H�[�D�P�S�O�H���W�R���X�V�H���D�V���D�Q���L�Q�W�U�R�G�X�F�W�L�R�Q���W�R���W�K�H���V�X�E�M�H�F�W�����7�K�H���Y�D�U�L�R�X�V���F�R�P�S�R�Q�H�Q�W�V��
�D�U�H���R�Q�O�\���G�L�V�F�X�V�V�H�G���E�U�L�H�À�\�����D�V���P�R�V�W���D�U�H���L�Q�F�O�X�G�H�G���L�Q���R�W�K�H�U���V�H�F�W�L�R�Q�V���L�Q���P�R�U�H���G�H�W�D�L�O��

�)�O�D�S���W�\�S�H���D�L�U���À�R�Z���V�H�Q�V�R�U�����)�L�J�X�U�H������������

�$���%�R�V�F�K���Y�D�Q�H���W�\�S�H���V�H�Q�V�R�U���L�V���V�K�R�Z�Q���Z�K�L�F�K���P�R�Y�H�V���G�X�H���W�R���W�K�H���D�L�U���E�H�L�Q�J���I�R�U�F�H�G���L�Q�W�R��
the engine. The information provided to the ECU is air quantity and engine load.

Engine speed sensor (Figure 8.24)

Most injection systems, which are not combined directly with the ignition, take 
a signal from the coil negative terminal. This provides speed data but also 
�H�Q�J�L�Q�H���S�R�V�L�W�L�R�Q���W�R���V�R�P�H���H�[�W�H�Q�W�����$���U�H�V�L�V�W�R�U���L�Q���V�H�U�L�H�V���L�V���R�I�W�H�Q���X�V�H�G���W�R���S�U�H�Y�H�Q�W��
high voltage surges reaching the ECU.

Temperature sensor (Figure 8.25)

A simple thermistor provides engine coolant temperature information.

Throttle position sensor (Figure 8.26)

Various sensors are shown consisting of the two-switch types, which only 
provide information that the throttle is at idle, full load or anywhere else in 
�E�H�W�Z�H�H�Q�����D�Q�G���S�R�W�H�Q�W�L�R�P�H�W�H�U���W�\�S�H�V�����Z�K�L�F�K���J�L�Y�H���P�R�U�H���G�H�W�D�L�O�H�G���L�Q�I�R�U�P�D�W�L�R�Q��

Figure 8.23  �$�L�U���À�R�Z���P�H�W�H�U

       Key fact
A lambda sensor is used to 
�P�R�Q�L�W�R�U���H�[�K�D�X�V�W���J�D�V���R�[�\�J�H�Q��
content.
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8.4.4  Bosch ‘L ’ Jetronic – variations

Owing to continued demands for improvements, the ‘L’ Jetronic system, along 
with all other injection systems, developed and changed over the years. This 
section will highlight the main changes that have taken place.

L2-Jetronic

�7�K�L�V���V�\�V�W�H�P���K�D�V���F�K�D�Q�J�H�G���O�L�W�W�O�H���H�[�F�H�S�W���I�R�U���W�K�H���U�H�P�R�Y�D�O���R�I���W�K�H���L�Q�M�H�F�W�R�U���V�H�U�L�H�V��
resistors as the ECU now limits the output current to the injectors. The injector 
�U�H�V�L�V�W�D�Q�F�H���L�V���������.

LE1-Jetronic

No current resistors are used and the throttle switch is adjustable. The fuel 
�S�X�P�S���G�R�H�V���Q�R�W���K�D�Y�H���V�D�I�H�W�\���F�R�Q�W�D�F�W�V���L�Q���W�K�H���D�L�U���À�R�Z���V�H�Q�V�R�U�����7�K�H���V�D�I�H�W�\���F�L�U�F�X�L�W���L�V��
incorporated in the electronic relay. This will only allow the fuel pump to operate 
�Z�K�H�Q���D�Q���L�J�Q�L�W�L�R�Q���V�L�J�Q�D�O���L�V���S�U�H�V�H�Q�W�����W�K�D�W���L�V�����Z�K�H�Q���W�K�H���H�Q�J�L�Q�H���L�V���U�X�Q�Q�L�Q�J���R�U���E�H�L�Q�J��
cranked.

LE2-Jetronic

�7�K�L�V���L�V���Y�H�U�\���V�L�P�L�O�D�U���W�R���W�K�H���/�(�����V�\�V�W�H�P�V���H�[�F�H�S�W���W�K�H���W�K�H�U�P�R���W�L�P�H���V�Z�L�W�F�K���D�Q�G���F�R�O�G��
start injector are not used. The ECU determines cold starting enrichment and 
adjusts the injector open period accordingly.

Figure 8.35  L-Jetronic
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LU-Jetronic

�7�K�L�V���V�\�V�W�H�P���L�V���D���I�X�U�W�K�H�U���U�H�¿�Q�H�P�H�Q�W���R�I���W�K�H���/�(���V�\�V�W�H�P�V���E�X�W���D�O�V�R���X�W�L�O�L�]�H�V���F�O�R�V�H�G��
loop lambda control.

L3-Jetronic

�7�K�H���(�&�8���I�R�U���W�K�H���/�����-�H�W�U�R�Q�L�F���I�R�U�P�V���S�D�U�W���R�I���W�K�H���D�L�U���À�R�Z���P�H�W�H�U���L�Q�V�W�D�O�O�D�W�L�R�Q�����7�K�H�� 
ECU now includes a ‘limp home’ facility. The system can be operated with or 
without lambda closed loop control. The air–fuel ratio can be adjusted by a 
screw-operated potentiometer on the side of the ECU.

LH-Jetronic

The LH system incorporates most of the improvements noted above. The main 
�G�L�I�I�H�U�H�Q�F�H���L�V���W�K�D�W���D���K�R�W���Z�L�U�H���W�\�S�H���R�I���D�L�U���À�R�Z���P�H�W�H�U���L�V���X�V�H�G�����7�K�H���F�R�P�S�R�Q�H�Q�W��
layout is shown in Figure 8.36. Further developments are continuing but, in 
general, most systems have now developed into combined fuel and ignition 
�F�R�Q�W�U�R�O���V�\�V�W�H�P�V���D�V���G�L�V�F�X�V�V�H�G���L�Q���W�K�H���Q�H�[�W���F�K�D�S�W�H�U��

������������ ���%�R�V�F�K���0�R�Q�R���-�H�W�U�R�Q�L�F���²���V�L�Q�J�O�H���S�R�L�Q�W�� 
�L�Q�M�H�F�W�L�R�Q

�7�K�H���0�R�Q�R���-�H�W�U�R�Q�L�F���L�V���D�Q���H�O�H�F�W�U�R�Q�L�F�D�O�O�\���F�R�Q�W�U�R�O�O�H�G���V�\�V�W�H�P���X�W�L�O�L�]�L�Q�J���M�X�V�W���R�Q�H��
�L�Q�M�H�F�W�R�U���S�R�V�L�W�L�R�Q�H�G���D�E�R�Y�H���W�K�H���W�K�U�R�W�W�O�H���E�X�W�W�H�U�À�\���Y�D�O�Y�H�����7�K�H���W�K�U�R�W�W�O�H���E�R�G�\��

Figure 8.36  LH-Jetronic
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�)�L�J�X�U�H�������������V�K�R�Z�V���W�K�H���P�D�L�Q���F�R�P�S�R�Q�H�Q�W�V���R�I���W�K�H���0�R�Q�R���-�H�W�U�R�Q�L�F���V�\�V�W�H�P�����7�K�H��
�F�R�P�S�R�Q�H�Q�W���P�R�V�W���Q�R�W�L�F�H�D�E�O�H���E�\���L�W�V���D�E�V�H�Q�F�H���L�V���D�Q���D�L�U���À�R�Z���V�H�Q�V�R�U���Z�K�L�F�K���L�V���Q�R�W��
used by this system. Air mass and load are calculated from the throttle position 
sensor, engine speed and air intake temperature. This is sometimes known 
as the speed density method. At a known engine speed with a known throttle 
opening, the engine will ‘consume’ a known volume of air. If the air temperature 
is known then the air mass can be calculated.

The basic injection quantity is generated in the ECU as a function of engine 
speed and throttle position. A ROM chip, represented by a cartographic map, 
�V�W�R�U�H�V���G�D�W�D���D�W���������V�S�H�H�G���D�Q�G���������W�K�U�R�W�W�O�H���D�Q�J�O�H���S�R�V�L�W�L�R�Q�V�����J�L�Y�L�Q�J�����������U�H�I�H�U�H�Q�F�H�V��
altogether. If the ECU detects deviations from the ideal air–fuel ratio by signals 
from the lambda sensor then corrections are made. If these corrections are 
�U�H�T�X�L�U�H�G���R�Y�H�U���D�Q���H�[�W�H�Q�G�H�G���S�H�U�L�R�G���W�K�H�Q���W�K�H���Q�H�Z���F�R�U�U�H�F�W�H�G���Y�D�O�X�H�V���D�U�H���V�W�R�U�H�G���L�Q��
memory. These are continuously updated over the life of the system. Further 
corrections are added to this look-up value for temperature, full load and 
idle conditions. Over-run fuel cut-off and high engine speed cut-off are also 
implemented when required.

�7�K�H���%�R�V�F�K���0�R�Q�R���-�H�W�U�R�Q�L�F���V�\�V�W�H�P���D�O�V�R���R�I�I�H�U�V���D�G�D�S�W�L�Y�H���L�G�O�H���F�R�Q�W�U�R�O�����7�K�L�V���L�V���W�R��
allow the lowest possible smoothed idle speed to reduce fuel consumption and 
�H�[�K�D�X�V�W���H�P�L�V�V�L�R�Q�V�����$���W�K�U�R�W�W�O�H���Y�D�O�Y�H���D�F�W�X�D�W�R�U���F�K�D�Q�J�H�V���W�K�H���S�R�V�L�W�L�R�Q���R�I���W�K�H���Y�D�O�Y�H��
in response to a set speed calculated in the ECU, which takes into account 
the engine temperature and electrical loads on the alternator. The required 
throttle angle is computed and placed in memory. The adaptation capability of 
this system allows for engine drift during its life and also makes corrections for 
altitude.

The electronic control unit checks all signals for plausibility during normal oper- 
�D�W�L�R�Q�����,�I���D���V�L�J�Q�D�O���G�H�Y�L�D�W�H�V���I�U�R�P���W�K�H���Q�R�U�P�D�O�����W�K�L�V���I�D�X�O�W���F�R�Q�G�L�W�L�R�Q���L�V���P�H�P�R�U�L�]�H�G���D�Q�G��
can be output to a diagnostic tester or read as a blink code from a fault lamp.

������������ �6�H�T�X�H�Q�W�L�D�O���P�X�O�W�L�S�R�L�Q�W���L�Q�M�H�F�W�L�R�Q

�$���V�L�Q�J�O�H���S�R�L�Q�W���V�\�V�W�H�P���L�Q�M�H�F�W�V���W�K�H���I�X�H�O���L�Q���F�R�Q�W�L�Q�X�R�X�V���S�X�O�V�H�V�����Z�K�H�U�H�D�V���P�R�V�W��
�P�X�O�W�L�S�R�L�Q�W���L�Q�M�H�F�W�R�U�V���¿�U�H���D�W���W�K�H���V�D�P�H���W�L�P�H�����L�Q�M�H�F�W�L�Q�J���K�D�O�I���R�I���W�K�H���U�H�T�X�L�U�H�G���I�X�H�O����
A sequential injection system injects fuel on the induction stroke of each 
�F�\�O�L�Q�G�H�U���L�Q���W�K�H���H�Q�J�L�Q�H���¿�U�L�Q�J���R�U�G�H�U�����7�K�L�V���V�\�V�W�H�P�����Z�K�L�O�H���P�R�U�H���F�R�P�S�O�L�F�D�W�H�G�����D�O�O�R�Z�V��
�V�W�U�D�W�L�¿�F�D�W�L�R�Q���R�I���W�K�H���F�\�O�L�Q�G�H�U���F�K�D�U�J�H���W�R���E�H���F�R�Q�W�U�R�O�O�H�G���W�R���V�R�P�H���H�[�W�H�Q�W�����U�H�V�X�O�W�L�Q�J��
in an overall weaker charge. Sequential injection is normally incorporated with 
�I�X�O�O���H�Q�J�L�Q�H���P�D�Q�D�J�H�P�H�Q�W�����Z�K�L�F�K���L�V���G�L�V�F�X�V�V�H�G���I�X�U�W�K�H�U���L�Q���&�K�D�S�W�H�U���������)�L�J�X�U�H������������
shows a comparison between normal and sequential injection.

Figure 8.39  Central injection unit of the Mono Jetronic

       Key fact
A sequential injection system 
injects fuel on the induction 
stroke of each cylinder in the 
�H�Q�J�L�Q�H���¿�U�L�Q�J���R�U�G�H�U��

       Key fact
A single-point system injects 
�W�K�H���I�X�H�O���L�Q���F�R�Q�W�L�Q�X�R�X�V���S�X�O�V�H�V����
whereas most multipoint 
�L�Q�M�H�F�W�R�U�V���¿�U�H���D�W���W�K�H���V�D�P�H���W�L�P�H����
injecting half of the required fuel.

       Key fact
Air mass and load can be  
calculated from the throttle  
position sensor, engine speed  
and air intake temperature. 
This is sometimes known as 
the speed density method.
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������������ �/�H�D�Q���E�X�U�Q���W�H�F�K�Q�R�O�R�J�\

�7�K�H���R�S�W�L�P�X�P���D�L�U�±�I�X�H�O���U�D�W�L�R���L�V���������������������W�R���H�Q�V�X�U�H���F�R�P�S�O�H�W�H���F�R�P�E�X�V�W�L�R�Q����
Increasing this ratio (introducing more air) results in what is known as lean 
�E�X�U�Q�����)�X�H�O���H�F�R�Q�R�P�\���L�V���P�D�[�L�P�L�]�H�G���Z�K�H�Q���W�K�H���U�D�W�L�R���L�V���L�Q���W�K�H���������W�R�����������������U�D�Q�J�H����
�5�X�Q�Q�L�Q�J���O�H�D�Q�H�U���P�L�[�W�X�U�H�V���D�O�V�R���U�H�G�X�F�H�V���1�2�[���H�P�L�V�V�L�R�Q�V�����+�R�Z�H�Y�H�U�����W�K�H���S�R�W�H�Q�W�L�D�O��
�I�R�U���X�Q�V�W�D�E�O�H���F�R�P�E�X�V�W�L�R�Q���L�Q�F�U�H�D�V�H�V�����5�H�G�X�F�L�Q�J���1�2�[���H�P�L�V�V�L�R�Q�V���X�Q�G�H�U���O�H�D�Q���E�X�U�Q��
�F�R�Q�G�L�W�L�R�Q�V���L�V���G�L�I�¿�F�X�O�W���E�H�F�D�X�V�H���W�K�H���Q�R�U�P�D�O���F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U���Q�H�H�G�V���F�H�U�W�D�L�Q��
�F�R�Q�G�L�W�L�R�Q�V���W�R���Z�R�U�N���S�U�R�S�H�U�O�\�����0�D�]�G�D���S�U�R�G�X�F�H�G���D���µ�=���O�H�D�Q���H�Q�J�L�Q�H�¶���W�K�D�W���R�I�I�H�U�V���E�R�W�K��
�D���Z�L�G�H���O�H�D�Q���E�X�U�Q���U�D�Q�J�H���D�Q�G���J�R�R�G���S�R�Z�H�U���R�X�W�S�X�W���D�W���Q�R�U�P�D�O���U�S�P�����)�L�J�X�U�H������������
shows a cutaway view of this engine.

Figure 8.41  Cylinder-head and inlet path of a lean burn engine

Figure 8.40  Simultaneous and sequential petrol injection
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������������ �'�R�X�E�O�H���I�X�H�O���L�Q�M�H�F�W�R�U�V

�1�L�V�V�D�Q���K�D�Y�H���G�H�Y�H�O�R�S�H�G���D���I�X�H�O���L�Q�M�H�F�W�L�R�Q���V�\�V�W�H�P���W�K�D�W���X�V�H�V���W�Z�R���L�Q�M�H�F�W�R�U�V�����R�Q�H���L�Q��
�H�D�F�K���L�Q�O�H�W���S�R�U�W���R�I���D���I�R�X�U���Y�D�O�Y�H�����I�R�X�U���F�\�O�L�Q�G�H�U���H�Q�J�L�Q�H�����7�K�L�V���K�D�V���D�O�O�R�Z�H�G���������P�L�F�U�R�Q��
�L�Q�M�H�F�W�R�U���K�R�O�H�V���L�Q�V�W�H�D�G���R�I���W�K�H���X�V�X�D�O���������P�L�F�U�R�Q�V�����7�K�L�V���X�V�H���R�I���W�Z�R���L�Q�M�H�F�W�R�U�V���D�Q�G���D��
�¿�Q�H�U���V�S�U�D�\���K�D�V���U�H�V�X�O�W�H�G���L�Q���L�P�S�U�R�Y�H�G���F�R�P�E�X�V�W�L�R�Q���H�I�¿�F�L�H�Q�F�\��

�&�R�Q�W�L�Q�X�R�X�V�O�\���Y�D�U�L�D�E�O�H���Y�D�O�Y�H���W�L�P�L�Q�J���R�Q���E�R�W�K���L�Q�O�H�W���D�Q�G���H�[�K�D�X�V�W���Y�D�O�Y�H�V���P�D�N�H�V���L�W��
�S�R�V�V�L�E�O�H���W�R���F�O�R�V�H���W�K�H���H�[�K�D�X�V�W���Y�D�O�Y�H�V���Y�H�U�\���O�D�W�H�����µ�O�R�V�L�Q�J�¶���V�R�P�H���R�I���W�K�H���L�Q�W�D�N�H���D�L�U���D�W��
�L�G�O�H�����7�K�L�V���L�V���N�Q�R�Z�Q���D�V���W�K�H���$�W�N�L�Q�V�R�Q���K�L�J�K���U�D�W�L�R���H�[�S�D�Q�V�L�R�Q���F�\�F�O�H�����D�O�V�R���X�V�H�G���L�Q���W�K�H��
Toyota Prius). With this system the compression stroke is effectively shorter 
than the power stroke, compression is reduced and little of no combustion 
�H�Q�H�U�J�\���L�V���O�R�V�W���W�K�U�R�X�J�K���W�K�H���H�[�K�D�X�V�W��

�7�K�L�V���P�H�W�K�R�G���L�V���X�V�H�G���W�R���L�P�S�U�R�Y�H���L�G�O�H���H�I�¿�F�L�H�Q�F�\�����,�W���Z�R�X�O�G���Q�R�U�P�D�O�O�\���U�H�V�X�O�W���L�Q���D�Q��
�X�Q�V�W�D�E�O�H���L�G�O�H���E�X�W���W�K�H���¿�Q�H�U���I�X�H�O���D�W�R�P�L�]�D�W�L�R�Q���P�D�N�H�V���P�L�W�L�J�D�W�H�V���W�K�L�V�����:�L�W�K���Y�D�O�Y�H�� 
timing adjusted to achieve internal EGR to reduce pumping losses at part  
�W�K�U�R�W�W�O�H���D�Q�G���U�H�G�X�F�H���1�2�[�����W�K�H���V�\�V�W�H�P���F�D�Q���D�F�K�L�H�Y�H���D���������U�H�G�X�F�W�L�R�Q���L�Q���&�22 

emission.

Figure 8.43  Tumble swirl control

       �'�H�¿�Q�L�W�L�R�Q
Micron: A unit of length equal to 
�R�Q�H���P�L�O�O�L�R�Q�W�K���R�I���D���P�H�W�U�H���R�U�������—�P����
�7�K�H���P�L�F�U�R�Q���L�V���Q�R�W���D�Q���R�I�¿�F�L�D�O���X�Q�L�W��
but is in common use.
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�������� �'�L�H�V�H�O���I�X�H�O���L�Q�M�H�F�W�L�R�Q

8.5.1  Intr oduction

Diesel engines have the fuel injected into the combustion chamber where it is 
ignited by heat in the air charge. This is known as compression ignition (CI) 
because no spark is required. The high temperature needed to ignite the fuel 
is obtained by a high compression of the air charge. Diesel fuel is injected 
�X�Q�G�H�U���K�L�J�K���S�U�H�V�V�X�U�H���I�U�R�P���D�Q���L�Q�M�H�F�W�R�U���Q�R�]�]�O�H�����L�Q�W�R���W�K�H���F�R�P�E�X�V�W�L�R�Q���F�K�D�P�E�H�U�V����
�7�K�H���I�X�H�O���L�V���S�U�H�V�V�X�U�L�]�H�G���L�Q���D���G�L�H�V�H�O���L�Q�M�H�F�W�L�R�Q���S�X�P�S�����,�W���L�V���V�X�S�S�O�L�H�G���D�Q�G���G�L�V�W�U�L�E�X�W�H�G��
�W�R���W�K�H���L�Q�M�H�F�W�R�U�V���W�K�U�R�X�J�K���K�L�J�K���S�U�H�V�V�X�U�H���I�X�H�O���S�L�S�H�V���R�U���G�L�U�H�F�W�O�\���I�U�R�P���D���U�D�L�O���D�Q�G����
or an injector. The high pressure generation is from a direct acting cam or a 
separate pump.

�7�K�H���D�L�U���À�R�Z���L�Q�W�R���D���G�L�H�V�H�O���H�Q�J�L�Q�H���L�V���X�V�X�D�O�O�\���X�Q�R�E�V�W�U�X�F�W�H�G���E�\���D���W�K�U�R�W�W�O�H���S�O�D�W�H���V�R��
a large air charge is always provided. Throttle plates may be used to provide 
control for emission devices. Engine speed is controlled by the amount of 
fuel injected. The engine is stopped by cutting off the fuel delivery. For all 
engine operating conditions a surplus amount of air is needed for complete 
combustion of the fuel.

Earlier diesel engine tended to be considered as indirect and direct injection. 
Nowadays, almost all are direct and there are a number of methods used 
as shown in Figures 8.44 and 8.45. The rotary pumped direct injection and 
common rail systems will be discussed further in this section.

�6�P�D�O�O���K�L�J�K���V�S�H�H�G���G�L�H�V�H�O���H�Q�J�L�Q�H���F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R�V���D�U�H���D�E�R�X�W�������������I�R�U���G�L�U�H�F�W��
injection systems. This compression ratio is capable of raising the air charge to 
�W�H�P�S�H�U�D�W�X�U�H�V���R�I���E�H�W�Z�H�H�Q���������ƒ�&���D�Q�G���������ƒ�&�����9�H�U�\���U�D�S�L�G���F�R�P�E�X�V�W�L�R�Q���R�I���W�K�H���I�X�H�O��
therefore occurs when it is injected into the hot air charge.

The combustion process in a diesel engine follows three phases (Figure 8.46). 
�7�K�H�V�H���D�U�H���L�J�Q�L�W�L�R�Q���G�H�O�D�\�����À�D�P�H���V�S�U�H�D�G���D�Q�G���F�R�Q�W�U�R�O�O�H�G���F�R�P�E�X�V�W�L�R�Q�����,�Q���D�G�G�L�W�L�R�Q����

Figure 8.44  �'�L�H�V�H�O���I�X�H�O���L�Q�M�H�F�W�L�R�Q���F�R�P�S�R�Q�H�Q�W�V�����6�R�X�U�F�H�����%�R�V�F�K���0�H�G�L�D��

       Key fact
The high temperature needed 
to ignite fuel in a diesel 
engine is obtained by high 
compression of the air charge.
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The high pressure components are the fuel injector pump, the high pressure 
�S�L�S�H�V���D�Q�G���W�K�H���L�Q�M�H�F�W�R�U�V�����)�L�J�X�U�H�����������������2�W�K�H�U���F�R�P�S�R�Q�H�Q�W�V���S�U�R�Y�L�G�H���I�R�U���F�R�O�G��
engine starting. Electronically controlled systems include sensors, an electronic 
diesel control (EDC) module and actuators in the injection pump.

�$�O�O���G�L�H�V�H�O���I�X�H�O���H�Q�W�H�U�L�Q�J���W�K�H���L�Q�M�H�F�W�L�R�Q���S�X�P�S���D�Q�G���L�Q�M�H�F�W�R�U�V���P�X�V�W���E�H���I�X�O�O�\���¿�O�W�H�U�H�G����
The internal components of the pump and injectors are manufactured to very 
�¿�Q�H���W�R�O�H�U�D�Q�F�H�V�����(�Y�H�Q���Y�H�U�\���V�P�D�O�O���S�D�U�W�L�F�O�H�V���R�I���G�L�U�W���F�R�X�O�G���E�H���G�D�P�D�J�L�Q�J���W�R���W�K�H�V�H��
components.

�7�K�H���P�R�V�W���F�R�P�P�R�Q���U�R�W�D�U�\���L�Q�M�H�F�W�L�R�Q���S�X�P�S�V���D�U�H���D�[�L�D�O���S�L�V�W�R�Q���G�H�V�L�J�Q�V���K�D�Y�L�Q�J���D��
�U�R�O�O�H�U���U�L�Q�J���D�Q�G���F�D�P���S�O�D�W�H���D�W�W�D�F�K�H�G���W�R���D�Q���D�[�L�D�O���S�L�V�W�R�Q���R�U���S�O�X�Q�J�H�U���L�Q���W�K�H���G�L�V�W�U�L�E�X�W�R�U��
head to generate the high pressure. The latest versions have full electronic 
�F�R�Q�W�U�R�O�����7�K�H���G�H�W�D�L�O�V���D�U�H���H�[�D�P�L�Q�H�G���I�X�U�W�K�H�U���L�Q���W�K�H���Q�H�[�W���V�H�F�W�L�R�Q��

The high pressure pipes are of double thickness steel construction and are all 
of the same length. This is so that the internal pressure rise characteristics are 
identical for all cylinders. The high pressure connections are made by rolled 
�À�D�Q�J�H�V���R�Q���W�K�H���S�L�S�H���H�Q�G�V���D�Q�G���W�K�U�H�D�G�H�G���X�Q�L�R�Q�V���V�H�F�X�U�L�Q�J���W�K�H���U�R�O�O�H�G���À�D�Q�J�H�V���W�R��
�F�R�Q�Y�H�[�����R�U���R�F�F�D�V�L�R�Q�D�O�O�\���F�R�Q�F�D�Y�H�����V�H�D�W�V���L�Q���W�K�H���G�H�O�L�Y�H�U�\���Y�D�O�Y�H�V���D�Q�G���L�Q�M�H�F�W�R�U�V��

�7�K�H���I�X�H�O���L�Q�M�H�F�W�R�U�V���D�U�H���¿�W�W�H�G���L�Q�W�R���W�K�H���F�\�O�L�Q�G�H�U���K�H�D�G���Z�L�W�K���W�K�H���Q�R�]�]�O�H���W�L�S���S�U�R�M�H�F�W�L�Q�J��
into the pre-combustion (IDI) or combustion chamber (DI). The injectors for 
�L�Q�G�L�U�H�F�W���F�R�P�E�X�V�W�L�R�Q���D�U�H���R�I���D���S�L�Q�W�O�H���R�U���µ�S�L�Q�W�D�X�[�¶���G�H�V�L�J�Q�����V�L�P�L�O�D�U���W�R���S�H�W�U�R�O���L�Q�M�H�F�W�R�U�V��
in many ways) and produce a conical spray pattern on injection. The injectors 
for direct injection (DI) are of a pencil type multi-hole design that produces a 
broad distribution of fuel on injection.

Fuel injectors are held closed by a compression spring. They are opened by 
�K�\�G�U�D�X�O�L�F���S�U�H�V�V�X�U�H���Z�K�H�Q���L�W���L�V���V�X�I�¿�F�L�H�Q�W���W�R���R�Y�H�U�F�R�P�H���W�K�H���V�S�U�L�Q�J���I�R�U�F�H���R�Q���W�K�H��
injector needle. The hydraulic pressure is applied to a face on the needle where 
�L�W���V�L�W�V���L�Q���D���S�U�H�V�V�X�U�H���F�K�D�P�E�H�U�����7�K�H���I�X�H�O���S�U�H�V�V�X�U�H���Q�H�H�G�H�G���L�V���L�Q���H�[�F�H�V�V���R�I�����������E�D�U��
�������������S�V�L�������7�K�L�V���S�U�H�V�V�X�U�H���O�L�I�W�V���W�K�H���Q�H�H�G�O�H���D�Q�G���R�S�H�Q�V���W�K�H���Q�R�]�]�O�H�����V�R���W�K�D�W���I�X�H�O���L�V��
�L�Q�M�H�F�W�H�G���L�Q���D���¿�Q�H���V�S�U�D�\���S�D�W�W�H�U�Q���L�Q�W�R���W�K�H���F�R�P�E�X�V�W�L�R�Q���F�K�D�P�E�H�U�����)�L�J�X�U�H��������������

������������ �,�Q�M�H�F�W�L�R�Q���R�Y�H�U�Y�L�H�Z

The basic principle of the four-stroke diesel engine is very similar to the petrol 
�V�\�V�W�H�P�����7�K�H���P�D�L�Q���G�L�I�I�H�U�H�Q�F�H���L�V���W�K�D�W���W�K�H���P�L�[�W�X�U�H���I�R�U�P�D�W�L�R�Q���W�D�N�H�V���S�O�D�F�H���L�Q���W�K�H��
cylinder combustion chamber as the fuel is injected under very high pressure. 

Figure 8.52  �)�X�H�O���¿�O�W�H�U

Figure 8.53  DI injector

       Key fact
The internal components of  
the pump and injectors are 
�P�D�Q�X�I�D�F�W�X�U�H�G���W�R���Y�H�U�\���¿�Q�H�� 
tolerances.

       

Key fact
The fuel pressure needed is in 
�H�[�F�H�V�V���R�I�����������E�D�U���������������S�V�L����
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The timing and quantity of the fuel injected is important from the usual 
viewpoints of performance, economy and emissions.

Fuel is metered into the combustion chamber by way of a high pressure pump 
�F�R�Q�Q�H�F�W�H�G���W�R���L�Q�M�H�F�W�R�U�V���Y�L�D���K�H�D�Y�\���G�X�W�\���S�L�S�H�V�����:�K�H�Q���W�K�H���I�X�H�O���L�V���L�Q�M�H�F�W�H�G���L�W���P�L�[�H�V��
�Z�L�W�K���W�K�H���D�L�U���L�Q���W�K�H���F�\�O�L�Q�G�H�U���D�Q�G���Z�L�O�O���V�H�O�I���L�J�Q�L�W�H���D�W���D�E�R�X�W���������ƒ�&�����6�H�H���W�K�H���V�H�F�W�L�R�Q��
�R�Q���G�L�H�V�H�O���F�R�P�E�X�V�W�L�R�Q���I�R�U���I�X�U�W�K�H�U���G�H�W�D�L�O�V�����7�K�H���P�L�[�W�X�U�H���I�R�U�P�D�W�L�R�Q���L�Q���W�K�H���F�\�O�L�Q�G�H�U���L�V��
�L�Q�À�X�H�Q�F�H�G���E�\���W�K�H���I�R�O�O�R�Z�L�Q�J���I�D�F�W�R�U�V��

Start of delivery and start of injection (timing)

The timing of a diesel fuel injection pump to an engine is usually done using start 
of delivery as the reference mark. The actual start of injection, in other words 
when fuel starts to leave the injector, is slightly later than start of delivery, as this 
�L�V���L�Q�À�X�H�Q�F�H�G���E�\���W�K�H���F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R���R�I���W�K�H���H�Q�J�L�Q�H�����W�K�H���F�R�P�S�U�H�V�V�L�E�L�O�L�W�\���R�I���W�K�H���I�X�H�O��
and the length of the delivery pipes. This timing increases the production of carbon 
particles (soot) if too early, and increases the hydrocarbon emissions if too late.

Spray duration and rate of discharge (fuel quantity)

�7�K�H���G�X�U�D�W�L�R�Q���R�I���W�K�H���L�Q�M�H�F�W�L�R�Q���L�V���H�[�S�U�H�V�V�H�G���L�Q���G�H�J�U�H�H�V���R�I���F�U�D�Q�N�V�K�D�I�W���U�R�W�D�W�L�R�Q���L�Q��
�P�L�O�O�L�V�H�F�R�Q�G�V�����7�K�L�V���F�O�H�D�U�O�\���L�Q�À�X�H�Q�F�H�V���I�X�H�O���T�X�D�Q�W�L�W�\���E�X�W���W�K�H���U�D�W�H���R�I���G�L�V�F�K�D�U�J�H���L�V��
also important. This rate is not constant due to the mechanical characteristics 
of the injection pump.

Injection pressure

Pressure of injection will affect the quantity of fuel, but the most important issue 
�K�H�U�H���L�V���W�K�H���H�I�I�H�F�W���R�Q���D�W�R�P�L�]�D�W�L�R�Q�����$�W���K�L�J�K�H�U���S�U�H�V�V�X�U�H�V�����W�K�H���I�X�H�O���Z�L�O�O���D�W�R�P�L�]�H���L�Q�W�R��
smaller droplets with a corresponding improvement in the burn quality. Indirect 
�L�Q�M�H�F�W�L�R�Q���V�\�V�W�H�P�V���X�V�H���S�U�H�V�V�X�U�H�V���X�S���W�R���D�E�R�X�W�����������E�D�U�����Z�K�L�O�H���G�L�U�H�F�W���L�Q�M�H�F�W�L�R�Q��
�V�\�V�W�H�P�V���F�D�Q���E�H���X�S���W�R���D�E�R�X�W�������������E�D�U��

Emissions of soot are greatly reduced by higher pressure injection.

Injection direction and number of jets

The direction of injection must match very closely the swirl and combustion 
�F�K�D�P�E�H�U���G�H�V�L�J�Q�����'�H�Y�L�D�W�L�R�Q�V���R�I���R�Q�O�\�����ƒ���I�U�R�P���W�K�H���L�G�H�D�O���F�D�Q���J�U�H�D�W�O�\���L�Q�F�U�H�D�V�H��
particulate emissions.

Excess air factor (air–fuel ratio)

�'�L�H�V�H�O���H�Q�J�L�Q�H�V���G�R���Q�R�W�����L�Q���J�H�Q�H�U�D�O�����X�V�H���D���W�K�U�R�W�W�O�H���E�X�W�W�H�U�À�\���D�V���W�K�H���W�K�U�R�W�W�O�H��
acts directly on the injection pump to control fuel quantity. At low speeds in 
�S�D�U�W�L�F�X�O�D�U�����W�K�H���Y�H�U�\���K�L�J�K���H�[�F�H�V�V���D�L�U���I�D�F�W�R�U���H�Q�V�X�U�H�V���F�R�P�S�O�H�W�H���E�X�U�Q�L�Q�J���D�Q�G���Y�H�U�\��
�O�R�Z���H�P�L�V�V�L�R�Q�V�����'�L�H�V�H�O���H�Q�J�L�Q�H�V���R�S�H�U�D�W�H���Z�K�H�U�H���S�R�V�V�L�E�O�H���Z�L�W�K���D�Q���H�[�F�H�V�V���D�L�U���I�D�F�W�R�U��
even at high speeds.

������������ �'�L�H�V�H�O���H�[�K�D�X�V�W���H�P�L�V�V�L�R�Q�V

Overall, the emissions from diesel combustion are far lower than emissions 
from petrol combustion. Figure 8.54 shows a general comparison between 
�S�H�W�U�R�O���D�Q�G���G�L�H�V�H�O���H�P�L�V�V�L�R�Q�V�����7�K�H���&�2�����+�&���D�Q�G���1�2�[���H�P�L�V�V�L�R�Q�V���D�U�H���O�R�Z�H�U����
�P�D�L�Q�O�\���G�X�H���W�R���W�K�H���K�L�J�K�H�U���F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R���D�Q�G���H�[�F�H�V�V���D�L�U���I�D�F�W�R�U�����7�K�H���K�L�J�K�H�U��
�F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R���L�P�S�U�R�Y�H�V���W�K�H���W�K�H�U�P�D�O���H�I�¿�F�L�H�Q�F�\���D�Q�G���W�K�X�V���O�R�Z�H�U�V���W�K�H���I�X�H�O��
�F�R�Q�V�X�P�S�W�L�R�Q�����7�K�H���H�[�F�H�V�V���D�L�U���I�D�F�W�R�U���H�Q�V�X�U�H�V���P�R�U�H���F�R�P�S�O�H�W�H���E�X�U�Q�L�Q�J���R�I���W�K�H���I�X�H�O��

The main problem area is that of particulate emissions (PMs). These particle 
chains of carbon molecules can also contain hydrocarbons, mostly aldehydes. 
The effect of this emission is a pollution problem but the possible carcinogenic 
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effect of this soot also gives a cause for concern. The diameter of these particles 
�L�V���R�Q�O�\���D���I�H�Z���W�H�Q���W�K�R�X�V�D�Q�G�W�K�V���R�I���D���P�L�O�O�L�P�H�W�U�H���±���F�R�Q�V�H�T�X�H�Q�W�O�\���W�K�H�\���À�R�D�W���L�Q���W�K�H���D�L�U��
�D�Q�G���F�D�Q���E�H���L�Q�K�D�O�H�G�����+�R�Z�H�Y�H�U�����P�D�Q�\���V�\�V�W�H�P�V���D�U�H���Q�R�Z���¿�W�W�H�G���Z�L�W�K���3�0���W�U�D�S�V���D�Q�G��
�¿�O�W�H�U�V��

������������ �(�O�H�F�W�U�R�Q�L�F���F�R�Q�W�U�R�O���R�I���G�L�H�V�H�O���L�Q�M�H�F�W�L�R�Q

The advent of electronic control over the diesel injection pump has allowed 
many advances over the purely mechanical system. The production of high 
pressure and injection is, however, still mechanical with all current systems. 
The following advantages are apparent over the non-electronic control system.

• �More precise control of fuel quantity injected.

• ��%�H�W�W�H�U���F�R�Q�W�U�R�O���R�I���V�W�D�U�W���R�I���L�Q�M�H�F�W�L�R�Q��

• �Idle speed control.

• ��&�R�Q�W�U�R�O���R�I���H�[�K�D�X�V�W���J�D�V���U�H�F�L�U�F�X�O�D�W�L�R�Q��

• �Drive by wire system (potentiometer on throttle pedal).

• �An anti-surge function.

• �Output to data acquisition systems etc.

• �Temperature compensation.

• �Cruise control.

�$���G�L�V�W�U�L�E�X�W�R�U���W�\�S�H���L�Q�M�H�F�W�L�R�Q���S�X�P�S���F�D�Q���E�H���X�V�H�G���Z�L�W�K���H�O�H�F�W�U�R�Q�L�F���F�R�Q�W�U�R�O�����%�H�F�D�X�V�H��
fuel must be injected at high pressure, the hydraulic head, pressure pump and 
drive elements are still used. An electromagnetic moving iron actuator adjusts 
the position of the control collar, which in turn controls the delivery stroke and 
therefore the injected quantity of fuel. Fuel pressure is applied to a roller ring 
and this controls the start of injection. A solenoid-operated valve controls the 
supply to the roller ring. These actuators together allow control of the start of 
injection and injection quantity.

Figure 8.55 shows a block diagram of a typical electronic diesel control system.  
Ideal values for fuel quantity and timing are stored in memory maps in the elec- 
tronic control unit. The injected fuel quantity is calculated from the accelerator 
position and the engine speed. The start of injection is determined from the 
following:

• �Fuel quantity.

• �Engine speed.

• �Engine temperature.

• �Air pressure.

Figure 8.54  Comparison between petrol and diesel emissions
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The ECU is able to compare start of injection with actual delivery from a signal 
produced by the needle motion sensor in the injector. 

�&�R�Q�W�U�R�O���R�I���H�[�K�D�X�V�W���J�D�V���U�H�F�L�U�F�X�O�D�W�L�R�Q���L�V���E�\���D���V�L�P�S�O�H���V�R�O�H�Q�R�L�G���Y�D�O�Y�H�����7�K�L�V���L�V���F�R�Q�� 
trolled as a function of engine speed, temperature and injected quantity. The 
ECU is also in control of the stop solenoid and glow plugs via a suitable relay. 
Figure 8.56 is the complete layout of an electronic diesel control system.

������������ �5�R�W�D�U�\���S�X�P�S���V�\�V�W�H�P

�7�K�H���%�R�V�F�K���U�R�W�D�U�\���9�5���S�X�P�S�V���D�U�H���X�V�H�G���R�Q���K�L�J�K���V�S�H�H�G���G�L�U�H�F�W���L�Q�M�H�F�W�L�R�Q���G�L�H�V�H�O��
engines for cars and light commercial vehicles. They are radial-piston distributor 
injection pumps having opposing plungers that are forced inwards by cam lobes 

Figure 8.55  �%�O�R�F�N���G�L�D�J�U�D�P���R�I���D�Q���H�O�H�F�W�U�R�Q�L�F���G�L�H�V�H�O���F�R�Q�W�U�R�O�����(�'�&�����V�\�V�W�H�P

Figure 8.56  Layout of an electrical diesel control system
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Figure 8.61  �,�Q�M�H�F�W�R�U�����6�R�X�U�F�H�����%�R�V�F�K���0�H�G�L�D��

The quantity of fuel that is metered for injection at any time is computed by the 
engine ECU, which sends signals to the injection-pump ECU for control of the 
high-pressure solenoid valve. The electrical current for operating this valve is 
high and the two electronic control units are separated, in order to avoid high 
current interference, in the more electronically vulnerable engine ECU.

The electronic diesel control units are provided with data signals from sensors 
and switches attached to the engine, the pump and other vehicle systems. The 
sensors are used for comparisons to programmed operating parameters and 
for calculations for metering the amount of fuel delivered and for controlling the 
injection advance.

Injection advance is obtained by rotation of the cam ring by pump body 
pressure in the injection advance mechanism. The injection advance 
mechanism consists of a transverse timing device piston and control 
�F�R�P�S�R�Q�H�Q�W�V���D�Q�G���D�Q���H�O�H�F�W�U�L�F�D�O���V�R�O�H�Q�R�L�G���Y�D�O�Y�H�����0�D�[�L�P�X�P���D�G�Y�D�Q�F�H���L�V������o of 
crankshaft rotation.

A needle motion sensor in the injector sends a signal to the engine ECU at 
�W�K�H���L�Q�V�W�D�Q�W���R�I���R�S�H�Q�L�Q�J���R�I���W�K�H���L�Q�M�H�F�W�R�U�����)�L�J�X�U�H�����������������7�K�L�V���S�R�L�Q�W�����U�H�O�D�W�L�Y�H���W�R���W�K�H��
crankshaft rotational angle before top dead centre, is used for load and speed 
�L�Q�M�H�F�W�L�R�Q���W�L�P�L�Q�J���F�D�O�F�X�O�D�W�L�R�Q�V���D�Q�G���I�R�U���F�R�Q�W�U�R�O���R�I���W�K�H���H�[�K�D�X�V�W���J�D�V���U�H�F�L�U�F�X�O�D�W�L�R�Q���Y�D�O�Y�H��

�7�K�H���%�R�V�F�K�����9�5���H�O�H�F�W�U�R�Q�L�F���G�L�H�V�H�O���F�R�Q�W�U�R�O���V�\�V�W�H�P�����X�V�H�V���D���Q�X�P�E�H�U���R�I���V�H�Q�V�R�U�V���D�Q�G��
control actuators. This allows it to achieve optimum performance. However, 
even this sophisticated system has virtually been superseded by the common 
rail injection.

������������ �&�R�P�P�R�Q���U�D�L�O���V�\�V�W�H�P

The development of diesel fuel systems is continuing, with many new electronic 
�F�K�D�Q�J�H�V���W�R���W�K�H���F�R�Q�W�U�R�O���D�Q�G���L�Q�M�H�F�W�L�R�Q���S�U�R�F�H�V�V�H�V�����2�Q�H���R�I���W�K�H���P�R�V�W���V�L�J�Q�L�¿�F�D�Q�W���L�V���W�K�H��
CR ‘common rail’ system, which operates at very high injection pressures. It also 
has piloted and phased injection to reduce noise and vibration.

The common rail system has made it easier for small high speed diesel engines 
to have all the advantages of direct injection. These developments have 
�U�H�V�X�O�W�H�G���L�Q���V�L�J�Q�L�¿�F�D�Q�W���L�P�S�U�R�Y�H�P�H�Q�W�V���L�Q���I�X�H�O���F�R�Q�V�X�P�S�W�L�R�Q���D�Q�G���S�H�U�I�R�U�P�D�Q�F�H����
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�W�K�H���Q�R�]�]�O�H���W�R���R�E�V�W�U�X�F�W���W�K�H���K�R�O�H�V���L�Q���W�K�H���W�L�S���Z�K�H�U�H���W�K�H���I�X�H�O���L�V���L�Q�M�H�F�W�H�G���L�Q�W�R���W�K�H��
�F�R�P�E�X�V�W�L�R�Q���F�K�D�P�E�H�U�����7�K�H���Q�R�]�]�O�H���Q�H�H�G�O�H���L�V���K�H�O�G���F�O�R�V�H�G���E�\���D���F�R�P�S�U�H�V�V�L�R�Q��
spring and opened by hydraulic pressure (Figures 8.67 and 8.68).

Opening and closing of the injector is controlled, not by high pressure fuel 
pulse from an injector pump, as in a conventional rotary distributor pump, but 
by actuation of an electrical solenoid in the injector body. This is controlled by 
the electronic diesel control module. A permanent high pressure is maintained 
in the injector at the same pressure as the rail. Operation of the injector is 
controllable for very small intervals of time.

The electronic control of the common rail diesel injection system allows for precise 
�F�R�Q�W�U�R�O���R�I���I�X�H�O�O�L�Q�J�����7�K�L�V���U�H�V�X�O�W�V���L�Q���H�[�F�H�O�O�H�Q�W���H�F�R�Q�R�P�\���D�Q�G���Y�H�U�\���O�R�Z���H�P�L�V�V�L�R�Q�V��

������������ ���(�O�H�F�W�U�R�Q�L�F���X�Q�L�W���L�Q�M�H�F�W�L�R�Q�����(�8�,�����²�� 
�G�L�H�V�H�O���I�X�H�O

The advantages of electronic unit injection are as follows.

�/�R�Z�H�U���H�P�L�V�V�L�R�Q�V

�7�K�U�R�X�J�K���W�K�H���X�V�H���R�I���K�L�J�K�H�U���L�Q�M�H�F�W�L�R�Q���S�U�H�V�V�X�U�H�V�����X�S���W�R�������������E�D�U�������O�R�Z�H�U��
�H�P�L�V�V�L�R�Q�V���R�I���S�D�U�W�L�F�X�O�D�W�H�V���D�Q�G���1�2�[���D�U�H���D�F�K�L�H�Y�H�G�����W�R�J�H�W�K�H�U���Z�L�W�K���D���U�H�G�X�F�W�L�R�Q���L�Q��
the levels of noise traditionally associated with diesel engines.

Figure 8.68  �3�L�H�]�R���&�5���L�Q�M�H�F�W�R�U

Figure 8.69  Common rail injection combustion

       Key fact
�7�K�H���S�L�H�]�R���L�Q�M�H�F�W�R�U���U�H�D�F�W�V���Y�H�U�\�� 
quickly therefore improving fuel  
control.



Fuel control 357

in the closure of the spill control valve. The plunger continues its downward 
stroke causing pressure to build in the high pressure passages. At a pre-set 
�S�U�H�V�V�X�U�H���W�K�H���Q�R�]�]�O�H���R�S�H�Q�V���D�Q�G���I�X�H�O���L�Q�M�H�F�W�L�R�Q���E�H�J�L�Q�V�����:�K�H�Q���W�K�H���V�R�O�H�Q�R�L�G���V�W�D�W�R�U��
�L�V���G�H���H�Q�H�U�J�L�]�H�G���W�K�H���V�S�L�O�O���F�R�Q�W�U�R�O���Y�D�O�Y�H���R�S�H�Q�V�����F�D�X�V�L�Q�J���W�K�H���S�U�H�V�V�X�U�H���W�R���F�R�O�O�D�S�V�H����
�Z�K�L�F�K���D�O�O�R�Z�V���W�K�H���Q�R�]�]�O�H���W�R���F�O�R�V�H�����U�H�V�X�O�W�L�Q�J���L�Q���D���Y�H�U�\���U�D�S�L�G���W�H�U�P�L�Q�D�W�L�R�Q���R�I���L�Q�M�H�F�W�L�R�Q��

�(�O�H�F�W�U�R�Q�L�F���X�Q�L�W���L�Q�M�H�F�W�R�U�V�����)�L�J�X�U�H���������������K�D�Y�H���E�H�H�Q���G�H�Y�H�O�R�S�H�G���L�Q���D���U�D�Q�J�H���R�I���V�L�]�H�V��
�W�R���V�X�L�W���D�O�O���H�Q�J�L�Q�H�V�����D�Q�G���F�D�Q���E�H���¿�W�W�H�G���W�R���O�L�J�K�W�����D�Q�G���K�H�D�Y�\���G�X�W�\���H�Q�J�L�Q�H�V���V�X�L�W�D�E�O�H��
for small cars and the largest premium trucks.

������������ �'�L�H�V�H�O���O�D�P�E�G�D���V�H�Q�V�R�U

Lambda sensing is now also applicable to diesel engines. This new technology 
�P�D�N�H�V���F�D�U�V���F�O�H�D�Q�H�U���D�Q�G���P�R�U�H���H�F�R�Q�R�P�L�F�D�O�����)�L�J�X�U�H�����������������%�R�V�F�K���L�V���Q�R�Z���D�O�V�R��
applying the lambda sensor in the closed loop control concept for diesel engines. 
�7�K�H���Q�H�Z���V�\�V�W�H�P���D�O�O�R�Z�V���I�R�U���D���S�U�H�Y�L�R�X�V�O�\���X�Q�U�H�D�F�K�H�G���¿�Q�H���W�X�Q�L�Q�J���R�I���L�Q�M�H�F�W�L�R�Q���D�Q�G��
engine. This reduces fuel consumption and pollutant emission from diesel engines.

�'�L�I�I�H�U�H�Q�W���I�U�R�P���W�K�H���S�U�H�Y�L�R�X�V���F�R�Q�F�H�S�W�����W�K�H���O�D�P�E�G�D���E�D�V�H�G���F�R�Q�W�U�R�O���Q�R�Z���R�S�W�L�P�L�]�H�V���W�K�H��
�H�[�K�D�X�V�W���J�D�V���T�X�D�O�L�W�\���Y�L�D���H�[�K�D�X�V�W���J�D�V���U�H�F�L�U�F�X�O�D�W�L�R�Q�����F�K�D�U�J�H���D�L�U���S�U�H�V�V�X�U�H���D�Q�G���V�W�D�U�W���R�I��
�L�Q�M�H�F�W�L�R�Q�����7�K�H�V�H���S�D�U�D�P�H�W�H�U�V���G�H�F�L�V�L�Y�H�O�\���L�Q�À�X�H�Q�F�H���W�K�H���H�P�L�V�V�L�R�Q�V���I�U�R�P���G�L�H�V�H�O���H�Q�J�L�Q�H�V����
�$���E�U�R�D�G���E�D�Q�G���O�D�P�E�G�D���V�H�Q�V�R�U�����Z�L�W�K���D���Z�L�G�H���Z�R�U�N�L�Q�J���U�D�Q�J�H�����P�H�D�V�X�U�H�V���W�K�H���R�[�\�J�H�Q��
�F�R�Q�W�H�Q�W���L�Q���W�K�H���H�[�K�D�X�V�W���J�D�V���D�Q�G���U�H�Q�G�H�U�V���L�P�S�R�U�W�D�Q�W���L�Q�I�R�U�P�D�W�L�R�Q���R�Q���W�K�H���F�R�P�E�X�V�W�L�R�Q��
�S�U�R�F�H�V�V�H�V���L�Q���W�K�H���H�Q�J�L�Q�H�����Z�K�L�F�K���F�D�Q���E�H���X�W�L�O�L�]�H�G���I�R�U���W�K�H���H�Q�J�L�Q�H���P�D�Q�D�J�H�P�H�Q�W��

�&�R�P�S�D�U�H�G���W�R���W�K�H���V�W�D�Q�G�D�U�G���G�L�H�V�H�O���H�Q�J�L�Q�H���P�D�Q�D�J�H�P�H�Q�W�����W�K�H���Q�H�Z���%�R�V�F�K��
system permits a stricter adherence to low emission values. Engines are 
�E�H�W�W�H�U���S�U�R�W�H�F�W�H�G���D�J�D�L�Q�V�W���G�H�I�H�F�W�V�����)�R�U���H�[�D�P�S�O�H�����W�K�H���K�D�U�P�I�X�O���F�R�P�E�X�V�W�L�R�Q���L�Q���F�D�U�V��
running in overrun may be detected and corrected. In engines running under 
full load, the system offers more effective smoke suppression.

�7�K�H���O�D�P�E�G�D���V�H�Q�V�R�U���Z�L�O�O���D�O�V�R���P�R�Q�L�W�R�U���W�K�H���1�2�[���D�F�F�X�P�X�O�D�W�R�U���F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U�V��
���R�I���I�X�W�X�U�H���H�P�L�V�V�L�R�Q���S�X�U�L�¿�F�D�W�L�R�Q���V�\�V�W�H�P�V�������7�K�H���V�H�Q�V�R�U���V�X�S�S�O�L�H�V���G�D�W�D���I�R�U���W�K�H��
management of the catalytic converter, which has to be cleaned at regular 
intervals in order to preserve its storage capability.

Figure 8.71  �/�D�P�E�G�D���V�H�Q�V�L�Q�J���R�Q���D���G�L�H�V�H�O���V�\�V�W�H�P�����6�R�X�U�F�H�����%�R�V�F�K���0�H�G�L�D��

Figure 8.70  Unit injector (Source: 
�%�R�V�F�K���0�H�G�L�D��

       Key fact
Lambda sensing is applicable 
to diesel engines.
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�������� �6�X�P�P�D�U�\

������������ �2�Y�H�U�Y�L�H�Z

�7�K�H���G�H�Y�H�O�R�S�P�H�Q�W�V���R�I���I�X�H�O���L�Q�M�H�F�W�L�R�Q���L�Q���J�H�Q�H�U�D�O�����D�Q�G���W�K�H���U�H�G�X�F�H�G���F�R�P�S�O�H�[�L�W�\��
of single-point systems in particular, have made the carburettor obsolete. 
As emission regulations continue to become more stringent, manufacturers 
are being forced into using fuel injection, even on lower priced models. This 
larger market will, in turn, pull the price of the systems down, making them 
comparable to carburation techniques on price but superior in performance.

������������ �'�L�D�J�Q�R�V�L�Q�J���I�X�H�O���F�R�Q�W�U�R�O���V�\�V�W�H�P�V

Table 8.5 lists some common symptoms of a fuel system malfunction together 
with suggestions for the possible fault. Note that when diagnosing engine fuel 
system faults, the same symptoms may indicate an ignition problem.

The following procedure is generic and, with a little adaptation, can be applied 
to any fuel injection system. Refer to manufacturer’s recommendations if in any    

�&�D�X�W�L�R�Q���$�F�K�W�X�Q�J���$�W�W�H�Q�W�L�R�Q���±��
�%�X�U�Q�L�Q�J���I�X�H�O���F�D�Q���V�H�U�L�R�X�V�O�\��
damage your health!

Table 8.5 Common fuel system symptoms and faults

Symptom Possible fault

Engine rotates 
but does not start

No fuel in the tank!
�$�L�U���¿�O�W�H�U���G�L�U�W�\���R�U���E�O�R�F�N�H�G
Fuel pump not running
No fuel being injected

�'�L�I�¿�F�X�O�W���W�R���V�W�D�U�W��
when cold

�$�L�U���¿�O�W�H�U���G�L�U�W�\���R�U���E�O�R�F�N�H�G
Fuel system wiring fault
Enrichment device not working (choke or injection circuit)

�'�L�I�¿�F�X�O�W���W�R���V�W�D�U�W��
when hot

�$�L�U���¿�O�W�H�U���G�L�U�W�\���R�U���E�O�R�F�N�H�G
Fuel system wiring fault

Engine starts 
but then stops 
immediately

Fuel system contamination
Fuel pump or circuit fault (relay)
Intake system air leak

Erratic idle �$�L�U���¿�O�W�H�U���E�O�R�F�N�H�G
Inlet system air leak
Incorrect CO setting
Fuel injectors not spraying correctly

�0�L�V�¿�U�H���W�K�U�R�X�J�K���D�O�O��
speeds

�)�X�H�O���¿�O�W�H�U���E�O�R�F�N�H�G
Fuel pump delivery low
Fuel tank ventilation system blocked

Engine stalls Idle speed incorrect
CO setting incorrect
�)�X�H�O���¿�O�W�H�U���E�O�R�F�N�H�G
�$�L�U���¿�O�W�H�U���E�O�R�F�N�H�G
Intake air leak
Idle control system not working

Lack of power �)�X�H�O���¿�O�W�H�U���E�O�R�F�N�H�G
�$�L�U���¿�O�W�H�U���E�O�R�F�N�H�G
Low fuel pump delivery
Fuel injectors blocked

�%�D�F�N�¿�U�H�V �)�X�H�O���V�\�V�W�H�P���I�D�X�O�W�����D�L�U���À�R�Z���V�H�Q�V�R�U���R�Q���V�R�P�H���F�D�U�V��

�6�D�I�H�W�\���¿�U�V�W
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doubt. It is assumed the ignition system is operating correctly. Most tests are 
carried out while cranking the engine.

 1. Chec�N���E�D�W�W�H�U�\���V�W�D�W�H���R�I���F�K�D�U�J�H�����D�W���O�H�D�V�W������������
 2.  Hand and eye checks (all fuel and electrical connections secure and clean).
 3.  Check fuel pressure supplied to rail (in multipoint systems it will be about  

���������E�D�U���E�X�W���F�K�H�F�N���V�S�H�F�L�¿�F�D�W�L�R�Q�V����
 4.���,�I���W�K�H���S�U�H�V�V�X�U�H���L�V���Q�R�W���F�R�U�U�H�F�W���M�X�P�S���W�R���V�W�D�J�H��������
 5.�����,�V���L�Q�M�H�F�W�R�U���R�S�H�U�D�W�L�R�Q���2�.�"���±���F�R�Q�W�L�Q�X�H���L�I���Q�R�W�����V�X�L�W�D�E�O�H���V�S�U�D�\���S�D�W�W�H�U�Q���R�U���G�Z�H�O�O��

reading across injector supply).
 6. Check supply circuits from main relay (battery volts minimum).
 7.�����&�R�Q�W�L�Q�X�L�W�\���R�I���L�Q�M�H�F�W�R�U���Z�L�U�L�Q�J�������±����������D�Q�G���Q�R�W�H���W�K�D�W���P�D�Q�\���L�Q�M�H�F�W�R�U�V���D�U�H��

connected in parallel).
 8.�����6�H�Q�V�R�U���U�H�D�G�L�Q�J�V���D�Q�G���F�R�Q�W�L�Q�X�L�W�\���R�I���Z�L�U�L�Q�J���������W�R������������I�R�U���W�K�H���Z�L�U�L�Q�J���V�H�Q�V�R�U�V��

will vary with type).
�����������,�I���Q�R���I�X�H�O���L�V���E�H�L�Q�J���L�Q�M�H�F�W�H�G���D�Q�G���D�O�O���W�H�V�W�V���V�R���I�D�U���D�U�H���2�.�����V�X�V�S�H�F�W���(�&�8����
������  Fuel supply – from stage 4.
������ �� ���6�X�S�S�O�\���Y�R�O�W�D�J�H���W�R���S�X�P�S�����Z�L�W�K�L�Q���������9���E�D�W�W�H�U�\�������S�X�P�S���I�D�X�O�W���L�I���V�X�S�S�O�\���L�V���2�.����
������  Check pump relay and circuit (note in most cases the ECU closes the 

relay but this may be bypassed on cranking).
������  Ensure all connections (electrical and fuel are remade correctly).

�������� �$�G�Y�D�Q�F�H�G���I�X�H�O���F�R�Q�W�U�R�O���W�H�F�K�Q�R�O�R�J�\

������������ �$�L�U�²�I�X�H�O���U�D�W�L�R���F�D�O�F�X�O�D�W�L�R�Q�V

�7�K�H���L�G�H�D�O���U�D�W�L�R���E�\���P�D�V�V���R�I���D�L�U���W�R���I�X�H�O���I�R�U���F�R�P�S�O�H�W�H���F�R�P�E�X�V�W�L�R�Q���L�V�������������������7�K�L�V���L�V��
�J�L�Y�H�Q���W�K�H���O�D�P�E�G�D���Y�D�O�X�H���������Z�K�L�F�K���L�V���N�Q�R�Z�Q���D�V���V�W�R�L�F�K�L�R�P�H�W�U�\�����7�K�L�V���¿�J�X�U�H���F�D�Q���E�H��
�F�D�O�F�X�O�D�W�H�G���E�\���Z�R�U�N�L�Q�J���R�X�W���W�K�H���H�[�D�F�W���Q�X�P�E�H�U���R�I���R�[�\�J�H�Q���D�W�R�P�V�����Z�K�L�F�K���D�U�H���U�H�T�X�L�U�H�G��
�W�R���F�R�P�S�O�H�W�H�O�\���R�[�L�G�L�]�H���W�K�H���S�D�U�W�L�F�X�O�D�U���Q�X�P�E�H�U���R�I���K�\�G�U�R�J�H�Q���D�Q�G���F�D�U�E�R�Q���D�W�R�P�V���L�Q���W�K�H��
hydrocarbon fuel, then multiplying by the atomic mass of the respective elements.

�3�H�W�U�R�O���J�D�V�R�O�L�Q�H���F�R�Q�V�L�V�W�V���R�I���D���Q�X�P�E�H�U���R�I���L�Q�J�U�H�G�L�H�Q�W�V�����W�K�H�V�H���D�U�H���N�Q�R�Z�Q���D�V��
fractions and fall into three chemical series:

• ��3�D�U�D�I�¿�Q�V�� �� �H���J�����2�F�W�D�Q�H�� �� �&8H����

• ��1�D�S�W�K�H�Q�H�V�� �� �H���J�����&�\�F�O�R�K�H�[�D�Q�H�� �&6H����

• ��$�U�R�P�D�W�L�F�V�� �� �H���J�����%�H�Q�]�H�Q�H�� �� �&6H6

The ideal air fuel ratio for each of these can be calculated from the balanced 
chemical equation and the atomic mass of each atom. The atomic masses of 
interest are:

• ��&�D�U�E�R�Q�����&����� ������

• ��+�\�G�U�R�J�H�Q�����+����� ����

• ��2�[�\�J�H�Q�����2����� ��������

The balanced chemical equation for complete combustion of octane is as 
follows:

   2C8H���� + 25O2 ��������&�2 2�����������+2O

The molecular mass of 2C8H���� is:

�� �� �� �������[���������[�������������������[�������[����������� ��������

�7�K�H���P�R�O�H�F�X�O�D�U���P�D�V�V���R�I���������[���22 is:

�� �� �� ���������[���������[��������� ��������

�7�K�H�U�H�I�R�U�H���W�K�H���R�[�\�J�H�Q���W�R���R�F�W�D�Q�H���U�D�W�L�R���L�V�������������������R�U�����������������L�Q���R�W�K�H�U���Z�R�U�G�V�������N�J��
�R�I���I�X�H�O���X�V�H�V�����������N�J���R�I���R�[�\�J�H�Q�����$�L�U���F�R�Q�W�D�L�Q�V�����������R�I���R�[�\�J�H�Q���E�\���P�D�V�V�������������E�\��
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�Y�R�O�X�P�H�������Z�K�L�F�K���P�H�D�Q�V�������N�J���R�I���D�L�U���F�R�Q�W�D�L�Q�V�������������N�J���R�I���R�[�\�J�H�Q�����)�X�U�W�K�H�U�����W�K�H�U�H���L�V�� 
�����N�J���R�I���R�[�\�J�H�Q���L�Q�������������N�J���R�I���D�L�U��

The ideal air to fuel ratio for complete combustion of octane is 3.5 × 4.35 = 
��������������

Octane: 2C8H���� + 25O2 ��������&�2 2�����������+2�2�� �$���)���U�D�W�L�R��� ��������������

�,�I���D���V�L�P�L�O�D�U���F�D�O�F�X�O�D�W�L�R�Q���L�V���F�D�U�U�L�H�G���R�X�W���I�R�U���F�\�F�O�R�K�H�[�D�Q�H���D�Q�G���E�H�Q�]�H�Q�H���W�K�H���U�H�V�X�O�W�V��
are as follows:

�&�\�F�O�R�K�H�[�D�Q�H���� �&6H���� ���������22 � 6CO 2 + 6H2�2�� �$���)���U�D�W�L�R��� ��������������

�%�H�Q�]�H�Q�H���� �&6H6�����������22 � 6CO 2 + 3H2�2�� �$���)���U�D�W�L�R��� ��������������

�7�K�H���D�E�R�Y�H���H�[�D�P�S�O�H�V���V�H�U�Y�H���W�R���H�[�S�O�D�L�Q���K�R�Z���D�L�U���W�R���I�X�H�O���U�D�W�L�R���L�V���F�D�O�F�X�O�D�W�H�G���D�Q�G��
�K�R�Z���S�H�W�U�R�O���J�D�V�R�O�L�Q�H���E�H�L�Q�J���D���P�L�[�W�X�U�H���R�I���D���Q�X�P�E�H�U���R�I���I�U�D�F�W�L�R�Q�V�����K�D�V���D�Q���L�G�H�D�O���D�L�U��
�I�X�H�O���U�D�W�L�R���R�I����������������

�7�K�L�V���¿�J�X�U�H���L�V�����K�R�Z�H�Y�H�U�����R�Q�O�\���W�K�H���W�K�H�R�U�H�W�L�F�D�O���L�G�H�D�O���D�Q�G���W�D�N�H�V���Q�R���D�F�F�R�X�Q�W���R�I���S�R�O�� 
lutants produced and the effect airfuel ratio has on engine performance. With 
�P�R�G�H�U�Q���H�Q�J�L�Q�H���I�X�H�O���F�R�Q�W�U�R�O���V�\�V�W�H�P�V���L�W���L�V���S�R�V�V�L�E�O�H���W�R���V�H�W���W�K�H���D�L�U���I�X�H�O���U�D�W�L�R���H�[�D�F�W�O�\��
at this stoichiometric ratio if desired. As usual though, a compromise must be 
sought as to the ideal setting. 

�)�L�J�X�U�H�������������V�K�R�Z�V���W�K�H���L�Q�À�X�H�Q�F�H���R�I���D�L�U�±�I�X�H�O���U�D�W�L�R���R�Q���W�K�H���W�K�U�H�H���P�D�L�Q���S�R�O�O�X�W�D�Q�W�V���F�U�H�D�W�H�G��
from a spark ignition, internal combustion engine. A ratio slightly weaker than 
�O�D�P�E�G�D���Y�D�O�X�H���R�I���������R�U���D�E�R�X�W���������������������U�D�W�L�R�����L�V���R�I�W�H�Q���D�Q���D�S�S�U�R�S�U�L�D�W�H���F�R�P�S�U�R�P�L�V�H��

�������� �8�S�G�D�W�H�V

������������ �8�Q�G�H�U���S�U�H�V�V�X�U�H�«

Higher injection pressure saves fuel and increases performance and torque. It 
�L�V���H�[�S�H�F�W�H�G���W�K�D�W���P�R�V�W���G�L�H�V�H�O���H�Q�J�L�Q�H�V���Z�L�O�O���V�R�R�Q���Z�R�U�N���Z�L�W�K���L�Q�M�H�F�W�L�R�Q���S�U�H�V�V�X�U�H�V���R�I��
�D�U�R�X�Q�G�������������E�D�U�����$�O�W�K�R�X�J�K�������������E�D�U���L�V���Q�R�W���X�Q�U�H�D�O�L�V�W�L�F�����L�W���Z�L�O�O���E�H���O�L�P�L�W�H�G���W�R���U�D�F�L�Q�J��
cars and high-performance diesel engines.

Figure 8.72  �,�Q�À�X�H�Q�F�H���R�I���D�L�U�±�I�X�H�O���U�D�W�L�R���R�Q���W�K�H���W�K�U�H�H���P�D�L�Q���S�R�O�O�X�W�D�Q�W�V���F�U�H�D�W�H�G���I�U�R�P���D���V�S�D�U�N��
ignition engine (no catalyst in use)
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Figure 8.74  �%�R�V�F�K���&�5�6���±�������Z�L�W�K�������������E�D�U���S�U�H�V�V�X�U�H

�W�K�H���Q�H�H�G���I�R�U���H�[�K�D�X�V�W���J�D�V���W�U�H�D�W�P�H�Q�W�����7�K�H���J�U�H�D�W�H�U���W�K�H���L�Q�M�H�F�W�L�R�Q���S�U�H�V�V�X�U�H�����W�K�H��
�P�R�U�H���¿�Q�H�O�\���E�R�W�K���W�K�H���L�Q�M�H�F�W�R�U���D�Q�G���L�Q�M�H�F�W�L�R�Q���Q�R�]�]�O�H���F�D�Q���E�H���F�R�Q�V�W�U�X�F�W�H�G�����7�K�L�V��
�L�P�S�U�R�Y�H�V���D�W�R�P�L�]�D�W�L�R�Q���D�Q�G���U�H�V�X�O�W�V���L�Q���D���E�H�W�W�H�U���D�L�U���I�X�H�O���P�L�[�W�X�U�H�����P�H�D�Q�L�Q�J���W�K�D�W��
optimum combustion is achieved and no soot can form.

A higher injection pressure requires more than just a re-engineered injector. 
�:�L�W�K���L�W�V���F�R�P�S�U�H�K�H�Q�V�L�Y�H���G�L�H�V�H�O���V�\�V�W�H�P�V���F�R�P�S�H�W�H�Q�F�H�����%�R�V�F�K���L�V���D�E�O�H���W�R��
�D�V�V�H�P�E�O�H���D���¿�Q�H�O�\���W�X�Q�H�G���V�\�V�W�H�P���F�R�P�S�U�L�V�L�Q�J���Q�R�W���R�Q�O�\���W�K�H���F�R�Q�W�U�R�O���X�Q�L�W�����E�X�W���D�O�V�R��
the fuel pump, the common-rail system and the injector.

������������ �(�X�U�R���� ���R�Y�H�U�Y�L�H�Z

�,�W���L�V���H�[�S�H�F�W�H�G���W�K�D�W���(�X�U�R�������Z�L�O�O���P�D�N�H���G�L�H�V�H�O���F�D�U�V���D�V���F�O�H�D�Q���D�V���J�D�V�R�O�L�Q�H���F�D�U�V�����E�X�W��
this is a contentious issue in some cities. The main thrust of the new regulation 
�L�V���W�R���V�H�W���O�R�Z�H�U���O�L�P�L�W�V���I�R�U���Y�H�K�L�F�O�H���H�P�L�V�V�L�R�Q�V���R�I���S�D�U�W�L�F�X�O�D�W�H�V���D�Q�G���Q�L�W�U�R�J�H�Q���R�[�L�G�H�V����
�$�V���R�I�������6�H�S�W�H�P�E�H�U�����������������G�L�H�V�H�O���Y�H�K�L�F�O�H�V���P�D�\���H�P�L�W���Q�R���P�R�U�H���W�K�D�Q���������P�J���R�I��
�Q�L�W�U�R�J�H�Q���R�[�L�G�H�V���S�H�U���N�L�O�R�P�H�W�U�H�����J�D�V�R�O�L�Q�H���Y�H�K�L�F�O�H�V�����������P�J���S�H�U���N�L�O�R�P�H�W�U�H�������7�K�L�V��
�U�H�S�O�D�F�H�V���W�K�H���S�U�H�Y�L�R�X�V���O�L�P�L�W���R�I�����������P�J���S�H�U���N�L�O�R�P�H�W�U�H�����6�W�D�U�W�L�Q�J�������-�D�Q�X�D�U�\����������������
all new vehicles sold must meet the Euro 6 limits.

�6�L�Q�F�H���W�K�H���(�X�U�R�������U�H�J�X�O�D�W�L�R�Q���Z�D�V���L�Q�W�U�R�G�X�F�H�G���L�Q���������������H�P�L�V�V�L�R�Q�V���I�U�R�P���U�R�D�G���W�U�D�I�¿�F��
have been drastically reduced. Advanced automotive technology reduces 
emissions of substances such as CO2�����Q�L�W�U�R�J�H�Q���R�[�L�G�H�V�����D�Q�G���S�D�U�W�L�F�X�O�D�W�H�V����
�7�H�F�K�Q�L�F�D�O���D�G�Y�D�Q�F�H�V���L�Q���S�R�Z�H�U�W�U�D�L�Q�V���D�U�H���D�O�V�R���K�D�Y�L�Q�J���D�Q���H�I�I�H�F�W�����V�L�Q�F�H��������������
�S�D�U�W�L�F�X�O�D�W�H���H�P�L�V�V�L�R�Q�V���I�U�R�P���G�L�H�V�H�O���H�Q�J�L�Q�H�V���K�D�Y�H���E�H�H�Q���U�H�G�X�F�H�G���E�\���D�U�R�X�Q�G������������
�Z�K�L�O�H���P�R�G�H�U�Q���G�L�H�V�H�O�V���H�P�L�W���V�R�P�H�����������O�H�V�V���Q�L�W�U�R�J�H�Q���R�[�L�G�H���W�K�D�Q���F�R�P�S�D�U�D�E�O�H��
�Y�H�K�L�F�O�H�V���I�U�R�P���W�K�H���H�D�U�O�\�����������V�����$�V���H�O�H�F�W�U�L�¿�F�D�W�L�R�Q���R�I���W�K�H���S�R�Z�H�U�W�U�D�L�Q���F�R�Q�W�L�Q�X�H�V���W�R��
progress, emissions will fall even further.

�'�L�H�V�H�O���Y�H�K�L�F�O�H�V���Q�H�H�G���D���S�H�U�I�H�F�W�O�\���W�X�Q�H�G���H�[�K�D�X�V�W���W�U�H�D�W�P�H�Q�W���V�\�V�W�H�P���W�R���P�H�H�W���W�K�H��
�O�R�Z�H�U���O�L�P�L�W�V���V�H�W���R�X�W���L�Q���(�X�U�R���������)�R�U���Y�H�K�L�F�O�H�V���Z�H�L�J�K�L�Q�J���X�S���W�R���D�U�R�X�Q�G�������������N�J�����D��
�O�R�Z���F�R�V�W���1�2�[���V�W�R�U�D�J�H���F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U���L�V���V�X�I�¿�F�L�H�Q�W�����,�Q���K�H�D�Y�\���Y�H�K�L�F�O�H�V�����D�Q���6�&�5��
�F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U���Z�L�W�K���$�G�%�O�X�H���Z�L�O�O���E�H���Q�H�H�G�H�G�����7�K�L�V���V�\�V�W�H�P���L�Q�M�H�F�W�V���$�G�%�O�X�H�����D�Q��
�R�G�R�X�U�O�H�V�V���X�U�H�D���V�R�O�X�W�L�R�Q�����Z�K�L�F�K���F�R�Q�Y�H�U�W�V���W�K�H���Q�L�W�U�R�J�H�Q���R�[�L�G�H�V���L�Q�W�R���K�D�U�P�O�H�V�V���Z�D�W�H�U��
�Y�D�S�R�X�U���D�Q�G���Q�L�W�U�R�J�H�Q�����$�G�%�O�X�H���L�V���U�H�¿�O�O�H�G���D�W���U�H�J�X�O�D�U���V�H�U�Y�L�F�H���L�Q�W�H�U�Y�D�O�V��

       
Euro 6 is a European Union 
regulation that sets emission 
standards for vehicles.

�'�H�¿�Q�L�W�L�R�Q
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Engine management

9.1  Combined ignition and fuel introduction

9.1.1  Intr oduction

As the requirements for lower and lower emissions continue, together with the 
need for better performance, other areas of engine control are constantly being 
investigated. This control is becoming even more important as the possibility of 
carbon dioxide emissions being included in future regulations increases. Some of 
the current and potential areas for further control of engine operation are included 
in this section. Although some of the common areas of ‘control’ have been covered 
in the previous two chapters, this chapter will cover some aspects in more detail 
and introduce further areas of engine control. Some of the main issues are:

• Ignition timing

• �Dwell angle

• �Fuel quantity

• �Exhaust gas recirculation (EGR)

• �Canister purge

• �Idle speed.

An engine management system can be represented by the standard three-
stage model as shown in Figure 9.1. This representation shows closed loop 
feedback, which is a common feature, particularly related to:

• �Lambda control

• �Knock

• �Idle speed.

Figure 9.1  Representation of complete engine control as the standard

       Key fact
As the requirements for lower 
and lower emissions continue, 
together with the need for 
better performance, all possible 
areas of engine control are 
being investigated.
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The block diagram shown as Figure 9.2 can further represent an engine 
management system. This series of ‘inputs’ and ‘outputs’ is a good way of 
representing a complex system. This section continues with a look at some of 
the less common ‘inputs and outputs’.

9.1.2  Variable inlet tract

�)�R�U���D�Q���H�Q�J�L�Q�H���W�R���R�S�H�U�D�W�H���D�W���L�W�V���E�H�V�W�����Y�R�O�X�P�H�W�U�L�F���H�I�¿�F�L�H�Q�F�\���L�V���Q�R�W���S�R�V�V�L�E�O�H���Z�L�W�K��
�¿�[�H�G���P�D�Q�L�I�R�O�G�V�����7�K�L�V���L�V���E�H�F�D�X�V�H���W�K�H���O�H�Q�J�W�K���R�I���W�K�H���L�Q�O�H�W���W�U�D�F�W���G�H�W�H�U�P�L�Q�H�V���W�K�H��
velocity of the intake air and, in particular, the propagation of the pressure 
waves set up by the pumping action of the cylinders. These standing waves 
can be used to improve the ram effect of the charge as it enters the cylinder 
but only if they coincide with the opening of the inlet valves. The length of 
the inlet tract has an effect on the frequency of these waves. One method of 
changing the length of the inlet tract is shown in Figure 9.3. The control valves 
move, which changes the effective length of the inlet.

������������ �&�R�P�E�X�V�W�L�R�Q���Á�D�P�H���D�Q�G���S�U�H�V�V�X�U�H���V�H�Q�V�L�Q�J

Research is on-going in the development of cost effective sensors for  
�G�H�W�H�U�P�L�Q�L�Q�J���F�R�P�E�X�V�W�L�R�Q���S�U�H�V�V�X�U�H���D�Q�G���F�R�P�E�X�V�W�L�R�Q���À�D�P�H���T�X�D�O�L�W�\�����7�K�H�V�H��

Figure 9.2  General block diagram of an ignition and fuel control system

Figure 9.3  Variable length inlet manifold. A = long tract; B = short tract
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sensors are used during development but currently are prohibitively expensive 
for use in production. When available, these sensors will provide instantaneous 
closed loop feedback about the combustion process. This will be particularly 
important with lean burning engines.

9.1.4  Wide range lambda sensors

Most lambda sensors provide excellent closed-control of the air–fuel ratio at or 
very near to stoichiometry (14.7 : 1). A sensor is now available that is able to 
provide a linear output between air–fuel ratios of 12 : 1 and about 24 : 1. This 
allows closed loop feedback over a much wider range of operating conditions.

9.1.5  Injectors with air shr ouding

If high-speed air is introduced at the tip of an injector, the dispersal of the fuel 
is considerably improved. Droplet size can be reduced to below 50 µm during 
idle conditions. Figure 9.4 shows an injector with air shrouding. one without. 
The improved dispersal and droplet size is clear in Figure 9.5.

9.2  Exhaust emission control

9.2.1  Engine design

Many design details of an engine have a marked effect on the production of 
�S�R�O�O�X�W�D�Q�W���H�P�L�V�V�L�R�Q�V�����:�L�W�K���W�K�L�V���L�Q���P�L�Q�G�����L�W���Z�L�O�O���E�H���F�O�H�D�U���W�K�D�W���W�K�H���¿�Q�D�O���G�H�V�L�J�Q���R�I��
�D�Q���H�Q�J�L�Q�H���L�V���D���F�R�P�S�U�R�P�L�V�H���E�H�W�Z�H�H�Q���F�R�Q�À�L�F�W�L�Q�J���L�Q�W�H�U�H�V�W�V�����7�K�H���P�D�M�R�U���D�U�H�D�V���R�I��
interest are as discussed in the following sections.

9.2.2  Combustion chamber design

The main source of hydrocarbon emissions is unburnt fuel that is in contact 
with the combustion chamber walls. For this reason the surface area of the 
walls should be kept as small as possible and with the least complicated shape. 
A theoretical ideal is a sphere but this is far from practical. Good swirl of the 
cylinder charge is important, as this facilitates better and more rapid burning. 

Figure 9.4  Injection valve with air shrouding

Figure 9.5  Improved injection pattern 
(also split in two in this case)
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Perhaps more important is to ensure a good swirl in the area of the spark plug. 
This ensures a mixture quality that is easier to ignite. The spark plug is best 
positioned in the centre of the combustion chamber as this reduces the likelihood 
�R�I���F�R�P�E�X�V�W�L�R�Q���N�Q�R�F�N���E�\���U�H�G�X�F�L�Q�J���W�K�H���G�L�V�W�D�Q�F�H���W�K�H���À�D�P�H���I�U�R�Q�W���K�D�V���W�R���W�U�D�Y�H�O��

������������ �&�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R

�7�K�H���K�L�J�K�H�U���W�K�H���F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R�����W�K�H���K�L�J�K�H�U�����L�Q���J�H�Q�H�U�D�O�����W�K�H���W�K�H�U�P�D�O���H�I�¿�F�L�H�Q�F�\��
of the engine and therefore the better the performance and fuel consumption. 
The two main drawbacks to higher compression ratios are the increased 
emissions and the increased tendency to knock. The problem with emissions 
is due to the high temperature, which in turn causes greater production of 
NOx. The increase in temperature makes the fuel and air mixture more likely 
to self-ignite, causing a higher risk of combustion knock. Countries which have 
had stringent emission regulations for some time, such as the USA and Japan, 
have tended to develop lower compression engines. However, with the changes 
in combustion chamber design and the more widespread introduction of four 
valves per cylinder, together with greater electronic control and other methods 
of dealing with emissions, compression ratios have increased over the years.

9.2.4  Valve timing

The effect of valve timing on exhaust emissions can be quite considerable. 
One of the main factors is the amount of valve overlap. This is the time during 
which the inlet valve has opened but the exhaust valve has not yet closed. 
The duration of this phase determines the amount of exhaust gas left in the 
�F�\�O�L�Q�G�H�U���Z�K�H�Q���W�K�H���H�[�K�D�X�V�W���Y�D�O�Y�H���¿�Q�D�O�O�\���F�O�R�V�H�V�����7�K�L�V���K�D�V���D���V�L�J�Q�L�¿�F�D�Q�W���H�I�I�H�F�W���R�Q��
the reaction temperature (the more exhaust gas the lower the temperature), 
�D�Q�G���K�H�Q�F�H���K�D�V���D�Q���H�I�I�H�F�W���R�Q���W�K�H���H�P�L�V�V�L�R�Q�V���R�I���1�2�[�����7�K�H���P�D�L�Q���F�R�Q�À�L�F�W���L�V���W�K�D�W����
at higher speeds, a longer inlet open period increases the power developed. 
The down-side is that this causes a greater valve overlap and, at idle, this can 
greatly increase emissions of hydrocarbons. This has led to the successful 
introduction of electronically controlled valve timing.

9.2.5  Manifold designs

�*�D�V���À�R�Z���Z�L�W�K�L�Q���W�K�H���L�Q�O�H�W���D�Q�G���H�[�K�D�X�V�W���P�D�Q�L�I�R�O�G�V���L�V���D���Y�H�U�\���F�R�P�S�O�H�[���V�X�E�M�H�F�W�����7�K�H��
�P�D�L�Q���F�D�X�V�H���R�I���W�K�L�V���F�R�P�S�O�H�[�L�W�\���L�V���W�K�H���W�U�D�Q�V�L�H�Q�W���F�K�D�Q�J�H�V���L�Q���À�R�Z���W�K�D�W���D�U�H���G�X�H���Q�R�W���R�Q�O�\��
to changes in engine speed but also to the pumping action of the cylinders. This 
�S�X�P�S�L�Q�J���D�F�W�L�R�Q���F�D�X�V�H�V���S�U�H�V�V�X�U�H���À�X�F�W�X�D�W�L�R�Q�V���L�Q���W�K�H���P�D�Q�L�I�R�O�G�V�����,�I���W�K�H���P�D�Q�L�I�R�O�G�V��
�D�Q�G���E�R�W�K���L�Q�G�X�F�W�L�R�Q���D�Q�G���H�[�K�D�X�V�W���V�\�V�W�H�P�V���D�U�H���G�H�V�L�J�Q�H�G���W�R���U�H�À�H�F�W���W�K�H���S�U�H�V�V�X�U�H��
�Z�D�Y�H���E�D�F�N���D�W���M�X�V�W���W�K�H���U�L�J�K�W���W�L�P�H�����J�U�H�D�W���L�P�S�U�R�Y�H�P�H�Q�W�V���L�Q���Y�R�O�X�P�H�W�U�L�F���H�I�¿�F�L�H�Q�F�\���F�D�Q��
�E�H���D�W�W�D�L�Q�H�G�����0�D�Q�\���Y�H�K�L�F�O�H�V���D�U�H���Q�R�Z���¿�W�W�H�G���Z�L�W�K���D�G�M�X�V�W�D�E�O�H���O�H�Q�J�W�K���L�Q�G�X�F�W�L�R�Q���W�U�D�F�W�V����
Longer tracts are used at lower engine speeds and shorter tracts at higher speed.

������������ �&�K�D�U�J�H���V�W�U�D�W�L�À�F�D�W�L�R�Q

If the charge mixture can be inducted into the cylinder in such a way that a 
richer mixture is in the proximity of the spark plug, then overall the cylinder 
charge can be much weaker. This can bring great advantages in fuel 
consumption, but the production of NOx can still be a problem. The later 
section on direct mixture injection development is a good example of the use 
�R�I���W�K�L�V���W�H�F�K�Q�L�T�X�H�����0�D�Q�\���O�H�D�Q���E�X�U�Q���H�Q�J�L�Q�H�V���X�V�H���D���I�R�U�P���R�I���V�W�U�D�W�L�¿�F�D�W�L�R�Q���W�R���U�H�G�X�F�H��
�W�K�H���F�K�D�Q�F�H�V���R�I���P�L�V�¿�U�H���D�Q�G���U�R�X�J�K���U�X�Q�Q�L�Q�J��

       Key fact
The spark plug is best positioned 
in the centre of the combustion 
chamber as this reduces the 
likelihood of combustion knock.

       Key fact
The higher the compression 
ratio, the higher, in general, 
�W�K�H���W�K�H�U�P�D�O���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H��
engine and therefore the better 
the performance and fuel 
consumption.

       Key fact
If the charge mixture can be 
inducted into the cylinder in 
such a way that a richer mixture 
is in the proximity of the spark 
plug, then overall the cylinder 
charge can be much weaker.
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������������ �:�D�U�P���X�S���W�L�P�H

�$���V�L�J�Q�L�¿�F�D�Q�W���T�X�D�Q�W�L�W�\���R�I���H�P�L�V�V�L�R�Q�V���S�U�R�G�X�F�H�G���E�\���D�Q���D�Y�H�U�D�J�H���Y�H�K�L�F�O�H���L�V���F�U�H�D�W�H�G��
during the warm-up phase. Suitable materials and care in the design of the 
cooling system can reduce this problem. Some engine management systems 
even run the ignition timing slightly retarded during the warm-up phase to heat 
the engine more quickly.

9.2.8  Exhaust gas recir culation

This technique is used primarily to reduce peak combustion temperatures 
and hence the production of nitrogen oxides (NOx). Exhaust gas recirculation 
(EGR) can be either internal as mentioned above, due to valve overlap, 
or external via a simple arrangement of pipes and a valve (Figure 9.6). A 
proportion of exhaust gas is simply returned to the inlet side of the engine.

This EGR is controlled electronically as determined by a ROM in the ECU. 
This ensures that drivability is not affected and also that the rate of EGR 
is controlled. If the rate is too high, then the production of hydrocarbons 
increases. Figure 9.7 shows the effect of various rates of EGR.

Figure 9.6  Exhaust gas recirculation system

Figure 9.7  Effect of various rates of EGR



Engine management370

One drawback of EGR systems is that they can become restricted by exhaust 
residue over a period of time, thus changing the actual percentage of recirculation. 
However, valves are now available that reduce this particular problem.

9.2.9  Ignition system

�7�K�H���L�J�Q�L�W�L�R�Q���V�\�V�W�H�P���F�D�Q���D�I�I�H�F�W���H�[�K�D�X�V�W���H�P�L�V�V�L�R�Q�V���L�Q���W�Z�R���Z�D�\�V�����¿�U�V�W�����E�\���W�K�H��
quality of the spark produced, and secondly, the timing of the spark. The 
quality of a spark will determine its ability to ignite the mixture. The duration 
�R�I���W�K�H���V�S�D�U�N���L�Q���S�D�U�W�L�F�X�O�D�U���L�V���V�L�J�Q�L�¿�F�D�Q�W���Z�K�H�Q���L�J�Q�L�W�L�Q�J���Z�H�D�N�H�U���P�L�[�W�X�U�H�V�����7�K�H��
�V�W�U�R�Q�J�H�U���W�K�H���V�S�D�U�N���W�K�H���O�H�V�V���W�K�H���O�L�N�H�O�L�K�R�R�G���R�I���D���P�L�V�¿�U�H�����Z�K�L�F�K���F�D�Q���F�D�X�V�H���P�D�V�V�L�Y�H��
increases in the production of hydrocarbons.

The timing of a spark is clearly critical but, as ever, is a compromise with power, 
drivability, consumption and emissions. Figure 9.8 is a graph showing the 
�L�Q�À�X�H�Q�F�H���R�I���L�J�Q�L�W�L�R�Q���W�L�P�L�Q�J���R�Q���H�P�L�V�V�L�R�Q�V���D�Q�G���I�X�H�O���F�R�Q�V�X�P�S�W�L�R�Q�����7�K�H���S�U�R�G�X�F�W�L�R�Q���R�I��
�F�D�U�E�R�Q���P�R�Q�R�[�L�G�H���L�V���G�H�S�H�Q�G�H�Q�W���D�O�P�R�V�W���R�Q�O�\���R�Q���I�X�H�O���P�L�[�W�X�U�H���D�Q�G���L�V���Q�R�W���V�L�J�Q�L�¿�F�D�Q�W�O�\��
affected by changes in ignition timing. Electronic and digital ESA ignition systems 
�K�D�Y�H���P�D�G�H���V�L�J�Q�L�¿�F�D�Q�W���L�P�S�U�R�Y�H�P�H�Q�W�V���W�R���W�K�H���H�P�L�V�V�L�R�Q���O�H�Y�H�O�V���R�I���W�R�G�D�\�¶�V���H�Q�J�L�Q�H�V��

9.2.10  Thermal after-burning

Prior to the more widespread use of catalytic converters, thermal after-burning 
was used to reduce the production of hydrocarbons. In fact, hydrocarbons do 
continue to burn in the exhaust manifold and recent research has shown that the 
type of manifold used, such as cast iron or pressed steel, can have a noticeable 
effect on the reduction of HC. At temperatures of about 600°C, HC and CO are 
burnt or oxidized into H2O and CO2. If air is injected into the exhaust manifold 
just after the valves, then the after-burning process can be encouraged.

9.2.11  Catal ytic converters

Stringent regulations in most parts of the world have made the use of a 
catalytic converter almost inevitable. The three-way catalyst (TWC) is therefore 

Figure 9.8  �,�Q�À�X�H�Q�F�H���R�I���L�J�Q�L�W�L�R�Q���W�L�P�L�Q�J���R�Q���H�P�L�V�V�L�R�Q�V���D�Q�G���I�X�H�O���F�R�Q�V�X�P�S�W�L�R�Q

       Key fact
The quality of a spark will  
determine its ability to ignite  
the mixture.



Engine management 373

�������������� �&�O�R�V�H�G���O�R�R�S���O�D�P�E�G�D���F�R�Q�W�U�R�O

Current regulations have almost made mandatory closed loop control of the 
air–fuel mixture in conjunction with a three-way catalytic converter. It was 
under discussion that a lambda value of 1 should become compulsory for all 
operating conditions, but this was not agreed.

Lambda control is a closed loop feedback system in that the signal from a 
lambda sensor in the exhaust can directly affect the fuel quantity injected.  
The lambda sensor is described in more detail in Chapter 1. Figure 9.12 shows 
a block diagram of a lambda control system.

A graph to show the effect of lambda control and a three-way catalyst (TWC) is 
shown in Figure 9.13.

The principle of operation is as follows: the lambda sensor produces a voltage 
that is proportional to the oxygen content of the exhaust, which is in turn 
proportional to the air–fuel ratio. At the ideal setting, this voltage is about 450 mV. 
If the voltage received by the ECU is below this value (weak mixture) the quantity 
of fuel injected is increased slightly. If the signal voltage is above the threshold 
(rich mixture) the fuel quantity is reduced. This alteration in the air–fuel ratio must 
not be too sudden as it could cause the engine to buck. To prevent this, the ECU 
contains an integrator, which changes the mixture over a period of time.

Figure 9.12  Fuel metering with closed loop control

Figure 9.13  The effect of lambda control and a three-way catalyst (TWC)
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A delay also exists between the mixture formation in the manifold and the 
measurement of the exhaust gas oxygen. This is due to the engine’s working 
cycle and the speed of the inlet mixture, the time for the exhaust to reach the 
sensor and the sensor’s response time. This is sometimes known as ‘dead 
time’ and can be as much as one second at idle speed but only a few hundred 
milliseconds at higher engine speeds.

Due to the dead time the mixture cannot be controlled to an exact value of 1.  
If the integrator is adjusted to allow for engine speed then it is possible to keep 
the mixture in the lambda window (0.97–1.03), which is the region in which the 
�7�:�&���L�V���D�W���L�W�V���P�R�V�W���H�I�¿�F�L�H�Q�W��

9.3  Engine management systems

9.3.1  Motronic M3

I have chosen the Motronic M3 system to outline key engine management 
features because it is well-known and reliable. It is also a good ‘vehicle’ for 
explaining different aspects of this technology (pun intended!).

The combination of ignition and injection control has several advantages. The 
information received from various sensors is used for computing both fuelling 
and ignition requirements. Perhaps more importantly, ignition and injection are 
�F�O�R�V�H�O�\���O�L�Q�N�H�G�����7�K�H���L�Q�À�X�H�Q�F�H���W�K�H�\���K�D�Y�H���R�Q���H�D�F�K���R�W�K�H�U���F�D�Q���H�D�V�L�O�\���E�H���W�D�N�H�Q���L�Q�W�R��
account to ensure that the engine is working at its optimum, under all operation 
conditions. Overall, this type of system is less complicated than separate 
fuel and ignition systems and, in many cases, the ECU is able to work in an 
emergency mode by substituting missing information from sensors with pre-
programmed values. This will allow limited but continued operation in the event 
of certain system failures.

The ignition system is integrated and is operated without a high tension 
distributor. The ignition process is controlled digitally by the ECU. The data  
for the ideal characteristics are stored in ROM from information gathered  
during both prototyping and development of the engine. The main parameters 
for ignition advance are engine speed and load, but greater accuracy can 
be achieved by taking further parameters into account, such as engine 
temperature. This provides both optimum output and close control of anti-
pollution levels. Performance and pollution level control means that the actual 
ignition point must, in many cases, be a trade-off between the two.

The injection system is multipoint and, as is the case for all fuel systems,  
the amount of fuel delivered is primarily determined by the amount of air  
drawn into the engine. The method for measuring these data is indirect in  
the case of this system as a pressure sensor is being used to determine the  
air quantity.

Electromagnetic injectors control the fuel supply into the engine. The injector 
open period is determined by the ECU. This will obtain very accurate control of 
the air–fuel mixture under all operating conditions of the engine. The data for  
this are stored in ROM in the same way as for the ignition.

�,�J�Q�L�W�L�R�Q���V�\�V�W�H�P���R�S�H�U�D�W�L�R�Q

The main source of reference for the ignition system is from the crankshaft 
position sensor. This is a magnetic inductive pick-up sensor positioned next 

       �'�H�¿�Q�L�W�L�R�Q
TWC: Three-way catalyst.

       �'�H�¿�Q�L�W�L�R�Q
ROM: Read only memory.
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�W�K�H���W�L�P�H���W�D�N�H�Q���I�R�U���I�X�O�O���F�X�U�U�H�Q�W���W�R���À�R�Z���L�Q���W�K�H���L�Q�M�H�F�W�R�U���Z�L�Q�G�L�Q�J���D�Q�G���W�K�H���W�L�P�H���W�D�N�H�Q��
for the current to cease, a variation exists depending on applied voltage. 
Figure 9.29 shows how this delay can occur; if S1 is greater than S2 a correction 
is required. S1 – S2 = S where S represents the time delay due to the inductance 
of the injector winding.

9.3.2  DI-Motronic

Bosch’s high-pressure gasoline direct injection (GDi) (Figures 9.30–9.32) 
system for petrol engines is based on a pressure reservoir and a fuel rail, 

Figure 9.28  Strategy used to control injection cut-out and reinstatement

Figure 9.29  injector operation time curve



Engine management390

�D�F�F�R�U�G�L�Q�J���W�R���W�K�H���G�H�V�L�U�H�G���W�R�U�T�X�H���V�S�H�F�L�¿�H�G���E�\���W�K�H���G�U�L�Y�H�U�����7�K�H���0�R�W�U�R�Q�L�F���(�&�8��
calculates the amount of fuel to be injected from the drawn-in air mass and 
performs an additional correction via lambda control. In this mode of operation, 
a torque increase of up to 5% is possible. Both the thermodynamic cooling 
effect of the fuel vaporizing directly in the combustion chamber, and the higher 
compression of the engine with gasoline direct injection, play a role in this.

For these different operating modes, two central demands are raised for 
engine control:

1.   The injection point must be adjustable between ‘late’ (during the  
compression phase) and ‘early’ (during the intake phase) depending on the 
operating point.

2.   The adjustment for the drawn-in air mass must be detached from the throttle 
pedal position in order to permit un-throttled engine operation in the lower 
load range. However, throttle control in the upper load range must also be 
permitted.

With optimal use of the advantages, the average fuel saving is up to 15%.

�,�Q���V�W�U�D�W�L�¿�H�G���F�K�D�U�J�H���R�S�H�U�D�W�L�R�Q���W�K�H���Q�L�W�U�R�J�H�Q���R�[�L�G�H�����1�2�[�����V�H�J�P�H�Q�W�V���L�Q���W�K�H���Y�H�U�\�� 
lean exhaust cannot be reduced by a conventional, three-way catalytic  
converter. The NOx can be reduced by approximately 70% through exhaust 
�U�H�W�X�U�Q�V���E�H�I�R�U�H���W�K�H���F�D�W�D�O�\�W�L�F���F�R�Q�Y�H�U�W�H�U�����+�R�Z�H�Y�H�U�����W�K�L�V���L�V���Q�R�W���H�Q�R�X�J�K���W�R���I�X�O�¿�O���W�K�H��
ambitious emission limits of the future. Therefore, emissions containing NOx 
must undergo special treatment. Engine designers are using an additional NOx 
accumulator catalytic converter in the exhaust system. The NOx is deposited 
in the form of nitrates (HNO3) on the converter surface, with the oxygen still 
contained in the lean exhaust (Figure 9.38).

The capacity of the NOx accumulator catalytic converter is limited. As soon 
as it’s exhausted, the catalytic converter must be regenerated. In order to 
�U�H�P�R�Y�H���W�K�H���G�H�S�R�V�L�W�H�G���Q�L�W�U�D�W�H�V�����W�K�H���'�,���0�R�W�U�R�Q�L�F���E�U�L�H�À�\���F�K�D�Q�J�H�V���R�Y�H�U���W�R���L�W�V���W�K�L�U�G��
operating mode (rich homogenous operation with lambda values of about 0.8). 
The nitrate together with the carbon monoxide (CO) is reduced in the exhaust 
to non-harmful nitrogen and oxygen. When the engine operates in this range, 
the engine torque is adjusted according to the accelerator pedal position 
�Y�L�D���W�K�H���W�K�U�R�W�W�O�H���Y�D�O�Y�H���R�S�H�Q�L�Q�J�����(�Q�J�L�Q�H���P�D�Q�D�J�H�P�H�Q�W���K�D�V���W�K�H���G�L�I�¿�F�X�O�W���W�D�V�N���R�I��
changing between the two different operating modes, in a fraction of a second, 
in a way not noticeable to the driver.

The continuing challenge, set by legislation, is to reduce vehicle emissions to 
very low levels. Bosch is a key player in the development of engine management 
systems. The DI Motronic system is now used by many manufacturers.

������������ �0�(���0�R�W�U�R�Q�L�F���S�U�L�Q�F�L�S�O�H�V

The system components of ME Motronic (Figure 9.40) are similar to the previously 
outlined DI-Motronic. The M system uses a throttle cable and a bypass, ME 
is fully gas-by-wire, and DI uses a high pressure pump. The M-Motronic and 
ME-Motronic are described as torque-based engine management systems. This is 
because they work on the concept that the throttle pedal position is converted by 
the microprocessor into a torque set-point value. The aim of this torque structure 
is to sort the very many different functions that require a torque. For example, idle 
speed control and transmission shit control may need different torques. 

This torque calculation process is outlined in Figure 9.39. In this way 
contradictions can be resolved by prioritizing certain functions. The most 

Figure 9.38  NOx catalytic converter

       
Key fact

The M-Motronic and ME- 
Motronic are torque-based  
engine management systems.

       Key fact
On a GDi system, NOx 
emissions are reduced by an 
accumulator catalytic converter 
in the exhaust system.
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appropriate setting can therefore be used taking the driver’s requirements into 
account as well as those of other systems.

�������� �2�W�K�H�U���D�V�S�H�F�W�V���R�I���H�Q�J�L�Q�H���P�D�Q�D�J�H�P�H�Q�W��

9.4.1  Intr oduction

Research is going on all the time into different ways of reducing emissions in 
order to keep within the current and expected legislation. The one potential 
change is that CO2 is included in the legislation. This will, in effect, make fuel 
consumption as big an issue as noxious emissions. Some general areas under 
control of the engine management are outlined below.

9.4.2  Variable valve timing

Many engines now employ variable valve timing (VVT) to optimize the inlet valve 
timing with respect to engine speed and load conditions (Figures 9.41–9.43). 
Some also control the exhaust camshaft.

As air enters the engine through the inlet manifold this forms a column of 
moving air that possesses kinetic energy. The pulsating nature of the engines 
air consumption creates pressure waves in this air column. The energy in 
these pressure waves can be harnessed to assist in charging the cylinder, 
�L�Q�F�U�H�D�V�L�Q�J���W�K�H���Y�R�O�X�P�H�W�U�L�F���H�I�¿�F�L�H�Q�F�\���R�I���W�K�H���H�Q�J�L�Q�H�����,�Q���R�U�G�H�U���W�R���G�R���W�K�L�V�����W�K�H���Y�D�O�Y�H��
opening point must be optimized according to the engine condition, and with 
variable valve timing this can be achieved to increase engine torque and power 
at various points in the operating speed range.

There are various technologies available to provide the required phase angle 
between the cam drive and the camshaft for variable valve timing. It can be 
generated via a hydraulic mechanism in the cam wheel that is controlled via 
a valve assembly from the engine ECU. Cam wheel actuators can employ a 
‘helix’ or pressure differential actuation principles. In addition, some engines 
�K�D�Y�H���H�P�S�O�R�\�H�G���Y�D�O�Y�H���P�H�F�K�D�Q�L�V�P�V���Z�L�W�K���D�O�W�H�U�Q�D�W�L�Y�H���F�D�P���S�U�R�¿�O�H�V���Z�K�H�U�H���W�K�H��
�H�Q�J�L�Q�H���V�Z�L�W�F�K�H�V���R�Y�H�U���W�R���D���G�L�I�I�H�U�H�Q�W���F�D�P���O�L�I�W���S�U�R�¿�O�H���D�W���F�H�U�W�D�L�Q���H�Q�J�L�Q�H���V�S�H�H�G�V��
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Figure 9.39  Torque-based system structure

       Key fact
VVT optimizes the valve 
opening point to increase 
engine torque and power at 
various points in the operating 
speed range.
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9.4.3  Lean burn engines

Any engine running at a lambda value greater than one is a form of lean burn. In 
other words, the combustion takes place with an excess of air. Fuel consumption 
is improved and CO2 emissions are lower than with a conventional ‘lambda 
equals one and catalyst system’. However, with the same comparison, NOx 
emissions are higher due to the excess air factor. Rough running can also be a 
problem with lean burn (Figure 9.44), due to the problems encountered lighting 
�O�H�D�Q���P�L�[�W�X�U�H�V�����$���I�R�U�P���R�I���F�K�D�U�J�H���V�W�U�D�W�L�¿�F�D�W�L�R�Q���L�V���D���Z�D�\���R�I���L�P�S�U�R�Y�L�Q�J���W�K�L�V��

9.4.4  Two-stroke engines

The two-stroke engine could be an answer to emission problems, but 
experts have differing views. The main reason for this is that the potential 
improvements for the four-stroke system have by no means been exhausted. 
The claimed advantages of the two-stroke engine are lower weight, lower fuel 
consumption and higher power density. These, however, differ depending on 
engine design. The major disadvantages are less smooth running, shorter life 
and higher NOx emissions.

An Australian company, Orbital, have made a considerable contribution to two- 
stroke technology. A simple shutter control is used in their system and, in a 

Figure 9.43  Variable cam timing (Source: Ford media)
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published paper, a one-litre two-stroke engine was compared with a one-litre  
four-stroke engine. The two-stroke engine weighs 30% less, has lower  
consumption and low NOx levels while being comparable in all other ways.  
The engine can use direct injection to stratify the charge.

However, this technology appears to have stalled because of other technical 
problems.

9.4.5  Combustion control system

Saab developed a system known as Saab Combustion Control (SCC) to 
�U�H�G�X�F�H���I�X�H�O���F�R�Q�V�X�P�S�W�L�R�Q���D�Q�G���V�L�J�Q�L�¿�F�D�Q�W�O�\���U�H�G�X�F�H���H�[�K�D�X�V�W���H�P�L�V�V�L�R�Q�V�����(�Q�J�L�Q�H��
performance is not affected. The key to the operation of the SCC is the use of 
exhaust gases.

�%�\���F�L�U�F�X�O�D�W�L�Q�J���D���V�L�J�Q�L�¿�F�D�Q�W���S�U�R�S�R�U�W�L�R�Q���R�I���H�[�K�D�X�V�W���J�D�V���E�D�F�N���L�Q�W�R���W�K�H���F�R�P�E�X�V�W�L�R�Q��
process, the fuel consumption can be reduced by up to 10% (Figure 9.45). This 
technology almost halved the carbon monoxide and hydrocarbon emissions, 
and cut the nitrogen oxide emissions by 75%.

�8�Q�O�L�N�H���V�W�D�Q�G�D�U�G���G�L�U�H�F�W���L�Q�M�H�F�W�L�R�Q���V�\�V�W�H�P�V�����W�K�H���6�&�&���V�\�V�W�H�P���U�H�D�S�V���E�H�Q�H�¿�W�V��
without disturbing the ideal air-to-fuel ratio (14.7 : 1). This ratio is necessary 
for a conventional three-way catalytic converter to work properly. The most 
important aspects of the SCC system are:

• �Air-assisted fuel injection with turbulence generator – the injector unit and 
spark plug are combined into one unit known as the spark plug injector 
(SPI). Fuel is injected directly into the cylinder with the help of compressed 
air and another blast of air creates turbulence in the cylinder just before the 
fuel is ignited. This assists combustion and shortens the combustion time.

• �Variable valve timing – variable cams are used so that the SCC system can 
vary the opening and closing of the inlet and exhaust valves. This allows 
exhaust gases to be mixed into the combustion air in the cylinder. This is 
�W�K�H���N�H�\���D�V�S�H�F�W���W�K�D�W���J�H�W�V���W�K�H���E�H�Q�H�¿�W�V���R�I���G�L�U�H�F�W���L�Q�M�H�F�W�L�R�Q���Z�K�L�O�H���N�H�H�S�L�Q�J���O�D�P�E�G�D��
1 under most operating conditions. The exact recirculation percentage 
depends on the operating conditions, but up to 70% of the cylinder contents 
during combustion can consist of exhaust gases.

• �Variable spark plug gap with high spark energy – the spark plug gap is 
variable from 1–3.5 mm. The spark is created from the centre electrode of 
�W�K�H���6�3�,���W�R���D���¿�[�H�G���H�D�U�W�K���H�O�H�F�W�U�R�G�H�����Z�L�W�K���D�����������P�P���J�D�S�����R�U���W�R���D�Q���H�D�U�W�K���H�O�H�F�W�U�R�G�H��
actually on the piston. Very high spark energy (about 80 mJ) is necessary to 
ignite an air/fuel mixture that is mixed with 70% of exhaust gases.

The best way to understand the SCC process is to start with the expansion or 
power stroke (the following numbers refer to Figure 9.46).

1.   The power stroke operates in the normal way – air/fuel mixture burns, 
increases the pressure, and this forces the piston down.

2.   As the piston reaches the end of the power stroke, the exhaust valves  
open and most of the exhaust is discharged through the exhaust ports. 
Remaining exhaust gases are discharging as the piston rises on the  
exhaust stroke.

3.   Fuel is injected into the cylinder via the SPI just before the piston reaches 
TDC. The inlet valves open at the same time. Exhaust, mixed with fuel, is 
discharged through both the exhaust and inlet ports.

4.   At the start of the inlet stroke, the exhaust and inlet valves open and the 
mixture of exhaust and fuel is drawn back from the exhaust manifold into 

Figure 9.45  Combustion control spark 
plug injector (Source: Saab Media)
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�Q�R���L�Q�À�X�H�Q�F�H���R�Q���W�K�H���F�D�U�E�R�Q���G�L�R�[�L�G�H�����&�22) emissions, which are directly 
proportional to the fuel consumption.

Direct injection of petrol is a good way of lowering fuel consumption. Because  
a precise amount of fuel is injected directly into the cylinder, the consumption 
can be controlled more accurately. However, only the area around the plug is 
�L�J�Q�L�W�D�E�O�H���E�H�F�D�X�V�H���W�K�H���U�H�P�D�L�Q�G�H�U���R�I���W�K�H���F�\�O�L�Q�G�H�U���L�V���¿�O�O�H�G���Z�L�W�K���D�L�U�����:�L�W�K���V�W�D�Q�G�D�U�G��
direct injection systems, this reduces fuel consumption but results in higher 
nitrogen oxide emissions. The resulting exhaust gases are not ideally suited  
to a conventional three-way catalytic converter. For this reason, a special 
catalytic converter with a ‘nitrogen oxide trap’ has to be used. These are more 
expensive because they have higher levels of precious metals. In addition,  
they are more temperature-sensitive and need cooling when under heavy  
load. This is often achieved by injecting extra fuel. To regenerate the NOx  
�W�U�D�S���Z�K�H�Q���L�W���L�V���µ�I�X�O�O���X�S�¶�����W�K�H���H�Q�J�L�Q�H���D�O�V�R���K�D�V���W�R���E�H���U�X�Q���E�U�L�H�À�\���R�Q���D���U�L�F�K�H�U���I�X�H�O�� 
air mixture.

The SCC system also contributes towards reducing pumping losses. These 
usually occur when an engine is running at low load with the throttle almost 
closed. Under these conditions, the piston in the cylinder operates under a partial 
vacuum during the induction stroke. The extra energy required for pulling down 
the piston results in increased fuel consumption. In an SCC engine the cylinder 
is supplied with just the amount of fuel and air needed at any particular time. The 
�U�H�P�D�L�Q�G�H�U���R�I���W�K�H���F�\�O�L�Q�G�H�U���L�V���¿�O�O�H�G���Z�L�W�K���H�[�K�D�X�V�W���J�D�V�H�V�����7�K�L�V���P�H�D�Q�V���W�K�D�W���W�K�H���S�L�V�W�R�Q��
does not need to draw in extra air and pumping losses are reduced. The exhaust 
gases account for 60–70% of the combustion chamber volume, while 29–39% 
is air; the fuel occupies less than 1%. In general, a higher proportion of exhaust 
gas is used when the engine is running at low load.

�8�Q�G�H�U���O�R�Z���O�R�D�G���F�R�Q�G�L�W�L�R�Q�V�����W�K�H���V�S�D�U�N���L�V���¿�U�H�G���I�U�R�P���W�K�H���F�H�Q�W�U�H���H�O�H�F�W�U�R�G�H���R�I���W�K�H��
�S�O�X�J���L�Q�M�H�F�W�R�U���W�R���D���¿�[�H�G���H�D�U�W�K���H�O�H�F�W�U�R�G�H���Z�L�W�K���D���J�D�S���R�I�����������P�P�����8�Q�G�H�U���K�L�J�K���O�R�D�G��
�F�R�Q�G�L�W�L�R�Q�V�����W�K�H���V�S�D�U�N���L�V���¿�U�H�G���O�D�W�H�U�����U�H�W�D�U�G�H�G�������7�K�H���J�D�V���G�H�Q�V�L�W�\���L�Q���W�K�H���F�R�P�E�X�V�W�L�R�Q��
chamber, under these conditions, is too high for the spark to jump 3.5 mm. A 
pin on the piston is used instead. The spark will jump to the electrode on the 
piston when the gap is less than 3.5 mm.

9.4.6  Active cooling

An active cooling system uses electronic control to manage and optimize 
engine temperature. The main system components are an electronic valve, an 
electronically controlled fan and an electrical water pump. Engine temperature 
�L�V���F�R�Q�W�U�R�O�O�H�G���E�\���W�K�H���H�I�¿�F�L�H�Q�W���P�D�Q�D�J�H�P�H�Q�W���R�I���F�R�R�O�D�Q�W���D�Q�G���D�L�U���Z�L�W�K�L�Q���D�Q�G���D�U�R�X�Q�G��
the engine. The advantages of this system are:

• Reduced fuel consumption.

• �Lower emissions.

• �Reduced engine wear.

Better cabin comfort is achieved by boosting of the heating at lower engine 
speeds, and heating in the cabin is maintained in cold weather after the engine 
has been switched off.

Development of Valeo’s fully electronically controlled thermal management 
system, THEMIS, started, in 1995, to work towards satisfying the Euro IV and 
Euro V emission levels and the Corporate Average Fuel Economy (CAFE) 
regulation for North America.

Figure 9.47  Pumptronic – electric  
cooling pump (Source: Valeo)

       Key fact
An active cooling system uses  
electronic control to manage and 
optimize engine temperature.
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compensate by over-boosting another component. This is known as a fail-safe 
mode and the driver is informed via a warning light. Overall, this active cooling 
system also reduces the power consumed by the water pump. 

������������ �(�Q�J�L�Q�H���W�U�H�Q�G�V���²���V�S�D�U�N���L�J�Q�L�W�L�R�Q

In Europe during 2003, vehicles with compression ignition (CI) engines started  
to outsell the spark ignition (SI) versions. However, because of this competition,  
as well as that from alternative fuel vehicles, engineers are making more  
developments to the SI engine. More power, reduced consumption and emissions, 
�W�R�J�H�W�K�H�U���Z�L�W�K���P�R�U�H���H�I�¿�F�L�H�Q�W���S�D�F�N�D�J�L�Q�J���D�U�H���W�K�H���N�H�\���F�K�D�O�O�H�Q�J�H�V���E�H�L�Q�J���P�H�W�����6�R�P�H���R�I��
�W�K�H���L�Q�Q�R�Y�D�W�L�R�Q�V���X�Q�G�H�U���G�H�Y�H�O�R�S�P�H�Q�W���D�Q�G���R�U���L�Q���X�V�H���D�U�H���F�R�Q�V�L�G�H�U�H�G���E�U�L�H�À�\���K�H�U�H��

�9�D�U�L�D�E�O�H���F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R�V

�$���K�L�J�K�H�U���F�R�P�S�U�H�V�V�L�R�Q���U�D�W�L�R���U�H�V�X�O�W�V���L�Q���J�U�H�D�W�H�U���W�K�H�U�P�D�O���H�I�¿�F�L�H�Q�F�\�����+�R�Z�H�Y�H�U����
it also makes the engine run hotter and the components are under greater 
stress. Being able to vary the compression ratio to achieve improvements 
under certain speed and load conditions is an innovative approach. Saab has 
done considerable work in this area.

�(�O�H�F�W�U�R�P�H�F�K�D�Q�L�F�D�O���Y�D�O�Y�H���W�U�D�L�Q

Full control of valve operation means engine management can take greater  
�F�R�Q�W�U�R�O�����+�R�Z�H�Y�H�U�����R�S�H�U�D�W�L�Q�J���Y�D�O�Y�H�V���L�Q�G�H�S�H�Q�G�H�Q�W�O�\���L�V���G�L�I�¿�F�X�O�W���±���V�R���W�K�H���F�D�P�V�K�D�I�W��
�Z�L�O�O���E�H���Z�L�W�K���X�V���I�R�U���V�R�P�H���W�L�P�H���\�H�W�����/�R�W�X�V���H�Q�J�L�Q�H�H�U�V���K�D�Y�H���P�D�G�H���V�L�J�Q�L�¿�F�D�Q�W��
advancements using hydraulic operating mechanisms.

�+�L�J�K���H�I�¿�F�L�H�Q�F�\���V�X�S�H�U�F�K�D�U�J�H�U�V

New developments in supercharging mean that the charger itself takes 
less energy from the engine. Of particular interest are electrically driven 
superchargers because they allow full electronic control.

�&�\�O�L�Q�G�H�U���G�H�D�F�W�L�Y�D�W�L�R�Q

This technique has been tried on and off for a number of years. The capacity 
of, say, a 3-litre V8 is reduced when used around town, with the consequent 
reduction in consumption and emissions. GM uses this system on their XV8 
engine. It is called displacement on demand. It is also used on F1 engines.

�+�L�J�K���S�U�H�V�V�X�U�H���G�L�U�H�F�W���L�Q�M�H�F�W�L�R�Q

Gasoline direct injection is now commonplace. However, work is on-going to 
increase the fuel pressure, as this results in more possibilities for controlling 
the cylinder charge.

�5�H�G�X�F�H�G���F�X�U�U�H�Q�W���G�U�D�Z���I�X�H�O���S�X�P�S�V

A simple but effective technique, which can result in lower emissions and  
consumption, is to reduce the electrical current consumed. A fuel pump has  
been developed by Visteon, which can increase fuel economy by up to 0.2 mpg.

�,�Q�W�H�O�O�L�J�H�Q�W���Y�D�O�Y�H���F�R�Q�W�U�R�O

Honda have produced an engine for the RSX that uses intelligent valve 
control. The valve lift and phase can be controlled electronically. The result is 
impressive economy and low emissions.

�*�D�V���E�\���Z�L�U�H

This concept has been in use by BMW for some time. The idea is that the 
driver’s instructions, via the throttle pedal, are interpreted and the throttle is 

       Key fact
If one component of the active 
cooling system is not working 
correctly, it can compensate 
by over-boosting another 
component.

       Key fact
In Europe during 2003, vehicles 
with compression ignition (CI) 
engines started to outsell the 
spark ignition (SI) versions.
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moved to achieve optimum performance. For example, for full acceleration the 
�G�U�L�Y�H�U���µ�À�R�R�U�V�¶���W�K�H���S�H�G�D�O���±���Z�K�L�F�K���R�S�H�Q�V���W�K�H���W�K�U�R�W�W�O�H���I�X�O�O�\���R�Q���D���W�U�D�G�L�W�L�R�Q�D�O���V�\�V�W�H�P���±��
but opens the throttle more progressively on a gas-by-wire system.

�$�L�U���D�V�V�L�V�W�H�G���G�L�U�H�F�W���I�X�H�O���L�Q�M�H�F�W�L�R�Q

One important aspect of direct fuel injection is that the charge in the cylinder 
�F�D�Q���E�H���V�W�U�D�W�L�¿�H�G�����,�Q���R�W�K�H�U���Z�R�U�G�V�����W�K�H���U�H�J�L�R�Q���D�U�R�X�Q�G���W�K�H���S�O�X�J���L�V���D�W���W�K�H���L�G�H�D�O���U�D�W�L�R����
but a large part of the cylinder is then made up of air or, better, recirculated 
exhaust gases. Ford now have an engine that can run as lean as 60 : 1.

�µ�:�¶���H�Q�J�L�Q�H���F�R�Q�¿�J�X�U�D�W�L�R�Q

�$�Q���L�Q�W�H�U�H�V�W�L�Q�J���F�\�O�L�Q�G�H�U���F�R�Q�¿�J�X�U�D�W�L�R�Q�����T�X�L�W�H���D�S�S�U�R�S�U�L�D�W�H�O�\���G�H�Y�H�O�R�S�H�G���E�\���9�:�����L�V��
the ‘double V’ or ‘W’ concept. This allows a W12 engine to be as compact as 
a V8. The result is very smooth operation and a relatively low mass which, as 
�Z�L�W�K���D�Q�\���U�H�G�X�F�W�L�R�Q���L�Q���P�D�V�V�����L�P�S�U�R�Y�H�V���H�I�¿�F�L�H�Q�F�\��

9.4.8  Transonic combustion

On average only about 15% of the energy from the fuel in the tank is converted 
into movement of the car according to the U.S. Department of Transportation: 
Transportation Research Board. The rest of the energy is lost to engine and 
�G�U�L�Y�H�O�L�Q�H���L�Q�H�I�¿�F�L�H�Q�F�L�H�V���D�Q�G���L�G�O�L�Q�J�����V�H�H���)�L�J�X�U�H�����������������7�K�H���H�Q�J�L�Q�H���L�V���Z�K�H�U�H���P�R�V�W��
�W�K�H�U�P�D�O���H�I�¿�F�L�H�Q�F�\���O�R�V�V���W�D�N�H�V���S�O�D�F�H�����&�R�P�E�X�V�W�L�R�Q���L�U�U�H�Y�H�U�V�L�E�L�O�L�W�\���U�H�V�X�O�W�V���L�Q���O�D�U�J�H��
amounts of waste heat escaping through the cylinder walls and unrecoverable 
exhaust energy. Normal engines run with rich air-to-fuel ratios, which also 
result in fuel being trapped in the crevice as well as partially combusting near 
�W�K�H���F�\�O�L�Q�G�H�U���Z�D�O�O�V�����7�K�L�V���H�Q�H�U�J�\���O�R�V�V���L�V���W�K�H���F�R�U�H���R�I���D�X�W�R�P�R�W�L�Y�H���L�Q�H�I�¿�F�L�H�Q�F�\��

Transonic combustion (TSCi™) is a new combustion process for the petrol/
gasoline internal combustion engine. The new combustion process utilizes 
�G�L�U�H�F�W���L�Q�M�H�F�W�L�R�Q���R�I���I�X�H�O���L�Q�W�R���W�K�H���F�\�O�L�Q�G�H�U���D�V���D���V�X�S�H�U�F�U�L�W�L�F�D�O���À�X�L�G���E�D�V�H�G���R�Q���W�K�H��
patented concept of injection-ignition. Supercritical fuel promotes rapid 
mixing with the contents of the cylinder which, after a short delay, results 
in spontaneous ignition at multiple locations. Multiple ignition sites and 
rapid combustion combine to result in optimum heat release and high cycle 
�H�I�¿�F�L�H�Q�F�\�����2�W�K�H�U���D�G�Y�D�Q�W�D�J�H�V���D�U�H���W�K�H���H�O�L�P�L�Q�D�W�L�R�Q���R�I���G�U�R�S�O�H�W���E�X�U�Q�L�Q�J���D�Q�G��
increased combustion stability that results from multiple ignition sources.

Transonic combustion brings together the injection and ignition processes  
to become Injection-Ignition. The characteristics of the system address all of 
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Figure 9.50  Losses during urban driving a petrol/gasoline car (Source: US DOT: 
Transport Research Board)

       Key fact
The transonic combustion  
process utilizes direct injection  
of fuel into the cylinder as a 
�V�X�S�H�U�F�U�L�W�L�F�D�O���À�X�L�G��

       Key fact
On average only about 15% 
of the energy from the fuel 
in the tank is converted into 
movement of the car.
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