




















CHAPTER
Tools and 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.

'RQRXW B¢, ORMY L P L DIDW KIRXDM 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 Yy 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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DMM: Digital multimeter.

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:

Table 2.3 Multimeter functions

Function Range Accuracy

DC voltage 500 V 0.3%

DC current 10A 1.0%

Resistance 0to 10 M 8 0.5%

AC voltage 500 V 2.5%

AC current 10A 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%.



Tools and equipment 75

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

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

A voltmeter connects in parallel
across a circuit.

An ammeter connects in
series.

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

2.2.1 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 ‘_ Key fact

vertical scale or Y axis) against time (the horizontal scale or X axis). An oscilloscope draws a graph
7K AV U DR GWRR Y BIF U RWRHE U H H Q@ HANE L JXQUS K MIRAE D F Ng O VOltage against time.

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.

TKWLIQUDRW KM KPE GWUHNVMWE LWEKHDWP SO LRBWWHQXDWHG
(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
YR OW DVIUHM J HE LVQHI[QV H LHHDOAX L P Q G L YV & X DWHRW
HDPKLRKPERQWSDESQAXUHWRH[DPSOH

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
ODSWEBSVNIRHDWRRZH WIXWRPKBWD Y@ RAVRROD XOWGLQJ
sensors, actuators and electronic circuits.

Figure 2.6 Automotive oscilloscope kit (Source: PicoTech)
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USB: Universal serial bus.

The high resolution PC oscilloscope connects to a USB port on a PC

and can take up to 32 million samples per trace, making it possible to
capture complex 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

- /IDPEGRUARDRBRG$3IVHQVRUV
* Glow plugs / timer relays

* CAN bus, LIN bus and FlexRay.

7KLISRZHWIAGH[LBAMWRP BWD Y@ RAVRRIDE HH®HVLIQHG
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

<RXLQQEKIRU@XDYHIRSPWWHEQYD BXWMHGE RRNV
and workshop manuals but they mean the same thing. | will try to stick to
waveform.

When you look at a waveform on a screen it is important to remember that

the height of the scale represents voltage and the width represents time. Both
of these axes can have their scales changed. They are called 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
LJQLWRER@HAK LNVH H BAKGHL V SIOW L ZH WKKMS H IRG&V KHQ JL QH
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.
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Figure 2.7 ABS waveform captured on a PicoScope

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
EOBD?2 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

'HeQLWLRQ

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:

e ,GHQWLRERYLAGB\VWWRQ V XWKHHFIWWD SSUR SWWVRBW H
system currently under investigation.

* 5 HDREXRVMF X U UBIONME O XBRVYHQV BB X U LRXMHIVEH DV LO\
UHFRJQLQHRU P D/W ERA Q J L\QFH H/GH P S H U D MXAORYGR
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 0OBD2 signal protocols

—

Protocol: A set of rules which is
used to allow computers to
communicate with each other.

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)
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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.

° OHVVDRPIHFRQWBW® E\WHQVKGDWBO 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 Entryle vel scanners

This section will highlight two entry level devices; one for generic OBD2

V\V W HROWE KRHW KFSUH FWHBR) D QBN HK L FGREOWN V Z DLW R L V
case). Both scanners connect to the diagnostic link connector (DLC) by a
cable. | have included the Maxiscan device as it is the cheapest scanner |

FRXOGOW KWL RHZ U L WIRQWID NNHFRP SDUZNAR®WHHHAK LV

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%~ DQ&p* VSHFARGNVZDURYSHFHDXOLS P HR M

J of i'H(;QLWLRQ

ISO: International standards
organization.

J of i'H(;QLWLRQ

CAN: Controller area network.
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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 | 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. | 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.

ORGHVYIOK L PAQBW L QW VY H® R UHQ BR UHHOHFW UR Q WF V
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
NQRZOREHKLHFOHFW WR@NKEN FO R Q YEXU¢, F RF)OMIZ 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
EHD E Q\HRD URJXGWH P D Q WIHBEPR UN ¢ FL HOBKQUW\KWD QGDUG

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
YDOXWKHJ PRHPRDQBWKHRWOYWUROOBDWE B @WNBF
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 IPQRIG HYUHK LIF Q HL\Q\N W HAPA-WD D WPHDVAW L Q HRIRZHQHUD 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.

KLOWNWQWI LD O\BWHENMV LIWRREWS HF L ¢ ZIDVKeAHR WRHUKLFOH
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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The Greek symbol lambda ()
represents the ideal air fuel
ratio (AFR) of 14.7:1 by mass.

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 coll
Coil negative (adapters are available To look at dwell, rpm and primary
for DIS) waveforms

Coil HT lead clamp (adapters are Secondary waveforms

available for DIS)

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

2.4.1 Intr oduction

Emissions testing

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

Y WDQREHFRRFWDQ@®WRHOGVXRBNKDQG@®DQKDVIYHR WKH
main exhaust gases namely:

» Carbon monoxide (CO)

+ Carbon dioxide (CO,)

» Hydrocarbons (HC)

« Oxygen (O,)

» Nitrogen oxides (NOX).

On many analysers, lambda value and the air fuel ratio are calculated and
GLVSOD®HGE LWRR@ XQURAJY BDVVAKHUHRANPEROPEGD
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
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Table 2.6 Exhaust examples

Reading: CO% HCppm CO % O% Lambda() AFR
Before catalyst 0.6 120 14.7 0.7 1.0 14.7
After catalyst 0.2 12 15.3 0.1 1.0 14.7
Inlet Outlet
Measuring cell
Infrared
emitter
M
. Flow sensor
Rotating
chopper
disc

Figure 2.19 Carbon monoxide measurement technique

technique has become the most suitable for CO, CO, and HC. Each individual
JDWEVRUGW DG DWWV FUPRMRHIHQWVWHDV XBHG
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
DERXW&ZKLFEK\XVLRQUXLWDEAOHBWRG XD RLQIUDUHG
light. This beam is passed via a chopper disc, through a measuring cell to a
UHFHEXBB EHUWHD GG PEHRQWDLMWL WK H ¢ QFHRQWHQW
RE2 LWKENVHKLMWVWEVRVRPRWKSR2VSHFUPKLDWIGR Q

L WWH P S H ULDQNFXJUWHHD W ERD X VNG D Q VOLQR® K H U D UWAR Z
IURPKDPEMVMRKDPEHAKIARZVGHWHEWARX HQ VAL FK
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
FKRS SH WD \D RXW HBK MWEAR ZU RPKDP EHNMRKDPEHWR X0 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 KLWD U MHMH D WHLIQHFRE @V KSR VS HFILR P QKHQMWHAHDV XUHG
AREHWZHAKRPEHDYGZLPKDQIKKARPHWHIBORGRFH
change in its AC signal, which is converted, and then output to a suitable

display. A similar technique is used for the measurement of CO, and HC. At

present it is not possible to measure nitrogen oxides (NOXx) 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.
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engine speed and temperature. Adding a smoke opacity measuring device T
means exhaust gas analyses can be carried out on diesel vehicles. Linking with 4 "H LWLR
. . . o = ¢ Q Q
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 Bluetooth: A proprietary open

. wireless protocol for exchanging
connected via a cable or Bluetooth. data over short distances from

([HOQBREL®HYLFHV

2.4.4 Emission limits creating personal area networks
(PANS).

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
6HSWHPEHYWVWHW®WRDWDPRW Y HD WH U

At a minimum oil temperature 60°C:
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
QHX HKLFQHKW R $HHP L VW.R Q Q ADUGHY, QUHIBY HU RH ¥
directives staging the progressive introduction of increasingly stringent standards.

In the USA, what are known as Tier Il standards are divided into several
QXPEHUHICQO K YHIQZW UH L WAL HD,OYAIGEK QEHLQYXRHOHDQHVW
(Zero Emission Vehicle) and 11 the dirtiest. However, bins 9, 10 and 11 are
WHPSRPOQOVKH WWEQ @QW UV HR O LJKWY 8 XK WEGIHD\R Z

pounds GVWR, but medium-duty passenger vehicles up to 10 000 pounds (4536
NJ*9:5 DQWROCELQM QX IDFWDWRHUWWH KL ZG&H R RVQ I/R\

R W KCHY D L CEDERVENWWADOMBAH HDWY H U BVITHU J R W K H QUAVALHURHW 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 VWAMLKDFOHRE R BIW L ¢ | JIRW KRIQY L U R Q $ Bl R W/ HIEIMLCRHBS
before a vehicle is introduced.

2.5.1 Intr oduction

Measuring the fuel pressure on fuel injection engine is of great value when
I D XOWNG LOQDQW\S RS UHV WXHNAWMNY D L OCDE®KIR Y WHRP H
as part of a kit consisting of various adapters and connections (Figure 2.22).
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Transducer: A device that
converts a physical quantity
(e.g. force, torque, pressure,
rotation) to an electrical signal.

Figure 2.22 Fuel pressure gauge kit (Source: Sealey)

The principle of mechanical gauges is that they contain a very small tube
ZRXQ®VSLYDOXIRAIDXQGHWH VVY¥BH FIHBW RAS L WXERNV
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 ps 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.
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Figure 2.26 Breakout box test equipment

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.

2.6.1 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.

SWWOVRSRUWBRHF WHDHRWWEH ¢ QLWLRQYV

» 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
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e

Figure 2.27 Six-stage diagnostic process

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. 8RQ ¢ WKQREDWIHAURPLRIBMO RR NARZAGKHQBW KL SH

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

¢ QBIDXIOWQV\VWHEWD WRHKRZARUNER Q QHRZWWKQ
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.
SHPHPEWKOW. QO RJLSADROFANVRRQEQVABK QKB XOW
it will also save time and effort.

2.7.1 Intr oduction

It is sometimes necessary to reprogram ECUSs 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-I1I/CANbus port.
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Figure 2.30 PassThru+ XS 2G device is a VCI (Vehicle Communication Interface)

HQDEGR®® X QLFDIWWKR R 8 VD F F R U & RQH -+ VSHFL,FDWLRQV

(Source: Actia, www.ime-actia.de)

standardized J2534 VClIs (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 VCls such as the
Autologic Dongle, the XS 2G device and Snap-on Passthru Il 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 2.31 J2534 setup

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

J of i'Hc',QLWLRQ

VCI: Vehicle communication
interface.
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The J2534 hardware works like
a gateway between the vehicle
ECU and the PC.

SAE J1962 connector, also
called the OBDII connector or
the DLC.

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:

+ 1S09141

+ 1S014230 (KWP2000)
+ J1850

+ CAN (IS011898)

+ 1S015765

* 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
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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,  http://www.techauthority.com/
Plymouth

Ferrari http://www.ferraritechinfo.com

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

GM — Buick, Cadillac, Chevrolet, http://www.gmtechinfo.com/
GMC, GEO, Hummer,
Oldsmaobile, Pontiac, Saturn

Hyundai http://www.hmaservice.com

, Qe QLWL KWWS ZZZ LQ¢QLWL WHFKLQIR FRP

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)
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CHAPTER

Electrical systems
and circuits

O
3.1.1 Whatis asystem?

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 m

systems are three varied examples. A large system is often made up of many '"He QLWLRQ

smaller gystems, which in turn (?an each be made up Qf smgller systems and 6\WWHP )URP WKH /DWLQ
so on. Figure 3.1 shows how this can be represented in a visual form. One syste-ma, in turn from Greek
IXUWKHU GH¢{¢QLWLRQ p$ JURXS RI GHYLFHV VHUY ~ syste-ma, is a set of RVHT
Using the systems approach helps to split extremely complex technical entities interacting or interdependent

system components forming an

into more manageable parts. It is important to note however, that the links ;
integrated whole.

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

DQG IXUWKHU KRZ WR JR DERXW UHSDLULQJ LW ZKHQ LW GRHVQTW

Engine Electrical

\ /

/ //ABS
Complete vehicle Braking system

) LJ 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.

JLIXUH 9HKLFOH VI\VWHPV UHSUHVHQWD@\RLY/ V(IGRIQ Q KH ®40RZH
(OHFWULFDO *UHHQ

Once a complex set of interacting parts such as a motor vehicle has been
HVA\VWHPL]HGY WKH IXQFWLRQ RU SHUIRUPDQFH RI HDF¥
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

WR WKLV IRUP RI DQDO\WVLY &RQVLGHULQJ WKH HOHFWL
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.

Input »| Control >  Output

) LJ 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.
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3.1.4 Closed loop systems

$ FORVHG ORRS V\VWHP LV LGHQWL{HG E\ D IHHGEDFN ORRS ,W FDQ EH GH)
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

DXWRPDWLF WHPSHUDWXUH FRQWURO V\VWHP )LJXUH 7KH LQWHULRU W
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 \ H\ IDEW
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. A closed loop system always

7KH IHHGEDFN RQ DQ $%6 VIVWHP LV D VLJQDO w hasafeedbackloopthatmay — pp N
. : o . be negative or positive.
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

A

Feedback loop v

<
<

) LJ X U H Closed loop 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.

Temperature sensor

Control ECU

Heater /

) LJ X U H Closed loop heating system

3.2.1 Cables

Cables used for motor vehicle applications are almost always copper strands
insulated with PVC. Copper, beside its very low resistivity of about 1.7 x 108 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
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7 D E O Htypical maximum volt drops

&LUEFEXLW 9 IRDG & D E OBI[ ICPXRPSG YR S
LQFOXGLQJ FRQ
/[LIKWLQJ FEIBRMXLW 0.1 0.6
/ILIKWLQJ FEIBRMXLW 0.3 0.6
Charging circuit  Nominal 0.5 0.5
Starter circuit Maximum at 0.5 0.5
20°C
Starter solenoid  Pull-in 15 1.9
Other circuits Nominal 0.5 15

it not only has very high resistance, in the order of 10 m, but is also very
resistant to petrol, oil, water and other contaminants.

7KH FKRLFH RI FDEOH M HEKRLFH RI FDEOH VL]H GHSHQGV RQ WKH7RKXHUUHQW

depends on the current drawn
by the consumer.

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
GURS DQG PD[LPXP FDEOH VL]H 7DEOH OLVWYV VRPH \V

in a circuit.

In general the supply to a component must not be less than 90% of the system
VXSSO\ 9HKLFOHV XVLQJ D 9 VXSSO\ PHDQ WKH ¢JXUH
VKRXOG EH GRXEOHG 9ROW GURS LQ D FDEOH FDQ EH F

Calculate the current | =W/Vs
Volt drop vd =1..l/A

where: | = 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, | = 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=1l/\vd

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

&DEOH LV DYDLODEOH LQ VWRFN VLIHVY DQG WKH IROOR:
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
RI PXOWLSOH VWUDQGY WR SURYLGH JUHDWHU AH[LELO|

3.2.2 Colour codes and terminal designa tions

$V VHHPV WR EH WKH FDVH IRU DQ\ VWDQGDUGL]DWLRQ

terminal designation systems are in operation! For reference purposes | will

MXVW PDNH PHQWLRQ RI WKUHH )LUVWO\ WKH %ULWLVI
7KLV VAIVWHP XVHV FRORXUV WR GHWHUPLQH WKH

DQG WUDFHU FRORXUV WR IXUWKHU UH¢{QH LWV XVH 7K

further examples are given in the following table.

$ W(XURSHDQY VA\VWHP XVHG E\ D QXPEHU RI PDQXIDFWX

WKH IROORZLQJ WDEOH 30HDVH QRWH WKDW WKHUH LV
VI\IVWHP DQG WKH %ULWLVK VWDQGDUG FRORXU FRGHV
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7TDEOH7HUPLQDO GHVLIJQODWLRQ QXPEHUV '/1

1 Ignition coil negative
4 Ignition coil high tension
15 6ZLWFKHG SRVLWLYH LJQLWLRQ VZLWFK RXWSXW
30 Input from battery positive
31 Earth connection
49 ,QSXW WR ADVKHU XQLW
49a 2XWSXW IURP ADVKHU XQLW
50 6WDUWHU FRQWURO VROHQRLG WHUPLQDO
53 Wiper motor input
54 Stop lamps
55 Fog lamps
56 Headlamps
56a Main beam
56b Dip beam
/ /HIW VLGH OLJKWYV
58R Right side lights
61 Charge warning light
85 Relay winding out
86 Relay winding input
87 5HOD\ FRQWDFW LQSXW FKDQJH RYHU UHOD\
87a 5HOD\ FRQWDFW RXWSXW EUHDN
87b 5HOD\ FRQWDFW RXWSXW PDNH
/ /HIW VLGH LQGLFDWRUYV
R Right side indicators
(@ ,QGLFDWRU ZDUQLQJ OLJKW YHKLFOH

&RQQHFWLRQ
3 = switch connection
A = branch
6L]H
1.5=1.5mm?
&RORXU
%. %ODFN GHWHUPLQHG E\ IXQFWLRQ
RD = Red stripe
$V D ¢QDO SRLQW WR WKLV VHFWLRQ LW PXVW EH QRWHG WKDW WKH FRORX
terminal designations given, are for illustration only. Further reference should
DOzD\V EH PDGH IRU VSHFL¢,F GNWWIUAYPORVERQXIDFWXUHU

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
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_H\ ID )
_‘ ) LJ X UHPVC tube and tape harness

Keeping cable runs as short
as possible will reduce volt
drop problems and reduce the
weight of the harness.

JURP WKH DERYH OLVW ZKLFK LV E\ QR PHDQV GH¢{QLWLY
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

LWV DQFLOODULHY FDQ EH ¢ WWHG DV D FRPSOHWH XQLW
after-sales repair market, engine replacement and repairs are easier to carry out.

%HFDXVH ZLULQJ ORRPV DUH QRZ VR ODUJH LW LV RIWE
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;
WKDW LV DQ pu(Yf VKDSH RU DQ p+9 VKDSH )LJXUH 7

YLIXUH p+7 DQBLWIIQJ O Dleoutal/is becoming the norm to have one or two main junction points as part

)LIXUH Typical wiring harness
layout

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

¢JXUH DOVR VHUYHV WR VKRZ WKH OHYHO RI FRPSOH[LW
SRLQWY LQYROYHG ,W LV WKH DLP RI PXOWLSOH[HG V\\
WKHVH SUREOHPYVY DQG SURYLGH H[WUD pFRPPXQLFDWLF

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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)LIXUH Instrument pack printed circuit

The printed circuits are constructed using a thin copper layer that is bonded

to a plastic sheet — on both sides in some cases. The required circuit is then
printed on to the copper using a material similar to wax. The unwanted copper
can 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 JLIXUH Different types of fuse

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

ZLWK D IXVH 7KH VLPSOH GH¢QLWLRQ RI D IXVH QDW LW LV D GHOLEHU
[

in the circuit. If an overload of current occurs then the fuse will melt and
.H\ IDFW

disconnect the circuit before any serious damage is caused. Automobile

fuses are available in three types, glass cartridge, ceramic and blade type. It is common practice to protect
The blade type is the most popular choice owing to its simple construction a'?WOSt all electrical circuits with
a fuse.

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 X
value is the current that the fuse will carry without risk of failure, whereas the .l '"HeQLWLRQ
peak value is the current that the fuse will carry for a short time without failing. )XVH UDWLQJV 7KH FRQW

The peak value of a fuse is usually double the continuous value. Using a value is the current that the
OLJKWLQJ FLUFXLW DV DQ H[DPSOH ZKHQ WKH Ol fuse will carry without risk W FKHC
VXUJH RI FXUUHQW ZLOO ARZ GXH WR WKH ORZz F offailure, peak value is the | WKH

'KHQ WKH (ODPHQW UHVLVWDQFH LQFUHDVHYV zL\ curentthatthefuse wil carry oy px
) . . for a short time without failing.

reduce, thus illustrating the need for a fuse to be able to carry a higher current

for a short time.
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value were used that is much too high, it would probably still protect against a
VHYHUH VKRUW FLUFXLW +RZHYHU LI WKH ZLSHU EODGHYV IUR]JH WR WKH VF
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 ‘, .H\ IDFW
as a fuse but with the advantage that it can be reset. The disadvantage is A circuit breaker has the same

the much higher cost. Circuit breakers use a bimetallic strip which, when rating and function as a fuse

subjected to excessive current, will bend and open a set of contacts. A latch Eg;"gghrégitadvamage that it

mechanism prevents the contacts from closing again until a reset button is
pressed. \_ 4

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

DUH XVHG LQ PDQ\ FDVHV WKH SLQV YDU\LQJ LQ VL]H IURP PP WR PP LV
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. JLIXUH u5RXQGYT FULPS WHUP

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.

)LIXUH Terminals and wires
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SUHVVXUH IURP WKH WXELQJ (0OOLQJ DQ\ YRLGY DQG SURYLGLQJ DQ H[FHO
WKH FDEOH 7KH VHDO SUHYHQWVY WKH LQJUHVV Rl ZDWHU DQG RWKHU AXLG
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

FULWHULD 7KH JURXSLQJ RI VZLWFKHYVY WR PLQLPL]H GULYHU IDWLJXH DQG Gl

DFFHVV WR D VZLWFK LQ DQ HPHUJHQF\ DQG KD]DUGV IURP VZLWFK SURMHFW|

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,

ADVK KRUQ ZDVKHUV DQG ZLSHUV 2WKHU FRQWURO VZLWFKHV DUH PRXQWH

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

LQ WKH UHJLRQ RI WLPHV GXULQJ NP PLOHV RI YHKLFOH XVH
DERXW \HDUV 7KLV SODFHV JUHDW PHFKDQLFDQ HOHFWULFDO VWUHV

$ VLPSOH GH¢QLWLRQ RI D VZLWFK LV uD GHYLFH) /i PDNLQ
FRQGXFWLQJ SDWK IRU WKH FXUUHQW LQ D FLUF () HC’QLWLRQZDWW
considered in two parts; the contacts, which perform the electrical connection, 6ZLWFK $ GHYLFH IRU EU}L
and the mechanical arrangement, which moves the contacts. There are many and making the conducting

forms of operating mechanisms, all of which make and break the contacts. path for the current in & circuit.

Figure 3.18 shows just one common method of sliding contacts.
7KH FKDUDFWHULVWLFVY WKH FRQWDFWY UHTXLUH DUH VLPSOH

Resistance to mechanical and electrical wear.
/IRZ FRQWDFW UHVLVWDQFH
1R EXLOG XS RI VXUIDFH ¢O0OPV
/IRZ FRVW

ODWHULDOV RIWHQ XVHG IRU VZLWFK FRQWDFWY LQFOXGH FRSSHU SKRVSKRI
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. O

The electrical life of a switch is dependent on its frequency of operation, the QQ
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.

7KH UDQJH RI VLIH DQG W\SHV RI VZLWFKHV XVHG RQ WKH PRWRU YHKLFOH
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 YLIXUH Switch with sliding
VSHFL;FDWLRQV EHORZ contacts




Electrical systems and circuits

)LJIXUH Circuit symbols for a selection of switches

N . JLIXUH Temperature, pressure and inertia
and switching actions

switches

a set of contacts to close. The pressure switch shown could be used to monitor

over-pressure in an air conditioning system and simply operates by pressure on a

diaphragm which, at a pre-determined pressure, will overcome spring tension and

FORVH RU RSHQ D VHW RI FRQWDFWY )LQDOO\ WKH LQHUWLD VZLWFK LV RIW
off the supply to a fuel injection pump in the event of an impact to the vehicle.

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

QRZ UHDFKHG D SRLQW ZKHUH WKH VL]H DQG ZHLJKW RI WKH ZLULQJ KDUQH
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

LQ RU IURP WKH GULYHUYVY GRRU FDQ UHTXLUH XS WR ZLUHV WKH V\VWHF
dashboard area alone can use over 100 wires and connections. This is clearly

EHFRPLQJ D SUREOHP DV DSDUW IURP WKH REYLRXV LVVXHV RI VL]H DQG Zt
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.
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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

FRGH SODFHG RQ WKH GDWD EXV ZLOO EH GLIIHUHQW DQG ZLOO EH UHFRJQL]H
appropriate receivers as an off code.

3.3.2 Multiplexda ta bus

In order to transmit different data on one line, a number of criteria must be
FDUHIXOO\ GH{QHG DQG DJUHHG 7KLV LV NQRZQ DV WKH FRPPXQLFDWLRQV
6RPH RI WKH YDULDEOHY WKDW PXVW EH GH{QHG DUH DV IROORZV

Method of addressing.

Transmission sequence.

Control signals.

Error detection.

Error treatment.

Speed or rate of transmission.

7KH SK\\WOUF\H@® PXVW DOVR EH GH¢{QHG DQG DJUHHG 7KLV LQFOXGHV WKH IRC

7UDQVPLVVLRQ PHGLXP HJ FRSSHU ZLUH ¢(EUH RSWLFV HWF
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 AWy

ZLWK RQH DQRWKHU 7KH &%$1 &RQWUROOHU $UH .‘ 'H;QLWLRQSHG EN
LV WRGD\TV FRPPXQLFDWLRQ VWDQGDUG LQ SDV\ &$1 &RQWUROOHU $'UJH|§Nf
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 W

bus consists of a communication or signal wire and a ground return, serving .l '"H¢ QLWLRQ

all multiplex system nodes. The term node is given to any sub-assembly of a Multiplexing is a process of

PXOWLSOH[ VI\VWHP VXFK DV D FRQWURO XQLW \ combining several messages " RQ W

for transmission over the same

On some vehicles, early multiplex systems used three control units. These ;
signal path.

ZHUH WKH GRRU FRQWURO XQLW WKH GULYHUTV / DQG
VLGH FRQWURO XQLW )LJXUH 7TKHVH WKUHH & B ~wKH IRC

Integrated unit.

Interlock control unit.

Door lock control unit.
[llumination 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
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An additional advantage of multiplexing is that existing systems can be upgraded
RU DGGHG WR ZLWKRXW PRGL{FDWLRQ WR WKH RULJLQDO V\VWHP

3.3.4 Controller Ar ea Network (CAN)

&$1 LV D VHULDO EXV VI\IVWHP HVSHFLDOO\ BXYWHKVIRU QHWZRUNLQJ pLQWH
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

DQG FRQ{QHPHQW FDSDELOLWLHYV &$1 ZDV RULJLQDOO\ GHYHORSHG E\ %R\
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 gre able to transmit data and several CAN nodes caq request ‘ "H\ IDEW

use of the bus simultaneously. In CAN networks there is no addressing of : :

VXEVFULEHUV RU VWDWLRQV OLNH RQ D FRPSxw CANisaserialbus system )VWHD
with multi-master capabilities.

messages are transmitted. A transmitter sends a message to all CAN nodes
EURDGFDVWLQJ (DFK QRGH GHFLGHV RQ WKH E_g,HU U
( 5VCTV]

9TKVG OGUUCIG
VQ VJG DWU

G U
P 5JQTV FGNC]

5JQTV FGN]

4GO0QXG
OGUUCIG HTQO
DWU

"PF

JLIXUH OXFK VLPSOL¢{HG &%$1 PHVVDJH SURWRFRO ARZFKDUW
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)LIXUH CAN nodes can be disconnected by the control program

3.3.5 CAN data signal

The CAN message signal consists of a sequence of binary digits or bits. A & .H\ IDFW

high voltage present indicates the value 1, a low or no voltage indicates 0. The The CAN message signal
actual message can vary between 44 and 108 bits in length. This is made up of g?nnaerStgi oiftsosregiltjsence of
D vwDuw ELW QDPH FRQWURO ELWV WKH GDWD Y i

1GXQC
IRU HUURU GHWHFWLRQ D FRQ/,UPDWLRQ VLJQDO_HU RI

$ ELQDU\ IRUPDW PHVVDJH FDQ EH VRPHWKLQJ OLNH
01110101111010101010100011111010111100110011000001111110101010000
1111111111000000001

7KH PHVVDJH LGHQWL¢{HU RU QDPH SRUWLRQ RI WKH VLIQDO SDUW RI WKH DI
LGHQWL{HYVY WKH PHVVDJH GHVWLQDWLRQ DQG DOVR LWV SULRULW\ $V WKH W
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.

JLJXUH OHVVDJH IRUPDW WKH WKUHH VSDFHV DUH QRW SDUW RI WKH PHVVDJH
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$ ORFDO LQWHUFRQQHFW QHWZRUN /,1 LV D VHL‘I\ .H\ IDFW S HFLD ¢

QHWZRUNLQJ uLQWHOOLJHQWYT GHYLFHV VHQVRU ;1 |y p FRQFHSW IRUWERE
It is a concept for low cost automotive networks, which complements existing cost automotive networks,

DXWRPRWLYH PXOWLSOH[ QHWZRUNV VXFK DV &$: which complements existing

automotive multiplex networks
/1 HQDEOHV WKH LPSOHPHQWDWLRQ RI KK HWI g,chas CAN. WZRU

further quality enhancement and cost reduction of vehicles.
Q !| H!! H!!!!!!UVLRQ S

7KH /,1 VWDQGDUG LQFOXGHV WKH VSHFL,{FDWLR
LQWHUIDFHV IRU VRIWZDUH SURJUDPPLQJ /,1 JXD| s i'—"-'" wed L OWHURSH
e

3.3.6 Local Interconnect Netw ork (LIN)

the transmission medium, the interface between development tools, and the
network nodes from the viewpoint of hardware and software, and predictable '"He QLWLRQ
HOHFWUR PDJQHWLF FRPSDWLELOLW\ (0& EHKDY (gg (OHFWUR PDJQHWLF

/,1 LV D WLPH WULJJHUHG VLQJOH PDVWHU PxoOw compatibility. EMC requirements ;N FR

; : . : stipulate that a device shall
based on common interface hardware, which makes it a low cost solution not cause interference within

OXOWLFDVW UHFHSWLRQ ZLWK VHOI VIQFKURQL] gtﬁgfggei'ggi”terferenceffom
Selectable length of message frames. '

JLIXUH 6WUXFWXUH XVLQJ &%$1 DQG /,1

)LIXUH Standards allow communication between different systems
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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
DQG ,W ZDV GHYHORSHG XVLQJ WKH H[SHULHQFH RI ZHOO NQRZQ 2(0V

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
YDOXHV XS WR 0%LW V )LIJXUH FlexRay logo

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 & H\ IDEW
transmission. FlexRay meets these requirements by message transmission in

¢[HG WLPH VORWV DQG E\ IDXOW WROHUDQW DQ FlexRay can cope with the JH WL
requirements of X-by-wire
two channels. systems.

The physical layer means the hardware, that is, the actual components and W
ZLUHV )OH[5D\ ZRUNV RQ WKH SULQFLSOH RI WLP LSOH D
7KLV PHDQV WKDW FRPSRQHQWY RU PHVVDJHV KD&H ¢[HG WLPH VORWYV LQ Z
have exclusive access to the data bus. These time slots are repeated in a

cycle and are just a few milliseconds long. "

7KH ¢[HG DOORFDWLRQ RI WKH EXV EDQGZLGWK V FlexRay communicates via two RU PI

PHDQV RI ¢([HG WLPH VORWY KDV WKH GLVDGYDQ\ physically separated lineswith GzL GV

used. For example, if a component is simply not in use at its slot-time. To get 2:08#3 rate of up to 10 Mbit/son

over this, FlexRay subdivides the cycle into static and dynamic segments.
7KH ¢[HG WLPH VORWY DUH VLWXDWHG LQ WKH V_WKH E

FlexRay Backbone

)LIXUH FlexRay backbone

JLIXUH )OH[5D\ WRSRORJ\ ZLWK WZR FKDQQHOV 6RXUFH (EHUVSDFKHU
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neand |

$ 9 $XGLR YLVXDO

)LIXUH Acloserview of a FlexRay signal

It is possible to verify that data is being continuously exchanged on the
FlexRay network, that the peak-to-peak voltage levels are correct, and that a
signal is present on both FlexRay lines. FlexRay uses a differential signal, so
the signal on one line should be a mirror image of the data on the other line.

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

XS WR SURYLGH DQ HI¢FLHQW DQG FRVW HIIHFWLYH IDEU
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.

7KH 0267 &RRSHUDWLRQ LV WKH RUJDQL]DWLRQ WKURXJ
LV VWDQGDUGL]HG DQG UH{QHG VR WKDW LW FRQWLQXF
technology requirements.

3.4.2 MOST networ Kk

MOST is a synchronous network. A timing master supplies the clock with a
VIQFKURQRXYVY DQG FRQWLQXRXYVY GDWD VLIJQDO DQG DOC
their operation to this base signal. This technology eliminates the need for
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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 ‘_

WKH FRQQHFWLRQ LV HVWDEOLVKHG GDWD FDQ / onaMOST network, multiple =~ QG QF

addressing or processing of packet label information is required. The streaming data channels and a

bandwidth of the streaming data channels is always available and reserved for control channel are transported
within the synchronous base

data signal.

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
VWUHDPLQJ GDWD LQIRUPDWLRQ WKDW ARZV FRQ XGLR

&RPSXWHU EDVHG GDWD VXFK DV  QWHUQHW WUDI¢{F RU LQIRUPDWLRQ IURF
VI\VWHP LV WA\SLFDOO\ VHQW LQ VKRUW DV\QFKURQRXV EXUVWV DV SDFNH)
going to many different places. To accommodate such signals, MOST has

GH¢{QHG HI(FLHQW PHFKDQLVPV IRU VHQGLQJ DV\QFKURQRXYV SDFNHW EDVF
DGGLWLRQ WR WKH FRQWURO FKDQQHO DQG WKH VWUHDPLQJ GDWD FKDQQF
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,

LQ WKDW LWYV LOQWHQGHG WR EH FDUULHG ODUJ ey DQ RSWLFDO ¢EUH E
roviding a bus-based networking system at bit-rates far higher than available

on previous vehicle-bus technologies.

. . 62 26, SHIHUHQEH 0
7KH 0267 VSHFL¢FDWLRQ GH¢QHV DOO VHYHQ 0D\ o2 28 SHTH - B P El R

Model for data communication. The MOST network often employs a ring 26, PRGHO LV D ZD\ RI V>
WRSRORJ\ EXW VWDU FRQ¢(JXUDWLRQV DQG GRXE dividing a communications FDO D
possible and may include up to 64 devices or nodes. A plug and play feature system into smaller parts called

layers. Similar communication

enables easy adding and removing of devices. A Timing Master is one of the . .
. . . . functions are grouped into
nodes which continuously feeds data frame into the ring or acts as the gate for logical layers. A layer provided
GDWD 7KH SUHDPEOH RU SDFNHW KHDGHU UHSF services to its upper layer while HV WK
nodes called Timing Slaves. receiving services from the

layer below.

3.4.3 Protocol

MOST can use both optical and electrical components on the physical layer. A e,
VS_HFLDO FRGH NQRZ Dy EL SKDIVH.PD.UN LV XVHG .4 'H&QLWLRQ‘”—WKH'
medium, such as used in S/PDIF. All bits are transmitted in a single clock cycle. A

6 3'.,) 6RQ\ 3KLOLSV |
JHUR ELW KDV D VLQJOH WUDQVLWLRQ DW WKH HQG | jirtace. Aformat for sending 3 k¥

with two transitions both in the middle of the clock cycle and at the end of the clock digital audio information.
cycle. The preamble is encoded using a clock cycle after the third clock cycle. S/PDIF connections use optical

bl h tors.
$ PRVW GDWD EORFN KDV  IUDPHV DQG HDFK FR| 2P°s 0r Phone connectors

A 4 bit preamble.
A 4 bit boundary descriptor.

15 quad-byte payload that are split into a synchronous and asynchronous
SDUW WKH VSOLW SRLQW LV VSHFL¢{¢HG E\ WKH ERXQGDU\ GHVFULSWRU

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.
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)LIXUH POF cable and connector

Some attenuation can occur in the transmission of light waves, particularly over ~ The signal received by each

long distances and if multiple connectors are used. However, a key feature of control unit is re-transmitted by
. . . . L . the MOST system.

this system is that the signal received by each control unit is re-transmitted so

returns to full power. —

)LIXUH There is light at the end of the ... cable!

3.4.4 MOST applica tions

The simplest MOST applications consist of analogue audio gateways. A simple The simplest MOST
GLJLWDO WR DQDORJXH FRQYHUWHU '$& FDQ EH@W%@W%.%
WR GULYH D VSHDNHU $ KXPDQ PDFKLQH ,QWHUI a
WUDQVFHLYHU WR UHFHLYH GDWD IURP D VSHFLyg

qu D 0267 WL
' H 026
WUDC
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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.

$ PLFURSKRQH FDQ EH FRQQHFWHG WR DQ DQDORJXH Wi
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.

i i ‘”'4' i Video sources can be easily connected to a MOST network by using a video
HeQL e $'& DQG 03(* HQFRGHU WKDW GLJLWL]JHV WKH YLGHR VR
03(* $ VHW RI VWD QG bdtwe). The video signals previously captured can be decoded by a video

adopted by the moving display interface. This interface could even take care of any copy protection

55%];?55??;%62? d%é?tg?\j%retge mechanisms that were used if the data came from a DVD.

and audio data.
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
WKH WZR )LJXUH

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

YLGHR VLIJIQDOV ZKHUH GLVWXUEDQFHY DUH QRW DFFHS

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

information.

&DQ XVH ¢EUH RSWLF FDEOH RU WZLVWHG SDLU ZLUH"
Supports 25, 50 and 150 Mbps speeds.

Provides the connectivity backbone to network a range of multimedia

interfaces.

3OHDVH YLVLW ZZZ PRVWFRRSHUDWLRQ FRP IRU PRUH L

JLIXUH 8VLQJ D JDWHZD\ RQ D 0267 QHW ZRIN RARDWIERIQ 0267



Electrical systems and circuits

NG R e [+ ouwiro

3.5.1 Intr oduction (WKHUQHW $ VHW RI QHW:
cabling and network access

Automotive systems have tended to use custom standards such as MOST, but protocol standards for bus
topology computer networks

one of the leading automotive networking chip suppliers, SMSC, has produced invented by Xerox but
a high-performance single-chip 10/100 Ethernet controller. now controlled by the a

7KH GHYLFH LV GHVLJQHG VSHFL;FDOO\ WR PHHW Stubcommittee of the IEEE. ILis )
. . . . . also generally used to describe

required by automotive applications. Using a high-performance Ethernet a computer network which

LQWHUIDFH LQ WRGD\fV FRPSOH[ YHKLFOH HOHFV complies with these standards. KHOS

issues faster and lower software maintenance time.

3.5.2 Overview m
7KH QHHG IRU KLJKHU VSHHG LQWHUIDFHV LV GU. "HEQLWLRQ vigu

HPEHGGHG SURJUDP DQG GDWD PHPRULHV )RU H *0 *LJD E\WHV 0: VF
KDV PRUH WKDQ *% RI PHPRU\ ZKLOH WKH SUHY!I *g *_.JD ELWV W VKF
0% 5HSDLU VKRSV GLDJQRVH DQG ¢([ SUREOHP o \wH ELWV 1 WKH

and data embedded in the various control devices inside the car via the data
OLQN FRQQHFWRU '/&

7KLY VWDQGDUGL]HG FRQQHFWRU RQO\ SURYLGHV D VORZ FRPPXQLFDWLRQ
so updating the software of a modern car via this interface can take hours.

$vV D UHVXOW PDQ\ FDU FRPSDQLHY DUH ZRUNLQJ RQ DQ XSJUDGH RI WKH 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

QHZ ,62 6%( VWDQGDUG WKDW PDQGDWHY (WKHUQHW DV SDUW RI WKH 2%" LC
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

ZLWK SRZHU PDQDJHPHQW :DNH RQ /$1 VXSSRUW DOORZV QHWZRUN WR ZDN
electronics devices from sleep state, multiple low-power modes and built-in

ARZ FRQWURO VXSSRUW

For more information, visit www.smsc.com.

3.6.1 Symbols

7KH VHOHFWLRQ RI VIPEROV JLYHQ LQ )LJXUH LQ &KDSWHU LV LOQWHQ
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

LQ D YHU\ VLPSOH EXW HDVLO\ UHFRJQL]DEOH IRUP 7KH V\PERO IRU D PRWHF
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
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circuits on the next, and so on. In many cases, even one system is split into
WZR SDUWV VHH WKH FLUFXLWV LQ WKH FHQWUDO HOHI

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. Citroén, 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.

&XUUHAREZGLDJIJUDPV

.H\ ID £ &XUUHQW ARZ GLDJUDPV DUH QRZ YHU\ SRSXODU 7KH L

&XUUHQW ARZ GLDJUDR¥WIWHK DV WR VKRZ FXUUHQW ARZ IURP WKH WRS WR
two supply lines at the top of often have two supply lines at the top of the page marked 30 (main battery
the page marked 30 (main SRYLWLYH VXSSO\ DQG LJQLWLRQ FRQWUROOHG VXS

EDWWHU\ SRVLWLYH V G
LIQLWLRQ FRQWUROOE<H\§ _é%%I\PnggIHG HDUWK RU FKDVVLV FRQQHFWLRQ
earth/ground marked 31 at the this technique.

bottom.

3.7.1 Intr oduction

""4' (OHFWURPDJQHWLF FRPSDWLELOLW\ (0& GHVFULEHV W
'HeQLv

system to function without error in its intended electromagnetic environment.

(0& (OHFWURPDJQHWLU®HFWURPDJQHWLF LQWHUIHUHQFH (0, UHIHUV WR HOH
compatibility. device or system that interferes with the normal operation of another device or
system.

3.7.2 EMC problems
'Hg,QL\/i .4 L 7KH IROORZLQJ OLVW JLYHV VRPH H[DPSOHV ZKHUH (0&

(0, (OHFWURPDJQHW LF A computer interferes with FM radio reception.
interference. - $ FDU UDGLR EX]]JHV ZKHQ \RX GULYH XQGHU D SRZHU ¢
- $ FDU PLV¢{UHV ZKHQ \RX GULYH XQGHU D SRZHU OLQH
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3.8.1 Overview

,QWURGXFWLRQ

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 &HQWUDOL]DWLRQ V\VWHPF
FDQ EH PDGH HDVLHU $OVR FHQWUDOL]DWLRQ DO¢ facilities to be linked and EH OLC
)RU H[DPSOH QHWZRUNLQJ DQG FHQWUDOL]DWLRQ mProved DNHV
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

DQG

7KH EDVLF FHQWUDO FRQWURO V\VWHP FDQ EH VLPSOL¢{HG LQ D ZD\ WKDW L
by Figure 3.58.

The most common usage of central control is for body systems such as lighting, & -H\ IDFW

wipers, doors, seats and windows. In some cases these systems are controlled The most common usage
by slave units via a communication network, in other cases, one unit controls of central control is for body

everything. In almost all cases, this central unit is networked to other ECUs. ?c',itfsmieilggﬁg U\%mga}swmers,

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 RU /,1 QHWZRUNV 7KH RXWSXWV IURP WKH PRGXOH DUH VHQW YLD UHO!
state switches on standard wires.

Manufacturers have different names for these systems and the control units

EXW PRVW KDYH D VLPLODU IXQFWLRQ )RXU H[DPSOH QDPHV IROORZ
- %RG\ FRQWURO PRGXOH %&O0

¢« *HQHUDO HOHFWURQLF PRGXOH *(0

- &HQWUDO FRQWURO XQLW &&8

- &HQWUDO FRQWURO PRGXOH &&O0

'"HWDLOHG V\VWHP DQG FLUFXLW GLDJUDPV
JLIXUHV DQG VKRZ D IXO0 FLUFXLW GLDJUDP LQ WZR KDOYHV WKDW
adapted from materials supplied by Ford Motor Company. The circuit shows
D JHQHUDO HOHFWURQLF PRGXOH *(0 DQG KRZ LW LV XVHG WR FRQWURO W
LQ WKLY FDVH 1RWH WKDW WKH PXOWLIXQFWLRQ ZLSHU VZLWFK FRQWDLQ

Power supplies (V. V)
Inputs from switches Outputs to devices
Control Module
Communication networks Warning LED
B [——»
Earth/ground

JLIXUH &HQWUDO FRQWURO V\VWHP VLPSOL¢HG
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The GEM can contain

6 XPPDU\

The previous sections outlined and showed examples of how central control

VI\VWHPY DUH FRQ¢{JIJXUHG $W ¢UVW YLHZ WKH\ FDQ DSS
compared to separate switched and wires and relays for every electrical

FRPSRQHQW REHMXWHUPMW]IDWLRQ DFWXDOO\ VLPSOL¢HV
making it easy to add new features.

3.8.2 Ford generic electronic module (GEM)

2YHUYLHZ

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
GLVWULEXWLRQ VHFWLRQ QR IXVHV RU UHOD\V

Depending on equipment level, different GEMs are installed in the factory. One
RI WKH KLIJIKHVW HTXLSPHQW YHUVLRQV VXSSRUWYV WKH
Central locking.
Opening/closing function via radio remote control (radio receiver built into
WKH *(0
Fold-in/fold-out external mirrors.
Ambient lighting.
Automatic light and wiper control.
$QOWL WKHIW ZzDUQLQJ VI\VWHP SHULPHWHU PRQLWRUL
Double locking.
An emergency running mode is also available. If a serious fault occurs in the
*0 D GHIHFWLYH PLFURSURFHVVRU RU IDLOXUH RI WKH
WKH IROORZLQJ IXQFWLRQV DUH VWLOO PDLQWDLQHG
'LSSHG EHDP ZLOO WKHQ EH VZLWFKHG RQ HYHU\ WLPH
'LQGVFUHHQ ZLSHUV RQO\ VORZ VSHHG
2QH PDQ\ YHKLFOHV LI WKH *(0 KDV EHHQ FKDQJHG WK

itself automatically when the ignition is switched on, after about eight
seconds.

6HUYLFH PRGH

Various input and output signals can be checked using the service mode.
6HUYLFH PRGH LV DFWLYDWHG DV IROORZV
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
IXQFWLRQV IRU LQVWDQFH WR RSHUDWH WKH ZDUQLQJ

WKH GRRU ORFNLQJ 0 WKH WHVW VY FARIPG OHROHIGZ VY R BF
output.

7KH *(0 FDQ FRQWDLQ FRQ¢(¢JXUDWLRQ GDWD DERXW WKF
WKH 9,1 7KLV FDQ EH EDFNHG XS EHIRUH UHSODFHPHQYV

FRQ{IXUDWLRQ GDWD BRSSP WKW WKH LOQOWHJUDWHG GLDJQRVWLF VA\VWHP '

vehicle systems as well as
the VIN.

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
FRQ¢JXUDWLRQ GDWD DYDLODEOH
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$QWL WKHIW

The anti-theft protection of the vehicle is a feature of the GEM. The following
SHULPHWHU PRQLWRULQJ FRPSRQHQWY DUH XVHG

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

L QWURGXFWLRQ

,Q D FRPPXQLFDWLRQV QHWZRUN XVLQJ D GDWD EXV YDULRXVY PRGXOHV R
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

VLIH Rl WKH GDWD EORFN DQG LQIRUPDWLRQ IRU  PRQLWRULQJ WKH FRQWHC
individual data block. Please see the multiplexing section for more

information.

'DWD EXV VA\VWHPV RIIHU YDULRXVY DGYDQWDJHV

6LPSOL,HG GDWD WUDQVPLVVLRQ EHWZHHQ WKH PRGXOHYV GXH WR D VWD
protocol.

Fewer sensors and connectors.

Improved diagnostics.

/IRZHU FRVWYV

Diagnostic equipment is connected to the various bus systems and to the

SRZHU VXSSO\ YLD WKH VWDQGDUG SLQ 'DWD /LQN &RQQHFWRU '/& 6LJQ
PRGXOH SURJUDPPLQJ RU EDFNXS DUH DOVR WUDQVPLWWHG YLD WKH "/& ,C
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.

'‘DWD EXV VA\VWHPV
6WDQGDUG &4RUSRUDWH 3URWRFRO 6&3 EXV

This system consists of two twisted wires. It is used for communication

EHWZHHQ WKH SRZHUWUDLQ FRQWURO PRGXOH 3&0 DQG WKH GLDJQRVWLF
FROQQHFWHG YLD WKH '"/& 'HSHQGLQJ XSRQ HQJLQH YHUVLRQ DQG \HDU RI
PDQXIDFWXUH D WKLUG ZLUH $&3 EXV LV XKIHNG IRU SURJUDPPLQJ WKH 3&0
bus is only used in conjunction with the SCP bus.
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EHWZHHQ SLQ DQG 7KH +6 &%$1 EXV DQG WKH +6 &%$1 PXOWLPHGLD V\VWt}
KDYH D VSHHG RI N%LW V

7ZR VHSDUDWH 06 &%1 QHWZRUNV DUH XVHG
06 &%$1 JHQHULF HOHFWURQLFV % LQ )LJXUH

PDM

EATC module

)XHO ¢UHG ERRVWHU KHDWHU
/LIWIJDWH UHOHDVH PRGXOH
Instrument cluster

GEM

DDM

Trailer module

Reversing camera module

Keyless vehicle module.

BULYDWH 06 &%$1 ' LQ )LJXUH

Right-hand module, blind spot monitoring.
/HIW KDQG PRGXOH EOLQG VSRW PRQLWRULQJ

2Q VRPH FDUV D /,1 GDWD EXV VA\VWHP LV DOVR XVHG /,1 LV D VWDQGDUG H

for the cost-effective communication between intelligent sensors and actuators

LQ PRWRU YHKLFOHV /,1 LV XVHG HYHU\ZKHUH WKDW WKH EDQGZLGWK DQG

&$1 LV QRW DKIHHGMHW® QVPLVVLRQ VSHHG ZLWKLQ WKH /,1 GDWDEXV V\VWHP L
N%LW V $/,1 GDWDEXV V\VWHP FRQVLVWY RI D /,1 PDVWHU DQG RQH RU I

/,1 VODYHV 7KH /,1 LV D VLQJOH FRQGXFWRU GDWDEXV V\VWHP L H WKH GI

transmitted in the cable on one wire. No termination resistors are used in the

/,1 QHWZRUN

7KH IROORZLQJ V\VWHPY DUH RIWHQ FRQQHFWHG WR D /,1 EXV

Rear PDM

Rear DDM

JURQW S WLYGHJVZLWFK XQLW
Steering wheel module

[LIKW VZLWFK XQLW

Interior scanning sensors

Anti-theft alarm system horn with own battery
%DWWHU\ PRQLWRULQJ VHQVRU
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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JLIXUH 7KLV L3KRQH %0:
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.

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
WHFKQRORJLHVY DUH PHUJLQJ RU WR EH PRUH DFFXUDWH

,Q DQ DUWLFOH RQ WKH VXSSRUW ZHEVLWH IRU WKLV W
&DUYT $FWXDOO\ ZKDW LV PRVW LQWHUHVWLQJ LV WKDW
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 | have outlined some interesting developments
ranging from linking a smartphone with a car, to vision enhancement and Wi-Fi.

6PDURMDUNQGVUDIXFWHPV

TR&E are a number of examples of technologies that allow cars to drive
WKHPVHOYHV WR D JUHDWHU RU OHVVHU H[WHQW 7KH ¢
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.

*HQHUDO ORWRUV (1 9
General Motors have developed, as a concept car, an electric networked

3ODWRRQLQJ D URDG WHKRFQIRIFDOOHG 7(HHY (UMW HBUHVHQWY RQH YLVLRQ RI

wirelessly linked cars following
a lead vehicle.

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,

ZLWK WRS VSHHGV RI PLOHVY SHU KRXU $ VLJQL/,FDQW
YHKLFOH LV LWV LQDELOLW\ WR ZLWKVWDQG D FROOLVL
cities could perhaps create EN-V-only lanes, or alternatively, create enclosed

areas solely for use by this type of vehicle.

6HYHUDO (1 9V FDQ ¢W LQWR D VWDQGDUG SDUNLQJ VSLEL
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

LQ WKLY GLUHFWLRQ KDV DOUHDG\ EHHQ PDGH ,Q /RQG
now possible to hire a bicycle from roadside areas using a credit or debit card.

7KH ELNH FDQ EH UHWXUQHG WR DQ\ RWKHU pVWDWLRQ"
also dedicated lanes on the roads where they can be used.

5RDG WUDLQYV

An EU project called SARTRE has been launched to develop and test
technology for vehicles that can drive themselves in long road trains on
PRWRUZK\W WHFKQRORJ\ KDV WKH SRWHQWLDO WR LPS|
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JLIXUH 2QH FDU IROORZLQJ WKH OHDG YHKLFOH 6RXUFH 9RO

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
WR EH XWLOL]JHG PRUH HI{¢FLHQWO\

$V WKH SDUWLFLSDQWY PHHW HDFK YHKLFOHYV QDYLJ
the convoy, where the autonomous driving program then takes over. As the

URDG WUDLQ DSSURDFKHV LWV QDO GHVWLQDWLRQ V
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.

7KH SODWRRQLQJ WHFKQLTXH LV GHVLIQHG WR DFKLHYI

5RDG VDIHW\ DV LW PLQLPL]JHV WKH KXPDQ IDFWRU Wtk
80% of accidents.

Fuel consumption and CO, emissions improve by up to 20%.

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

7UDI¢F FRQJHVWLRQ ZLOO EH UHGXFHG EHFDXVH WKH
VSHHG ZLWK RQO\ DDISHHZ PHWUHV

o '4' The technology development is well underway and may go into production
'He QL e in a few years. What may take longer is getting public acceptance and the
*  Q WHOHFRPPXQ L F tegislaiqy yhere 25 EU governments must pass similar laws.

4G is the fourth generation
of cellular wireless standards

and successor to the 3G and 3.9.3 Wi-Fi cars
2G families of standards. The

VSHFL¢HG UHTXLUHP HQGW S ddkdhing a feature that may soon be standard in many cars.

standards are peak speed of L . . )
100 Mbit/s for high mobility Connectivity is achieved by plugging a 3G dongle or a SIM card into the

communication (such as from car. This then creates a wireless hotspot and any suitable device can be
WUDLQV DQG FDUV DURQOHIAMWKMG )URP WKLV SRLQW DOO WKARPBDWXUHV RI
for low mobility communication possible. For example Skype, connection to remote systems at home or

(such as pedestrians and

VWDWLRQDU\ XVHUV 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.
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J)LIXUH 5RDG WUDLQ PHWKRGRORJ\ 6RXUFH 9ROYR OHGLD

entertainment for laptops of console-using passengers. '"HeQLWLRQ

There is now an IEEE standard for in-car and associated Wi-Fi; this is 802.11p, ((( 7KH ,QVWLWXWH Rl (Q
ZKLFK LV GHGLFDWHG WR WUDI¢F DSSOLFDWLRQV éndElectronics’Engineersor RUPDO
VXFK DV ,QWHUQHW FRQQHFWLRQ WKLV VA\VWHP ,((( UHDG H\H WULSQMN R\

7KH PDLQ XVHV DUH OLNHO\ WR EH FRQQHFD\Q_G'LWI \.,,’IEXVLQHVV HMURDG ZD
e

signs and more, to become a giant mesh network. Clearly there are security WKH ZRUOGYV ODUJHVW SU
implications here but the hope is that the system will allow a car to broadcast association dedicated to

. o s . . . . advancing technological

|t§ speed and position — and if it .|s heading for or mvoned in an acmdent.. If innovation and excellence

this is broadcast from car to car it could prevent following cars from making the IRU WKH EHQH/{W RI KXPDC
DFFLGHQW ZRUVH )XUWKHU LQ FRPPXQLFDWLRQ IEEEanditsmembersinspire - JKWYV
be told that the light it is approaching will turn red in 5 seconds, so it can be a global community through

UHDG\ WR VWRS RU PD\EH WKH pKXPDQ HOHPHQV éérffgfe\rfce’éLtgcﬁr%\og@LWHG SRVt
VHH

standards, and professional

. . ; . and educational activities
-erZ:i(g\/rVI Fi standard may also be used for the platooning system discussed BRXUEH 777 LHHH RUJ

3.9.4 Bluetooth

%OXHWRRWK LV D SURSULHWDU\ RSHQ ZLUHOHVV WHFKQRORJ\ VWDQGDUG 11
GDWD YLD UDGLR WUDQVPLVVLRQV RYHU VKRUW GLVWDQFHV IURP ¢([HG DQG
GHYLFHVY 7KHVH FRQQHFWLRQV DUH NQRZQ DV SHUVRQDO DUHD QHWZRUNYV
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JLIXUH $ URDG WUDLQ WRHO'YAR BR&UPBPH 9

RU SLFRQHWY DQG KDYH D KLJK OHYHO RI VHFXULW\ %
GHYLFHVY DW WKH VDPH WLPH RYHUFRPLQJ SUREOHPV R

H\ ID £ The radio technology used is called frequency-hopping spread spectrum,

%OXHWRRWK FDQ FR Qghith dMopshipy tHedat® being sent and transmits chunks of it on up to 79

g\e/;i%?n?rﬁéh;gg{grigrgf EDQGV 0+] HDFK FHQWUHG IURP WR 0+] LQ WK
VIQFKUROL]DWLRQ  0+] UDQJH DOORZLQJ IRU JXDUG EDQGV 7KLV UDQJH L'

,QGXVWULDO 6FLHQWL,(F DQG OHGLFDO ,60 *+] VKR
band, which is the same frequency band used for Wi-Fi.

%OXHWRRWK LV D SDFNHW EDVHG SURWRFRO ZLWK D PD
e master may communicate with up to seven slaves in a piconet. Packet
'He QL .4 HI[FKDQJH LV EDVHG RQ WKH EDVLF FORFN GH{QHG E\ W
7KH ZRUG %OXHWRR W%l%ﬁ,usdr&ervals. All devices use thIS clock. Two clock tI.CkS make up a_slot of
DQJOLFL]JHG YHUVLR QRS Mgy kvp slots make up a slot pair of 1250 ps. In the simple case of single-
6FDQGLQDYLDQ % OnW 8id gacke® theVa@€) transmits in even slots and receives in odd slots. The
the epithet of the tenth-century slave does the opposite. Packets may be 1, 3 or 5 slots long but in all cases

King Harald | of Denmark and . . L
parts of Norway. Harald united the master transmission starts in even slots and the slave transmission in odd

dissonant Danish tribes into slots.
asingle kingdom. The idea is %OXHWRRWK SURYLGHV D VHFXUH ZD\ WR FRQQHFW DQGC
WKDW %OXHWRRWK G%I—{V Wé( DPH bile ph hands-f headsets. teleph
with communications protocols. etween devices such as mobile phones, hands-free headsets, telephones,
ODSWRSV SHUVRQDO FRPSXWHUV SULQWHUV *OREDO ¢
receivers, digital cameras, and video game consoles.

ORVW FDUV QRZ KDYH %OXHWRRWK FRQQHFWLYLW\ RU W

The main item that will connect to the car is a standard mobile phone, or more
.H\ ID ‘ often a smartphone so that applications on the device can be controlled from
%OXHWRRWK LV D SDFEMSW EDVHG

protocol with a master—slave
structure.

- 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

DPSOLI\ WKH VRXQG %OXHWRRWK FRQQHFWLRQ RI SKRC
common. These basic connections do not allow sharing of data or applications.
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Smartphones are now in very common use and are the result of convergence Wi,
of cameras, MP3 players, games consoles, GPS and, oh yes, mobile .l 'H; QLWLRQ
telephones.

. - , &RQYHUJHQFH 7KH WHQGI
For many people, the smartphone is at the centre of their life and the apps it for di(f?erent techngogm Q

contains are what they have chosen. To connect with a car and use different systems to evolve towards
applications is therefore confusing for the users. However, there are two ways performing similar tasks

LQ ZKLFK PDQXIDFWXUHUV DUH ZRUNLQJ WR GHD( 9being contained in one
device. The convergence of a

Integrating the smartphone and the car. camera and mobile phone for

example, now allows sharing
5HSODFH WKH FDU VA\VWHPV ZLWK WKH VPDUWS of resources and they interact

7KH ¢UVW LV WKDW PDQ\ FDUPDNHUV DUH QRZ GF Witheachother creatingnew 55\ g
where the smartphone integrates with the car in a way that the car becomes possibilities.

an extension for some of the apps on the phone. Ford, for example, have a

VI\VWHP NQRZQ$B8/LQNF ZKLFK DOORZV WKH GULYHU WR FRQWURO VSHFL¢F
DSSOLFDWLRQV RQ DQ $QGURLG L3KRQH RU %ODFN%HUU\ VPDUWSKRQH XVL
inbuilt voice recognition, controls on the steering wheel or controls on the

GDVKERDUG 7KLV ZRXOG PDNH LW SRVVLEOH WR VD\ pPRELOH DSSV L3RG
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

$XGLR KDYH GHYHORSHG WKH p2 '"RFNY ZKLFK LV DQ L3KRQH GRFNLQJ VWDW
WKH FDU :KHQ GRFNHG LQWR WKH 2 'RFN WKH XVHU FDQ DFFHVV DOO RI WE
DSSOLFDWLRQV LQ ERWK KRUL]JRQWDO DQG YHUWLFDO PRGH OLVWHQ WR ,Q
D KDQGY IUHH RU %OXHWRRWK FDOO DQG SOD\ WKHLU HQWLUH L7XQHV PXVI
In addition, they can access GPS, maps or any other useful applications. The

iPhone also charges while docked.

| 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

DERXW DV WHQ WLPHYVY DV PXFK DV D VWDQGDORQH VDWQDY VXFK DV D 7RP°
KDYH D IDFWRU\ (;WWHG YHUVLRQ LQ D FDU 1RZ LW LV SRVVLEOH WR EX\ D
application for about a third of the price of the standalone device. And further,

DV ORQJ DV \RX GRQYW GRZQORDG GDWD ZKHQ URBIXUdlJThe®Rpek fpram UW SKR QH
pretty good satnav app included that costs nothing. L3KRQH 6RXUFH 2[\JHQ $XGL

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

&DGLOODF GHYHORSHG D ZLQGVFUHHQ KHDG XS GLVSOD\ +8' WHFKQRORJ\
with night vision technology around the year 2000. This allows objects, such

DV DQLPDOV RU KXPDQV WR EH KLJKOLJKWHG IRU WKH GULYHU SUHYHQW|
accidents.

In particular the range in which objects can be perceived is increased
FRQVLGHUDEO\ $ YLHZ IURP WKH GULYHUTVY SHUVSHFWLYH LV VKRZQ LQ )LJX

JLIXUH VKRZV D PDJQL¢{¢HG YLHZ RI WKH S\URHOHFWULF GHWHFWRU VWU:
for infra-red detection. The detector consists of a barium strontium titanate
reticulate structure bonded to a readout integrated circuit. Each reticulated
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)LJIXUH Enhancement of the road edges and a possible animal obstruction
6RXUFH *0 OHGLD

section corresponds to a single detector pixel. The pixels are on 48.5 um

centres and are less than 20 um thick. A H\ IDFW

5I_—|VH_DUFKHUV DW_*HQH_QDO ORWRUV 5_' /D_EV LQ 1" \nfra-red sensors and video QWLQ
to investigate new ways to assist the vision challenges of the aging driver cameras are two of the main
SRSXODWLRQ ,Q )LIJXUH DQ HQKDQFHG YLVLF sensors used for vision ULV L(
a transparent display technology and advanced sensors, is used to display enhancement.

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 satnhav 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
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Volvo is a well-respected
company when it comes to
vehicle safety.

JLIXUH (QKDQFHPHQW RI WKH URDG HGJH LQ IRJJ\ FRQGLWLRC

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. | think |
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.

+RZHYHU LQ 9ROYR JDWKHUHG WKH ZRUOGYV PHGLD
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

ZKDW WKH\ KDG KRSHG IRU $ FDU ZDV ¢UHG RXW RI D W
EDFN RI D VWDWLRQDU\ ORUU\ 7KH FDU ZDV VXSSRVHG
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
LQLWLDWH DQ HPHUJHQF\ VWRS 7KLV ZRUNHG ¢(QH IRU
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!

6RPH VHFXULW\ H[SHUWV VXJJHVW WKDW DV FDUV EHFR
onboard computing power, they could be open to attack by anyone bearing a

JUXGJH RU WKH XVXDO VDG FKDUDFWHUV ZKR FDXVH WU
reasons.

University of Washington researchers have hacked into several car systems

XVLQJ D YDULHW\ RI DWWDFN P H\Wdkdrsard\pcQnBoVDLG WKH\
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

ZRUU\ RI EHLQJ WUDFNHG DQG KDFNHG <RXU WKRXJKWY DUH ZHOFRPH YLD
ZHEVLWH ZZZ DXWRPRWLYH WHFKQRORJ\ FR XN

3.10.1 Multiple xing

,QWURGXFWLRQ

,Q YHKLFOH QHWZRUNLQJ SURYLGHY PDQ\ EHQH¢{¢WV RYHU SUHYLRXV PHFKDC(
PHDQV LQFOXGLQJ

* JHZHU ZLUHV UHTXLUHG IRU HDFK IXQFWLRQ ZKLFK UHGXFHV WKH VL]H RI
harness and improves system cost, weight, reliability, serviceability and
installation time.
- Additional functions can be added by making software changes, allowing
JUHDWHU YHKLFOH FRQWHQW AH[LELOLW\
+ 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

OD\RXW DQG KRZ &%$1 /,1 DQG )OH[UD\ DUH FRPELQHG ,QIRUPDWLRQ LQ WKL
is from data provided by Freescale/NXP, www.freescale.com/automotive and

%RVFK ZZZ ERVFK FRP

JLIXUH &RPELQDWLRQ RI QHWZRUNV DQG VI\VWHPV 6RXUFH )UHHVFDOH 1;3 ZzZ
IUHHVFDOH FRP DXWRPRWLYH
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JLIXUH 9HKLFOH QHWZRUN VWUX$W XQURWHDPKSHOB DSWOG UDWHY RI WKH GLIITHUHQW SURWREFF

JLIXUH %\WHALJKW XVHV D VWDU WRSRJUDSK\ DV WKLV HQVXL
bring down the network

3.10.2 Bluetooth to displace cables?

$Q LQWHUHVWLQJ GHYHORSPHQW LQ pZLULQJ VA\VWHPVT
KRSHVY WR HIWHQG WKH XVHV RI %OXHWRRWK (YHQ &$1
ORW DQG WKH\ DGG ZHLJKW 8VLQJ %YOXHWRRWK ORZHU"
complexity, and simplify areas such as the steering wheel connection.
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Innovative 48 V technologies
are now being used on
production vehicles.

The higher power that 48 V can
deliver is the reason for its use.

Diagnostic information to help users understand engine warning lights.
6HUYLFHY ZLWK L%YHDFRQ WHFKQRORJ\ IRU IDVW GLVF
LQ FDU %OXHWRRWK 6PDUW WHFKQRORJ\

Wire replacement, which reduces weight and cost, and in turn increases fuel
HFRQRP\ LQ

Wireless infotainment controls in the steering wheel.

/IRZ GDWD UDWH V\VWHPV IRU FRQWURO SHUVRQDOL]D
smartphone.

%OXHWRRWK 6PDUW UHPRWHY IRU UHDU VHDW HQWHU

3.10.3 Update on 48 V tec hnology

7TKH EHQH/ WV RI 9 VIVWHPYV KDYH EHHQ XQGHWVGLVFXV
ZURWH DERXW LW LQ WKH HDUO\ V EXW DW ODVW WKH\

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.

2QH DUHD WKDW ZLOO EH LPSRUWDQW IRU FRPEXVWLRQ
the use of electrically accelerated turbochargers. The higher power that 48 V

can deliver also enables use of electromechanically actuated valves. It is

WKRXJKW WKDW 9RONVZDJHQ ZLOO RIIHU D 9 VI\VWHP
generation Golf.

(OHFWUL{FDWLRQ RI PHFKDQLFDO FRPSRQHQWY DOVR D
FRQWURO DQG DOO WKH EHQH¢{;WV WKDW EULQJV )RU H]J
on an electromechanical rotary-damper system to replace conventional

K\GUDXOLF GDPSHUV 7KLV ZRXOG KDYH EHHQ PXFK PRU
New possibilities for adjusting the suspension will now exist as response
FKDUDFWHULVWLFV RI D FRPSRQHQW RU VA\VWHP ZLOO
Q¢ QHRQ KDYH GHYHORSHG D FRQWURO MNMNWHP IRU 9
company offers an entire system of chipset solutions, from voltage regulators

JLIXUH OLFUR K\EULG 9 FRQWURO V\VWHP EORFN GLDJUDP ¢
LQ¢QHRQ FRP



CHAPTER
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.
P 9 Hnning [ Key fact
7R DFW DV D VZDPS WR GDPS RXW AXFWXDWLRQ H
The lead-acid battery, has to

date proved to be the most
suitable choice for vehicle use.

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

7KH ¢UVW WZR RI WKH DERYH OLVW DUH DUJXDE
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 \

DQW D

cost of the battery is taken into account.

7KH ¢QDO UHTXLUHPHQW RI WKH YHKLFOH EDWWI—‘- EH D
Batteries should be able to

. o . o work from —30 to +70°C.
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

all the above listed functions over a wide temperature range. This can be in the

7KH FRUUHFW EDWWHU\ GHSHQGYV LQ WKH PDLQ RQ MXVW WZR FRQGLWLRQ
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.
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Figure 4.1 Batteries

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

7KH ¢UVW Rl WKHVH WZR FULWHULD LV XVXDOO\ WKH GH
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).
(XURSHDQ VWDQGDUGY JHQHUDOO\ XVH WKH ¢JXUH RI

a battery to meet this requirement is selected.

Research has shown that under ‘normal’ cold operating conditions in the UK,

PRVW YHKLFOH EDWWHULHY DUH RQ DYHUDJH RQO\ Fi
choose a battery for a vehicle that will supply the required cold cranking current

ZKHQ LQ WKH FKDUJHG FRQGLWLRQ DW f&

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.

4.2.1 Constr uction

(YHQ DIWHU ZHOO RYHU \HDUV RI GHYHORSPHQW DQG PXFK SURPLVLQJ Ul
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

RIWHQ UHODWHG WR WKH SULFH WKH FXVWRPHU SD\V 0DQ\ ERWWRP RI WKH
EDWWHULHV ZLWK D PRQWK JXDUDQWHH ZLOO ODVW IRU PRQWKYV

7KH EDVLF FRQVWUXFWLRQ RI D QRPLQDO 9 OHDG DFLG EDWWHU\ FRQVLV\
FRQQHFWHG LQ VHULHVY (DFK FHOO SURGXFLQJ DERXW 9 LV KRXVHG LQ D
FRPSDUWPHQW ZLWKLQ D SRO\SURS\OHQH RU VLPLODU FDVH )LJXUH VK
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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Figure 4.4 Lead-acid battery

Figure45 %DWWHU\ GLVFKDUJH DQG FKDUJLQJ SURFHVV OHIW WR ULJKW )XOO\ FKDUJHG

The grids, connecting strips and the battery posts are made from a lead alloy.

JRU PDQ\ \HDUV WKLV ZDV OHDG DQWLPRQ\ 3E6E EXW V
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

UHGXFHG )LJXUH

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.
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Figure 4.7 Battery discharge characteristics compared

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 EDWWHU\ PHDQV LW VKRXOG JLYH $ IRU KR X

* The reserve capacity indicates the time in minutes for which the battery will
VXSSO\DW f&

+ &ROG FUDQNLQJ FXUUHQW LQGLFDWHV WKH PD[LPXP E
for a set time (standards vary).

A battery for normal light vehicle use may be rated as follows: 44 Ah, 60 RC

DQG $ &&$ %6 JLIXUH VKRZV WKH GLVFKDUJH FKELC

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.

4.3.1 Maintenance

%\ IDU WKH PDMRULW\ RI EDWWHULHY QRZ DYDLODEOH L
free’. This implies that little attention is required during the life of the battery.

%\ IDU WKH PDMRUL W \E&lletbatisridsthbd sdide heavier types do, however, still require the

are now maintenance free.

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

KRW ZDWHU LI DSSURSULDWH DQG WKH DSSOLFDWLRQ R
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
DGYLVDEOH WR DOORZ WKH VWDWH RI FKDUJH WR IDOO
VXOSKDWH RQ WKH SODWHYV FDQ KDUGHQ PDNLQJ UHFK
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
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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.

« 7THUPLQDOV VKRXOG EH VPHDUHGDXIH®K (SHH WQURRVD IRXJFS IMGHOIDUON RU 9
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\ HOHFWULFDO GHYLFH FDQ VXIIHU IURP WZR PDLQ IDXOWV WKHVH DUH H
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.

5HSDLULQJ PRGHUQ EDWWHULHYV LV QRW SRVVLEOH ORVW RI WKH SUREOHP)
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.

$ IRUWLHWK RI WKH DPSHUH KRXU FDSDFLW\ RU DERXW D RI WKH FROG
SHUIRUPDQFH IRU DERXW KRXUV LV DQ DSSURSULDWH UDWH

4.3.5 Testing batteries ‘ 4 . 6DIHW\ ¢ UVW

Using a hydrometer is still
JRU WHVWLQJ WKH VWDWH RI FKDUJH RI D QRQ VI acceptable but the heavy- HU\ D

FDQ EH XVHG DV VKRZQ LQ )LJXUH 7KH K\GUF dutydischarge test is now ) VUL

WKDW GUDZV HOHFWURO\WH IURP D FHOO DQG D notusedverymuch.Seethe :DW D

LQ WKH HOHFWURO\WH DFFRUGLQJ WR LWV GHQV 'titsetirnzec“onO”CO”d“Ctance VSHF

UHDG IURP WKH JUDGXDWHG VFDOH RQ WKH ARDW : HOO V
ZKHQ KDOI FKDUJHG DQG LI GLVFKDU..
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Figure 4.16 Heavy duty batteries

* 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).

* J)LUVW DLG HTXLSPHQW DYDLODEOH LQFOXGLQJ H\H zZDVK
» No smoking or naked lights permitted.

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.
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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 $ VXEVWDQFH WKDW VLJQL{FDQWO\ LQFUHDVHY WKH VSHHG RI |
appearing to take partin 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 7KH PROHFXOHV RU DWRPV LQ D VROXWLRQ GHFRPSRVLQJ LQWHF
example sulphuric acid (H SO,), dissociates into H™, H** (two positive ions or cations,
which are attracted to the cathode), and SO, - (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.

lon A positively or negatively charged atomic or molecular particle.

Secondary A cell containing electrodes and electrolyte, which will convert electrical energy into

galvanic cell chemical energy when being charged, and the reverse during discharge.

4.4.2 Electrol ytic conduction

(OHFWULFLW\ ARZV WKURXJK FRQGXFWRUV LQ RQH RI W.
PRYHPHQW DV LV WKH FDVH ZLWK PRVW PHWDOV 7KH R\
PRYHPHQW ZKLFK PD\ EH FKDUJHG DWRPV RU PROHFXOl
WKURXJK DQ HOHFWURO\WH LRQ ARZ LV UHTXLUHG

7R H[SODLQ HOHFWURO\WLF FRQGXFWLRQ ZKLFK LV D F
sulphuric acid (H SO,) is the best electrolyte example to choose. When in an

aqueous solution (mixed with water), sulphuric acid dissociates into H**, H™

and SO, -, which are positive and negative ions. The positive charges are

attracted to the negative electrode and the negative charges are attracted to

WKH SRVLWLYH HOHFWURGH 7KLV PRYHPHQW LV NQRZQ

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

OLTXLG 8QOLNH PRVW PHWDOV KRZHYHU ZKLFK KDYH D SR
HOHFWURO\WHY DUH JHQHUDOO\ WKH RSSRVLWH DQG KDYH
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 SO,) + (H O). The dilution of the electrolyte is at a relative density of
7KH OHDG LV NQRZQ DV WKH DFWLYH PDWHULDO DQG LQ LWV WZR IRUPV
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
SHUR[LGH KDV LQ IDFW D YDOHQF\ RI LY IRXU HOHFWURQV PLVVLQJ

As discussed earlier, when sulphuric acid is in an agueous solution (mixed with

water), it dissociates into charged ions H™, H"" and SO,~ )URP WKH pRXWVLGHY
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

RU GLVFKDUJLQJ FXUUHQW FDQ ARZ WKURXJK WKH OLTXLG

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 7KH HOHFWULFDO SUHVVXUH QRZ SUHVHQW EHWZHHQ WKH SODWHYV UHVXOW
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* HPb * +0

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

(b) Pb*™*+S0O,~ PbSO,

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"+SO,~+ H PbSO, +0

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™SO,~ PbSO

4
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Table46 )DFWRUV DIIHFWLQJ WKH YROWDJH RI D EDWWHU\

Acid density Cell voltage Battery voltage % Charge
g )
g ) 70
g <)
g )
g <) 0

It is accepted that the terminal voltage of a lead-acid cell must not be allowed

WR IDOO EHORZ 9 DV DSDUW IURP WKH HOHFW EHFR
SXUH ZDWHU WKH OHDG VXOSKDWH FU\VWDOV JUJJIA® LW Y

recharge the battery. The terminal voltage of a

standard lead-acid lead-acid
4.4.5 Characteristics battery must not be allowed

WR IDOO EHORZ 9 +RZH
The following headings are characteristics of a battery that determine its some batteries are designed to

operation and condition. allow deep discharge.

Internal resistance —

Any source of electrical energy can be represented by the diagram shown as

JLIXUH 7KLV VKRZV D SHUIHFW YROWDJH VRXUFH LQ VHULHYV ZLWK D UH

is used to represent why the terminal voltage of a battery drops when a load

LV SODFHG DFURVV LW $V DQ RSHQ FLUFXLW QR FXUUHQW ARZV WKURXJK W

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[DPSOH 9 &RQQHFW DQ H[ WHUQDO ORDG WR WKH EDWWHU\ PHDVXUH WKH
$ 1RWH DJDLQ WKH RQ ORDG WHUPLQDO YROWDJH RI WKH EDWWHU\ IRU H[DI

A calculation will determine the internal resistance:

R 8 £+ 9

where: U = open circuit voltage, V = on load voltage, | = current, R, = internal
resistance.

JRU WKLV HI[DPSOH WKH UHVXOW RI WKH FDOFXODWLRQ LV

Figure 4.17 Internal resistance representation (the resistor R, represents internal
FRPSRQHQW UHVLVWDQFH DQ DFWXDO UHVLVWRU LV QRW SDUW RI D EDWWHU\
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All batteries suffer from self-
discharge, which means that
even without an external circuit
the state of charge is reduced.

Temperature and state of charge affect the internal resistance of a battery. It
FDQ DOVR EH XVHG DV DQ LQGLFDWRU RI EDWWHU\ FRQ(
the better condition.

(16 FLHQF\

7KH HI¢FLHQF\ RI D EDWWHU\ FDQ EH FDOFXODWHG LQ W
KRXU HI¢FLHQF\ RU WKH SRZHU HI¢FLHQF)\

$K HI¢FLHQF\ $K GLVFKDUJLQJ $K FKDUJLQJ

$W WKH KRXU UDWH WKLV FDQ EH DV PXFK DV 7KLV
UHFLSURFDO RI WKH HI¢FLHQF\ ¢JXUH LQ WKLV H[DPSO|
the charge factor.

(QHUJ\ HI(FLHQFE\ 31t3)
where: P, = discharge power, t, = discharge time, P_= charging power, t_ =
charging time.
$ WA\SLFDO UHVXOW RI WKLV FDOFXODWLRQ LV DERXW

$K HI¢FLHQF\ DV LW WDNHV LQWR DFFRXQW WKH KLJKHU
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

RUGHU RI WR RI WKH $K FDSDFLW\ SHU GD\ 7KLV LQF
DQG WKH DJH RI WKH EDWWHU\ ,W LV FDXVHG E\ WZR IDF
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
WRIJHWKHU ZLWK SDUWLFOHV RI GLUW FDQ IRUP D FRQG
reduced with sealed batteries.

4.4.6 Peukert'slaw

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.

C R
T X=

( l J )

e

R
where: | = 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.

45.1 Lead-acid

Lead-acid batteries have not changed much from the very early designs
LQYHQWHG E\ *DVWRQ 30DQWH LQ ,QFUHPHQWDO FI|
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development of accurate charging system control has allowed the use of sealed
DQG PDLQWHQDQFH IUHH EDWWHULHV )LJXUH VKRZV D W\SLFDO PRGHUQ

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

FDUDYDQ WUDLOHU EDWWHULHYVY PD\ DOVR KDYH YHQW WXEHV ¢WWHG WR D
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 Figure 418 ORGHUQ YHKLFOH EDW

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 3E 3E2
PbO + H SO, =PbSO, + 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

SODWH JULGYV 7KLV UHVXOWY LQ D VLIQL{(FDQW UHGXFWLRQ LQ ZDWHU ORV
in service life. The plates are sealed in micro-porous pocket-type separators,

RQ HDFK VLGH RI ZKLFK DUH JODVV (EUH UHLQIRUFLQJ PDWV 7KH SRFNHW )\
collect all the sludge and hence help to keep the electrolyte in good condition.

45.2 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
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453 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
EDWWHU\ KDV D YROWDJH RI 9

7KH EDWWHU\ RSHUDWHY DW DQ LQWHUQDO WHPSHUDWXUH RI + f& UHT?
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

HQHUJ\ GHQVLW)\ RI 'K NJ ZKLFK LV PRUH WKDQ WZLFH WKDW RI D OHDG D

KHQ LQ XVH RQ DQ HOHFWULF YHKLFOH (9 WKH EDWWHU\ SDFN FRQVLVWYV
LQGLYLGXDO FHOOV UDWHG DW 9 7KH HQHUJ\ GHQVLW\ LV "K' NJ LW KDV
NJ RYHU RI WKH WRWDO YHKLFOH PDVV BQG PHDVXUHV 7 1 PP
7KH EDWWHU\ SDFN FDQ EH UHFKDUJHG LQ MXVW RQH KRXU XVLQJ DQ H[WHU

source.

4.5.4 Sodium sulphur

OXFK UHVHDUFK LV XQGHUZD\ WR LPSURYH RQ FXUUHQW EDWWHU\ WHFKQRO
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

DVVHPEO\ 7KH PDMRU SUREOHP ZLWK WKLV V\VWHP LV WKDW WKH UXQQLQJ

QHHGV WR EH + f& $ KHDWHU UDWHG DW D IHZ KXQGUHG ZDWWV IRUPV ¢
the charging circuit. This maintains the battery temperature when the vehicle is

QRW UXQQLQJ %DWWHU\ WHPSHUDWXUH LV PDLQWDLQHG ZKHQ LQ XVH GXH

in the battery.

(DFK FHOO RI WKLY EDWWHU\ LV YHU\ VPDO/KXLXYXVILMQJ RQO\ DERXW J RI VRG
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 7KHVH FHOOV IDLO LQ DQ RSHQ FLUFXLW FRQGLWLRQ DQG KHQFH WKL
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 )LJIJXUH VKRZY D UHSUHVHQWDWLRQ RI D VRGLXP VXOSKXU EDWWHU\

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. Figure 4.20 Sodium-sulphur battery

4.5.5 Swing

6RPH SRWHQWLDO GHYHORSPHQWY LQ EDWWHU\ WHFKQRORJ\ DUH PDMRU VYV
GLUHFWLRQ EXW PDQ\ QHZ PHWKRGY LQYROYH KLJK WHPSHUDWXUHYVY 2QH 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.

Figure 4.21 Chemical process of the ‘Swing’ battery

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

DYHUDJH FHOO YROWDJH RI 9 FRPSDUHG ZLWK FHOO
9 IRU QLFNHO FDGPLXP DQG DERXW 9 IRU OHDG DF

batteries. The technology has now developed such that the following energy

densities are achievable:

* *UDYLPHWULF SRZHU GHQVLW\ RI K NJ
°* 9ROXPHWULF SRZHU GHQVLW\ RI 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

PXVW EH JLYHQ QRW RQO\ WR VSHFL¢F HQHUJ\ VWRUDJF
DQG VDIHW\ )LJXUH LV D FRPSDULVRQ RI EDWWHULH
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

IXOO\ FKDUJHG ZKLFK LV UDWHG DW N:K FRQWDLQV DE
*LYHQ YHKLFOHYV WRQQHV RI OLTXLG VRGLXP ZLC
TXDQWLWLHY KDYH WR EH HQFDSVXODWHG LQ WZR KHUPH
reason, and safety factors, other battery technologies are now more popular.

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

45.6 Fuelcells

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
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'0)&V DUH D W\SH RI SURWRQ H[FKDQJH PHAREUDQH IXHO FHOO 3(0)&
PHPEUDQH LQ D 3(0)& IXO,OV WKH UROH RI WKH HOHFWURO\WH DQG WKH Sl
(positively charged hydrogen ions) carry electrical charge between the

electrodes.

%HFDXVH WKH IXHO LQ D '0)& LV PHWKDQRO QRW K\GURJHQ RWKHU UHDFW!|
SODFH DW WKH DQRGH OHWKDQRO LV D K\GURFDUERQ +& IXHO ZKLFK PHD
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

SURFHVVY WDNHVY SODFH LQ D '0)& EXW LQ WKH SURFHVV WKH K\GURJHQ FUR
PHPEUDQH DV DQ LRQ LQ MXVW WKH VDPH ZD\ DV LW GRHV LQ D K\GURJHQ |
3(0)&

7KH UHDO EHQH{W RI PHWKDQRO LV WKDW LW FDQ HDVLO\ (W LQWR WKH HJI
LQIUDVWUXFWXUH RI ¢OOLQJ VWDWLRQV DQG GRHV QRW QHHG KLJKO\ VSHF|
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.

2QH VIVWHP LQ XVH RQ D K\EULG EXV XVHV XO\/VWRU
HOHFWULFDO HQHUJ\ IDUDGV DW 9 7KH FD Key fact PDVV

NJ 8VH RI WKLV WHFKQRORJ\ DOORZV UHFRYH Capacitors can be charged V ZKH(
braking, that would otherwise have been lost. The capacitors can be charged in a very short space of time

. . . . compared to batteries).
in a very short space of time. The energy in the capacitors can also be used ( b )
very quickly, such as for rapid acceleration.

7KH ),$ JRYHUQLQJ ERG\ IRU )RUPXOD DOORZHG WKH XVH RI D K\EULG GU|

LQ ZKLFK XVHV pyVXSHUEDWWHULHVY PDGH ZLWK ERWK EDWWHULHYV DQG
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
RI VHYHUDO W\SHV RI EDWWHU\ :K NJ PHDQV ZDWW KRXUV SHU NLORJUDP 7
measure of the power it will supply, and for how long, per kilogram.

6RPH VXSHU FDSDFLWRUYVY FDQ KDYH DQ HQHUJ\ GHQVLW\ RI VHYHUDO N:K N.
usually used for short-term storage and rapid release.
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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,

$SULO

These micro-batteries produce more power than the best supercapacitors and _

could drive new applications in radio communications and electronics. With ‘_ Key fact

currently available power sources, users have had to choose between power OLFUR EDWWHULHV SURGX
DQG HQHUJ\ )RU DSSOLFDWLRQV WKDW QHHG D C more power than the best :URDG

. . . . supercapacitors.
signal over a long distance, capacitors can release energy very quickly but b P

FDQ RQO\ VWRUH D VPDOO DPRXQW )RU DSSOLMN
playing a radio for a long time, fuel cells and batteries can hold a lot of energy
but release it or recharge slowly.

7KH WUDGH RIl WKHUHIRUH LV LI \RX ZDQW KLJK HQHUJ\ \RX FDQTW JHW KLJK
LI \RX ZDQW KLJK SRZHU LWYV YHU\ GLI¢FXOW WR JHW KLJK HQHUJ\ 7KH QHZ
batteries can offer both power and energy, and by adapting the structure a little,

WKH UHVHDUFKHUV FDQ WXQH WKHP RYHU D ZLGH UDQJH RQ WKH SRZHU HQH

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.

ORW

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

DQG FDQ FKDUJH WLPHV IDVWHU WKDQ FRPSHWLQJ WHFKQRORJLHV %HF
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
WHFKQRORJ\Y VR ZDWFK WKLV VSDFH

Figure 426 $ KLJK SRZHU EDWWHU\ WHFKQRORJ\ IURP WKH 8QLYHUVLW\ Rl ,O0OLQRLV ,R
between three-dimensional micro-electrodes in a lithium ion battery. (Source: Beckman
Institute for Advanced Science and Technology)
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Claims that appear too good to
EH WUXH RIWHQ DUH

As with all gelled and sealed

7KH IXOO SDSHU p+LJK 3RZHU /LWKLXP ,RQ OLFUR %DWYV
Three-Dimensional Bicontinuous Nanoporous Electrodes,’ is available from:
KWWS ZZZ QDWXUH FRP QFRPPV MRXUQDO Y Q IX00 Q

4.6.2 Lead-acid batteries upda te

Introduction

This section is an overview of new developments in lead-acid battery
WHFKQRORJ\ 7KLV LQIRUPDWLRQ LV IURP KWWS EDWW
sponsored by Cadex.

%DWWHULHY VHHP WR DGYDQFH VORZO\ EXW WKLV LV E}
WHFKQLFDO KXUGOHV WR RYHUFRPH 7KLV LV MXVW WR
OLIH KLJK VSHFL¢F HQHUJ\ FDSDFLW\ VDIH RSHUDWLF
low price. In addition, the battery must work at hot and cold temperatures,

deliver high power on demand, charge quickly and be environmentally friendly.

7KH ¢UVW EDWWHU\ EHORZ LV DOUHDG\ LQ FRPPRQ XVH
OHDG DFLG VA\VWHPV LQ OLPLWHG XVH RU XQGHU ¢HOG \
PD\ EH VLPSO\ WRR JRRG WR EH WUXH DQG WKH UHDO W

Absorbent glass mat (AGM)

$*0 LV DQ LPSURYHG OHDG DFLG EDWWHU\ ZLWK KLJKHU
UHJXODU ARRGHG W\SH ,QVWHDG RI VXEPHUJLQJ WKH S
WKH HOHFWURO\WH LV DEVRUEHG LQ D PDW RI ¢QH JOD)
spill-proof, allowing shipment without hazardous material restrictions. The

SODWHV FDQ EH PDGH ADW OLNH WKH VWDQGDUG ARRGH#
rectangular case, or wound into a conventional cylindrical cell.

$*0 KDV YHU\ ORZ LQWHUQDO UHVLVWDQFH FDQ GHOLYF
VHUYLFH HYHQ LI RFFDVLRQDOO\ GHHS F\FOHG $*0 KDV
EHWWHU HOHFWULFDO UHOLDELOLW\ WKDQ WKH ARRGHC
to high and low temperatures and has a low self-discharge. Other advantages

RYHU UHJXODU OHDG DFLG DUH D EHWWHU VSHFL¢{F SRZ
IDVWHU FKDUJH WLPHV XS WR ¢YH WLPHV IDVWHU 7KH
VSHFL,F HQHUJ\ FDSDFLW\ DQG KLIJKHU PDQXIDFWXULC

$*0 EDWWHULHY DUH FRPPRQO\ EXLOW WR VL]H DQG DU}
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

RWKHU DXWR UDFLQJ OHDJXHV FKRRVH $*0 SURGXFWYV E
UHVLVWDQW 6WDUW VWRS EDWWHULHY DUH DOPRVW HJ
ARRGHG W\SH LV QRW UREXVW HQRXJK UHSHDWHG PLFL
capacity fade.

$*0 LV WKH SUHIHUUHG EDWWHU\ IRU XSVFDOH PRWRUF\
in an accident, lowers weight for the same performance and can be installed

DW RGG DQJOHV %HFDXVH RI JRRG SHUIRUPDQFH DW FF
batteries are also used for marine, motor home and robotic applications.

$V ZLWK DOO JHOOHG DQG VHDOHG XQLWV $*0 EDWWHU

RYHUFKDUJLQJ 7KHVH EDWWHULHY FDQ EH FKDUJHG WR
ZLWKRXW SUREOHP KRZHYHU WKH ARDW FKDUJH VKRXC

XQLWV: $*0 EDWWHULHV Dl 9 FHOO VXPPHU WHPSHUDWXUHV PD\ UHTXLL

sensitive to overcharging.

$XWRPRWLYH FKDUJLQJ V\VWHPV IRU ARRGHG OHDG DFL
YROWDJH VHWWLQJ RI 9 9 FHOO DQG D GLUHFW
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SOC: State of charge.
SOH: State of health.

6*

6SHFL¢F JUDYLW\

OHDG DFLG DQG D VHOI GLVFKDUJH WKDW LV RQO\
acid and Li-ion.

4.6.3 Battery diagnostics

ORGHUQ YHKLFOHY KDYH VRSKLVWLFDWHG HQHUJ\ UHTX
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\ KDYLQJ LQVXI¢(FLHQW SRZHU WR FUDQN7WKW HQJLQH
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.

7KH ¢UVW LV VWDWH RI FKDUJH 62& ZKLFK FDQ EH GHMW
VSHFL¢{F JUDYLW\ 6* RI WKH HOHFWURO\WH LQ HDFK FF
also a less accurate option, to measure the battery terminal voltage). Assuming

WKH EDWWHU\ LV UHDVRQDEO\ ZHOO FKDUJHG ! W K H
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

VXSSO\ D ODUJH FXUUHQW DV ZRXOG EH UHTXLUHG XQC
WKHVH PHDVXUHPHQWY DQ H[SHULHQFHG WHFKQLFLDQ
WKH EDWWHU\ ( WQHVV IRU SXUSRVH

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

- 0ODQ\ PRGHUQ EDWWHULHY KDYH QR DFFHVV WR WKH Fl
hydrometer readings are simply not possible, although the battery may have
D EXLOW LQ K\GURPHWHU WHDWMWRIKMQRUWE G XFHFL

Figure 4.27 A high-rate discharge tester can indicate battery state-of-health, but still

UHOLHV RQ WKH VNLOO DQG MXGJHPHQW RQ WKH WHFKQLFLDQ
DQG VDIHW\ UHODWHG LVVXHV WR WKLY DSSURDFK 1RWH WKH
and not suitable for the battery shown (Source: www.autoelex.co.uk)
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Charging

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.

+DYH DQ HI¢FLHQW SRZHU WR ZHLJKW UDWLR
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.

The charging system must be
able to supply all the required
current to the electrical system
and still ‘fast charge’ the battery.

Figure 5.1 SRX Alternator (Source:
GM Media)
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A regulator, which controls

0 mILB %/ UV VWULYH WR SURGXFH HYHU PRUH HI¢FL
URWRU PDJQHWLF °HODC% ’g J\i\\sl\}Ju'nv KLJK SHUIRUPDQFH DQG HI¢FLHQF\ DUH

is used to control the output
voltage of an alternator as
engine speed and current
demand change.

Figure 5.2 Alternator on a vehicle

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

FRPSRQHQW PRVW VXLWDEOH IRU WKLV WDVN LV WKH VLO
UHFWLI\ WKH RXWSXW RI D WKUHH SKDVH PDFKLQH VL[ GLI
FROQOQHFWHG LQ WKH IRUP RI D EULGJH LQ D UHFWL¢ HU SD

two extra diodes that pick up extra power from a centre connection to the stator.

$ UHIXODWRU ZKLFK FRQWUROV URWRU PDIJQHWLF ¢(HO(

output voltage of an alternator as engine speed and current demand change.

dense winding of the copper wire in the stator grooves. To do so, the wires are

¢UVW ZRXQG RQWR D ADW VWDWRU FRUH ZKLFK LV HDV

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.

1RW VKRZQ LQ 7DEOH DUH FRQVXPHUVY VXFK DV HOHF

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

DV KHDWHG UHDU ZLQGRZV DQG VHDW KHDWHUV DUH JH
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Figure 5.3 How the demands on the alternator have changed

Figure 5.4 Vehicle charging system relay. The factor of 0.1 is therefore applied to the total intermittent power
(the bottom image shows the ideal) 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 Aat 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.

5.2.1 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

RI FXUUHQW ARZ LV IURP WKH EDWWHU\ WR WKH YHKLFC
SUHYHQW FXUUHQW ARZLQJ LQWR WKH DOWHUQDWRU :k
WKDQ WKH EDWWHU\ YROWDJH FXUUHQW ZLOO ARZ IURF
loads and the battery.

Key fact £ From this simple example it is clear that the alternator output voltage must

Ideally, the alternator output be greater than the battery voltage at all times when the engine is running.

voltage must be greater than The actual voltage used is critical and depends on a number of factors.
the battery voltage at all times
when the engine is running.

Uy 5.2.2 Chargingv 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

N

"He QL 4 voltage charging technique. The chapter on batteries discusses this issue in
¢ e JUHDWHU GHWDLO 7KH ¢JXUH RI 0.2 V is the accepted charging
7KH ¢JXUH RI 0.2 Vig 12 Vv system. Commercial vehicles generally employ two batteries in series

the accepted charging voltage

for a 12 V system, 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.



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

FDEOH RU LQ VRPH FDVHV WZR FDEOHV WR LQFU

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
LQVWDQW H[FLWHPHQW RI WKH ¢HOG ZLQGLQJV
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
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L VH UHOLDELOLW\ DQG Al
& 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.

$ QXPEHU RI YHKLFOHV OLQ
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5.2.4 Genera tion of electricity

J)LIXUH VKRZV WKH EDVLF SULQFLSOH RI D WKUHH SKI
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

Rl HI¢FLHQF\ WR XVH FODZ SROH URWRUV ZLWK RU

7KH VWDWLRQDU\ ORRSV RI ZLUH DUH NQRZQ DV WKH VW
Key fact ‘ arate phases, each with a number of windings. The windings are mechanically
7KH WKUHH SKDVH ZL éqjacf_eé gR/a fninated core (to reduce eddy currents), and must be matched

the stator can be connected to the number of poles on the rotor. Figure 5.8 shows a typical example.
g‘etl‘t’;oways’ known as star or 7KH WKUHH SKDVH ZLQGLQJV Rl WKH VWDWRU FDQ EH FF

as star or delta windings — as shown in Figure 5.9. The current and voltage
— RXWSXW FKDUDFWHULVWLFVY DUH GLITHUHQW IRU VWDU I

Figure56 3ULQFLSOH RI D WKUHH SKDVH DOWHUQDWRU

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

Figure 5.9 Star and delta stator windings

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.

6WDU ZRXQG VWDWRUV WKHUHIRUH SURGXFH D KLJKHU YROWDJH ZKHUHDV Gt
VWDWRUYV SURGXFH D KLJKHU FXUUHQW 7KH YROWDJH DQG FXUUHQW LQ WKU'}
can be calculated as follows.

6WDU ZRXQG VWDWRUV FDQ EH WKRXJKW RI DV D W\SH RI VHULHV FLUFXLW

4 :Vp\/g
I=1P
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

I=Ip/3

where: V = output voltage, Vv, = phase voltage, | = output current, = phase

current.

ORVW YHKLFOH DOWHUQDWRUV XVH WKH VWDU ZLQGLQJV EXW VRPH KHDY\ G
have taken advantage of the higher current output of the delta windings. The

PDMRULW\ RI PRGHUQ DOWHUQDWRUV XVLQJ VWDU ZLQGLQJVY LQFRUSRUDWH
UHFWL{HU LQ RUGHU WR PD[LPL]H RXWSXW 7KLV LV GLVFXVVHG LQ D ODWH

The frequency of an alternator output can be calculated. This is particularly
LPSRUWDQW LI DQ $& WDSSLQJ IURP WKH VWDWRU LV XVHG WR UXQ D YHKLF
F=B0
60

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 x 2000/60 = 200 Hz.

A terminal provided on many alternators for this output, is often marked W. The

RXWSXW LV KDOI ZDYH UHFWL¢{HG DQG LV XVHG LQ SDUWLFXODU RQ GLHVHO
D UHYFRXQWHU ,W LV DOVR XVHG RQ VRPH HDUOLHU SHWURO HQJLQH DSSO
an electric choke.

5HFWLAFDRISRO 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.
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Third
hermonic
Figure 5.15 The third harmonic
Figure 5.16 Complete internal alternator circuit
JLIXUH VKRZV WKH IXOO FLUFXLW RI DQ DOWHUQDWF

UHFWL,;HU DQG WKUHH ¢HOG GLRGHYV 7KH YROWDJH UH.
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

DFWV WR VXSSO\ WKH LQLWLDO H[FLWDWLRQ WR WKH ¢F
DOzD\V VHOI| H[FLWH DV WKH UHVLGXDO PDJQHWLVP LQ
to produce a voltage that will overcome the 0.6 or 0.7 V needed to forward

ELDV WKH UHFWL¢{HU GLRGHV $ W\SLFDO ZDWWDJH IRU
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

LV HIWLQJXLVKHG ZKHQ WKH DOWHUQDWRU SURGXFHV D
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
YROWDJH VKRXOG EH NHSW EHORZ WKH JDVVI$SQJ YROWD
¢JIJXUH RI “ 9 LV XVHG IRU DOO 9 FKDUJLQJ V\VW|
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Figure 5.22 Hybrid IC regulator circuit

Figure 5.23 How the regulator response changed with temperature

‘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.

2YHU YROWDJH SURWHFWLRQ LV UHTXLUHG LQ VRPH DS*¢
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

:/ ¢HOG GLRGHV ZLOO RIIHU VRPH SURWHFWLRQ DV LI W
LWV EUHDNGRZQ ¢(JXUH LW ZLOO FRQGXFW DQG FDXVH
within reasonable limits.

5.3.1 Bosch compact alter nator

The Bosch compact alternator is becoming very popular with a number of
(XURSHDQ PDQXIDFWXUHUY DQG RWKHUV )LJXUH VK|
this machine.
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Figure 5.25 Alternator and stator

(IAFLHODWWHUQDWRUV

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 Wi/cc, a rise in maximum operating

temperature from 105°C to 120°C, and an increase in the maximum degree of
HI¢FLHQF\ WR 9'$ DYHUDJH $Q Hgr&sSQH LV VKRZC
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

VDYLQJ LQ VSDFH RI XS WR FXELF FHQWLPHWUHYV DQ
power output of as much as 1 kilowatt. The improvements are largely due to

WKH VR FDOOHG p)ODW 3DFNY WHFKQLTXH ZKLFK DFKLH
copper wires in the stator windings.

%RVFK VXSSOLHV LWV 9/, ; DOWHUQDWRUYV LQ WKUHH
‘Medium’ and ‘High Line’, with outputs ranging from 1.9 to 3.8 kilowatts. The

PRGHO UDQJH LV GHVLJQHG WR EH H[WUHPHO\ AH[LEOH
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.

7KH FRPSDQ\ UHFHQWO\ VWDUWHG SURGXFWLRQ RI D QF
JHQHUDWRU VHULHVY $Q LPSURYHG HOHFWULFDO FRQ¢J.
KDYH HQDEOHG WKH PDQXIDFWXUHUTVY HQJLQHHUV WR L
YDULDQWY WR RYHU DFFRUGLQJ WR 9'$ 7KH (l¢FLHC
consequently need less mechanical power to generate the energy for the

vehicle’s electrical consumers. This reduces fuel requirements — and therefore

CO, emissions, too.

Figure5.26 /, ; DOWHUQDWRU 6RXUFH %RVFK OHGLD
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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 UHVXOW PRUH DQG PRUH DWWHQWLRQ LV EHLHIC‘,FL
FRQVXPSWLRQ FRPSRQHQWY DQG WKH JHQHUDWR The demand for electricity in .HQW
DUH DYDLODEOH DV DQ RSWLRQ WKH HI¢FLHQF\ | carshasbeenrisingconstanty RUV F

improved by as much as 77%. in recent years due to the
increasing number of comfort

At engine idle, which for this device is a generator speed of about 1800 rpm, and safety systems in vehicles.

the EL generators produce about 10% more power. They are therefore an ideal W
FRPSOHPHQW WR VWDUW VWRS V\VWHPV DV WKH\ H W SRVYV
FKDUJLQJ $V D FRQVHTXHQFH WKH VWDUW VWRS IXQFWLRQ FDQ EH XVHG PRU
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
DLU FRROHG DOWHUQDWRUV WKH SHUIRUPDQFH RI WKHVH QHZ PDFKLQHV KL
enhanced more particularly in the following areas:
,PSURYHG HI¢{¢FLHQF\ +
Increased output at engine idle speed.
Noise reduction (10-12 dB due to fan elimination). Figure 5.27 EL Alternator
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 528 :DWHU FRROHG DOWHUQDWRU 6RXUFH %RVFK OHGLD
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Figure 5.29 Denso 220 A alternator (Source: Denso Media)

engine warm up after a cold start. This contributes to reduced pollution and
increased driver comfort.

"HQVKLIJK RXWBXWHUQDWRUYV

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 'HQVR GHYHORSHG WKH ZRUOGTV ¢UVW 6& VHJPFH
using a rectangular conductor for its stator coil, reducing coil resistance by

50%. In addition to the rectangular conductor, the SC alternator adopted dual
ZLQGLQJVY DQG UHFWL¢{HUV DFKLHYLQJ VPDOOHU VL]H
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

KLIJIKHU KHDW SURGXFWLRQ GXH WR KLJKHU RXWSXW WI
FRROLQJ ¢QV ZDV LQFUHDVHG WR QHDUO\ WZLFH WKH V
LPSURYLQJ WKH FRROLQJ DELOLW\ RI WKH UHFWL¢HUV

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 5.30 Alternator testing
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Figure 5.31 Alternator overhaul procedure (Bosch)

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 5HJXODWHG YROWDJH DPRMHWIHHNVHBDGLQJI ®

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.

5.4.1 Introduction and c losed loop regulation

To prevent the vehicle battery from being overcharged the regulated system

YROWDJH VKRXOG EH NHSW EHORZ WKH JDVVLQJ YROWDJH RI WKH OHDG DFL
$ ¢IJXUH RI ) 9 ZDV WUDGLWLRQDOO\ XVHG IRU DOO 9 QRPLQDO FKEC
V\VWHPV $FFXUDWH YROWDJH FRQWURO LV YLWDO ZLWK WKH HYHU LQFUHD
electronic systems. It has also enabled the widespread use of sealed batteries,

as the possibility of overcharging is minimal.
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5.4.2 Openloopre 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 ‘, Key fact

alternator and the PCM can talk to each other. This allows new features to be The principle of open loop
GHYHORSHG WKDW EHQH;W WKH EDWWHU\ DQG R control charging is that the PHQW'
_ alternator regulator and the
Reduced charge times. powertrain control module
Better idle stability. (PCM) communicate.

improved engine performance. 4

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.

Figure 5.33 Two signals with different pulse width modulation

The PCM determines the set voltage point (regulated voltage) and transmits
WKLY WR WKH UHJXODWRU XVLQJ D VSHFL¢{¢F GXW\ F\FOH VLIJQDO 7KH UHJXC
E\ WUDQVPLWWLQJ EDFN WKH ¢HOG WUDQVLVWRU GXW\ F\FOH 7 LQ )LJXUH
example). In this way a variety of features can be implemented.
Closed loop regulators estimate the battery temperature based on their own
WHPSHUDWXUH 7KLV GRHV QRW DOZD\V UHVXOW LQ DQ DFFXUDWH ¢(JXUH D(
battery charge rates may not be ideal. With an open loop ‘Smart charge’

JLIXUH VIVWHP WKH 3&0 FDQ FDOFXODWH D PRUH DFFXUDWH ¢(JXUH IRU
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.

%DWWHU\ UHFKDUJH WLPHY DUH QRW RQO\ UHGXFHG EXW D VLJQL;FDQW LQ
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
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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\VWHP RYHU RU XQGHU YROWDJH GXH WR VKRUW RU RSHQ FLUFXLW (HOG
« Failure of rotor or stator windings.

¢ Failure of a diode.

The PCM can initiate appropriate action in response to these failure conditions,
IRU H[DPSOH WR DOORZ IDLO VDIH RSHUDWLRQ RU DW OHDVW LOOXPLQDWH
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
PHDQV QHZ SRVVLELOLWLHY LQFUHDVHG HI¢(¢FLHQF\ DQG LPSURYHG SHUIRUPD

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 13V, it is probably not charging — unless of course you
are measuring it during a 0 to 60 acceleration test!

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

7KH ¢UVW VFHQDULR LV WKH WUDI{F MDP RQ D FROG QLJKW LQ WKH UDLQ 7
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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Figure 5.38 Dual rail power supply technique

however, that running some bulbs (such as for high power headlights) can be

D SUREOHP EHFDXVH WKH ¢ODPHQW KDV WR EH YHU\ WK
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

RU WR FKHFN LI WKH RQH ¢WWHG WR D YHKLFOH LV VXL

$V D ZRUNHG H[DPSOH WKH ¢(JXUHV IURP 7DEOH ZLOC
relate to a passenger car with a 12 V electrical system. A number of steps are
involved.

Add the power used by all the continuous and prolonged loads.
Total continuous and prolonged power (P1) = 440 W.

Calculate the currentat 14 V (I = W/V) = 31.5 A.

Determine the intermittent power (factored by 0.1) (P2) = 170 W.
Total power (P1 + P2) =610 W.

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
EDWWHULHY DQG VWDUWHUYVY VXFK DV IRU GLHVHO SRZF
vehicles, a larger output alternator may be required.

7KH ¢QDO FKHFN LV WR HQVXUH WKDW WKH DOWHUQDWEF
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.
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Figure 5.39 Typical alternator characteristic curve

$OWHUQPRDRUDFWHULVWLFV

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.

7KH JUDSKVY DUH SORWWHG XQGHU VSHFL¢{(F FRQGLWLRQV VXFK DV UHJXODW
voltage and constant temperature (27°C is often used). The graph is often

XVHG ZKHQ ZRUNLQJ RXW ZKDW VL]H DOWHUQDWRU ZLOO EH UHTXLUHG IRU
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

FXUUHQW FXUYH FDQ EH XVHG WRIJHWKHU WR FDOFXODWH WKH HI{(FLHQF\ R
At any particular speed when producing maximum output for that speed, the

HI¢FLHQF\ RI DQ\ PDFKLQH LV FDOFXODWHG IURP

(l¢ FLHQF\ 3RZHU RXW 3RZHU LQ
(l¢ FLHQF\ DW USP LV
(Power out =14V x 70 A=980 W)
980 W/2300 W = 0.43 or about 43%
(l1¢ FLHQF\ DW UDWHG RXWSXW
(Power out =14V x 47 A= 658 W)
658/1100 = 0.59 or about 60%
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The drive ratio between the
crank pulley and alternator
pulley is important.

7TKHVH ¢JXUHV KHOS WR LOOXVWUDWH KRZ PXFK SRZHU
SURFHVYVY 7KH LQHI{FLHQF\ LV PDLQO\ GXH WR LURQ OR'
(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

MPXOWL 99 EHOWY GULYLQJ GLUHFWO\ IURP WKH HQJLQF
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

DQ HIWUDFW IURP LQIRUPDWLRQ UHJDUGLQJ WKH PRXQV
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 $SOWHUQDWRU PRXQWLQJ VSHFL;FDWLRQV
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5.6 Updates
SOWPHDDWRH HORSPHQWYV

%RVFK SUHVHQWHG WKH ZRUOGYV (UVW YROWDJH UHJXODWLQJ JHQHUDWRU
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

HOHFWUL,{FDWLRQ RI WKH DXWRPRELOH +HDGOLJKWYV ZHUH TXLFNO\ IROOR.
RWKHU HOHFWULFDO FRQVXPHUV VXFK DV WKH HOHFWULF VWDUWHU DQG W
GULYH IRU ZLQGVFUHHQ ZLSHUV ODXQFKHG LQ 7KH ¢UVW JHQHUDWRUYV
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)

HI¢FLHQF\ WRGD\TV PDFKLQHVY ZRXOG QHHG WR ZHLJK DV PXFK DV D VPDOO
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 v “4' o
LV NQRZQ DV LWV HI,FLHQF\ ,Q DQ DOWHUQDWRJ i H¢QLWLRQ \ pyH
power is lost as it is converted from mechanical (or kinetic) energy to electrical (l¢ FLHQF\ 7KH UDWLR EH
energy. Ongoing developments aim to optimize all these losses. the power supplied to a
Copper losses: These are caused by the electrical resistance of the stator mazhme and the power it
produces.

and rotor windings.
,URQ ORVVHY VWDWRU 7KHVH RFFXUKH) WKH L< _ .J FRUF
FDXVHG E\ DOWHUQDWLQJ PDIJQHWLF ¢HOGV ZKLFK UHVXOWYV LQ HGG\ FXL
produce heat. They can be reduced by laminating the stator core.

,URQ ORVVHY URWRU (GG\ FXUUHQWYV DUH SURGXFHG RQ WKH VXUIDFH R
EHFDXVH Rl WKH AXFWXDWLRQV Rl PDJQHWLF ¢HOGV FDXVHG E\ WKH VOLW
stator core.

5HFWL¢{HU ORVVHV 5HFWL¢{HU GLRGHY FDXVH D YROWDJH GURS 7KLV UHV
KHQFH WKH QHHG IRU WKH UHFWL¢{¢HU KHDW VLQN +LJK HI¢(FLHQF\ GLRGHYV
reduce, but not eliminate this loss

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.

$OWHUQDWRU QRLVH LV FDXVHG E\ WKH FXWWLQJ Rl PDJQHWLF AX[ ,QWHUF
some alternators, it is possible to determine if they are working by listening
for the ‘whine’ they produce. Of course, proper measurements are needed
WRR 2QH DUHD RI UHVHDUFK WKDW PD\ UHGXFH WKH QRLVH LV WKH XVH RI
SHQWDJUDP FRQQHFWHG VWDWRU ZLQGLQJ DV VKRZQ KHUH $QRWKHU PHWK
WZR SKDVH ZLQGLQJV RIIVHW E\ GHJUHHV

7KH p(l¢ FLHQF\ /LQHY (/ VHULHVY DOWHUQDWRUY DUH GHVLJQHG IRU YHKLF(
feature several safety and comfort functions, and therefore require a greater

amount of electrical energy. By further improving the electrical design of this

DOWHUQDWRU DQG DGGLQJ QHZ GLRGHV 7KWV HI¢{¢FLHQF\ LV DV PXFK DV
means that the alternator needs less mechanical energy to generate the

same electrical power. In real driving conditions, fuel consumption and CO,

emissions can be reduced by as much as 2%. These alternators can also

withstand temperatures of up to 125°C.
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Starting

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 RUGHU WR SURGXFH WKH (UVW WKUHH RI WKHVH WKH PLQLPXP VWDUWLC
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.
- (QJLQH FUDQNLQJ UHVLVWDQFH ,Q RWKHU ZRUGYV WKH WRUTXH UHTXLUHC
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. m
7KH VWDUWHU LV DQ LVRODWHG FRPSRQHQW ZLV\%/‘ WHPSHUDWXUH G |_||:FUWHf

Figure 6.2 shows. The battery in particular is of prime importance. starter torque decreases and

Another particularly important consideration in relation to engine starting the torque required to crank the
UHTXLUHPHQWY LV WKH VWDUWLQJ OLPLWDWHPSF ﬁ]régrg“:sé%'tsm'”'m“msloeed 'KRZV
WHPSHUDWXUH GHFUHDVHY VWDUWHU WRUTXH D .

WKH
to crank the engine to its minimum speed increases. —
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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.

* 5REXVW VXFK DV WR ZLWKVWDQG VWDUWLQJ IRUFHV YLEUDWLRQ FRUUR)
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.

7KH UDWHG YROWDJH RI WKH VA\VWHP IRU SDVVHQJHU FDUV LV DOPRVW ZLWE¥
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 ZLOO DOVR FRQVLGHUDEO\ UHGXFH WKH YROWDJH GURS LQ WKH ZLULQJ 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

RI PD[LPXP FDSDFLW\ IRU WKH VWDUWHU ZKLFK KDV D GURS LQ FDSDFLW\ DV
is connected to the starter by a cable with a resistance of 1 m . These criteria

Figure 6.4 Starter system general layout

Table 6.1 Typical minimum cranking speeds

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

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
EDWWHU\ OHVV FRSSHU ORVVHVY GXH WR WKH UHVLVWDQF
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
LQWHUQDO UHVLVWDQFH 7KH ORZHU WKH WRWDO FLUF)>
output from the starter.

Figure 6.5 Equivalent circuit for starter system

There are two other considerations when designing a starting system. The

ORFDWLRQ RI WKH VWDUWHU RQ WKH HQJLQH LV XVXDOO\
Rl WKH EDWWHU\ PXVW EH FRQVLGHUHG 2WKHU FRQVWUDI
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.
'"HSHQGLQJ RQ WKH LQWHQGHG XVH RI WKH YHKLFOH VSHF
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 JXLGH WKH VWDUWHU PRWRU PXVW PHHW DOO WKH |
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

VKRZ WKH WRUTXH VSHHG SRZHU DQG FXUUHQW FRQVX
—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.

7R LOOXVWUDWH WKH OLQN EHWZHHQ WRUTXH DQG SRZ}

WKH ZRUVW FRQGLWLRQV f& D IRXU F\OLQGHU OLW
RYHUFRPH VWDWLF IULFWLRQ DQG 1P WR PDLQWDLQ
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The volt drop in the main
starter supply wires must be
kept to a minimum.

A typical cranking current for

a light vehicle engine is of the
RUGHU RI W R $
may peak in excess of 500 A to
provide the initial stalled torque.

,Q WKLV H[DPSOH WKH SRZHU GHYHORSHG DW USP ZL
VWDUWHU LV DERXW . igbitd BES the id€alciioberdouly R F
appear to be the starter marked (c).

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

6.2.1 Starting system cir cuits

,Q FRPSDULVRQ ZLWK PRVW RWKHU FLUFXLWYV RQ WKH PR
LV YHU\ VLPSOH 7KH SUREOHP WR EH RYHUFRPH KRZHYH
PDLQ VXSSO\ ZLUHV 7KH VWDUWHU LV XVXDOO\ RSHUDWF
and the same switch also controls the ignition and accessories. The supply from

WKH NH\ VZLWFK YLD D UHOD\ LQ PDQ\ FDVHV FDXVHV W
DQG WKLV LQ WXUQ E\ D VHW RI FRQWDFWV FRQWUROV
DQ Hf[WUD WHUPLQDO RQ WKH VWDUWHU VROHQRLG SURY
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
UHTXLUHG E\ WKH VWDUWHU SDUWLFXODUO\ XQGHU DG"
very low temperatures.

$ W\SLFDO FUDQNLQJ FXUUHQW IRU D OLJKW YHBRLFOH HQ
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
BbetWéelitlelbdttery 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

7KH FLUFXLW VKRZQ LQ )LJXUH LV IURP D )RUG YHKLF(
automatic transmission. The inhibitor circuits will only allow the starter to

operate when the automatic transmission is in ‘park’ or ‘neutral’. Similarly for the

PDQXDO YHUVLRQ WKH VWDUWHU ZLOO RQO\ RSHUDWH L

Figure 6.7 Basic starting circuit
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7KH 3&0 VZLWFKHV WKH JURXQG LQ WKH FRDRLBFRO FLUFXLW RI WKH VWDUW &
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

VHFRQGY KDV EHHQ H[FHHGHG WKH 3&0 VZLWFKHV RIl WKH VWDUWHU UHC
therefore the starter motor. This protects the starter. If the engine does not turn
RU WXUQV RQO\ VORZO\ WKH VWDUWLQJ SURFHVYV LV DERUWHG E\ WKH 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. %DWWHU\ DW OHDVW

Hand and eye checks.

Battery volts (minimum 10 V).

Solenoid lead (same as battery).

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

Insulated line volt drop (maximum 0.25 V).

Solenoid contacts volt drop (almost 0 V).

Earth line volt drop (maximum 0.25 V).

© N o gD

The idea of these tests is to see if the circuit is supplying all the available voltage
WR WKH YWDUWWUWKHQ WKH VWDUWHU LV DW IDXOW LI QRW WKHQ WKH FLUF

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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'Hc',QL\'i .‘L

Motor: A machine to convert
electrical energy into
mechanical energy.

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

Table 6.3 Common starting system symptoms and faults

Symptom Possible fault

Engine does not Battery connection loose or corroded

rotate when trying to Battery discharged or faulty

start Broken loose or disconnected wiring in the starter
circuit

Defective starter switch or automatic gearbox

inhibitor switch
6WDUWHU SLQLRQ RU A\ZKHHO ULQJ JHD
Earth strap broken. Loose or corroded

Starter noisy 6WDUWHU SLQLRQ RU A\ZKHHO ULQJ JHD
Starter mounting bolts loose
Starter worn (bearings etc.)
Discharged battery (starter may jump in and out)

Starter turns engine Discharged battery (slow rotation)

slowly Battery terminals loose or corroded
Earth strap or starter supply loose or disconnected
High resistance in supply or earth circuit
Internal starter fault

guality 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

7KH VLPSOH GH¢QLWLRQ RI DQ\ PRWRU LV D PDFKLQH WR |
PHFKDQLFDO HQHUJ\ 7KH VWDUWHU PRWRU LV QR H[FHSW
D FRQGXFWRU SODFHG LQ D PDIJQHWLF ¢HOG D IRUFH LV F
UHODWLYH WR WKH ¢HOG 7KH PDJQLWXGH RI WKLV IRUFH
WKH OHQJWK RI WKH FRQGXFWRU LQ WKH ¢HOG DQG WKH |

,Q DQ\ '& PRWRU WKH VLQJOH FRQGXFWRU LV RI QR SUL
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

PDJQHWLF ¢HOG DQG WKH ¢HOG FUHDWHG DURXQG WKH
VWDUWHU PRWRU WKH PDLQ (¢HOG ZDV WUDGLWLRQDOO
windings wound around soft iron pole shoes. Due to improvements in

PDJQHW WHFKQRORJ\ SHUPDQHQW PDJQHW (HOGV DOOF
FRQVWUXFWLRQ DUH UHSODFLQJ ZLUH ZRXQG ¢HOGV 7K
created around the conductors in the armature is determined by the value of

WKH FXUUHQW ARZLQJ 7KH SULQFLSOH RI D '& PRWRU L

ORVW VWDUWHU GHVLJQV XVH D IRXU SROH IRXU EUXVK
FRQFHQWUDWHY WKH PDJQHWLF ¢HOG LQ IRKHU DUHDV D
PDJQHWLVP LV FUHDWHG LQ RQH RI WKUHH ZD\V SHUPD
ZLQGLQJV RU VHULHV SDUDOOHO ¢HOG ZLQGLQJV

J)LIXUH VKRZV WKH FLUFXLWV RI WKH WZR PHWKRGV
XVHG 7KH VHULHV+SDUDOOHO ¢HOGY FDQ EH FRQVWUXI
thereby increasing the current and hence torque of the motor. Four brushes
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Figure 6.17 Shunt wound motor
(parallel wound)

Figure 6.16 Speed and torque characteristics of DC motors

6.2.5 DC motor characteristics

It is possible to design a motor with characteristics that are most suitable for
D SDUWLFXODU WDVN )RU D FRPSDULVRQ EHWEKHHQ WKH PDLQ W\SHV RI '& F
speed-torque characteristics are shown in Figure 6.16. The four main types
RI PRWRU DUH UHIHUUHG WR DV VKXQW ZRXQG VHULHV ZRXQG FRPSRXQG Z

permanent magnet excitation.
,Q VKXQW ZRXQG PRWRUV WKH (¢HOG ZLQGLQJ LV FRQQHFWHG LQ SDUDOOH(

DUPDWXUH DV VKRZQ LQ )LJIJXUH '"XH WR WKH FRQVWDQW H[FLWDWLRQ RI
WKH VSHHG RI WKLV PRWRU UHPDLQV FRQVWDQW%&W@M@WQGHQ

6HULHV ZRXQG PRWRUV KDYH WKH ,HOG DQG DUPDWXUH FRQQHFWHG LQ VHU
RI WKLV PHWKRG Rl FRQQHFWLRQ WKH DUPDWXUH FXUUHQW SDVVHV WKURX.
PDNLQJ LW QHFHVVDU\ IRU WKH ¢HOG ZLQGLQJV WamFRQVLVW XVXDOO\ RI RQ
RI KHDY\ ZLUH :KHQ WKLV PRWRU VWDUWYV XQGHL\

WLDO
ORZ UHVLVWDQFH DQG QR EDFN (0) JHQHUDWHYV _mww ‘

therefore high initial torque. This characteristic makes the series wound motor Series wound motors have the
ideal as a starter motor. Figure 6.18 shows the circuit of a series wound motor. ¢HOG DQG DUPDWXUH FRQ
in series.

7KH FRPSRXQG ZRXQG PRWRU DV VKRZQ LQ )LJX LRQ
VKXQW DQG VHULHV ZRXQG PRWRUV 'HSHQGLQJ LIk—é\/GLQJ
FRQQHFWHG WKH FKDUDFWHULVWLFV FDQ YDU\ 7KH XVXDO YDULDWLRQ LV
VKXQW ZLQGLQJ LV FRQQHFWHG ZKLFK LV HLWKHU DFURVVY WKH DUPDWXUH
armature and series winding. Large starter motors are often compound wound

DQG FDQ EH RSHUDWHG LQ WZR VWDJHV 7KH ¢(¢UVW VWDJH LQYROYHV WKH V
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

SLQLRQ RI WKH VWDUWHU LV IXO0O\ LQ PHVK ZLWK WKH ULQJ JHDU D VHW RI
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

WKUHH GLVFXVVHG )LHOG H[FLWDWLRQ DV WKH @y&dtoVeohdddnd Wovhnd mdlorE\ SH U
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
PRWRUV +RZHYHU ZKHQ RQH RI WKHVH W\SHV LV XVHG DV D VWDUWHU PRW
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Figure 6.20 Permanent magnet motor

Figure 6.21 Starter motor characteristic curves

drop in battery voltage tends to cause the motor to behave in a similar way to

D VHULHV ZRXQG PDFKLQH ,Q VRPH FDVHV WKRXJK WKHFH
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.

1IRWH WKDW WKH PD][L PTXie ggaplrdhawwsshow the speed of the motor varies with load. Owing to the very

a starter motor is developed at
midrange speed but maximum
torque is at zero speed.

Figure 6.22 Inertia type starter

KLJK VSHHGY GHYHORSHG XQGHU QR ORDG FRQGLWLRQV
type of motor. Running off load due to the high centrifugal forces on the armature

PD\ FDXVH WKH ZLQGLQJVY WR EH GHVWUR\HG 1RWH WKDYV
motor is developed at midrange speed but maximum torque is at zero speed.

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

UHPDLQHG SHUPDQHQW WKH H[FHVVLYH VSHHG DW ZKLF
by the engine would destroy the motor almost immediately.

The inertia type of starter motor (Figure 6.22) has been the technique used

IRU RYHU \HDUV EXW LV QRZ EHFRPLQJ UHGXQGDQW
machine and was used on small to medium-sized petrol engined vehicles. It is
FDSDEOH RI SURGXFLQJ 1P ZLWK D FXUUHQW GUDZ RI
XVHV D IDFH W\SH FRPPXWDWRU DQG D[LDOO\ DOLJQHG
wave wound and are earthed to the starter yoke.

7KH VWDUWHU HQJDJHV ZLWK WKH A\ZKHHO ULQJ JHDU E
The toothed pinion and a sleeve splined on to the armature shaft are threaded

VXFK WKDW ZKHQ WKH VWDUWHU LV RSHUDWHG YLD D U
cause the sleeve to rotate inside the pinion. The pinion remains still due to
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LWV LQHUWLD DQG EHFDXVH RI WKH VFUHZHG VOHHYH URWDWLQJ LQVLGH L
moved to mesh with the ring gear.

'KHQ WKH HQJLQH (¢UHV DQG UXQV XQGHU LWV RZQ SRZHU WKH SLQLRQ LV
than the armature shaft. This causes the pinion to be screwed back along the
VOHHYH DQG RXW RI HQJDJHPHQW ZLWK WKH A\ZKHHO 7KH PDLQ VSULQJ DF

EXIITHU ZKHQ WKH SLQLRQ ¢UVW WDNHV XS WKH GULYLQJ WRUTXH DQG DOVR
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

FUDQNLQJ GXH WR WKH HQJLQH DOPRVW EXW QRW TXLWH UXQQLQJ 7KH Sl
prone to seizure often due to contamination by dust from the clutch. This was

RIWHQ FRPSRXQGHG E\ DSSOLFDWLRQ RI RLO WR WKH SLQLRQ PHFKDQLVP 7
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

3UH HQJDJHG VWDUWHUYV DUH ¢ WWHG WR WKH PDMRULW\ RI YHKLFOHV LQ XVH
pre-engaged starter is shown as Figure 6.23. This type of starter provides a

SRVLWLYH HQJDJHPHQW ZLWK WKH ULQJ JHDU DV IXO0 SRZHU LV QRW DSSOLI
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

WKH NH\ VZLWFK LV RSHUDWHG D VXSSO\ LV PDGH WR WHUPLQDO RQ WKH \
7KLV FDXVHV WZR ZLQGLQJV WR EH HQHUJL]JHG WKH KROG RQ ZLQGLQJ DQG V
ZLQGLQJ 1RWH WKDW WKH SXOO LQ ZLQGLQJ LV RI YHU\ ORZ UHVLVWDQFH DC
FXUUHQW ARZV 7KLV ZLQGLQJ LV FRQQHFWHG LQ VHULHV ZLWK WKH PRWRU F
FXUUHQW ARZLQJ ZLOO DOORZ WKH PRWRU WR URWDWH VORZO\ WR IDFLOLWLEL
WKH VDPH WLPH WKH PDJQHWLVP FUHDWHG LQ WKH VROHQRLG DWWUDFWV W
YLD DQ RSHUDWLQJ OHYHU SXVKHV WKH SLQLRQ LQWR PHVK ZLWK WKH A\ZKF

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

WRIJHWKHU E\ EHLQJ FRPSUHVVHG DJDLQVW WKH VSULQJV RU IUHH ZKHHO LC
direction.

oODQ\ YDULDWLRQV RI WKH SUH HQJDJHG VWDUWHU DUH LQ FRPPRQ XVH EXV
VLPLODU OLQHV WR WKH DERYH GHVFULSWLRQ 7KH ZRXQG ¢HOG W\SH RI PR
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 7KH WZR PDLQ DGYDQWDJHV RI WKHVH PRWRUV FRPSDUHG ZLWK FRQY
W\SHV DUH OHVV ZHLJKW DQG VPDOOHU VL]H 7KLV PDNHV WKH SHUPDQHQW
VWDUWHU D SRSXODU FKRLFH E\ YHKLFOH PDQXIDFWXUHUV DV GXH WR WKH
RI WRGD\fVY FDUV OHVV VSDFH LV QRZ DYDLODEOH IRU HQJLQH HOHFWULFD¢
reduction in weight provides a contribution towards reducing fuel consumption.

The principle of operation is similar in most respects to the conventional pre-

HQJDJHG VWDUWHU PRWRU 7KH PDLQ GLIIHUHQFH EHLQJ WKH UHSODFHPHQW RI
and pole shoes with high quality permanent magnets. The reduction in weight is in

WKH UHJLRQ RI DQG WKH GLDPHWHU RI WKH \RNH FDQ EH UHGXFHG E\ D VLPL

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

+RZHYHU GXH WR WKH IDOO LQ EDWWHU\ YROWDJH XQGHU ORDG DQG WKH C
RI WKH DUPDWXUH ZLQGLQJV WKH FKDUDFWHULVWLF LV FRPSDUDEOH WR VI
PRWRUV ,Q VRPH FDVHV AX[ FRQFHQWUDWLQJ SLHFHV RU LQWHUSROHV DU
EHWZHHQ WKH PDLQ PDJQHWY 'XH WR WKH ZDUSLQJ HIIHFW RI WKH PDJQHW
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

OLIHDQG D UHGXFWLRQ LQ YROWDJH GURISIXUNLQJ LPSURYHG VWDUWHU SR
shows a modern permanent magnet (PM) starter.

JRU DSSOLFDWLRQV ZLWK D KLJKHU SRZHU UHTXLUHPHQW SHUPDQHQW PDJ
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\QDPR 7KH GHYLFH GLUHFWO\ PRXQWHG RQ WKH FUDQNVKDIW ZDV D FRP
DQG KHQFH QRW YHU\ HI(FLHQW

The method is now known as an Integrated Starter Alternator Damper (ISAD).

W FRQVLVWY RI DQ HOHFWULF PRWRU ZKLFK IXQFWLRQV DV D FRQWURO HC
WKH HQJLQH DQG WKH WUDQVPLVVLRQ DQG FDQ DOVR EH XVHG WR VWDUW
deliver electrical power to the batteries and the rest of the vehicle systems. The

HOHFWULF PRWRU UHSODFHV WKH PDVV RI WKH A\ZKHHO

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

WKH YLEUDWLRQ FDXVHV RQH SROH RI WKH FDSDFLWRU WR EH FKDUJHG 7K
is to take the energy from the vibration.

8VLQJ ,6$'" WR VWDUW WKH HQJLQH LV YLUWXDOO\ QRLVHOHVYVY DQG FUDQNL
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

FUDQNLQJ WKH HQJLQH ZLOO ¢UH XS LQ DERXW + VHFRQGV

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.

'KHQ XVHG LQ DOWHUQDWRU PRGH WKH ,6%" FDQ SURGXFH XS WR N: DW LG(
It can supply power at different voltages as both AC and DC. Through the

DSSOLFDWLRQ RI LQWHOOLJHQW FRQWURO HOH FWIdUrRe®.R1F Mteghitad btartes SiterfraforQ EH >
damper (Source: Bosch Media)

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
WR LPSURYH FRPIRUW VDIHW\ DQG VHUYLFH OLIH

+ 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
FUDQNFDVH ZLWK WKH GULYH SLQLRQ LQ D SRVLWLRQ IRU PHVKLQJ ZLWK W}
drive plate ring gear.

7KH VWDUWHU FDQ EH VHFXUHG LQ WZR ZD\V HLWKHU E\ ADQJH RU FUDGOH
Flange mounting is the most popular technique used on small and medium-
VLIHG YHKLFOHY DQG LQ VRPH FDVHV LW ZLOO LQFRUSRUDWH D IXUWKHU \
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Any cable carrying a current
will experience power loss
known as I°R loss.

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

at the rear of the starter to reduce the effect of vibration. Larger vehicle starters

DUH RIWHQ FUDGOH PRXQWHG EXW DJDLQ DOVR XVH WK]|
XVXDOO\ ¢[HG ZLWK DW OHDVW WKUHH ODUJH EROWV | (
KDYH VRPH NLQG RI SLORW RIWHQ D ULQJ PDFKLQHG RC
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

ADQJH PRXQWLQJV PHWKRG XVHG IRU PRVW OLJKW YHKL

&OHDUO\ WKH PDLQ ORDG RQ WKH YHKLFOH EDWWHU\ LV
the size of supply cable required. Any cable carrying a current will experience

power loss knownas I?’°5 ORVY ,Q RUGHU WR UHGXFH WKLV SRZHI
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
FRQGXFWRUV WR WKH VWDUWHU WR HQVXUH ORZ UHVLV
and power loss. The maximum allowed volt drop is 0.5 V on a 12 V system and

1V ona 24V 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

VZLWFK ZLOO FRQWURO WKH FXUUHQW WR WKH VWDUWH
2Q YHKLFOHV ZLWK DXWRPDWLF WUDQVPLVVLRQ DQ LQ¥
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

*DWHV ZHOO NQRZQ DV PDQXIDFWXUHUV RI GULYH EHO\
concept that is belt driven. It is an electromechanical system made up of a

KLJK HI¢FLHQF\ LQGXFWLRQ PRWRU ORQJ OLIH EHOW Gl
electronic controls. The belt-driven starter-generator replaces the current

alternator and has a similar space requirement.

2QH RI WKH NH\ FRPSRQHQWYV RI WKLV VI\IVWHP LQ DGGL
LV D K\GUDXOLF WHQVLRQHU 7KLV PXVW EH DEOH WR S|
during starting but also control system dynamics during acceleration and
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Figure 6.33 Belt-driven starter-generator concept (Source: Gates)

GHFHOHUDWLRQ RI WKH HQJLQH 7KH VWDUWHU JHQHUDWRU LV GULYHQ E\ C
which has been specially designed for the extra load.

7KH PDLQ IHDWXUHY DQG SRWHQWLDO EHQH{;WV RI WKLV VI\VWHP DUH DV IR

» 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\EULG HOHFWULF VWUDWHJLHV LQFWYVMRHG\FWBONMLQJ VSHHG DQG VWDUW=

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

VI\IVWHP XQGHU GHYHORSPHQW LV WKDW LW FDQ EH ¢WWHG WR H[LVWLQJ HQ
ZLWK RQO\ OLPLWHG PRGL¢{(FDWLRQV ,W PD\ WKHUHIRUH EHFRPH D pVWHS!
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 & Key fact

FKDQJHG OLWWOH LQ RYHU \HDUV 21 FRXUVH WK The modern starteris used PH IDL
UHOLDEOH DQG ORQJHU ODVWLQJ ,W LV LOQWHUHVYV ?lt\’logtDZ?QoF“mesayea””C'ty DVVXF
<

WKH PRGHUQ VWDUWHU LV XVHG DERXW WLPHV

F 7KL
reliability has been achieved by many years of research and development. —

6.4.1 Speed, torque and po wer

7R XQGHUVWDQG WKH IRUFHV DFWLQJ RQ D VWDUWHU PRWRU OHW XV (UVW
FROQGXFWLQJ ZLUH LQ D PDIQHWLF ¢HOG 7KH IRUFH RQ D VLQJOH FRQGXFW
PDJQHWLF ¢HOG FDQ EH FDOFXODWHG E\ WKH IRUPXOD

F =8Il
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3ROH VKRHV ZLWK ZLQGLQJV DUH PRUH FRPSOLFDWHG DV WKH AX[ GHQVLW\
RQ WKH PDWHULDO RI WKH SROH VKRH DV ZHORHDV WKH FRLO DQG WKH FXU!

magneto-motive force (MMF) of a coil is determined as follows:

MMF = NI Ampere turns

ZKHUH 1 WKH QXPEHU RI WXUQV RQ WKH FRLO , WKH FXUUHQW ARZLQJ L
ODJQHWLF ¢HOG VWUHQJIWK + UHTXLUHV WKH DFWLYH OHQJWK RI WKH FRLO
NI
H=—

/
ZKHUH O DFWLYH OHQJWK RI WKH FRLO + PDIQHWLF ¢HOG VWUHQJWK
,Q RUGHU WR FRQYHUW WKLV WR AX[ GHQVLW\ % WKH SHUPHDELOLW\ RI WK
be included:

B =Huyt,

where: | SHUPHDELOLW\ RI |UHéhrwrseDd)H = rative
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

LV 1P
At a 10:1 ring gear to pinion ratio this will require a 1000 rpm starter speed (n).
To convert this to rad/s:

_ 2n
60
This works out to 105 rad/s
P=T
9.6 x 105 = 1000 W or 1 kW

(IAFLHQF\
7KH HI¢FLHQF\ RI PRVW VWDUWHU PRWRUV LV LQ WKH RUGHU RI
(1¢ FLHQF\ 3RZHU RXW 3RZHU LQ
6R WR FDOFXODWH WKH UHTXLUHG LQSXW SRZHU N : N :
7KH PDLQ ORVVHV ZKLFK FDXVH WKLV DUH LURQ ORVVHV FRSSHU ORVVHYV

mechanical losses.
,URQ ORVVHY DUH GXH WR K\VWHUHVLY ORVV FDXVHG E\ FKDQJHV LQ PDJQH

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 I°R 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
HI¢FLHQF\ RI WKLV PRWRU ZLOO UHTXLUH D VXSSO\ RI DERXW N:

JURP D QRPLQDO 9 VXSSO\ DQG DOORZLQJ IRU EDWWHU\ YROW GURS D FX
order of 170 A will be required to achieve the necessary power.
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6.5.1 Electronic star ter motor control and
stop-start system

An electronically controlled starting system differs from a normal system in that
WKH GULYHU LV QRW LQ GLUHFW FRQWURO 7KH GULYHU
which then in turn can carry out several different checks. For example:

¢ Is the driver authorized to start the engine?

 Is the engine stationary?

 |s 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
WUDQVPLVVLRQ 7KH EHQH¢{W RI WKLV V\VWaddP LV RU F
IXHO FRQVXPSWLRQ LQ XUEDQ WUDI¢{¢F $OPRVW DOO (XU
LOQWHJUDWLQJ VWRS VWDUW WHFKQRORJ\ LQWR FRPSDF
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

QHFHVVDU\ )RU HIDPSOH HOHFWULFDO HQHUJ\ PDQDJH
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

IDVW VWDUW DQG (QDOO\ WKH VWDUWHU DQG ULQJ JHD
not wear out prematurely.

Figure 6.34 $XWRPDWLF VWDUWLQJ FLUFXLW 6WDIWKWUIQDO U
LQSXW VLIQDOV 3DUN QHXWUDO RU FOXWFK VLJQDO 6 WD
live and 30 is battery live)
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The ‘batteryless’ jump starter
capacitors can be charged
from the dead battery.

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 KLJKHU HQHUJ\ ARZ GHQVLW\ EXW QRW RKLWKISRZHU
UHDVRQ LW LV SRVVLEOH WR FKDUJH WKH FDSDFLWRUYV
VRXUFH ,QVLGH WKH XQLW D '& '& FRQYHUWHU DFWV O
WKH YROWDJH WR FKDUJH WKH FDSDFLWRUV ZLWK VXI¢F
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
FDSDELOLW\ WKH FDSDFLWRUV FDQ EH FKDUJHG IURP W
KDV VRPH YROWDJH DQG SRZHU FDSDFLW\ 7KLV VHHPV
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
FDQQRW GHOLYHU DQ\ SRZHU HYHQ D VPDOO DPRXQW R
utilized for charging the capacitors for a start assistance situation.

Figure 6.36 % DWWHU\OHVV MXPS VWDUW SDFNVHREHFHR -ONN 6HDC

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

QR PDLQWHQDQFH DQG FKDUJHV IURP WKH GHDG EDWWH
RU HYHQ YLD 86% ,W FDQ DOVR EH XVHG ZLWK WKH YHK
situations where the battery is completely dead.

,Q VHUYLFH LW ZRUNV ZHOO WKH SDFNDJH LV DLPHG D
FDRXSSO\ DERBRXWKLFK LV PRUH WKDQ HQRXJK SRZHU WR
The device also includes a diesel glow plug support mode to allow pre-

heating time.
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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.

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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The ideal ignition timing is
dependent on two main factors,
engine speed and engine load.

Figure 7.1 Earlier type ignition coil

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 caoils.
The speed at which the magnetism changes.

Figure 7.1 shows a typical ignition coil in section. The two windings are wound
RQ D ODPLQDWHG LURQ FRUH WR FRQFHQWUDWH WKH PI
to assist with cooling.

7.1.3 Advance angle (timing)

JRU RSWLPXP HI¢(FLHQF\ WKH LIQLWLRQ DGYDQFH DQJO!
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
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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

UH¢{¢QHG E\ HQJLQH WHPSHUDWXUH DQG DQ\ ULVN RI GHWRQDWLRQ

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. | 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
IRUP RI D PDIJIQHWLF ¢HOG 7R HQVXUH WKH FRLO(KDUJHG EHIRUH WKH L

a dwell period is required. Ignition timing is at the end of the dwell period.
Key fact

7.1.4 Fuel consumption and exhaust emissions The ignition timing has a
VLIQL;FDQW HIIHFW RQ IX

; consumption, torque, drivability,
7KH LIQLWLRQ WLPLQJ KDV D VLIQL,(FDQW HIIHFV and exhaust emissions. LRQ V

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 erignition

Contact breaker ignition (Figure 7.3) is not now used on new vehicles but
there are many early cars out their still!l The main components of this system,
together with some that are still used, are outlined in Table 7.1.

Figure 72 (IIHFW RI FKDQJHV LQ LJQLWLRQ WLPLQJ DW D ¢[HG HQJLQH VSHHG
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High tension (HT): High voltage.

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 coll 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 Suppresses most of the arcing as the contact breakers

(condenser) 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 Changes the ignition timing with engine speed. As

advance speed increases the timing is advanced.

Vacuum Changes timing depending on engine load. On

advance 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.

5HVLVWDQFH WR RJRQH FRURQD DQG AXLGV

Ten-year durability.



278

Ignition

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,

ZKLFK FDXVH LQHI¢FLHQF\ GXH WR WKH KHDWLQJ HIIHFV
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,

WKLV SURGXFHYVY D PRUH HI(FLHQW DQG KLIJKHU RXWSXW
DUH FRQWLQXLQJ DQG WKH AX[ GHQVLW\ SUREOHP LV DE
HYHQ PRUH HI¢FLHQW FRPSRQHQWYV

7.2.1 Intr oduction

(OHFWURQLF LIJIQLWLRQ LV QRZ (WWHG WKRIDWPRVW DOO
because the conventional mechanical system has some major disadvantages.

* Mechanical problems with the contact breakers, not the least of which is the
limited lifetime.
© &XUUHQW ARZ LQ WKH SULPDU\ FLRBX&WPDVH ZROW HRF F
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 Constantdw ell systems
SR 'HeQLWLRQ

The term ‘dwell’ when applied to ignition is a measure of the time during which i .
Dwell: When applied to ignition

WKH LJQLWLRQ FRLO LV FKDUJLQJ LQ RWKHU ZRUGYV is a measure of the time (UUHQ
The dwell in conventional systems was simply the time during which the contact during which the ignition coil is
breakers were closed. This is now often expressed as a percentage of one charge— charging, in other words when

discharge cycle. Constant dwell electronic ignition systems have now been replaced WKH SULPDU\ FXUUHQW LV
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 Yy systems

In order for a constant energy electronic ignition system to operate, the dwell must

LQFUHDVH ZLWK HQJLQH VSHHG 7KLV ZLOO RQO\ EH RI EHQH¢{¢W KRZHYHU LI W
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
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Figure 7.7 Ignition distributor with Hall generator

Figure 7.8 A Hall effective sensor output will switch between 0 V and 7 V

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
DOWHUQDWHO\ LQ DQG RXW RI D PDIQHWLF ¢HOG 7KH U
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 ‘-, O, +’, 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

SLFN XS DQG DV WKH UHOXFWRU URWDWHY WKH PDJQH
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.
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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.

7KH ¢UVW SDUW RI WKH FLUFXLW LV D YROWDJH VWDELOL]JHU WR SUHYHQW
components and to allow known voltages for charging and discharging the
capacitors. This circuit consists of ZD, and R,.
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alternating control voltage, now approaching from positive values, drops below
the threshold voltage. Transistor T, now switches off. The base of T, becomes
positive via R, and T, is on. This alternation — T, on/T, off or T, off/T, on —is
typical of the Schmitt trigger and the circuit repeats this action continuously.
Two series-connected diodes, D, and D,, 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

RI WKH GZHOO VHFWLRQ LQ WKH WULJJHU ER[ 7KH UHVXOW LV WKDW VXI¢FlL
is available for the spark at the spark plug under any operating condition

RI WKH HQJLQH 7KH GZHOO FRQWURO VSHFL¢{¢HV WKH VWDUW RI WKH GZHOO
beginning of the dwell period (when T, switches on), is also the beginning of a

rectangular current pulse that is used to trigger the transistor T,, 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

DQG FDSDFLWRUV SURYLGHV D ¢([HG WLPH UHODWLRQVKLS DV D IXQFWLRQ R

The capacitor C, and the resistors R, and R, form the RC circuit. When transistor
T, is switched off, the capacitor C, will charge via R, and the base emitter of T..
At low engine speed the capacitor will have time to charge to almost 12 V. During
this time T, is switched on and, via T,, T, and T, so is the ignition coil. At the point
of ignition T, switches on and capacitor C5 can now discharge viaR,, and T,. T,
remains switched off all the time C, is discharging. It is this discharge time (which
is dependent on how much C, had been charged), that delays the start of the
next dwell period. Capacitor C, ¢ QDOO\ EHJLQV WR EH FKDWJHG YLD 5 DQG 7
the opposite direction and, when it reaches about 12 V, T, will switch back on. T,
remains on until T, switches off again. As the engine speed increases, the charge
time available for capacitor C, decreases. This means it will only reach a lower
voltage and hence will discharge more quickly. This results in T, switching on
earlier and hence a longer dwell period is the result.

The current from this driver transistor drives the power output stage (a

'DUOLQJWRQ SDLU ,Q WKLV 'DUOLQJWRQ FLUFXLW WKH FXUUHQW ARZLQJ L
transistor T, LV DPSOL{¢HG WR D FRQVLGHUDEO\ KLJKHU FXUUHQW ZKLFK LV IHG
base of the transistor T, 7KH KLJK SULPDU\ FXUUHQW FDQ WKHQ ARZ WKURXJK WKH
ignition coil via transistor T,. 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.

&RPSRQHQWYV QRW VSHFL,FDOO\ PHQWLRQHG LQ WKLY H[SODQDWLRQ DUH IF
against back emf (ZD,, D,) from the ignition coil and to prevent the dwell

becoming too small (ZD, and C,). 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
DQG WKHQ SUH VHW GXULQJ FRQVWUXFWLRQ RI WKH DPSOL¢{¢HU PRGXOH 7KI
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Figure 7.13 Transistorized ignition module

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 7.14 Closed loop dwell control system
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Figure 7.15 CDI system

Figure 7.15 shows a block diagram of the CDI system. The CDI works by

SUVW VWHSSLQJ XS WKH EDWWHU\ YROWDJH WR DERXW 9 '& XVLQJ DQ F
DQG D WUDQVIRUPHU IROORZHG E\ D UHFWL{HU 7KLV KLJK YROWDJH LV XVI
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

ZLOO EH ¢UHG 7KH GLVDGYDQWDJH KRZHYHU LV WKDW WKH VSDUN GXUDW
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.

7.3.1 Overview

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 & Key fact

compared with earlier systems, in that they operate digitally. Information Electronic spark advance (ESA)
about the operating requirements of a particular engine is programmed ignition systems have data on
into the memory inside the electronic control unit. The data for storage in the operating requirements of a

particular engine programmed
into memory.

from further development work on the vehicle under various operating
conditions. A 4

ESA ignition has several advantages.

ROM are obtained from rigorous testing on an engine dynamometer and

< 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.



286 Ignition

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

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
AXFWXDWLRQV DQG D YDSRXU WUDS WR SUHYHQW SHWU

Figure 7.17 Position of a programmed ~ENgine temperature — coolant sensor

ignition crankshaft 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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Figure 7.18 Ideal timing angle for an engine is close to the knock limit

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
HI¢FLHQW ZKHQ WKH WLPLQJ LV DGYDQFHG DV IDU DV SRVVLEOH 7R DFKLHY
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.
7KH VHQVRU LWVHOI LV DQ DFFHOHURPHWHU RIWHQ RI WKH SLHIRHOHFWULF
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
rezsciogdl_s tc;) s?na_ls _from thg knock sensor in the engu_we s knock wmdow for
ylinder — 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 Combustion knock can cause

WKH VHQVRU LV DOVR ¢OWHUHG LQ WKH (&8 WR L Seriousdamagetoanengineif 3
sustained for long periods.

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 humber of engine revolutions,

XQWLO WKH DGYDQFH UHTXLUHG E\ PHPRU\ LV UHVWRUHG 7KLV ¢QH FRQWU
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
YROWDJH VXSSO\ WR WKH FRLO ZLOO UHKXVUH D VOLJKWO\ ODUJHU GZHOO
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.
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Distributorless ignition outputs
to the spark plugs without the
need for an HT distributor.

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.

Figure 7.22 DIS ignition system

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
¢[LQJ VWUHVVHYV

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

WZR GRXEOH HQGHG FRLOV ZKLFK DUH ¢UHG DOWHUQD)
is determined from a crankshaft speed and position sensor as well as load

DQG RWKHU FRUUHFWLRQV :KHQ RQH RI WKH FRLOV LV
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.
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Figure 7.23 DIS coil on a car

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

IURQW RI WKH A\ZKHHO RU DJDLQVW D UHOXFWRU ZKHHO MXVW EHKLQG WKH
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

¢[HG QXPEHU RI GHJUHHV EHIRUH WRS GHDG FHQWUH LQ RUGHU WR DOORZ \
LIQLWLRQ SRLQW WR EH FDOFXODWHG DV D ¢([HG DQJOH DIWHU WKH UHIHUHC

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

KLIJIK WHQVLRQ ZLQGLQJY DUH VHSDUDWH DQG DUH VSHFL¢{¢F WR F\OLQGHUYV
and 3. Figure 7.24 shows a typical DIS coil.

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
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Figure 7.26 Six direct ignition coils in position

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

VHQVRU GHWHUPLQHV WKH LQIRUPDWLR/XHE\YRODMWMOALIDDO\ ¢ULQJ DOO RI WKH
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

RYHU IRU DQ H[FHVVLYH WLPH PDNLQJ ARRGLQJ OLNHO\ 7KH SOXJV DUH DO
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.

'XULQJ GLI¢FXOW VWDUWLQJ FRQGLWLRQV PXOWLVSDUNLQJ LV DOVR XVHG E\
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.

7.6.1 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
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Figure 7.27 Spark plugs

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.
,JOQLWLRQ (ULQJ SRLQW + EDU DW f&
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, Al203 (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/mm?.
&RHI{¢FLHQW RI WKHUPDO H[SDQVLRQ .
7TKHUPDO FRQGXFWLYLW\ + : P . UDQJH + f&
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
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Figure 728 6SDUN SOXJ FRQVWUXFWLRQ 6RXUFH 1*.

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
¢[LQJ EROW ZKLFK LV RI FRXUVH HDUWKHG WR WKH HQJLQH

7.6.3 Heatr 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 m

YDU\ VLIQL¢FDQWO\ 7KH RSHUDWLQJ WHPSHUDW)‘- OHFW
plug is critical. If the temperature becomes too high then pre-ignition may occur The operating temperature of

as the fuel-air mixture may become ignited due to the incandescence of the g;ﬁ gciesn(t:rrietigﬁctrode of a spark

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. " Key fact
The heat range of a spark plug then is a measure of its ability to transfer heat The heat range of a spark plug

away from the centre electrode. A hot running engine will require plugs with a then is a measure of its ability

higher thermal loading ability than a colder running engine. Note that hot and to transfer heat away from the
centre electrode.

cold running of an engine in this sense refers to the combustion temperature
DQG QRW WR WKH HI¢FLHQF\ RI WKH FRROLQJ V\V
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Figure 7.29 Temperature of a spark plug electrode changes with engine power output

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

IRU KHDW UDQJHV $OVR VKRZQ LV WKH UDQJH RI SDUW QX

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.

For normal applications, alloys
of nickel are used for the
electrode material.

Figure 730 +HDW FRQGXFWLQJ SDWKV RI D VSDUN SOXJ 6RXUFH
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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.

6LOYHU P
&RSSHU P
3ODWLQXP P
I1LFNHO P

Compound electrodes have an average thermal conductivity of about

200W/m . 3ODWLQXP WLSV DUH XVHG IRU VRPH VSDUN SOXJ DSSOLFDWLRQV
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).

Figure 7.31 The plug has good anti-
7.6.5 Electrode ga p fouling characteristics

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

HQHUJ\ DYDLODEOH WR IRUP D VSDUN DW D ¢([HG HQJLQH VSHHG LV FRQVWD
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

WKH PL[WXUH LQ RUGHU WR SUHYHQW TXHQFKLQJ RI WKH ADPH

7KH ¢QDO FKRLFH LV WKHUHIRUH D FRPSURPLVH UHDFKHG WKURXJK WHVWL(
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

7KH 9 JURRYHG SOXJ LV D GHYHORSPHQW E\ 1*. GHVLJQHG WR UHGXFH HOHF
TXHQFKLQJ DQG DOORZ WKH ADPH IURQW WR SURJUHVYVY PRUH HDVLO\ IURP V
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

SURSDJDWLRQ RI WKH ADPH IURQW DQG OHVV TXHQFKLQJ GXH WR FRQWDFW
DQG FHQWUH HOHFWURGHYV )LJIJXUH VKRZV D 9 JURRYHG SOXJ ¢ULQJ WRJ
a graphical indication of the potential improvements when compared with the

conventional plug.
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Figure7.32 1*. 9 SRZHU SOXJ 6RXUFH 1%*.

Figure 733 9 JURRYHG VSDUN SOXJ ¢ULQJ WRJIJHWKHU ZLWK D JUD
improvements when compared with the conventional plug

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.

7KH ¢UVW PHWKRG RI DVVHVVLQJ SOXJ WHPSHUDWXUH L
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-

EXVWLRQ KDV EHHQ LQLWLDWHG WKH FRQGXFWLYLW\ D
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.
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Figure 7.34 Thermocouple spark plug

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

HDFK WLPH WKH\ ¢UH 7KH VSDUN ZLOO MXPS DFURVV WKH SDWK RI OHDVW 1
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.

7.7.1 Overview

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 ‘_ Key fact

workshop manual is essential when working on any vehicle. The main The main ignition components
ignition components are the engine speed and load sensors, knock sensor, are the engine speed and
temperature sensor and the ignition coil. The ECU reads from the sensors, load sensors, knock sensor,

interprets and compares the data, and sends output signals to the actuators. }err:i]tligc?r:actgirle sensor, and the
The output component for ignition is the coil. Some form of electronic ignition is d .

QRZ ¢;WWHG WR DOO VSDUN LIJQLWLRQ YHKLFOHV_
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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

NQRZQ DURBDQN VHQVRU GHWHUPLQHV WKIDQQIRUPDWLRQ E\ LQLWLDOO\
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. & Key fact

Ignition systems continue to develop and will continue to improve. However, High voltage sparks are

keep in mind that the simple purpose of an ignition system is to ignite the produced by switching a coil on
fuel—air mixture every time at the right time. And, no matter how complex the and off.

electronics may seem, the high voltage is produced by switching a coil on _
and off.

7.7.2 Testing procedure ‘ 4 . 6DIHW\ ¢UVW
Table 7.3 lists some common symptoms of an ignition system malfunction Caution/Achtung/Attention —

High voltages can seriously

together with suggestions for the possible fault. damage your health!

Figure 7.36 Combustion taking place (Source: Ford Media)
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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

MEURNHQYT WR SURGXFH WKH FROODSVH RI WKH PDJQHWLF ¢HOG

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:

.V -
IZE('l—e Rt/L)

where: i = instantaneous primary current, R = total primary resistance, L =
LQGXFWDQFH RI SULPDU\ ZLQGLQJ W WLPH FXUUHQW KDV EHHQ ARZLQJ H
natural logs.

Some typical values for comparison are:

Contact breaker ignition Electronic ignition
R=3t04 8 R=18
V=14V V=14V
L=10 mH L=4mH

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 24A
Electronic system = 109A 7.3A

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

LPSRUWDQW WR QRWH WKDW WKH KLJKHU FXUUHQW ARZLQJ LQ WKH HOHFW!
have been too much for the conventional contact breakers.

7KH HQHUJ\ VWRUHG LQ WKH PDJQHWLF ¢HOG RI WKH LIQLWLRQ FRLO LV FD
shown:

E=1(Li 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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7.9.1 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
HOHFWURGH ,I WKH JDS EHFRPHV WRR ODUJH PLV¢{ULQ

To extend the service interval of vehicles, the service life of the spark plug
Key fact ‘ PXVW EH LQFUHDVHG 6RPH PDQXIDFWXUHUYV DUH ¢WW]I

No matter how many ground plugs as original equipment to achieve this. Multi electrode spark plugs

electrodes the plug has, every can have two, three or four ground electrodes depending on the service life
WLPH WKH VSDUN SO Xrgquitement aR i@eomanufacturer. However, no matter how many ground
one spark occurs between HOHFWURGHV WKH SOXJ KDV HYHU\ WLPH WKH VSDUN

the centre electrode and the occurs between the centre electrode and the ground electrode which has the
ground electrode.

lowest required voltage or the least distance to travel between the centre and
— the ground electrode.

Figure 7.37 Spark plug electrodes, left to right: multi-electrode, iridium wire, hybrid
6RXUFH 1*. 30XJV

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
Fine wire plugs require less EHQH; WV LQ VHYHUDO DUHDV 7KHVH ¢QH ZLUH SOXJV U
voltage to create a spark. WKH VSDUN KDYH D PRUH FRQVLVWHQW VSDUKWNHSRVLWLEF
WYYV ULQJ SRVLWLRQ DQG H[SHHEMQWH IXQHRW KX HQFKVIHIQV

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.
6DIHW)\ . va ‘, By using small chips of special precious metals such as platinum or even

o iridium, which are welded to the tips of the electrodes, it is possible to increase
gree"r‘]?g”r‘]b\%itggég”'t'onSYStemS WKH VHUYLFH OLIH VLIQL;FDQWO\ ZKLOVW PDLQWDLQLGC
i 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
GHPDQG KLJK LIQLWLRQ TXDOLW\ DQG H[WUHPH DQWL IF
has developed a plug that has several special features designed to offer the
UHTXLUHG SHUIRUPDQFH (VVHQWLDOO\ D YHU\ SURMHF
platinum electrodes is combined with a semi-surface discharge design. The
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Fuel control

D

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

$ VLPSOL{;HG GHVFULSWLRQ RI WKH FRPEXVWLRQ SURFHVV ZLWKLQ WKH F\O
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

RI ADPH )URP WKLV WKLQ WKUHDG FRPEXVWLRQ VSUHDGY WR WKH HQYHOR:
LPPHGLDWHO\ VXUURXQGLQJ LW DW D UDWH WKDW GHSHQGYV PDLQO\ RQ WK
temperature, but also, to a lesser degree, on the temperature and density of

the surrounding envelope.

,Q WKLV ZD\ D EXEEOH RI ADPH LV EXLOW XS WKDW VSUHDGYV UDGLDOO\ RX\
WKH ZKROH PDVV RI PLIWXUH LV EXUQLQJ 7KH EXEEOH FRQWDLQV WKH KLJK
products of combustion, while ahead of it, and being compressed by it, is the

VWLOO XQEXUQW PL[WXUH

If the cylinder contents were at rest this bubble would be unbroken, but with

WKH DLU WXUEXOHQFH QRUPDOO\ SUHVHQW ZLWKLQ WKH F\OLQGHU WKH ¢0O
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

WXUEXOHQFH WKH GLUHFWLRQ LV OLWWOH DIIHFWHG XQOHVV VRPH GH¢{QL
on the system. The combustion can be considered in two stages.

1. *URZWK Rl D VHOI SURSDJDWLQJ ADPH
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 84 $SSUR[LPDWHG UHODWLRQVKLS EHWZHHQ ADPH WHPSHUDWXUH DQG WKH WLP
VSDUN WR SURSDJDWLRQ RI ADPH IRU D K\GURFDUERQ IXHO

8.1.3 Range andra te of burning

7KH UDQJH DQG UDWH RI EXUQLQJ LVVXH FDQ EH VXPPDUL]JHG E\ UHIHUHQFH
following graphs:

JLIXUH VKRZV WKH DSSUR[LPDWH UHODWLRQ EHWZHHQ ADPH WHPSHUDW X
WLPH IURP VSDUN WR SURSDJDWLRQ RI ADPH IRU D K\GURFDUERQ IXHO

JLIXUH VKRZV WKH UHODWLRQ EHWZHHQ WKH ADPH WHPSHUDWXUH DQG W
strength.

J)LIXUH VKRZV WKH UHODWLRQVKLS EHWZHHQ PL[WXUH VWUHQJWK DQG UD

7KHVH JUDSKVY VKRZ WKDW WKH PLQLPXP GHOD\ WLPH $ WR % LV DERXW P
WKH PL[WXUH VOLJKWO\ ULFK :KLOH WKH VHFRQG VWDJH % WR & LV URXJKQO
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

DGYDQFHG WKHUH LV DQ LQFUHDVH LQ ¢(¢ULQJ SUHVVXUH RU PD[LPXP F\OLQC
JHQHUDOO\ DFFRPSDQLHG E\ D UHGXFWLRQ LQ H[KDXVW WHPSHUDWXUH 7KF
LQFUHDVLQJ WKH UDQJH RI WKH PLIWXUH VWUHQJWK VSHHGV WKH ZKROH Sl
thus increases the tendency to detonate.
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8.1.4 Detonation

7KH GHWRQDWLRQ SKHQRPHQRQ LV WKH OLPLWLQJ IDFWRU RQ WKH RXWSXW
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

KLIJIK SLWFKHG pSLQJY :KHQ WKH VSDUN LJQLWHV D FRPEXVWLEOH PL[WXUH I
DLU D VPDOO QXFOHXV RI ADPH EXLOGV XS VORZO\ DW ¢UVW EXW DFFHOHULI
$V WKH ADPH IURQW DGYDQFHV LW FRPSUHVVHVY WKH UHPDLQLQJ XQEXUQHG
DKHDG RI LW 7KH WHPSHUDWXUH RI WKH XQEXUQHG PL[WXUH LV UDLVHG E\ F
DQG UDGLDWLRQ IURP WKH DGYDQFLQJ ADPH XQWLO WKH UHPDLQLQJ FKDUJH
spontaneously. The detonation pressure wave passes through the burning

PL[WXUH DW D YHU\ KLJK YHORFLW\ DQG WKH F\OLQGHU ZDOOV HPLW WKH UL

Detonation is not too dangerous in small engines because it is usually avoided

DW WKH ¢UVW ZDUQLQJ E\ HDVLQJ WKH ORDG EXW DW KLJKHU VSHHGV ZKH
level is high, the characteristic noise can and often does go undetected. It can

EH HHZWUHPHO\ GDQJHURXY SURPSWLQJ SUH LIJQLWLRQ DQG SRVVLEO\ WKH |
destruction of the engine.

High compression temperature and pressure tend to promote detonation. \

,Q DGGLWLRQ WKH DELOLW\ RI WKH XQEXUQW PL‘. JHW
UDGLDWHG WR LW E\ WKH DGYDQFLQJ ADPH IURQ" High compression temperature )W 7K
RI WKH PL[WXUH DQG WKH GHVLJQ RI WKH FRPEX\ andpressuretendtopromote =y \K

ODWWHU PXVW EH DUUDQJHG IRU DGHTXDWH FR R detonaton. W PL[)

it near a well-cooled feature such as an inlet valve. _

7KH OHQJWK Rl ADPH WUDYHO VKRXOG EH NHSW DV VKRUW DV SRVVLEOH E\ FDL
positioning of the point of ignition. Other factors include the time (hence the ignition
WLPLQJ VLQFH WKH UHDFWLRQ LQ WKH XQEXUQW PL[WXUH PXVW WDNH VRPH W
the degree of turbulence (in general, higher turbulence tends to reduce detonation
HITHFWVY DQG PRVW LPSRUWDQWO\ WKH WHQGHQF\ RI WKH IXHO LWVHOI WR G

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

DOUHDG\ GLI(¢FXOW SROOXWLRQ SUREOHP $ IXHO ZLWK JRRG DQWL NQRFEN ¢
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

YDULRXV PL[WXUHV RI LVR RFWDQH DQG QRUPDO KHSWDQH ,I WKH SHUIRUP
IXHO LV LGHQWLFDO WR IRU H[DPSOH D PL[WXUH RI LVR RFWDQH DQG
WKHQ WKH IXHO LV VDLG WR KDYH DQ RFWDQH UDWLQJ RI

OL[LQJ zDWHU RU PHWKDQRO DQG ZDWHU ZLWK WKH IXHO FDQ UHGXFH GHW
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

WKH HQJLQH 7KH SURFHVV RI FRPEXVWLRQ LV QRW DIIHFWHG WR DQ\ H[WHC
serious factor is that control of ignition timing can be lost.
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Pre-ignition is often initiated by
some form of hot spot, perhaps
red-hot carbon or some poorly
cooled feature of combustion
space.

One technique to get around
the problem of igniting weak

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
LQFUHDVH LQ KHDW ARZ WR WKH SLVWRQ DQG F\OLQGHL
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,
GUDJJLQJ WKH SUH LJQLWLQJ F\OLQGHU DIWHU WKHP 7
DIITHFWHG F\OLQGHU FDQ UHVXOW LQ SLVWRQ VHL]XUH |
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

ZDOOV Rl UHVLGXDO JDVHV SUHVHQW LQ D ¢OP RQ WKH
SULPH VRXUFH RI UHVLVWDQFH WR KHDW ARZ LV UHPRY|
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

DQG VSDUN SOXJV LV HVVHQWLDO 6PDOOHU HQJLQHV 1
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:

« 7TKH FRPSUHVVLRQ UDWLR VKRXOG EH IRU QRUPDO
performance.

* 7KH SOXJ RU SOXJV VKRXOG EH SODFHG WR PLQLPL]H
They should not be in pockets or otherwise shrouded since this reduces
effective cooling and also increases the tendency toward cyclical variations.

([SHULPHQWDO HYLGHQFH VKRZV D FRQNL&GHUDEOH YDUL
VXFFHVVLYH H[SDQVLRQ VWRNHVY 7KLV YDULDWLRQ LQFL
too weak or too rich. Lighter loads and lower compression ratios also aggravate
WKH SURFHVYV :KLOH WKH VL]H DQG SRVLWLRQ RI WKH S|
changes, the mean effective pressure and engine output is largely unaffected.

6WUDWLAFBRNAIORQ GHKWD U JH

$ YHU\ ZHDN PL[WXUH LV GLI¢FXOW WR LIJQLWH EXW KDV
emissions and improving economy. One technique to get around the problem
RI LJIQLWLQJ ZHDN PL[WXUHV LV VWUDWL;FDWLRQ

PLWXUHV LV VWUDWL&WDWLWQG WKDW LI WKH PLIWXUH VWUHQJWK LV LQFU]I

LQ WKH PDLQ FRPEXVWLRQ FKDPEHU DQ RYHUDOO UHGX
UHVXOWY EXW ZLWK D FRUUHVSRQGLQJ LQFUHDVH LQ W
SHWURO LQMHFWLRQ LV XVHG + VWUDWL¢{FDWLRQ EHLQ.
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.
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Rich

Weak

Specific fuel consumption

Brake mean effective pressure

Figure88 (IIHFW Rl YDU\LQJ PL[WXUH VWUHQJWK ZKLOH NHHSLQJ WKURWWOH SRVLWLR
speed and ignition timing constant

8.1.8 Mixture str ength and performance

7KH HIITHFW RI YDU\LQJ WKH PL[WXUH VWUHQJWK ZKLOH PDLQWDLQLQJ WKH
position, engine speed and ignition timing constant is shown in Figure 8.8.

JLIXUH VKRZV WKH HIIHFW Rl RSHUDWLQJ DW SDUW WKURWWOH ZLWK YDU\LQ.
VWUHQJIJWK 7KH FKHPLFDOO\ FRUUHFW PL[WXUH RI DSSUR[LPDWHO\ OLHV |
UDWLR WKDW SURYLGHV PD[LPXP SRZHU DQG PLQLPXP FRQVXPSWLRQ

7KH VWRLFKLRPHWULF UDWLR RI LV NQRZQ DV D ODPEGD YDOXH RI RQH )L
compares engine power output and fuel consumption with changes in air—fuel ratio.

8.1.9 Compression ignition (Cl) 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

Figure 89 (IIHFW RSHUDWLQJ DW SDUW WKURWWOH ZLWK YDU\LQJ PLIWXUH VWUHQJWK
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» The volatility and latent enthalpy of the fuel.
* 7KH GURSOHW VL]H
» Controlled turbulence.

7KH HIITHFW Rl GURSOHW VL]H LV LPSRUWDQW DV WKH U
SULPIRQL WAKH UDWH DW ZKLFK R[\JHQ EHFRPHYVY DYDLODE
WKH GURSOHW WR SHQHWUDWH VRPH GLVWDQFH IURP W
ZLOO ODWHU EHFRPH FRQFHQWUDWHG 7R GR WKLV WK}
ODUJH HQRXJK WR REWDLQ VXI¢FLHQW PRPHQWXP DW L(
WKH VPDOOHU WKH GURSOHW WKH JUHDWHU WKH UHODV
shorter the delay period. A compromise between these two effects is clearly

necessary.

'LWK KLIJK FRPSUHVVLRQ UDWLRYV DQG DERYH WKH
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 —
GLHVHQJLQH

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

REWDLQHG DW WKH H[SHQVH RI YROXPHWULF HI¢FLHQF\
DUH PHFKDQLFDOO\ XQGHVLUDEOH RU pWDQJHQWTY GLUI
and therefore are restrictive to high-speed engines.

7R DVVLVW LQ EUHDWKLQJ IRXU RU HYHQ VL[ YDOYHV S
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,

DW WKH H[SHQVH RI XVLQJ DQ RIIVHW LQMHFWRU 3UH F
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

VWUHVVHV LQ WKLV UHJLRQ DUH H[WUHPHO\ KLJK 7KHU
resulting combustion chamber is always a compromise.

6 XPPDURIFRPEXVWLRQ

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

EXUQ D IXHO+DLU PL[WXUH WKH HIITHFWV RI FKDQJHV LC
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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[ (QILAIKHOODQBIIKDXHPLVVLR v

8.2.1 Opera ting conditions

7KH LGHDO DLU*IXHO UDWLR LV DERXW 7K LFDO I
required to burn the fuel completely. Itis given a‘lambda( § YDOXH R "

= actual air quantity + theoretical air quantity The ideal air—fuel ratio is about

The air—fuel ratio is altered during the following operating conditions of an
engine to improve its performance, drivability, consumption and emissions. —

- &ROG VWDUWLQJ + D ULFKHU PL[WXUH LV QHHGHG WR FRPSHQVDWH IRU IX
condensation and improves drivability.

- /IRDG RUDFFHOHUDWLRQ + D ULFKHU PL[WXUH WR LPSURYH SHUIRUPDQFH
* &UXLVH RU OLJKW ORDGV *+ D ZHDNHU PL[WXUH IRU HFRQRP\
*« 2YHUUXQ = YHU\ ZHDN PL[WXUH LI DQ\ WR LPSURYH HPLVVLRQV DQG HFRC

7KH PRUH DFFXUDWHO\ WKH DLU*IXHO UDWLR LV FRQWUROOHG WR FDWHU II
conditions, then the better the overall operation of the engine.

8.2.2 Exhaust emissions

JLIXUH VKRZV ¢(¢UVW WKH WKHRUHWLFDO UHVXOWY RI EXUQLQJ D K\GUR
DQG VHFRQG WKH DFWXDO FRPEXVWLRQ UHVXOWYV 7KH WRS SDUW RI WKH
but the lower part is the realistic result under normal conditions. Note that this

UHVXOW LV SULRU WR DQ\ IXUWKHU WUHDWPHQW IRU H[DPSOH E\ D FDWDO\

JLIXUH VKRZV WKH DSSUR[LPDWH SHUFHQWDJHV Rl WKH YDULRXV H[KDXVW JI
emissions. The volume of pollutants is small but, because they are so poisonous,
WKH\ DUH XQGHVLUDEOH DQG VWURQJ OHJLVODWLRQ QRZ H[LVWV WR HQFRXUDJ

Oxygen & Carbon

Inert gases Dioxide
Water 104 18% Pollutants

1% 1%

Nitrogen 71%

Pollutants — (1% of total) S°!ldsNitrogen
1% Oxides

8%
Hydro-
carbons
%

Carbon Monoxide 86%

Figure 8.12 Theoretical results of burning a hydrocarbon fuel and actual combustion
results Figure 8.13 &RPSRVLWLRQ RI H[KLEL
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Table81 (PLVVLRQV KD]DUGRXV WR KHDOWK

Substance Description

Carbon This gas is very dangerous even in low concentrations. It

PR QRI[LGH has no smell or taste and is colourless. When inhaled it

(CO) combines in the body with the red blood cells preventing
WKHP I[URP FDUU\LQJ R[\JHQ ,I DEVRUEHG E\
be fatal in a very short time.

Nitrogen 2[LGHV RI QLWURJHQ DUH FRORXUOHVYV DQG R

R[LGHV 1 2¢ave the engine but as soon as they reach the atmosphere
DQG PL[ ZLWK PRUH R[\JHQ QLWURJHQ R[LGHYV
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.
ILWURJHQ R[LGHY DUH DOVR D FRQWULEXWLQ.

Hydrocarbons A number of different hydrocarbons are emitted from an

(HC) HQJLQH DQG DUH SDUWO\ RU XQEXUQW IXHO
the atmosphere they can help to form smog. It is also
believed that hydrocarbons may be carcinogenic.

Particulate This heading in the main covers lead and carbon. Lead

matter (PM) 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.

The actual values of these emissions varies depending on engine design, operating
conditions, temperature and smooth running, to name just a few variables.

7DEOH OLVWYVY WKH IRXU PDLQ HPLVVLRQV WKDW DUH
with a short description of each.

8.2.3 Other sources of emissions

7KH PDLQ VRXUFH RI YHKLFOH HPLVVLRQV LV WKH H[KD X
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

FRVW RI FROOHFWLQJ IXHO YDSRXU DW ¢00LQJ VWDWLR
fuel emissions (EFEs) has become a serious target for environmentalists.
$SSUR[LPDWHO\ RI' ()(V HVFDSH GXULQJ UHIXHOOLQJ

The vehicle emission control system that captures fuel vapours from the vehicle
gas tank during refuelling is known as onboard refuelling vapour recovery
2595 7KH IXHO WDQN DQG ¢0O0O SLSH DUH GHVLJQHG VR
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
PDQGDWHG RQ DOO SDVVHQJHU FDUV LQ WKH 8QLWHG 6V
States Environmental Protection Agency. The use of onboard vapour recovery
is intended to make vapour recovery at fuel stations obsolete.
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Table 8.2 Crankcase and evaporative emissions

Source Comments

Fuel Fuel evaporation causes hydrocarbons to be produced.
evaporation The effect is greater as temperature increases. A charcoal
from the tank canister is the preferred method for reducing this problem.
and system 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,

DV HYHQ D FRQFHQWUDWLRQ RI IXHO YDSRXU ZRXOG VKLIW
WKH ODPEGD YDOXH E\ 7KLV LV GRQH E\ XVLQJ D uSXUJH
valve’, which under some conditions is closed (full-load

DQG LGOH IRU HIDPSOH DQG FDQ EH SURJUHVVLYHO\ RSHQHG
under other conditions. The system monitors the effect by

use of the lambda sensor signal.

Crankcase Hydrocarbons become concentrated in the crankcase

fumes (blow by) 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.

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

DWPRVSKHUH 7KH SUR[LPLW\ RI FDWDO\WLF FRQYHUWHUV ZKLFK JHQHUDW|
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:

e 7KH YHKLFOH ZLWK RI LWV PD[LPXP IXHO LV ZDUPHG XS IURP DERXW +
in the shed and the increased concentration of the hydrocarbons measured.

* 7KH YHKLFOH LV ¢UVW ZDUPHG XS RYHU WKH QRUPDO WHVW F\FOH DQG
in the shed. The increase in HC concentration is measured over one hour.

/IHDGHBQXQOHDGKIBO

7THWUD HWK\O OHDG zZDV ¢UVW DGGHG WR SHWURO LQ WKH V WR VORZ GR
burning, improve combustion and increase the octane rating of the fuel. All this

ZDV DFKLHYHG XVLQJ WKH OHDG DGGLWLYH = DW& Key fact UWKH L
petrol companies.

7HWUD HWK\O OHDG ZDV ¢
7KH (UVW UHDO SXVK IRU XQOHDGHG IXHO ZDV IL wR SHWURO LQ WKH:DOYF

reduce this city’s severe smog problem, the answer at the time seemed to be down the rate of burning,
to employ catalytic converters. However, if leaded fuel is used, the ‘cat’ can be improve combustion and

rendered inoperative. A further study showing that lead causes brain damage mg?l?;e the octane rating of

in children sounded the death knell for leaded fuel. This momentum spread
ZRUOGZLGH DQG VWLOO H[LVWYV \ 4




320

Fuel control

New evidence is now coming to light showing that the additives used instead

Rl OHDG ZHUH HQGLQJ XS LQ WKH HQYLURQPHQW 7KH W
ZKLFK LV VWURQJO\ OLQNHG WR OHXNDHPLD DQG PHWK
ZKLFK SRLVRQV ZDWHU DQG LV YHU\ WRKLFN WR DOPRVW

potentially a far worse problem than lead, which is now not thought to be as

bad as the initial reaction suggested.

07%( DV D SHWURO JDVROLQH DGGLWLYH LV XVHG DV DQ R]
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

IXHO ZLWK 07%( LV VSLOOHG RU OHDNHG DW UHIXHOOLQJ V
underground than other gasoline components due to its higher solubility in water.

W LV LPSRUWDQW KRZHYHU WR QRWH WKDW WKLV LV \
research is necessary for a fully reasoned conclusion. Note though, how any
WHFKQRORJLFDO LVVXH XVXDOO\ KDV IDU PRUH WR LW V

Modern engines are now designed to run on unleaded fuel, with one particular
PRGL;FDWLRQ EHLQJ KDUGHQHG YDOYH VHDWV ,Q (XUR
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 | have collated from a number of sources.

* $00 HQJIJLQHV ZLWK FDVW LURQ KHDGV DQG QR VSHFLD
YDOYH VHDWYV ZLOO VXIIHU VRPH GOKRBIJH[WXIQW.QJ R K
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.

* 7KH PLQLPXP FULWLFDO OHYHO RI OHDG LQ WKH IXHO
OHYHOV LQ VRPH OHDGHG IXHO DUH J 3E O DQG VR
leaded and unleaded is likely to be successful.

 Itis 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.

([KDXVWPLVVLBHQXODWLRQV

/LPLWV DQG UHJXODWLRQV UHODWLQJHVUR GV B R X QYWHPLH
DQG LQ GLITHUHQW VLWXDWLRQV )RU H[DPSOH LQ WKH
met during the annual test. The current test default limits (for vehicles since

6HSWHPEHU (WWHG ZLWK D FDWDO\WWLF FRQYHUWHU
OLQLPXP RLO WHPSHUDWXUH f&
)DVW LGOH WR USP
e &2
° +& SSP
- IDPEGD WR
,GOH WR USP

° &2
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Table 8.3 European past and future emission limits

Emissions Particulate Oxides of Hydrocarbons

standard matters (PM)/ nitrogen (NOX) (HC) (mg/km)
(mg/km) (mg/km)

Diesel Petrol Diesel Petrol Diesel Petrol

(XUR - - - - - -
(XUR - -
(XUR 25 - -
(XUR 5 5 -
(XUR 5 5 -

Manufacturers, however, have to meet stringent regulations when producing \

QHZ YHKLFOHV ,Q (XURSH WKH HPLVVLRQ VWDQG‘m D VI
EU directives staging the progressive introduction of increasingly stringent Manufacturers have to meet

standards (see Table 8.3). stringent regulations when

producing new vehicles.

In the USA, what are known as Tier Il standards are divided into several
QXPEHUHG pPELQVY VHH 7DEOH (OHYHQ ELQV mQHG
EHLQJ WKH FOHDQHVW =HUR (PLVVLRQ 9HKLFOH DQG WKH GLUWLHVW +R

DQG DUH WHPSRUDU\ 2QO0\ WKH ¢UVW WHQ ELQV ZHUH XVHG IRU OLJK
YHKLFOHVY EHORZ SRXQGV *9:5 EXW PHGLXP GXW\ SDVVHQJHU YHKLFOHYV
WR SRXQGV NJ *9:5 DQG WR DOO ELQV ODQXIDFWXUHUV FDQ PDN
YHKLFOHYVY ZKLFK ¢W LQWR DQ\ RI WKH DYDLODEOH ELQV EXW VWLOO PXVW
WDUJHWV IRU WKHLU HQWLUH AHHWYV

7KH WZR OHDVW UHVWULFWLYH ELQV IRU SDVVHQJHU FDUYV DQG ZHUH S
DW WKH HQG RI +RZHYHU ELQV DQG ZHUH DYDLODEOH IRU FODVVLI\I
UHVWULFWHG QXPEHU RI OLJKW GXW\ WUXFNV XQWLO WKH HQG RI ZKHQ
UHPRYHG DORQJ ZLWK ELQ IRU PHGLXP GXW\ YHKLFOHV $V RI OLJKW
trucks must meet the same emissions standards as passenger cars.

3KDVH zZDV WR DQG QRZ HYHQ PRUH VWULQJHQW VWDQGDUGYV DUH F
LQWR XVH $OVR WKH &DOLIRUQLD $LU 5HVRXUFHY %RDUG &%$5% PD\ DOVR
and enforce its own emissions standards. However, regardless of whether a

PDQXIDFWXUHU UHFHLYHV &%5% DSSURYDO DOO QHZ PRWRU YHKLFOHV DQG

PXVW VWLOO UHFHLYH FHUWL;FDWLRQ IURP V8 KH HQYLURQPHQWDO SURWHF
before a vehicle is introduced.

In Europe the EU has setnew CO, WDUJHWYV IRU YDQV 7KHVH DUH J NP E\

DQG J NP E\ 7KH WDUJHW ZDV SKDVHG LQ IURP DIWHU
the introduction of the Euro 6 emissions limits.

THVW\FOHYV

All new vehicles must pass stringent emissions tests before being ‘approved'.
This is done by running the vehicle through test cycles and collecting the
HIKDXVW IRU DQDO\VLV

8.3.2.1 Europe

The New European Driving Cycle (NEDC) is a driving cycle consisting of four

UHSHDWHG (&( GULYLQJ F\FOHVY DQG DQ ([WUD 8UEDQ GULYLQJ F\FOH RU
The NEDC is meant to represent the typical usage of a car in Europe, and is
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Not in use yet but due to be
introduced across the EU

DQG IXUWKHU LQ ODWH LV D

procedure know as a ‘Real
Driving Emissions Test'. It has
also become known as the

"RUOGZLGH +DUPRQL]JHG /LIJKW

Vehicle Test Procedure (WLTP).

The WLTP driving cycle will
be divided into four parts with
different average speeds: low,

Figure 8.16 USA Federal Test Procedure

PHGLXP KLJK DQG H[WUD KLJK

Each part contains a variety

of driving phases, stops,

acceleration and braking phases.
For a certain car type, each
SRZHUWUDLQ FRQ¢JIXU
with WLTP for the car’s lightest
(most economical) and heaviest
(least economical) version.

Visit the book website for more
updates.

The major advantage of any
type of fuel injection system is
accurate control of the fuel
quantity injected into the engine.

8.3.2.2 USA
dwq_eé@ﬁqu%mgwq @s the Federal Test Procedure FTP-75 is
XVHG )LJIJXUH 7KLV KDV EHHQ DGGHG WR DQG EHFD

Supplementary Federal Test Procedure (SFTP).

$GYDQWWDRIIXHDQMHFWLRQ

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

RSWLPXP VHWWLQJ IRU PLIWXUH VWUHQJWK ZKHQ DOO F
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.

)XHO LQMHFWLRQ V\VWHPV FDQ EH FODVVL¢HG LQWR W2Z
- 6LQJOH SRLQW LQMHFWLRQ = VHH )LJXUH
- OXOWLSRLQW LQMHFWLRQ + VHH )LIJXUH

%RWK RI WKHVH VA\VWHPV DUH GLVFXVVHG LQ PRUH GHWD
chapter.

6\VWHRYHUYLHZ

J)LIXUH VKRZV D W\SLFDO FRQWURO OD\RXW IRU D IX
'"HSHQGLQJ RQ WKH VRSKLVWLFDWLRQ RI WKH V\VWHP L
adjustment can be either mechanically or electronically controlled.
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A lambda sensor is used to

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

RSHQ WLPH FRUUHFWLRQV WR WKLV ¢(JXUH FDQ EH DGC
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
IXHO LQMHFWLRQ 7KLV LQYROYHV D ODPEGD VHQVRU W

PRQLWRU H[KDXVW JDERPJWHQW 7KLV DOORZV YHU\ DFFXUDWH FRQWURO RI W

content.

R[\JHQ FRQWHQW RI WKH H[KDXVW LV SURSRWWQRRP@DO W
from the lambda sensor is used to adjust the injector open time.

J)LIXUH LV D ARZ FKDUW VKRZLQJ RQH ZD\ LQ ZKLFK \
sensors could be processed to determine the best injector open duration as
well as control of engine idle speed.

&RPSRQHQ@WIVIXHDQMHFWLRWWH P

7KH IROORZLQJ FRPSRQHQWV ZLWK VRPH DGGLWLRQV DI
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

JRRG H[DPSOH WR XVH DV DQ LQWURGXFWLRQ WR WKH VX
DUH RQO\ GLVFXVVHG EULHA\ DV PRVW DUH LQFOXGHG L

)ODS W\SH DLU ARZ VHQVRU )LJXUH

$ %RVFK YDQH W\SH VHQVRU LV VKRZQ ZKLFK PRYHV GXH
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

HQJLQH SRVLWLRQ WR VRPH H[WHQW $ UHVLVWRU LQ VI
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
EHWZHHQ DQG SRWHQWLRPHWHU W\SHV ZKLFK JLYH PR

Figure 823 $LU ARZ PHWHU
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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

7KLV VA\VWHP KDV FKDQJHG OLWWOH H[FHSW IRU WKH UF
resistors as the ECU now limits the output current to the injectors. The injector
UHVLVWDQFH LV

LE1-Jetronic

No current resistors are used and the throttle switch is adjustable. The fuel

SXPS GRHV QRW KDYH VDIHW\ FRQWDFWV LQ WKH DLU AR
incorporated in the electronic relay. This will only allow the fuel pump to operate

ZKHQ DQ LJQLWLRQ VLJQDO LV SUHVHQW WKDW LV ZKHC
cranked.

LE2-Jetronic

7KLV LV YHU\ VLPLODU WR WKH /( V\VWHPV H[FHSW WKH
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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Figure 8.36 LH-Jetronic

LU-Jetronic

7KLV VAVWHP LV D IXUWKHU UH;QHPHQW RI WKH /( VIVWHPY EXW DOVR XWLO
loop lambda control.

L3-Jetronic

7KH (&8 IRU WKH / -HWURQLF IRUPV SDUW RIKWKH DLU ARZ PHWHU LQVWDOO
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

GLIIHUHQFH LV WKDW D KRW ZLUH W\SH RI DLU ARZ PHWHU LV XVHG 7KH FR
layout is shown in Figure 8.36. Further developments are continuing but, in

general, most systems have now developed into combined fuel and ignition

FRQWURO V\VWHPV DV GLVFXVVHG LQ WKH QH[W FKDSWHU

%RVFKRQRHWUROVEQIHBRLQW
LQMHFWLRQ

7KH ORQR ~-HWURQLF LV DQ HOHFWURQLFDOO\ FRQWUROOHG VA\VWHP XWLOL]
LQMHFWRU SRVLWLRQHG DERYH WKH WKURWWOH EXWWHUA\ YDOYH 7KH WK
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Figure 8.39 Central injection unit of the Mono Jetronic

JLIXUH VKRZV WKH PDLQ FRPSRQHQWYV RKM\/KH\QQR -HWURQLF V\VWHP

FRPSRQHQW PRVW QRWLFHDEOH E\ LWV DEVHQFH BV RU ZK
Key fact

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 Air mass and load can be

as the speed density method. At a known engine speed with a known throttle calculated from the throttle
opening, the engine will ‘consume’ a known volume of air. If the air temperature ~ POSition sensor, engine speed
. . and air intake temperature.

is known then the air mass can be calculated. This is sometimes known as
The basic injection quantity is generated in the ECU as a function of engine the speed density method.

speed and throttle position. A ROM chip, represented by a cartographic map,

VWRUHYV GDWD DW VSHHG DQG WKURWWOH DQJOH SRVLWLRQV JLYLQJ
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

UHTXLUHG RYHU DQ H{IWHQGHG SHULRG WKHQ WKH QHZ FRUUHFWHG YDOXHYV
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.

7KH %YRVFK ORQR -HWURQLF V\VWHP DOVR RIIHUVY DGDSWLYH LGOH FRQWURC
allow the lowest possible smoothed idle speed to reduce fuel consumption and

HIKDXVW HPLVVLRQV $ WKURWWOH YDOYH DFWXDWRU FKDQJHV WKH SRVLW!
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 & Key fact

altitude.

. ) . o ) A single-point system injects
The electronic control unit checks all signals for plausibility during normal oper- WKH IXHO LQ FRQWLQXRXV
DWLRQ ,I D VLIQDO GHYLDWHV IURP WKH QRUPD( whereas most multipoint .WLRQ
can be output to a diagnostic tester or read as a blink code from a fault lamp. LQMHFWRUV ¢UH DW WKH V

injecting half of the required fuel.

y 4
BHTXHQWLODONLSROMWFWLRQ

$ VLQJOH SRLQW VA\VWHP LQMHFWY WKH IXHO LQ ZaROWLQXRXV SXOVHV ZKHI
PXOWLSRLQW LQMHFWRUYVY ¢UH DW WKH VDPH WLF RI WK
A sequential injection system injects fuel on the induction stroke of each
F\OLQGHU LQ WKH HQJLQH ¢ULQJ RUGHU 7KLV V\' Asequential injection system RPSOL
VWUDWL,FDWLRQ RI WKH F\OLQGHU FKDUJH WR E injects fuel on the induction 'RPH F
in an overall weaker charge. Sequential injection is normally incorporated with Slflr()ki Ef e?_(':h _C{'Jl"lder\]'n It?hE GH
IXOO HQJLQH PDQDIJHPHQW ZKLFK LV GLVFXVVHG Q Q c Q HJ
shows a comparison between normal and sequential injection.

)
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Figure 8.40 Simultaneous and sequential petrol injection

JHD@EXUQW@HFKQRORJ\

7KH RSWLPXP DLU+xIXHO UDWLR LV WR HQVXUH FRI
Increasing this ratio (introducing more air) results in what is known as lean

EXUQ )XHO HFRQRP\ LV PD[LPLIHG ZKHQ WKH UDWLR LV
5XQQLQJ OHDQHU PL[WXUHYVY DOVR UHGXFHV 12[ HPLVVLF
IRU XQVWDEOH FRPEXVWLRQ LQFUHDVHYVY B5HGXFLQJ 12]
FRQGLWLRQV LV GLI¢FXOW EHFDXVH WKH QRUPDO FDWD
FRQGLWLRQV WR ZRUN SURSHUO\ 0OD]GD SURGXFHG D p-=

D ZLGH OHDQ EXUQ UDQJH DQG JRRG SRZHU RXWSXW DW
shows a cutaway view of this engine.

Figure 8.41 Cylinder-head and inlet path of a lean burn engine
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Figure 8.43 Tumble swirl control

'RXEOKHDQMHFWRUYV

1LVVDQ KDYH GHYHORSHG D IXHO LQMHFWLRQ V\VWHP W
'H(LQL‘i 4 k HDFK LQOHW SRUW RI D IRXU YDOYH IRXU F\OLQGHU HQ
: : Ll LQMHFWRU KROHV LQVWHDG RI WKH XVXDO PLFURQV
%'%OﬂiguL“g%'EggW‘éa'glpD QM LS U DY KDV UHVXOWHG LQ LPSURYHG FRPEXVWLRQ
7KH PLFURQ LV QRW DQRRRQRWLMRXRRHYW® YDULDEOH YDOYH WLPLQJ RQ ERWK LQO
but is in common use. SRVVLEOH WR FORVH WKH H[KDXVW YDOYHV YHU\ ODWH
LGOH 7KLV LV NQRZQ DV WKH $WNLQVRQ KLJK UDWLR H]|
Toyota Prius). With this system the compression stroke is effectively shorter
than the power stroke, compression is reduced and little of no combustion
HQHUJ\ LV ORVW WKURXJK WKH H[KDXVW

7KLY PHWKRG LV XVHG WR LPSURYH LGOH HI¢FLHQF\ W
XQVWDEOH LGOH EXW WKH ¢QHU IXHO DWRPL]DWLRQ PD
timing adjusted to achieve internal EGR to reduce pumping losses at part

WKURWWOH DQG UHGXFH 12] WKH V\VWHP FDQ DFKLHYH
emission.
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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 ‘_ Key fact

is obtained by a high compression of the air charge. Diesel fuel is injected The high temperature needed
XQGHU KLJK SUHVVXUH IURP DQ LQMHFWRU QR]]O/! toignite fuelin a diesel WLRQ
7KH IXHO LV SUHVVXUL]HG LQ D GLHVHO LQMHFwL €ngineis obtained by high OLHG

WR WKH LOMHFWRUV WKURXJK KLJK SUHVVXUH |Xgoompressionoftheaircharge. ;o
or an injector. The high pressure generation is from a direct acting cam or a _
separate pump.

7KH DLU ARZ LQWR D GLHVHO HQJLQH LV XVXDOO\ XQREVWUXFWHG E\ D WKU
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.

6PDOO KLJK VSHHG GLHVHO HQJLQH FRPSUHVVLRQ UDWLRY DUH DERXW I
injection systems. This compression ratio is capable of raising the air charge to

WHPSHUDWXUHY RI EHWZHHQ f& DQG f& 9HU\ UDSLG FRPEXVWLRQ RI WI
therefore occurs when it is injected into the hot air charge.

The combustion process in a diesel engine follows three phases (Figure 8.46).
7KHVH DUH LJQLWLRQ GHOD\ ADPH VSUHDG DQG FRQWUROOHG FRPEXVWLRC

Figure 844 'LHVHO IXHO LQMHFWLRQ FRPSRQHQWYV 6RXUFH %RVFK OHGLD
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The internal components of
the pump and injectors are

Figure 852 )XHO ¢OWHU

The high pressure components are the fuel injector pump, the high pressure

SLSHY DQG WKH LQMHFWRUV )LJXUH 2WKHU FRPSR
engine starting. Electronically controlled systems include sensors, an electronic

diesel control (EDC) module and actuators in the injection pump.

$00 GLHVHO IXHO HQWHULQJ WKH LQMHFWLRQ SXPS DQ
The internal components of the pump and injectors are manufactured to very

¢QH WROHUDQFHYVY (YHQ YHU\ VPDOO SDUWLFOHV RI GLL
components.

PDQXIDFWXUHG WR YHU\ ¢QH

tolerances.

The fuel pressure needed is in
HI[FHVV RI EDU

Figure 8.53 Dl injector

7KH PRVW FRPPRQ URWDU\ LQMHFWLRQ SXPSV DUH D[LD
UROOHU ULQJ DQG FDP SODWH DWWDFKHG WR DQ D[LDO
head to generate the high pressure. The latest versions have full electronic

FRQWURO 7KH GHWDLOV DUH H[DPLQHG IXUWKHU LQ WK

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

ADQJHV RQ WKH SLSH HQGV DQG WKUHDGHG XQLRQV VH|
FRQYH[ RU RFFDVLRQDOO\ FRQFDYH VHDWV LQ WKH GH

7KH IXHO LQMHFWRUY DUH ¢ WWHG LQWR WKH F\OLQGHU
into the pre-combustion (IDI) or combustion chamber (DI). The injectors for

LQGLUHFW FRPEXVWLRQ DUH RI D SLQWOH RU pSLQWDX]
ig pany 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\GUDXOLF SUHVVXUH ZKHQ LW LV VXI{(FLHQW WR RYHUFF

injector needle. The hydraulic pressure is applied to a face on the needle where

LW VLWV LQ D SUHVVXUH FKDPEHU 7KH IXHO SUHVVXUH C
SvL 7KLV SUHVVXUH OLIWV WKH QHHGOH DQG RSHQ\

LQMHFWHG LQ D ¢QH VSUD\ SDWWHUQ LQWR WKH FRPEXV!

L OMHFWRYRHU YLHZ

The basic principle of the four-stroke diesel engine is very similar to the petrol
VI\VWHP 7KH PDLQ GLIIHUHQFH LV WKDW WKH PL[WXUH I
cylinder combustion chamber as the fuel is injected under very high pressure.
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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

FRQQHFWHG WR LQMHFWRUYV YLD KHDY\ GXW\ SLSHVY :KHQ WKH IXHO LV LQM
ZLWK WKH DLU LQ WKH F\OLQGHU DQG ZLOO VHOI LJQLWH DW DERXW f& 6
RQ GLHVHO FRPEXVWLRQ IRU IXUWKHU GHWDLOV 7KH PL[WXUH IRUPDWLRQ |
LQAXHQFHG E\ WKH IROORZLQJ IDFWRUYV

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

LV LQAXHQFHG E\ WKH FRPSUHVVLRQ UDWLR Rl WKH HQJLQH WKH FRPSUHVVLE!
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)

7KH GXUDWLRQ RI WKH LQMHFWLRQ LV H[SUHVVHG LQ GHJUHHV RI FUDQNVKI
PLOOLVHFRQGV 7KLV FOHDUO\ LQAXHQFHV IXHO TXDQWLW\ EXW WKH UDWH
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

KHUH LV WKH HIITHFW RQ DWRPL]DWLRQ $W KLJKHU SUHVVXUHV WKH IXHO Z
smaller droplets with a corresponding improvement in the burn quality. Indirect

LQMHFWLRQ VA\VWHPV XVH SUHVVXUHV XS WR DERXW EDU ZKLOH GLUHFW
VI\VWHPYV FDQ EH XS WR DERXW EDU

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
FKDPEHU GHVLJQ 'HYLDWLRQV RI RQO\ f IURP WKH LGHDO FDQ JUHDWO\ LQ
particulate emissions.

Excess air factor (air—fuel ratio)

'LHVHO HQJLQHV GR QRW LQ JHQHUDO XVH D WKURWWOH EXWWHUA\ DV WK
acts directly on the injection pump to control fuel quantity. At low speeds in

SDUWLFXODU WKH YHU\ KLJK H[FHVV DLU IDFWRU HQVXUHV FRPSOHWH EXUC
ORZ HPLVVLRQV 'LHVHO HQJLQHV RSHUDWH ZKHUH SRVVLEOH ZLWK DQ H[FH
even at high speeds.

'LHVHOKDXWW®PLVVLRQV

Overall, the emissions from diesel combustion are far lower than emissions
from petrol combustion. Figure 8.54 shows a general comparison between
SHWURO DQG GLHVHO HPLVVLRQV 7KH &2 +& DQG 12 HPLVVLRQV DUH ORZH
PDLQO\ GXH WR WKH KLJKHU FRPSUHVVLRH KDWKRUDQG H[FHVV DLU IDFWRU
FRPSUHVVLRQ UDWLR LPSURYHV WKH WKHUPDO HI¢{(FLHQF\ DQG WKXV ORZHU
FRQVXPSWLRQ 7KH H[FHVV DLU IDFWRU HQVXUHY PRUH FRPSOHWH EXUQLQJ

The main problem area is that of particulate emissions (PMs). These patrticle
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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Figure 8.54 Comparison between petrol and diesel emissions

effect of this soot also gives a cause for concern. The diameter of these particles

LV RQO\ D IHZ WHQ WKRXVDQGWKYV RI D PLOOLPHWUH + FF
DQG FDQ EH LQKDOHG +RZHYHU PDQ\ VIVWHPV DUH QRZ
¢OWHUV

(OHFW U FRIQFV RR®LHVH@MHFWLRQ

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.

c %YHWWHU FRQWURO RI VWDUW RI LQMHFWLRQ

- |dle speed control.

- &RQWURO RI H[KDXVW JDV UHFLUFXODWLRQ

» Drive by wire system (potentiometer on throttle pedal).

* An anti-surge function.

» Output to data acquisition systems etc.

» Temperature compensation.

» Cruise control.

$ GLVWULEXWRU W\SH LQMHFWLRQ SXPS FDQ EH XVHG Z
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.
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Figure 855 % ORFN GLDJUDP RI DQ HOHFWURQLF GLHVHO FRQWURO (‘& V\VWHP

The ECU is able to compare start of injection with actual delivery from a signal
produced by the needle motion sensor in the injector.

&RQWURO RI H[KDXVW JDV UHFLUFXODWERQVLWERRQVLPSOH VROHQRLG YDO®
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.

Figure 8.56 Layout of an electrical diesel control system

S5RWDBXPSV\VWHP

7KH %YRVFK URWDU\ 95 SXPSV DUH XVHG RQ KLJK VSHHG GLUHFW LQMHFWLRQ
engines for cars and light commercial vehicles. They are radial-piston distributor
injection pumps having opposing plungers that are forced inwards by cam lobes
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Figure 861 ,QMHFWRU 6RXUFH %RVFK OHGLD

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

FRPSRQHQWY DQG DQ HOHFWULFDO VROHQ&LG YDOYH
crankshaft rotation.

A needle motion sensor in the injector sends a signal to the engine ECU at

WKH LQVWDQW RI RSHQLQJ RI WKH LQMHFWRU )LJXUH
crankshaft rotational angle before top dead centre, is used for load and speed
LQMHFWLRQ WLPLQJ FDOFXODWLRQV DQG IRU FRQWURO F

7KH %YRVFK 95 HOHFWURQLF GLHVHO FRQWURO V\VWHP
control actuators. This allows it to achieve optimum performance. However,

even this sophisticated system has virtually been superseded by the common

rail injection.

&RPPRQUDNVNOVWHP

The development of diesel fuel systems is continuing, with many new electronic

FKDQJHV WR WKH FRQWURO DQG LQMHFWLRQ SURFHVVHYV
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
UHVXOWHG LQ VLIQL,FDQW LPSURYHPHQWYV LQ IXHO FRQ
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Figure 868 3LH]R &5 LQMHFWRU

WKH QR]]JOH WR REVWUXFW WKH KROHV LQ WKH WLS ZKHUH WKH IXHO LV LQW
FRPEXVWLRQ FKDPEHU 7KH QR]J]JOH QHHGOH LV KHOG FORVHG E\ D FRPSUHYV
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 (¥ Key fact

the electronic diesel control module. A permanent high pressure is maintained 7KH SLH]JR LQMHFWRU UHD
in the injector at the same pressure as the rail. Operation of the injector is quickly therefore improving fuel
control.

controllable for very small intervals of time.

The electronic control of the common rail diesel injection system allows for precise —

FRQWURO RI IXHOOLQJ 7KLV UHVXOWY LQ H[FHOOHQW HFRQRP\ DQG YHU\ ORZ |

Figure 8.69 Common rail injection combustion

(OHFW U RK@LBED MHFW(SR G
GLHVH® O

The advantages of electronic unit injection are as follows.
/IRZHU HPLVVLRQV

7KURXJK WKH XVH Rl KLJKHU LQMHFWLRQ SUHVVXUHVY XS WR EDU ORZH
HPLVVLRQV RI SDUWLFXODWHYV DQG 12 DUH DFKLHYHG WRJHWKHU ZLWK D L
the levels of noise traditionally associated with diesel engines.
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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
SUHVVXUH WKH QR]J]JOH RSHQV DQG IXHO LQMHFWLRQ EHJLQV :KHQ WKH VROH
LV GH HQHUJL]HG WKH VSLOO FRQWURO YDOYH RSHQV FDXVLQJ WKH SUHVVXI
ZKLFK DOORZV WKH QR]]JOH WR FORVH UHVXOWLQJ LQ D YHU\ UDSLG WHUPLQTI

(OHFWURQLF XQLW LQMHFWRUV )LJXUH KDYH EHHQ GHYHORSHG LQ D UI
WR VXLW DOO HQJLQHV DQG FDQ EH ¢ WWHG WR OLJKW DQG KHDY\ GXW\ HQ
for small cars and the largest premium trucks.

'‘LHVHODPEGMHQVRU

Lambda sensing is now also applicable to diesel engines. This new technology
PDNHV FDUV FOHDQHU DQG PRUH HFRQRPLFDO )LJXUH %RVFK LV QRZ DOVF
applying the lambda sensor in the closed loop control concept for diesel engines.
7KH QHZ VA\VWHP DOORZV IRU D SUHYLRXVO\ XQUHDFKHG ¢(¢QH WXQLQJ RI LQMHF!
engine. This reduces fuel consumption and pollutant emission from diesel engines.

] RZ RS

'LITHUHQW IURP WKH SUHYLRXV FRQFHSW WKH ODP : -

Igure 8. Unitinjectory(Source:
HIKDXVW JDV TXDOLW\ YLD H[KDXVW JDV UHFLUFXODO)& \RF—Q( (ﬁjﬁ@d\bJH DLU SUHVVXL
LQMHFWLRQ 7KHVH SDUDPHWHUV GHFLVLYHO\ LQAXHQFH WKH HPLVVLRQV IURP
$ EURDG EDQG ODPEGD VHQVRU ZLWK D ZLGH ZRUNLQJ UDQJH PHDVXUHV WKH F

FRQWHQW LQ WKH H[KDXVW JDV DQG UHQGHUV LPSRE/(A/DQW LQIRUPDWLRQ RQ W,

SURFHVVHV LQ WKH HQJLQH ZKLFK FDQ EH XWLOL]Hh RQDJHP
Q QJILQ Q B\ | Key fact Q

&RPSDUHG WR WKH VWDQGDUG GLHVHO HQJLQH P — : Z %RV

system permits a stricter adherence to low emission values. Engines are t’amgg; Seenr;;ll%'s applicable

EHWWHU SURWHFWHG DJDLQVW GHIHFWV )RU H[I:_FRPE)

running in overrun may be detected and corrected. In engines running under

full load, the system offers more effective smoke suppression.

7KH ODPEGD VHQVRU ZLOO DOVR PRQLWRU WKH 12] DFFXPXODWRU FDWDO\W

RI' IXWXUH HPLVVLRQ SXUL¢{FDWLRQ V\VWHPV 7KH VHQVRU VXSSOLHV GDW

management of the catalytic converter, which has to be cleaned at regular
intervals in order to preserve its storage capability.

Figure8.71 /DPEGD VHQVLQJ RQ D GLHVHO V\VWHP 6RXUFH %RVFK OHGLD
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2YHUYLHZ

7KH GHYHORSPHQWYV Rl IXHO LQMHFWLRQ LQ JHQHUDO |
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.

'LDIQRVLIQHBRQWWVRWWHPV

Table 8.5 lists some common symptoms of a fuel system malfunction together
6DIHW)\ Uﬁ with suggestions for the possible fault. Note that when diagnosing engine fuel
s‘)//\?tHem faults, the same symptoms may indicate an ignition problem.

&DXWLRQ $FKWXHJ $W WLRQ ) . . ) . .
%XUQLQJ IXHO FDQ V HbaRirwirg\procedure is generic and, with a little adaptation, can be applied

damage your health! to any fuel injection system. Refer to manufacturer’s recommendations if in any

Table 8.5 Common fuel system symptoms and faults

Symptom Possible fault

Engine rotates No fuel in the tank!

but doesnotstart $LU ;OWHU GLUW\ RU EORFNHG
Fuel pump not running
No fuel being injected

'LI¢FXOW WRSLWDQRWMWHU GLUW\ RU EORFNHG
when cold Fuel system wiring fault
Enrichment device not working (choke or injection circuit)

'LI¢cEXOW WRSVLWDQDWWHU GLUW\ RU EORFNHG

when hot Fuel system wiring fault

Engine starts Fuel system contamination

but then stops Fuel pump or circuit fault (relay)
immediately Intake system air leak

Erratic idle $LU ¢ OWHU EORFNHG

Inlet system air leak
Incorrect CO setting
Fuel injectors not spraying correctly

OLV,{UH WKURXBIO QOWHU EORFNHG
speeds Fuel pump delivery low
Fuel tank ventilation system blocked

Engine stalls Idle speed incorrect
CO setting incorrect
JXHO ¢OWHU EORFNHG
$LU ;OWHU EORFNHG
Intake air leak
Idle control system not working

Lack of power )XHO ¢OWHU EORFNHG
$LU ;OWHU EORFNHG
Low fuel pump delivery
Fuel injectors blocked

%DFN¢;UHV )XHO V\VWHP IDXOW DLU ARZ VHQVRU RQ
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doubt. It is assumed the ignition system is operating correctly. Most tests are
carried out while cranking the engine.

1. ChecN EDWWHU\ VWDWH RI FKDUJH DW OHDVW
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
EDU EXW FKHFN VSHFL;FDWLRQV
4. ,1 WKH SUHVVXUH LV QRW FRUUHFW MXPS WR VWDJH

359

5 ,V LQMHFWRU RSHUDWLRQ 2." + FRQWLQXH LI QRW VXLWDEOH VSUD\ SDW

reading across injector supply).
6. Check supply circuits from main relay (battery volts minimum).

7. &RQWLQXLW\ RI LQMHFWRU ZLULQJ % DQG QRWH WKDW PDQ\ LQMHFWR

connected in parallel).

8. 6HQVRU UHDGLQJY DQG FRQWLQXLW\ RI ZLULQJ WR IRU WKH ZLULQJ

will vary with type).
,] QR IXHO LV EHLQJ LQMHFWHG DQG DOO WHVWYV VR IDU DUH 2.
Fuel supply — from stage 4.

VXVSHFW

6XSSO\ YROWDJH WR SXPS ZLWKLQ 9 EDWWHU\ SXPS IDXOW LI VXSSO\

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).

$LU2I XEDOV IFD O F XMALIR Q V

7KH LGHDO UDWLR E\ PDVV RI DLU WR IXHO IRU FRPSOHWH FRPEXVWLRQ LV

JLYHQ WKH ODPEGD YDOXH ZKLFK LV NQRZQ DV VWRLFKLRPHWU\ 7KLV ¢JXUH
FDOFXODWHG E\ ZRUNLQJ RXW WKH H[DFW QXPEHU RI R[\JHQ DWRPV ZKLFK DU
WR FRPSOHWHO\ R[LGL]H WKH SDUWLFXODU QXPEHU RI K\GURJHQ DQG FDUERQ

hydrocarbon fuel, then multiplying by the atomic mass of the respective elements.

SHWURO JDVROLQH FRQVLVWY RI D QXPEHU RI LQJUHGLHQWY WKHVH DUH N

fractions and fall into three chemical series:

- 3DUDI¢{QV HJ 2FWDQH &H

*« 1IDSWKHQHV H J &\FORKH[D&H

* SURPDWLFV HJ %HQ]HQH &H,

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:

- &DUERQ &

¢« +\GURJHQ +

¢« 2[\JHQ 2

The balanced chemical equation for complete combustion of octane is as
follows:

2CH +250, &2 $0

2 2
The molecular mass of 2CH is:

[ [
7KH PROHFXODU PPV RI [ 2

[

7TKHUHIRUH WKH R[\JHQ WR RFWDQH UDWLR LV RU LQ RWKHU ZRUG

RI IXHO XVHV NJ RI R[\JHQ $LU FRQWDLQV RI R[\JHQ E\ PDVV

E\
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Figure 8.72 ,QAXHQFH RI DLU*IXHO UDWLR RQ WKH WKUHH PDLQ SF¥

ignition engine (no catalyst in use)

YROXPH ZKLFK PHDQV NJ RI DLU FRQWDLWKHUHNYRI |
NJ RI R[\JHQ LQ NJ RI DLU

The ideal air to fuel ratio for complete combustion of octane is 3.5 x 4.35 =

Octane: 2C,H +250, &2, 42 $ ) UDWLR
.| D VLPLODU FDOFXODWLRQ LV FDUULHG RXW IRU F\FOR
are as follows:
&\FORKH[D@H 2 6CO ,+6H,2 $ ) UDWLR
%HQIHQH &H, 2 6CO ,+3H,2 $ ) UDWLR
7KH DERYH H[DPSOHV VHUYH WR H[SODLQ KRZ DLU WR IX>
KRZ SHWURO JDVROLQH EHLQJ D PLIWXUH RI D QXPEHU I
IXHO UDWLR RI

7KLV ¢JXUH LV KRZHYHU RQO\ WKH WKHRUHWLFDO LGH

lutants produced and the effect airfuel ratio has on engine performance. With
PRGHUQ HQJLQH IXHO FRQWURO V\VWHPV LW LV SRVVLE

at this stoichiometric ratio if desired. As usual though, a compromise must be
sought as to the ideal setting.
J)LIXUH VKRZV WKH LQAXHQFH RI DLU*IXHO UDWLR RQ WK

from a spark ignition, internal combustion engine. A ratio slightly weaker than
ODPEGD YDOXH RI RU DERXW UDWLR LV RIWHQ DQ D

8QGHIBIVV XUH«

Higher injection pressure saves fuel and increases performance and torque. It
LV H[SHFWHG WKDW PRVW GLHVHO HQJLQHV ZLOO VRRQ
DURXQG EDU $OWKRXJIK EDU LV QRW XQUHDOLVW

cars and high-performance diesel engines.
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L LEN)
T 4
H < Q L e
Euro 6 is a European Union
regulation that sets emission
standards for vehicles.

Figure 8.74 % RVFK &56 + ZLWK EDU SUHVVXUH

WKH QHHG IRU H[KDXVW JDV WUHDWPHQW 7KH JUHDWHL
PRUH ¢QHO\ ERWK WKH LOQMHFWRU DQG LMHFWLRQ QR]
LPSURYHV DWRPL]DWLRQ DQG UHVXOWYV LQ D EHWWHU D
optimum combustion is achieved and no soot can form.

A higher injection pressure requires more than just a re-engineered injector.

'LWK LWV FRPSUHKHQVLYH GLHVHO VA\VWHPV FRPSHWHQ
DVVHPEOH D (¢ QHO\ WXQHG V\VWHP FRPSULVLQJ QRW RQ
the fuel pump, the common-rail system and the injector.

(XUR RYHUYLHZ

,W LV H[SHFWHG WKDW (XUR ZLOO PDNH GLHVHO FDUYV
this is a contentious issue in some cities. The main thrust of the new regulation
LV WR VHW ORZHU OLPLWYV IRU YHKLFOH HPLVVLRQV RI ¢

$V RI 6HSWHPEHU GLHVHO YHKLFOHV PD\ HPLW QR
QLWURJHQ R[LGHV SHU NLORPHWUH JDVROAKYLW YHKLFO!
UHSODFHV WKH SUHYLRXV OLPLW RI PJ SHU NLORPHW

all new vehicles sold must meet the Euro 6 limits.

6LQFH WKH (XUR UHJXODWLRQ ZDV LQWURGXFHG LQ
have been drastically reduced. Advanced automotive technology reduces
emissions of substances suchas CO, QLWURJHQ R[LGHV DQG SDUWLF
7THFKQLFDO DGYDQFHV LQ SRZHUWUDLQY DUH DOVR KDY
SDUWLFXODWH HPLVVLRQV IURP GLHVHO HQJLQHV KDYH
ZKLOH PRGHUQ GLHVHOV HPLW VRPH OHVV QLWURJHQ
YHKLFOHY IURP WKH HDUO\ V $V HOHFWUL,{FDWLRQ R
progress, emissions will fall even further.

'LHVHO YHKLFOHV QHHG D SHUIHFWO\ WXQHG H[KDXVW W
ORZHU OLPLWV VHW RXW LQ (XUR )RU YHKLFOHV ZHLJK
ORZ FRVW 12[ VWRUDJH FDWDO\WLF FRQYHUWHU LV VXI¢
FDWDO\WLF FRQYHUWHU ZLWK $G%OXH ZLOO EH QHHGHG
RGRXUOHVV XUHD VROXWLRQ ZKLFK FRQYHUWY WKH QLV
YDSRXU DQG QLWURJHQ $G%OXH LV UH¢OOHG DW UHJXO



CHAPTER

Engine management

D

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 ‘. Key fact

investigated. This control is becoming even more important as the possibility of As the requirements for lower

carbon dioxide emissions being included in future regulations increases. Some of and lower emissions continue,

. . . ) together with the need for
the current and potential areas for further control of engine operation are included better performance, all possible

in this section. Although some of the common areas of ‘control’ have been covered areas of engine control are
in the previous two chapters, this chapter will cover some aspects in more detail being investigated.

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

+ ldle speed.

Figure 9.1 Representation of complete engine control as the standard
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Figure 9.2 General block diagram of an ignition and fuel control system

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

JRU DQ HQJLQH WR RSHUDWH DW LWV EHVW YROXPHWUI
¢[HG PDQLIROGYV 7KLV LV EHFDXVH WKH OHQJWK RI WKH
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.

&RPEXVWIAD@HD QG UHVVXMHDVLQJ

Research is on-going in the development of cost effective sensors for
GHWHUPLQLQJ FRPEXVWLRQ SUHVVXUH DQG FRPEXVWLR

Figure 9.3 Variable length inlet manifold. A = long tract; B = short tract
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Figure 9.4 Injection valve with air shrouding

sensors are used during development but currently are prohibitively expensive  Figure 9.5 Improved injection pattern
for use in production. When available, these sensors will provide instantaneous  (also split in two in this case)

closed loop feedback about the combustion process. This will be particularly

important with lean burning engines.

9.1.4 W.ide 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 pm 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.

9.2.1 Engine design

Many design details of an engine have a marked effect on the production of

SROOXWDQW HPLVVLRQV :LWK WKLV LQ PLQG LW ZLOO EH FOHDU WKDW WK
DQ HQJLQH LV D FRPSURPLVH EHWZHHQ FRQALFWLQJ LQWHUHVWYV 7KH PDMF
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.
Atheoretical 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.
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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
Key fact Ul 1ositioned in the centre of the combustion chamber as this reduces the likelihood
The spark plug is best positioned RI FRPEXVWLRQ NQRFN E\ UHGXFLQJ WKH GLVWDQFH WKH

in the centre of the combustion
chamber as this reduces the

likelihood of combustion knock. &ERPSUHVVUR®LR

_ 7KH KLJKHU WKH FRPSUHVVLRQ UDWLR WKH KLIJKHU LQ

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
Key fact ‘ is due to the high te.mperature, which in turn causes gregter. production gf
: : NOXx. The increase in temperature makes the fuel and air mixture more likely
The higher the compression to self-ignite, causing a higher risk of combustion knock. Countries which have
ratio, the higher, in general,

WKH WKHUPDO HI¢ FL HestriRgeqygmission regulations for some time, such as the USA and Japan,

engine and therefore the better have tended to develop lower compression engines. However, with the changes
the performance and fuel in combustion chamber design and the more widespread introduction of four
consumption.

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\OLQGHU ZKHQ WKH H[KDXVW YDOYH ¢(¢QDOO\ FORVHV 7
the reaction temperature (the more exhaust gas the lower the temperature),

DQG KHQFH KDV DQ HIIHFW RQ WKH HPLVVLRQV RI 12[ 7
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

*DV ARZ ZLWKLQ WKH LQOHW DQG H[KDXVW PDQLIROGV LV
PDLQ FDXVH RI WKLV FRPSOH[LW\ LV WKH WUDQVLHQW FKD
to changes in engine speed but also to the pumping action of the cylinders. This

SXPSLQJ DFWLRQ FDXVHV SUHVVXUH AXFWXDWLRQV LQ WK
DQG ERWK LQGXFWLRQ DQG H[KDXVW VA\WVWHPV DUH GHVLJ(
ZDYH EDFN DW MXVW WKH ULJKW WLPH JUHDW LPSURYHPH
EH DWWDLQHG ODQ\ YHKLFOHV DUH QRZ ¢WWHG ZLWK DGN
Longer tracts are used at lower engine speeds and shorter tracts at higher speed.

&KDUJMWUDWLAFDWLRQ

. If the charge mixture can be inducted into the cylinder in such a way that a
If the charge mixture can be

inducted into the cylinder in richer mixture is in the proximity of the spark plug, then overall the cylinder
such a way that a richer mixture charge can be much weaker. This can bring great advantages in fuel
is in the proximity of the spark consumption, but the production of NOx can still be a problem. The later

plug, then overall the cylinder
charge can be much weaker.

RI WKLY WHFKQLTXH ODQ\ OHDQ EXUQ HQJLQHV XVH D I|
— WKH FKDQFHV RI PLV{¢UH DQG URXJK UXQQLQJ

section on direct mixture injection development is a good example of the use
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:DUP XSVLPH

$ VLIQL,FDQW TXDQWLW\ RI HPLVVLRQV SURGXFHG E\ DQ DYHUDJH YHKLFOH
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
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The quality of a spark will
determine its ability to ignite
the mixture.

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

7KH LIQLWLRQ VA\VWHP FDQ DIIHFW H[KDXVW HPLVVLRQV
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

RI WKH VSDUN LQ SDUWLFXODU LV VLIQL:;FBRQW ZKHQ LJ
VWURQJHU WKH VSDUN WKH OHVV WKH OLNHOLKRRG RI L
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

LQAXHQFH RI LJQLWLRQ WLPLQJ RQ HPLVVLRQV DQG IXHO

FDUERQ PRQR[LGH LV GHSHQGHQW DOPRVW RQO\ RQ IXHO
affected by changes in ignition timing. Electronic and digital ESA ignition systems

KDYH PDGH VLIJQL{FDQW LPSURYHPHQWYV WR WKH HPLVVLF

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 H,0O and CO,, 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 ,QAXHQFH RI LJQLWLRQ WLPLQJ RQ HPLVVLRQV DQG IXF
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Figure 9.12 Fuel metering with closed loop control

&ORVHORRGDPEGIRQWURO

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 9.13 The effect of lambda control and a three-way catalyst (TWC)

373
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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.

i i ‘”'/ i Due to the dead time the mixture cannot be controlled to an exact value of 1.
HeQL If the integrator is adjusted to allow for engine speed then it is possible to keep
TWC: Three-way catalyst. the mixture in the lambda window (0.97-1.03), which is the region in which the
7:& LV DW LWV PRVW HI{FLHQW

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

FORVHO\ OLQNHG 7KH LQAXHQFH WKH\ KDYH RQ HDFK 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
i i v '4' l for the ideal characteristics are stored in ROM from information gathered
HeQL during both prototyping and development of the engine. The main parameters
ROM: Read only memory. 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.

,JQLWLRQ V\VWHP RSHUDWLRQ

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
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Figure 9.28 Strategy used to control injection cut-out and reinstatement

WKH WLPH WDNHQ IRU IXO0 FXUUHQW WR ARZ LQ WKH LQMHFWRU ZLQGLQJ D¢
for the current to cease, a variation exists depending on applied voltage.

Figure 9.29 shows how this delay can occur; if S, is greater than S, a correction

is required. S, — S, = S where S represents the time delay due to the inductance

of the injector winding.

Figure 9.29 injector operation time curve

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,
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On a GDi system, NOx
emissions are reduced by an
accumulator catalytic converter
in the exhaust system.

Figure 9.38 NOXx catalytic converter

The M-Motronic and ME-
Motronic are torque-based
engine management systems.

DFFRUGLQJ WR WKH GHVLUHG WRUTXH VSHFL{HG E\ WKFH
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:

The injection point must be adjustable between ‘late’ (during the
compression phase) and ‘early’ (during the intake phase) depending on the
operating point.

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 VWUDWL{HG FKDUJH RSHUDWLRQ WKH QLWURJHQ RJ[L
lean exhaust cannot be reduced by a conventional, three-way catalytic

converter. The NOx can be reduced by approximately 70% through exhaust

UHWXUQV EHIRUH WKH FDWDO\WLF FRQYHUWHU +RZHYH
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 (HNO,) 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

UHPRYH WKH GHSRVLWHG QLWUDWHY WKH ', ORWURQLF
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

YLD WKH WKURWWOH YDOYH RSHQLQJ (QJLQH PDQDJHPI
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( ORWURGIWALQFLSOHYV

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
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Figure 9.39 Torque-based system structure

appropriate setting can therefore be used taking the driver’s requirements into
account as well as those of other systems.

2WKHWSHFRNHQILPHW QDHPHQW
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 CO, 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 camshatft.

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 VVT optimizes the valve

these pressure waves can be harnessed to assist in charging the cylinder, opening point to increase
LQFUHDVLQJ WKH YROXPHWULF HI¢FLHQF\ RI WKH engine torque and power at VR GR

opening point must be optimized according to the engine condition, and with \slggggsrgr?glgs in the operating

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 camshatft 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

KDYH HPSOR\HG YDOYH PHFKDQLVPV ZLWK DOWHUQDWLYH FDP SUR¢{OHV ZKF
HQJLQH VZLWFKHY RYHU WR D GLIIHUHQW FDP OLIW SUR¢{OH DW FHUWDLQ H



394 Engine management

Figure 9.43 Variable cam timing (Source: Ford media)

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
Any engine running at a is improved and CO, emissions are lower than with a conventional ‘lambda
lambda value greater than one equals one and catalyst system’. However, with the same comparison, NOx
is a form of lean burn. 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

OHDQ PL[WXUHV $ IRUP RI FKDUJH VWUDWL,{FDWLRQ LV D

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

Running at operating limit

Engine control Engine control Engine control
at =1 with with lean with combustion
chamber
three-way sensor pressure sensor
catalytic
converter Uneven
running
NO,
Operating
limit
Consumption

09 10 11 12 13 14 15 16 1.7

Figure 9.44 Lean burn engine
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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

UHGXFH IXHO FRQVXPSWLRQ DQG VLIQL¢{¢FDQWO\ UHGXFH H[KDXVW HPLVVLR
performance is not affected. The key to the operation of the SCC is the use of

exhaust gases.

%\ FLUFXODWLQJ D VLIQL{FDQW SURSRUWLRQ RI H[KDXVW JDV EDFN LQWR V
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%. Figure 9.45 Combustion control spark

8QOLNH VWDQGDUG GLUHFW LQMHFWLRQ V\VWH P ylug\Wwjéctdr (@u&e\baabWiédie) UHD SV
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

WKH NH\ DVSHFW WKDW JHWV WKH EHQH¢;WV RI GLUHFW LQMHFWLRQ ZKLOt
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

WKH 63, WR D ([HG HDUWK HOHFWURGH ZLWK D PP JDS RU WR DQ HDUW
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).

The power stroke operates in the normal way — air/fuel mixture burns,
increases the pressure, and this forces the piston down.

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.

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.

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
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QR LQAXHQFH RQ WKH F,pethEs0Qs, @hich[dr&ditectsy 2
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

LIQLWDEOH EHFDXVH WKH UHPDLQGHU RWWKHVP\QEGRGBHEU LV ¢OOHG ZLWK DL
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

WUDS ZKHQ LW LV pulX00O XSY WKH HQJLQH DOVR KDV WR EH UXQ EULHA\ RQ
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
UHPDLQGHU RI WKH F\OLQGHU LV ¢OOHG ZLWK H[KDXVW JDVHV 7KLV PHDQV W
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.

8QGHU ORZ ORDG FRQGLWLRQV WKH VSDUN LV ¢UHG IURP WKH FHQWUH HOF}
SOXJ LQMHFWRU WR D ¢[HG HDUWK HOHFWURGH ZLWK D JDS RI PP 8QGHL
FRQGLWLRQV WKH VSDUN LV ¢UHG ODWHU UHWDUGHG 7KH JDV GHQVLW\ L
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 An active cooling system uses

engine temperature. The main system components are an electronic valve, an electronic control to manage and
optimize engine temperature.

electronically controlled fan and an electrical water pump. Engine temperature
LV FRQWUROOHG E\ WKH HI{(FLHQW PDQDJHPHQW —U ZLW|
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) Figure 9.47 Pumptronic — electric
regulation for North America. cooling pump (Source: Valeo)
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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. [ Key fact

If one component of the active

(QILOQWUHQ@ROGASDUINQLWLRQ cooling system is not working
correctly, it can compensate
In Europe during 2003, vehicles with compression ignition (CI) engines started by over-boosting another

to outsell the spark ignition (SI) versions. However, because of this competition, component.

as well as that from alternative fuel vehicles, engineers are making more _
developments to the S| engine. More power, reduced consumption and emissions,

WRIJHWKHU ZLWK PRUH HI{(FLHQW SDFNDJLQJ DUH WKH NH\ FKDOOHQJHV EHLQJ

WKH LQQRYDWLRQV XQGHU GHYHORSPHQW DQG RU QH DUH FROVLGHUHG EL
9DULDEOH FRPSUHVVLRQ UDWLRYV ‘,m

$ KLJKHU FRPSUHVVLRQ UDWLR UHVXOWYV LQ JUHI ln_Europeduring2_00,3,Vehicles _HQF\
it also makes the engine run hotter and the components are under greater with compression ignition (Cl)

) . . : . engines started to outsell the
stress. Being able to vary the compression ratio to achieve improvements spark ignition (SI) versions.

under certain speed and load conditions is an innovative approach. Saab has _
done considerable work in this area.
(OHFWURPHFKDQLFDO YDOYH WUDLQ

Full control of valve operation means engine management can take greater

FRQWURO +RZHYHU RSHUDWLQJ YDOYHV LQGHSHQGHQWO\ LV GLI{FXOW £V
ZLOO EH ZLWK XV IRU VRPH WLPH \HW /RWXV HQJLQHHUYV KDYH PDGH VLJQL
advancements using hydraulic operating mechanisms.

+LIJK HI¢FLHQF\ VXSHUFKDUJHUV

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.

&\OLQGHU GHDFWLYDWLRQ

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.

+LJK SUHVVXUH GLUHFW LOMHFWLRQ

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.

5HGXFHG FXUUHQW GUDZ IXHO SXPSV

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.

,QWHOOLJHQW YDOYH FRQWURO

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.

*DV E\ ZLUH

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
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On average only about 15%
of the energy from the fuel
in the tank is converted into
movement of the car.

The transonic combustion
process utilizes direct injection
of fuel into the cylinder as a

moved to achieve optimum performance. For example, for full acceleration the
GULYHU pARRUVY WKH SHGDO *# ZKLFK RSHQV WKH WKUR
but opens the throttle more progressively on a gas-by-wire system.

$LU DVVLVWHG GLUHFW IXHO LQMHFWLRQ

One important aspect of direct fuel injection is that the charge in the cylinder

FDQ EH VWUDWL{;HG ,Q RWKHU ZRUGYV WKH UHJLRQ DUF
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.

H:T HQJLQH FRQ(JIJXUDWLRQ

$Q LQWHUHVWLQJ F\OLQGHU FRQ¢{¢JXUDWLRQ TXLWH DS
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

ZLWK DQ\ UHGXFWLRQ LQ PDVV LPSURYHV HI{FLHQF\

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
GULYHOLQH LQHI¢(FLHQFLHY DQG LGOLQJ VHH )LIXUH
WKHUPDO HI{¢FLHQF\ ORVV WDNHV SODFH &RPEXVWLRQ
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

WKH F\OLQGHU zZDOOV 7KLV HQHUJ\ ORVV LV WKH FRUH

Transonic combustion (TSCi™) is a new combustion process for the petrol/

gasoline internal combustion engine. The new combustion process utilizes

GLUHFW LQMHFWLRQ RI IXHO LQWR WKH F\OLQGHU DV D
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

HI¢FLHQF\ 2WKHU DGYDQWDJHV DUH WKH HOLPLQDWLRC
increased combustion stability that results from multiple ignition sources.

VXSHUFULWLFDO AXLG

Transonic combustion brings together the injection and ignition processes
to become Injection-Ignition. The characteristics of the system address all of

Engine
—62% Accessories
—2%
Fuel Tank nal Effic
100% Final Efficiency
13% moves
the car
Driveline Losses Idling/Stop light
—6% -17%

Figure 9.50 Losses during urban driving a petrol/gasoline car (Source: US DOT:
Transport Research Board)
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