
31.10 EMERGING TECHNOLOGIES

GLOSSARY

Active mount The use of an actuator in a mounting system to continuously deform the
mount so that no vibrational forces are passed through the mout at specific frequencies.
Adaptive filters A signal-processing technique (usually digital) in which filter parameters
are continuously modified to optimize some aspect of system performance.

Antinoise sound that is identical to, but exactly opposite to, a disturbing sound. If heard
alone, it would sound identical to the original noise, but it cancels the offending sound,
thereby reducing the noise level.

Causality In the real world you cannot have a result that precedes a cause. In an antinoise
system Ihat deals with broadband noise, the reference signal mu:t be derived from a position
in the system where noise that is correlated to the observed noise exists earlier in time

Harmonic number Narrowband sound, such as musical notes or noise from rotating
machines, consists of a number of components at frequencies that are multiples of a funda-
mental frequency.1The harmonic number is the ratio between the frequency of a particular
component and the fundamental frequency.

LMS The least mean squares measure of the error in a system.

Noisecycle The repetitive cycle ofa noisesource.It istwo revolUtionsin a four-stroke engine.

Residual noise The noise that remains after the antinoise meets the noise.

Resonance A phenomenon that occurs in low-loss systems where reflections reinforce the
original energy. Energy storage in resonant structures canmakenoise problems much worse

Sound field The distribution of sound energy in a defined spCe. It can be quite complex
when resonances are present.

SPL The sound pressure level is the peak variation in air pressitre due to a sound,

Subwoofer A speaker that is designed to only produce sound below 200 Hz. A crossover fil-
ter is used to pass ow-frequency energy to the subwoofer and all higher-frequency energy to
other speakers.

Tonal noise Noise that is made up of pure sinusoidal components with frequenciesthat are
all multiples ofafundamental frequence.

Turbulence The random mixing in an air flow that causes noise. A perfectly smooth flow is
called laminar.
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CHAPTER 32
FUTURE VEHICLE ELECTRONICS

Randy Frank and Salim Momin
Motorola Semiconductor Product

32.1 RETROSPECTIVE

Both the content and complexity of semiconductor technolog for computingpower control
sensing communications, signal conditioning, and transient suppression is destined to
increase in future vehiclesh Ierefore. this final chapter will tackle 1te difficult subjectsof
identifying potential technologydevelopments and trends for future systemsand consolidat-
ing previously mentioned development activities in areas relative to vehicle electronics. The
terminolocy of thefuture generations of electronics (refer to the glossary at the end of this
chapter) is a strong ndcation of how different emphasis will be placed in future vehicles.

Semiconductor technology is beingapplied to sensors in several automotive applications.
Semiconductor chnology isalso atteheart of digital electonics including MCU (micro-
controller unit), MPI. (microprocessor uni)and DSP (digital signal processing) technology.
Outputs several systems have been controlled by power MIOSFETssmart power.and even
IGT(insulated gate hipolar technology)power devices, Commulucations, not only to the
vehicle hut from the vehicle.will causemajor changes which will requirehigh-frequencysemi-
conductorsHoweverhigh-leveldigitalelectronicsin MCU, VIP.and DSP willcontinue to
determine the future of automotive electronics.Their growth for live MCUs per vehicle in
1980 to 14 per vehicle in 1990 and expected use of 35 per vehicle by2 ')00 will dominate auto-
motive electronics content no matter which vehicle subsystem isinvolved.

32.2 IC TECHNOLOGY

Since the advent of integrated circuit (IC) technology, the automotive engineer has hen
designing more and more complex electronic modules-partiall to meet government-man-
dated regulations for pollution control and fuel economy but also to provide increasedper-
formance and creature comforts. Table 32.1 is a summary of the control systems and
subsystems being used or developed for modern vehicles.Transitions to higher levels of com-
plexities ae already underway as car companies worldwide migrate their engine management
ECUs from 8-/16-bit microcontrollers to 32-164-bit CISCRISC baed processors with more
than one execution engine on-chip.such as Motorola's MC6332.

32.1
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32.2 EMERGING ThCHNOLOGIES

TABLE32.1 PervasivenessofElectronics in Modern ConrolSstems

Safely & chassis

Traction controlt
Antilockbrakes
Load-sense braking
Air bag resraInts
Dvnaiic ride conrol
ActivesuspeiOi
Load leveling
Electronicsteerin

Dynamic engine mount
Electroniccamsltaft
tgnmtion tnmine
Spark distribution
Fuel deliveryCuotl
Turboc1otrotl

Emissionsmonitr
Voltage regulator
Alternator
Tinsmission shift
On-hoard diagnostics
Operational adaptation
Energy recovery
Electronic mufler
Cruise control

Enceruaimen!i

Noise reducion systems
Cellular radio/tkphew
CD & opit Idis J vars
CB radio
Digital audio tape

Driver information

Digital & analog gatges
Engine diagnostic display
Servicereminders
Digital clock
Trip computers
N'aigationalcompu crs
intetligent highways
Collision avoidance
Drowse/DW[alkrt

Convenience & body control

Multiplexed wiring
Interniodule network
Body system diagnostics
Smart power drivers
Antithieftdevice
Climate control
Keyless entry
Light reminder
Memory seat
Sensory wipers
Autodoor lck
[teadlight dimnung
Window control

DSP technology is being used in audio and suspension control algorithms with new appli-
cations such as noise cancellation just on the horizon. Semiconductor technology, and specifi-
caly the integrated circuitisthe enabling technology.Thusbeforewe can discuss the future
of automotive electronics, le future developments insemiconductor technologyalong with
its critical successfactorsmust beunderstood since they will have a profound impact not only
on what systems get designed but. more importantlyon how thy get designed

The 1992 SIA Semiconductor Technology Workshop estab ished a 15-year roadmap for
key IC device characteristics such as feature size, chip sizedefect density, power dissipation,
and number of I/Os (Table 32.2). Based on this roadmap, the design engineersat the turn of
the century will be dealing with ICs which will integrate 50 to 100 million transistors on a chip
with clock speeds in excess of 250 MHz.This is based solely on extrapolation of today's tech-
nologies and does not take into account dramatic breakthroughs in technologies such as
quoanmctransisfors, which could increase device complexities by several orders of mag-
nitude.There is already some work being done at the Massachusetts Institute of Technology
and TexasInstrument R&D laboratories on 3-D quantnu ICs with complexities of 20 billion
transistorsToday's more complex circuits have three to four metal layers, but future circuits
will have six to seven metal layers for interconnect and power ruting by the year 2005.Three-
dimensional interconnection are key to denser electronic circuits. Thin circuits that can be
lifted off an underlying substrate may allow not only faster circuits, but combinations of oth-
erwise too-complex processes to be achieved and circuit placement in more varied packaging
shapes including remote displays, sensors, or actuators.

TABLE 32.2 Ceneril Technology Roadmap

Characteristic 1992 1995 1998 2001 2004 2(X)7

Feature size 0.5 0 35 0.25 0.18 012 01
lates per chip 300K 00K 2M SM loM 20M
Waf r processing cost (i/em2J $4-00 3 0 $3.80 $370 $3,60 $3.50

Chp11 size(mm) 250 400 600 800 100( 12 11
Wafer diameter (mm) 200 200 200-400 200-4t 200-40) 20-400
Defect density(deectsem) 0. 1 0.05 0.03 0,01 0.0X4 0-002
Number of interconnect level 1 4-5 5 5-6 6 6-7
Power supplyvoltage (V) 5 33 212 22 1.5 15
No. of I/0s 500 750 1500 2000 3500 5000
Performance (MHz) 120 200 350 500 700 100
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FUTURIEVEHICLEELECRONICS 32.3

Higher-speed electronicscan generate high powe levels,sodesign techniques to minimize
the powter or cope with the existing level of powerd issipation are eing pursued. Novel cool-
ingmethods using heat pipes enable self-ontainedcooling capability. Higher-temperature
operating matenaluch as gallium arsede (GaAS),silicon carbide (SiC).and diamond are
also being investigated by automotieeleotrnics manufactuers to solve the heat problem
The most Critical technolo required to turn the semiconductor technology roadmap into
reality is 'AD-computer-aideddesign.

32.2.1 Design Methodology/CAD

Design is the activity that turns underlingtechnoloies into product solutions that satisfy
societys needs. Design,coupled with a itsng dicpline toe nsure qualit, ISthe vehicle that
generates revenues for the indusines.Today.design activli isbased on a loosely coupled, ad
hoc collectiono tools and techniques The most successful companies use highly refined
design methodologies that ared ependenton vendor-supplied pointt oolsand are heavi yaug-
mentcd h propnetarv toos that encapsulate each compani' accumulated design expertise.
Use of these tools outside the company'sden groups is next to impossble. Over the next 5
to 0l ears the complexit ofchipswill gr ow so dramaticallytiat new toolsand techniquesf or
I Cdesignwill be required Couped with continuing pressurs on reduced product &elop-
ment cl time. rror-free designs.and affordable test procedures these CAD tool for IC
design willhe toextend well intothe systems dvelopment environm tEc tronicdesign
amation(LDA) willnot only he a necessity but itw ill also ethe only wayo handlig the
prev ailng levels of device and sIstemc omplexities Without the advanced level of elhnology
toolsexpecteperfrmanceandria ilitlevels will iot occur.

32.2.2 CPU Architecture

MPUs and MCUs in vehicle control systems have been developed around complexinstruc-
tion set computer (CISC) architecturesTheavailability of larer, faster memory technologies
allowsRISC archiLecture with simpler instructions to achieve higher throughput and faster
cycle timesRISC design philosophy includes:

1. Fixed length consistently encoded instructions

2. A register-to-register (loadstore) architecture with primitive addressing modes

3. Reaively simple instructions

4. A large orthogonal register file

5. Three-operand (nondestructive) instruction format

MPU chips are available in 1994 with floating-point performance ofSPECfp92* of 85 at 80
MHz. Over 1.6 million transistors are integrated in a chip iat is only 85 mm2.This perfor-
mance level is considerably above the highest-performing CISC architecture and utilizes less
silicon area,

The core processor has increased from 8 to 16-bits and now 32-bits to handle the number
of calculations that are required in complexengine control systems. The 32-bit CPUs can
deliver at least 50 times higher processing capability than th 8-bit designs ABS systems are
increasingly using 16-bit machines to reduce the time require to compute wheel speed inputs
from analog sensors and activate the appropriate brake solenoids. Air bags have increased
from simple to more powerful 8-bit MCUs when the air bag system uses electronic sensors.

Single-chip programmable digital signal processor (DSP) technology is used when mathe-
maticallyintense algorithms, real-time operation, and high-speed data sampling are required
in the control system. DSP units have been designed into sohisticated audio entertainment,
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32.4 EMERGING TECHNOLOGIES

dynamic ride control, and noise cancellation ssems.DSP units incorporate Harvard archi-
lecture similar to many MCUs and MPUsextensive pipelining dedicated hardware multi-
plier: special instructions not typically found in MCUs, such as multiply and accumulate
(MAC);and fast instruction cycle timesless than 50ns.DSPdesigyn can also be integrated into
MCUs to proVide similar functionality forsystems

It is important to cole that automotive electronics manufacturers will henefit from higher
lvels of technologybut use of high-level electronics in the auto industry lags behind other
segmens.partially due to the design-in time and partially due i0 the cost. Only the level of
performance necessary to solve the control problems that are expected to be encountered
during the design life of the electronics is implemented.Figure 2.1 shows a general tecnol-
oagy roadmap for onesemiconductor manufacturer (Motorola)1hat provides detailfor some
of the elements offuture semiconductors.The products lhat driv -future technology are high-
end microprocessors andf ast static RAMs (SRAMs). Howeverother products, including
logic, mixed-signal (analogdigital)sensors. and power dvices benfit from the improved
process techniques and the tools that are developed to providethem.

GENERAL TECHNOLOGY ROADMAP
ULSI - HIGH PERFORMANCE LOGIC

1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
SRAM 1MbSRAM Alb SRAM 16Mb SRAM 6MS

DeviceslMPU 1.6-2.6M 24M 35MI 4 -8 M 15-11 M20.100. X20M -5OM
Die SIze 1,25 X .75cm 1.5 X 2.cm 20X27

Technology HCMOS HMOS/BICMOS
Voltage 5V 513.3V 3.3V2.V

Mtn Feature 0.8opm I 0.50p _ *.dm 0 30tim 0.2 0.15p
Litho Tool G-Llne. I-Line I -Ine6Phase Sift MsiUV X-Ray
datfertals EPllBL EPLITRENCH *

Gate Oxide 150A 10___AI__80A _____60A_

CMOs N+POLYIt.DD LIU +POLY Wth iticide/LDDjSeecIVe Silicon levatedSource Drai
BIolar Non -Sel Al ned Self Aligned SGoe With Trench Isolafion

Contts Tapered WattedIed
Metallurgy ALAlloy ALAIloy MI.2,3,4 Copper

Metal Laye DLM 3LM 4LM 5-6 Level

IMegSRAM 4MegSRAM 16 Me ISRA M64Meg SRAM
PRDCS 68040168050 68060/68LP040 88B130 MutII-Processors88110/8B410 88120, PowerPC 1 1 RisC MCU Large Cache

683XX MCU 683XXVCU IoelPCIm

FIGURE32.1 Operaling frequenciesfeature siiIngraItion levet.

32.2.3 Memory

As part of reduced vehicle development time,electronics module manufacturers need semi-
conductor suppliers to turn ROM circuits in shorter and shorter design time. Also, new mem-
ory types,such as flash memory, are required to allow manufacturers to reprogram when the
memory is installed in the module and still be reliable under all vehicle operating modes for
the remaining life of the vehicle. Future developments include the ability to reprogram at
lower voltages:5 Vand even 3 V

Figure 32.2 shows the increase in memory, throughput functions.and inputs and outputs
(/O) since model year 1980 andan estimate for model year 2000.The most dramatic increase
has occurred in the memor (RAM). Program memor (ROM) is also increasing. Memory in
future MPiLs will be limited more by the programmer's ability to generate the code than by
the hardware's ability to store or process it-unless fundamental changes occur to the process
of code generation.
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FIGURE32.2 Automotive usage ofmicrocontroller technolkoy.

32.3 OTHER SEMICONDUCTOR TECHNOLOGIES

Semiconductor te'hnologyisaL oein ppledto both the input and output side of the digi-
talcootrol t improve li performanre1ofsensoi and provid moe ffcient power sitches.
Both sensing and power devices are the focus of increased integration.Ile eC t of integra-
tion depends on systne constraints in the automobile in addition to the technology that is
developed by semiconductor manufacturers This section xill discuss keyitems affecting
future levels of system and component integration.

32.3.1 Micromachining and Microelectronics

Semiconductor technology is also being applied to manufacture mechanical structures in sili-
con that provide more reliability. higher accuracy, and higher functionality, while also lower-
ing the cost of sensing for the automobile. Continued use of these techniques for more
complex structures and combined sensors e g.,pressure and temperature) will increase as
university, government, and industry R&D technology isadapted by sensor and semiconduc-
tor manufacturers Sensor technology has been identified as one of the key factors required to
maintain leadership in automotiveelectronics

Increased electronics will be used with these sensors either by simultaneously fabricating
electronic circuitry with the mechanical structure or by packaging techniques such as multi-
chip modules. Figure 323 shows a sensor technology migration path that ultimately has the
sensor(s) fabricated directly on CMOS MCUs.While the cost ofthis final form may be several
yars away from the level recessry for automotive use, the technologapability can be
demonstrated today. Intermediate forms of integration wit[ CMOS memory components
used for caibration and localizeddigital logicproviding decisions are extremely likely within
the near future (before 200)The electronics system design will change asinherently digital
signals, instead of analogcan be input directly to theMCUTIhese signals could be at the level
that allows usageby several vehicle systems using a multpl (MIX) bus. Hoever, stan-
dards, such as SAE J1850w, ill be necessary to make the digital output transducers as readily
available from many sources like today's analog output sensos.
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LEVELI LEVEL II LEVEL Ill LEVEL IV
Discrete Basic Mixing Seledive FullDevices Integration Technologies Integrailon Integration

poliar s Bipolar * MOS

Mul Chbp
SeIenrate Se ns o
sensct Sensor SoInterface nterface

sensor05Cuen

yDves
Onver Ove SMARTMOS

FIGURE32.3 Sensortechnology migration pa I

32.3.2 Voltage Capability

In order to achievehlugh density in integrated circuits, thenaxiumvoltage is being reduced
fromn5 to 3V incomputrand portableproductsThis level will bereduced even furtherus
higher levels of integration require smaller and smaller geometries, and portable products are
designed to operate at even lower voltage levels.Since this area is considerably larger than the
aulomotive electronics area. it represents the mainstream of electronics technology. The
automobile, howeveroaperates from a12-V battery today and is being pushed toward higher
operating voltages to handle the ever-increasing loads that are part of every new vehicle sys-
temEventhe12-Vsystemhastodealwithconsiderablyhighervoltagedueto transients
including loaddump.Electricvehicleswillhaveabatterysupplyover200VTherequirement
to withstand higher voltages reduces the efficiency of power smiconductors. Furthermore
thevoltageextremes affectthe choiceofpowerdevices andthelevel ofintegration thatcan
he achieved.Jfthesystemvoltageisincreasedto24,36,or48Vsemiconductorswillbeamong
the system components that aresignificantly affectedby the higher voltage.

32.3.3 Power Conitrol

Depending onthe vehicleevery 1 Aofelectric load reducesfuel economy by0310.5 miles
per gallon.Designchangestocopewith increased loads include:

* Morenery-conserving designs
* Smarter power suppliesthatmanagepeakalternator-currentdemand
*Over voltage transientprotection fromonecentrallocation, which is evenmore important

if system voltage is increased

* Two 12-V batteries per systemespecially on high-end vehicles
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FUTURE VEHICLE ELECTRONICS 32.7

More efficient powerdevices are required to reduce overall vehicle power consumption
and to reduce power dissipated in electronic modules. The on-resistance area product has
been reduced nearly tenfold from the early 1980s to 1993, since the first use of power MOS-
FETs on vehicles.Further improvements are made by reducing all of the resistive elements of
the MOSFETincluding metal connections to the package,starting materialand cell structure.
Figure 32.4 shows how the specific on-resistance can be reduced by using high-cell-density
power MOSFETs and lower voltage ratings. Ignition coil drivers are high-voltage (greater
than 350 V) applications on internal combustion vehicles where insulated gate bipolar tran-
sistors are more efficient than power MOSFETs or bipolar power transistors.

2.0

N

E 1,6
u 4 60V1.4

1.2

1.0

.U 0.46

02
0.0

1 2 3 4 5 6 7 8 9 10

Cel Density (MllIons of Cells/InA2)

FIGURE32.4 Powerefficencvs."voage,

Merging power devices with control circuitry is also part of the integration that is occur-
ring at an increasing rate as system complexity increases. Several design and processing tech-
niques are used to merge these devices depending on the switch type and performance
expectations.Table 32.3 provides some indication ofdifferences in commonly used processes.
Smart power, or power lCs are the terms that are generally 'sed to describe these types of
power devices.

The smart power approach to system design means that a number of circuit elements that
would previouslyhave been discrete components or the combination of a standard, or custom
IC, and discree output devices can be consolidated into one single device as illustrated in Fig.
32.5.This provides space saving, component reduction, total systemcost reduction, improved
performance, and increased reliability from the reduced number of interconnections. The
choice of process technology has historically depended upon the type of control elements that
were integrated. Some circuit elements, such as operational rmplifiers (op amps), compara-

TABLE 32.3 Power ICs Attributes

Circuit components Switch type

Isolation process Powcr MOSFET ttG.0 Bipolar High side Low side Compi ity Breakdown voltage

Self Yes Yes 1 Yes No Simple Low
Junction Yes Yes Yes Yes Yes Medium Medium
Dielectric Yes Yes Yes Yes Yes High High
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Junction
Isolation LateraI

Power MPOSFETsSerl Input

Charge Pump 1

Buffers// icij-Verticall
U~pdrainComparators /Pr iPower MOSFETs

Level Shifters /

=Operational
Amplifiers

Bandgaicut D - Flip Flop etc. 2~FTT

FIGURE32.5 SMARTMOS1 'technoag IS-

tors. and regulators,are best implmen[Cd using a bipolar W process. MOS circuitry handles
logicact Ilers atmedelas),and current mirrors better tha ibipolarcrcuitry.Some
cuts. such as A-Dcnviters or power mplifiers,can he implemented equally in either
technology. Aprocess hat has both MOS and bipolar for the ontol circultryues not have
tosacrifice performance or features andiit iscombined with the appropriat otitput deviceS
it can handle the poter control functions for a number of veichL loads.

The needf or increased diagnostics o meet legisated requirements such as OBD-ll, and
to minimize imer euired analyze vehicleexiencng faults is increasing the use and
conmplexitof smartpower devices. Power deces that can handle sc l amperes and oper-
ate atvoltages inecss of6h0 V have already eenintegraed into MC paccsesThe num
ber of loads that are controledthe current and voltae rating of th. output Jeices, and the
power dissipation are fictrs ta system designers muist considerw hen evaiuatig the level
of integration of power devices

Thle threet evelsool w icesinvolved in autonicsyslem, t powrMOSFEI
smart power ICwith one of more power outputs, and AC IIwihingrated powerdeices.
litegralion in each of these keeb and -ttincl will unprov in futures stemsTh abiity to
integrate memory componen and transmitand receive digital ignals at the power side &1
the cntr1il stemis necessary in MJXsystems.This also ilowi the system designer added
flibiltin System partitioning

32.3.4 Semiconductor Operation at High Temperatures

Increased operating lemperatures are driving development or new mterialssuch as GaAS
(galliumarseni)and other ill-V wide band gap. semiconductorm nteialsSiC (ilin car-
hide), and diamond ilms. Other wafer-levelaslebly techniques thatcn provide more rel
able operation at high tenperature,such as water-to wafer h ing and dielectric isolition
are part of today'ssemiconductor technologies that will be used in luturev hicle electrons
As Chap 5 pointed out, highertemperatures decrease lhiblty t electronic components.
Therefore, improvements that allow higher temperature operation are being evaluatedand
sometimes are a iing iowe for improving reliability. Sme dunced materials, such as
GaAs. also allowhghertrequency operation orincreased ffiincy. proidin additional
incentive.The macials and techniques ae benginestigat ed1oicnorf lia computing,
and communication semicnductors.1eiaceptanceionearcould increasethefort to
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design and qualify similar technologies in other areas. However, at present these approaches
are more expensive and would only be used if they solved ap oblem that had no alternative
solution.

32.3.5 High-Frequency Semiconductors

increasing communication o and from the vehicle requires radio frequency (RF) transistors
to receive and transmit signals and data, High-frequency operation isrequired for cellular
communicationsandsensinginsystems such as near obstacle detectionSeveral technology
choices exist in the RF front end of a communication product that must operate at 900 MHz
as Fig.32.6 demonstrates. Silicon ompetes with GaAS in the I- to 2-GHz range.but in the 2-
to 18-GHz range, GaAs is the only solution. In 3-V high-fequency (1-GHz) operation,GaAs
has an efficiencyof 50 percent versus silicon bipolar's40 percent or LDMOS s43 percent.
Chipset approaches are frequentyused in thearly phases of system desin and can be cost
effective alternatives to higher levels of integrtion. High-frequency designs for radio fre-
quency are considerably different than high-speddigital processes, which limits the integra-
tion of these subsystems, The frequency range is much higher in RF circuits, frequently 800
MHz and higher. Mixed-signal technology in thesedesignsmeans not only digital and analog
but also RF must be processed. Circuit isolation is required to prevenv unwanted coupling of
signals which can range from 3 V peak-to-peak to less than 1 t V peak-to-peak. RFIC (radio
frequency integrated circuits) technology or MMIC (ronoli:hic microwave integrated cir-
cuit), and MESFETs are part of the communications semiconductors that will be used in
future vehicles.

LEGEND

U GeAs

-( LDMos

MOSAIC

BiCMOS

BIPOLAR

Transmit chain

Tx

Receiver chain

Rc

R
F

S
y

UpO VCaDwn
Converter ConverterT

PLLE

SPrescale A parid
emnodulator

FIGURE.316 RFsemiconductortechnologies.

32.3.6 Semiconductor Packaging

Auto module manufacturers are using surface mount assemb y techniques to improve relia-
bility, reduce component size, and incorporate more functions in a given module form factor.
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32.10 EMERGING TECHNOLOES

A number of SOLC packages are available for handling high-p n-count 1/O in logic or high
power in power Is. Assembly techniques for surface-mount technology (SMT) also include
flip chip,TAB (tape automated bonding),COB (chip onord)nd bare die.

In many respects, the packaging requiements for highly intorated devices are sinilar to
those for the full module.These include power distribution, signal distribution, heatdissipa-
tion.and circuit protection. In harsh applications,like the underhod mounting of automotive
controls, hot and cold temperature extremes can result in sever damage to the electric Con-
nections in electronic components. Reducing the number of connections in a module, through
the integration possible in a process like smart power [Cs, reduces the number of poenti
failure points.

As more and more functionality is included in an IC design, the number of external com-
ponents is reducedThisinherently lowers the number of solder joints that are required in a
particular pc board layout. This can significantly reduce the potential for rejects in the sur-
face-mount soldering operation. Unfortunately, in highly integrated silicon designs, packages
are also required with power-dissipating capability and/or access to sense a mechanical input,
such as a pressure port.These"combined"pack-aging problems have been solved at the mod-
ule and not the semiconductor level. Smart power packaging engineers address the require-
ment for more complex1/t and higher power dissipation with increased lead count packages
and integral heat-spreading capability. Sensor packaging engineers cope with increased media
compatibility and higher pin count issues with new materials and unique attachment/access
methods for pressure, acceleration,magnetic, or light sensing.Complex microcontrollers have
high pin counts (256 pins) with close spacing and high coplanaity requirements. Still other
silicon processing technologies are required to provide system glue-chips that provide inter-
faces thatarenot cost-effectivelyintegrated in a particular time frame. As a result, three or
more packaging roadmaps are pursued.

To achieve increased functionality without increased silicon complexity, available silicon
technologies are being combined at the package level in packages based on semiconductor,
not module manufacturerassembly techniques These multichip modules (MCMs) areh bing
evaluatedfor automotive applications.There has been a decline in the use of the previously
popular DIP (dual in-line plastic) package. Other through-hole packages, such as SP (single
in-line plastic) and PGA (pin rid array), will also not increase.New SIT approachessuch as
BOA (ball grid array) pcagesarethe focus of present packaging development For future
highly-integrated components, packaging techniques must take iito account more complex,
system-level requirementsaswetlasSMTassemblyrequirement.

Testing is alsoa majorconsideration as more and more functionality is combined intoone
package In someinstances, theability to provide fully functional, fully tested silicon die is
required for products that are provided in packaged form today.

32.3.7 System-Level Integration

Increased integration is occurring to achieve increasingly more cost-effective systems. How-
ever, integration necessary to have all system components, MCU+power+sensor(s), on the
same chip, can lead to mask levels that are well beyond the level necessary to obtain reason-
able yields.Those components that would significantly add to the cost or detract from the per-
formance must be partitioned as a separate system component Integration can minimize
some unwanted componentssuch as parasiticcapacitances or lead inductances, but it can also
lead to unexpected interaction of other circuit elementsProven building blocks or modules
increase the confidence that a new silicon design will work properly the first time.

System-level chips basedon structured designapproach are just starting to appear. For
example, Motorola's CSIC, or Customer Specified Integrated Circuit, is a modular design
approach that has over 150 developed combinations for solving a variety of 8-bit control
problems.Figure 32.7shows theconceptof aSystem Chipm integrated solution thatcombines
input,output, and computation in a monolithic silicon chip.The MCI68HC705V8 is an exam-
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pie of today's level of system integration. It is a necessary firststep towards the more complex
syste11softom1orow.Thhihlls1non-0chipvltage regulator, a complete single-wire niul-
1ple1interlice m laedta linkcontroller,iand various memory functions.The voltage rf-
ulator providesar egulated 5 V (±5 percent) from battery voltages between 7 and 26.5 V and
can withstand allniataisients up to 40V ioted i iSec. 32.2.2, requiredcus-electilve-
ness by automotive electronics also applies to lvls of Integration. in a given time frame.
higherlees of integration may e possiblehut iot cost effectlve The ability to shift portions
ofthe system, rom one unit to another, and partition esystem for the most cost-effective
pproach inthe mst timely manner, is the goal of auto ce jonics manufacturers and the

forceb hind approacithes like Motorola's Seamless Silicon Sstemm imethodology. This tech-
nlque \Illallow comnll design rule for various silicon componensincluding MCUssmarti
power and sensors. Iht will facilitat i(egration paths illithe one shown in Fg 32.3. How-
ever, hen separate devices are determined to e more cost ffective, the decision tohalve
them as separate components will be a simplechoice of the deigner
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32.4 ENABLING THE FUTURE

Drivingforces for automotive manufacturers ultimately drive te electronic content of future
vehicles. The major areas that impact electronics include meeting government regulations,
environmental responsibility including recyclable materials, automotive manufacturing tech-
nology (and the transition from lean to agi e manufacturing) improved security, increased
safety to eliminate auto fatalitiesreducedvehicle development time, high-efficiency 80-mpg
super car, and the "personalized" car.

The first five items will be covered in more detail later in this section.The last three items
on the list reflect key topics that are extremely timely and may not have appeared on a list
developed in the 19801s.

UnitedStates manufacturers have gone on record with their goalsof developing newvehi-
cles in less time.In the mid-90s these goals are three years or less instead of the historical five
years. Japanese manufacturers are already at the three-year design level and Chrysler has
demonstrated the ability to design new vehicles in as little as 18 months.tThis will result in
even shorter design cycles in the future. As a result, the more complex electronics that will be
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part ofthese systems must be designed and verified in even less time than in the early 90sThis
willrequire even closer linkage between semiconductor suppliers and automotive electronics
manufacturers not only in hardware but also in the tools and sftwarc area as well.

The goal of a high-efficiency super car that can achieve 80 mp is among the changes that
can suddenly shape the direction of future electronics. While coitinuously more fuel-efficient
vehicles have been developed over the past 20 years. government support for a reach-out goal
can reduce the R&D time for enabling technologies.

Personalization in an increasingly nonpersonal world is among the marketing strategies
that can impact electronics,.The memory and automatic adjusm reats that are possible with
electronics are already usedtopresetseat position andfavorite radiostations when the auto-
matic door opener identifiesthe driver of a multiple-driver vehicle. Electronics is also an
essential part of the features used to differentiate vehicles. Increased marketing and manu-
facturingapproaches to customize vehicles will increase the arrount and variety ofelectron-
tes, and ofcurse,semiconductors in the vehicle. An excelent e:ample is anoffice-on-wheels
that has cellular phone, FAX,and printing capabilities as key accessories.

Achieving the goals of the auto manufacturer will require that automotive electronics and
seniiconductor manufacturers work together to provide fewer boxes,higher levels of integra-
tion.increased reliabilitycost reduction (system, component, and assembly)surface-mount
components, electronic replacements for mechanical components(relays,sensors, etc.)and
reduced hardwareand software design/developmen time.

The systems approach must be applied to a specific vehicle system, to the vehicle itself, the
vehicle as a part of the transportation system,and, ultimately, as part ofsociety (i.e., ecology.
and the use of resources). A further understanding of the force that are driving automotive
electronics is gained by reviewing thechanges that will occur by implementingIi HS
increased safety, the potential for antitheft/security, issuesdriving the EPA, consumer
demands, and the effect of other industries on automotive electionis.

32.4.1 Changes from IVHS

Worldwide efforts in intelligent vehicle-highway system (IVHS) will change the electronics in
the vehicle and the way systems are configured (see Chap.29). The goals of VHS will deter-
mine the nature of hardware that is required: reducing traffic congestion; improving safety;
enhancing mobility of travelers,especially the elderly and disabled;increasing the productiv-
ity of the transportation infrastructure:reducing energy use: reducing pollution;reducing cap-
ital and operating costs, increasing the viability of public tranportation;responding more
effectively to incidents:and increasing the easeand convenience of travel.

Achieving these goals will require severai new vehicle and infrastructure systemsandasso-
ciated electronics to enable the control strategies.On the hardware side,sensors arethe ost
critical enabling technology, However, software is predicted to be the mostlabor-intensive
aspect of the development activities,

324.2 Safety

Harry Mathew.a vehicle safety expert at Arthur D. Little, has made severalpredictions based
on the need for improved safety in vehicles. Implementation of technologies that are dis-
cussed today is shown in Table 32.4 These areas and timing canb e compared to projected
penetration of super-smart vehicle systems (SSVS) in Japan that are shown in Table 325.

The emphasis that government and consumers place on aspects of vehicle technologywill
determine which elements are exploited in production vehicles.For examplethe reporting of
safety performance of vehicles in 35-mph frontal crashes by the Nationalighway Traffic
Safety Administration (NHTSA) is intended to be a moreconsumer-oriented look at the
probability of injury.This could result in even greater focus being placed on air bags, espe-
cially dual air bags and their effectiveness in preventing injuries by auto manufacturers.
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TABLE32.4 1imig and Implementation of New Vehicle Systems

SysremTechnhog Timing

Airban Mandatory by 2010
leesentry Widespreaduse~ by 2030
Remotecontrol starting Widespreid use t by M30
Programnale position controls Widespread use by 2030
Inltegrated traction control and ABS 2030
Addition of power steering o above 2060
iVHS 2050
Collision avoidance (radar & auto pilot) Late 21st centur;

TABLE32.5 Penetrat ion of SSYS Technologies in Automobile

SSV S technology Phase I rr 2 Phae 11 yr2010 Phase Il yr 2020

Obstacle2detection 50% 80%
Road geometry detection 10 40% 40%
Collision warning Ioo 60% 80%
Auto braking/steering 10% 60%
Pedestrian detection 10% 60%
Driver assistance 10% 60%
Auto lane following 10%1
Accident reduction 4% 20% 43%

32.4.3 Antitheft/Security

Antitheft equipment is an area that has developed from aftermarket implementation of prod-
ucts into OEM level.Auto theft cost American consumers nearly $10 billion per year.NHSTA
estimates that between 10 and 16 percent of auto thefts are by professional chop shops that
strip and sell the parts. The effectiveness of antitheft system,; against professional versus
novice-level thieves is among the criteria that may have deterred their use by OEMs. How-
ever,electronic antitheft devices (see Chap.24) are available that range from simple sensing
and warning devices to cellular tracking systems with the ability 10 locate and disable the vehi-
cle.For exampleGM's Pass-Ke VTystem is offered as an OE1 product and is expected to be
installed on more than 40 percent ofGM vehicles by 1995. Auto theft is a worldwide problem
that varies in significance in other regions. This could be an area of increased usage and the
target of integrated control strategy in the future for OEMs.

32.4.4 EPA Driving Forces

The top official in the EPA has the following issues to address:

*Finalize rules for on-board vapor recovery during refueling

*Monitor implementation of California's Low Emission Vehicle (LEV) program
*Determine whether Northeast states can adopt California's LEV standards

* Resolve third-car controversy (states adopting California LEV standards without Califor-
nia clean-fuel standards)

*Monitor phase-out of CFCs and phase-in of replacement coolants

*Finalize regulations for on-board diagnostic computers to monitor enissioncontrolsystems

*Finalize rules for cold temperature carbon dioxide emissions controls

*Finalize rules for evaporative emission controls
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The involvement of electronics and next-generation semiconductors to solve these prob-
lems has been discussed in several chapters.

32.4.5 Consumer Demands

A consumer survey of 100 Southern California drivers indicated the following preferences for
1997 vehicle power sources with more than one choice possib:gasoline(34 percent).hybrid-
electric and gasoline (29 percent),electric (26 percent).natural gas (16 percent),methanol (15
percent),diesel (4 percent),and don't know (7 percent).Satisfying these different vehicle pref-
erences should be the target of manufacturers' product plans Electric vehicles specifically
require a broad range ofsemiconductor technologysome of which will be unique to the oper-
atingvoltage of thesevehicles.With growing concern for the environmentvehicle nanufac-
turers can potentially sement their market and address a previously undefined customer.

Industry monitoring by groups like Consuner Reports of vehicle reliability can shift man-
ufacturers' emphasis towards other items, such as owner satisfaction indices Electronics has
been recognized for its ability to provide more rehable automobiles in spite of the increased
complexity

32.4.6 Effect of Other Industries on Automotive Electronics

tookingoutside theindustry for technologydriving forces can provide insight to avoid being
blindsidd by new approaches.Manyof today's automotive controls result from the use of
aerospacetechnologyand displacedengineers during the 1970s Today's use of military-devel-
oped technology. defense engineers, and national laboratories to developnext-generation
hardware and softwarenay change automotive systems.However,the computer industryis a
prime mover of the highestlevel of integrated semiconductors and has over eight timesthe
sales of automotive semiconductors. In the computer industry, the term convergence is being
used to describe the merging of computingcommunications.and consumer electronics that is
occurring in new products aimed at highly portabk computing.

The vehicle of the future could provide a docking/recharging station for a device that pro-
vides paging, cellular phone. digital notebook, calendar of events, personal tracking, FAX
modem, and all the programs of a personal computer (pc), yet weighs only a few kilograms
The linkage of this unit to other vehicle systems could appeal to a new classification of auto-
motive consumers. Manufacturers already have incorporated cellular phones into the steering
wheel to provide a safer, more user-friendly means to dial. However, portable units that indi-
viduals will want to take to and fron their vehicle will define new automotive products

32.4.7 Software

Making the transition from one technology to the other and providing a transparent-to-the-
driver feel for any future system will require extensive software.Three phases have been pre-
viously identified in the evolution of automotive electronics. Initial electronic components
were diodes, transistors.and analog ICs in alternators, voltage rgulators, AM-FM radios, and
clocks, Phase 11 was the result of governmentregulations and enabled by the usage of micro-
controllers in vehicle control systerns, Phase Ill is marked bythe use of smart peripherals,
smart power drivers, and smart sensors, to bring the hardware closer to the capability of
NICUs,'ihe next phase will be the "software era,"in which ephasis will be focused on stan-
dard open architecture: in-vehicle network backplane:factory.dealer,and consumer levels of
configurability; neutral programming languasand user-friendly software

Advanced tools are required to deal with the increased level of software. From the semi-
conductor perspective, schematic capture, VHDL (VHSIC hardware description language)
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simulation, and synthesis generator tools are already used with products like field-pro-
grammable gate arrays (FPGAs).The extension of electronic design automation (EDA) soft-
ware linking control system requirements to silicon design is necessary to complete the
process.This is only one part of the software issues. Others are increased memory = increased
development time, code reliability/ruggedness. code portabiliy/upward compatibility, tools
for code development, verificationltesting aspects incuding tools, software-the"ifferntia
tor" for future systems.software design cycle time reduction,softwareindependent of hard-
wareand digitaland analog simulation.

Along with more complex hardware and software comes the need for improved testability
to ensure that these more complex systems work the way thy were designed. Powertrain
vehicle personalization.IVHSand hybrid vehiclesare expected to be even more important to
future automotive growth than air bags and antilock braking systems were in the early 90s.
Testing is critical during assembly, at the end of line, and in service. Design for testability
(DFT) methodology must be implemented at the beginningof the design process to satisfy
the fullrange of test requirements.Techniques have been develapedincluding boundary scan
and built-in self-test (BIST),that mustbe utilized.The IEEE TAG (JointTest Access Group)
standard, OBD-lIand others that may be developed must be implemented to allowequip-
ment manufacturers a common methodology for developing new equipment.

Today's high-end microprocessor designs already haveclock rates that exceed 80 MHz and
are capable of executing several millions of instructions per second (MIPs).To utilize this,and
even greater, capability in future automotive products, automotive designers will have to
spend far more time developing software than they did in the previous generations of prod-
ucts.This will require a different approach to sotware--one that starts with a formal software
department dedicated to developing structured code Sophist cated debug and system inte-
gration tools developed for the semiconductor industry must b! implemented in a networked
environment to support and facilitate a team approach to software.

In addition to digital simulation, complex analog systems a so require analysis techniques
beyond those used intoday's vehicles, A simulatorsuch as Analogy'sSaber simulatorcan
provid templates for various power supply topologies and 'alate virtual silicon prototypes in
place of actual units to reduce cycle time and ensure adequate performance in production units.

EDA has been recognized for its ability to help vehicle manufacturers. Benefits that car
makers are realizing include more effective and productive design engineers; parallel efforts
in the design phase:simulation of more alternativesearly problem resolution, and optimiza-
lion of final design:and the ability to incorporate more value-added electronic features for
product differentiation.

The extent of interaction that must be analyzed and undertood to provide future vehicle
controls is extremely complex and will require several systems that simulate everything from
vehicle combustion process to air bag deployment and driving simulation. Figure 2.8 shows
a simple interrelation among the driver, his vehicle, and the environment. The ability to link
together these systems and provide increased control to the driver will be the challenge for
designers of future vehicles. This will require new semiconductor hardware, advanced devel-
opment tools,and an unprecedented amount of software.

32.5 IMPACT ON FUTURE AUTOMOTIVE ELECTRONICS

Section 32.2.1 brought out the designer's role in future, sophisticated electronic systems.The
enabling semiconductor technologies will be available. One potential system evolution path
that could be taken to consolidate electronics in the passenger compartment is shown in Fig.
32,9. Given the level of complexity in the final stage,changes must he made in the way systems
are designed.

A typical synthesis pipeline of today's design for digital lectronics, which shows how an
idea becomes a finished semiconductor product, is shown in Fig. 32.10. The RTL (register
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transfer level) description is the area where the functionality of the ALUs (arithmetic logic
units) and buses are specified by the chip architectThe RTL description is an interconnection
of predefined modules such as adders, multipliers,or finite state machines that comprise con-
trollers.The sequential logic scriptionthat accomplishesthe desired behavior of the system
is performed by logicdesigner(s). Finallycircuit designers optimize the transistor-level design
created bylogicdesigners.

Challenges in automating this process include the need for a new breed of designer, the
system architect, who will have to simultaneously deal with software and hardware systems:
unified formalism for specifying, analyin and designing mixed software/hardware systems;
and development of design automation software to aid system-level partitioning

The leading edge in today's electronics is demonstrated by the totally automated develop-
ment of silicon based on the use of behavior synthesis and high-level physical design tools,
DSP ICs have already been developed using AutoCircuit behvioral synthesitechnology
from General Motors R & D Center and high-level physical ools developed by Cascade
Design Automation. IC engineers at Delco Electronics used Verilog language to describe the
DSP algorithms. After simulating the algorithms, AutoCircuit converted them into a Verilog
list of datapath modules, such as adders, subtracters, ALUs, anc state machines. The Verilog
netlists were fed directly into Cascades tools. which automatically compiled all of the data-
path modules and synthesized the state machine control-logic modules. The Cascade tools
placed and routed the modules, and extracted post-layout timing information for gate-level
timing simulation.

This approach will be used extensively in the development of future [CS In addition, the
linkage of the system(s) performance simulation to silicon generating systems will be required.

32.5.1 Changing Role of the Automotive Electronics Designer

Software will drive IC technology. At the same time, the automotive engineer's role will
change. Already this role has changed from that of a board-level designer using transistors to
one usinintegrated circuits.Today,a systems approach is being pursued, but the systems have
tohedesigned with a top-down mehodology.Product development with system engineering
guidance is shown in Fig. 32,11. This is today's approach and probably will not significantly
change from the organizational side, except for a stronger role for software development
However, the activities performed by these functions must change through the use of more
interactive tools. Starting with the total concept for the car, every module, every subsystem,
every piece of electronic iechnology must be considered. Integration, system partitionin,
design functionalityand distributed versus centralized intelligence are part of this approach.
Audio system evolution, shown in Fig. 32.12, provides an excellent example of the transition.
This figure will be examined closer in the next section.
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32.5.2 Potential System Architectures of the Future

It is apparent by now that the trend in automotive electronics is toward up-integration, with
designers taking advantageofthecomputepoweravailable, along with packaging technolo-
gies and adding more functionality to the modules For example engine management is being
comined withcruise control and transmission control to form the powertrain controller This
trend is mainly driven by the need to reduce the cost of the modules-vawe engineering is the
term being used, where value = function/cost. Value can bencreased by eitherdecreasing the
cost of given functionality or by increasing functionality for the same cost. Integration then
becomes a series of decisions or tradeoffs involving packaging, pc boardand semiconductor
technologies.The designer continually makes cost/performance tradeoffs in selecting the
technologies,and as technologiesevolvethese tradeoffs must beupdated.

So,given the technology scenariodescribedearlierinthischapterone canaskwhere will
this evolutionof p-integration end? Will everything eventually beintegrated intoacentral
controlmodule? Or, giventhe trend in multiplexing will ECUs be added ad infinitumcreat-
ing a distributed intelligence architecture? The answer is most probably"no" forboth scenar-
ios, and for several reasonsthe key ones being cost effectiveness reliabilityh eat dissipation,
serviceabilitand space requirementsThe more likelyscerario willbea combination of cen-
tralizationand distributed intelligence where the centralizaion would be based alongthelines
of body, chassis and safety, powertrainand audioentertainment and communications. Within
these centralized systems would be distributedintelligence basedon multiplex wiring with
smart sensors,switch decoders, andlsmartactuators all controlledbyacntralintelligence.

Thestrongest case for this scenario isthebodysystemcontroller(refer toTable 32.1).Here
functions such as door locks, interior dome lights, trunk lock, remoteentry, antitheft alarm.
electronic window liftand electronic seat control with memory could all be centralized with
multiplex wiring connecting the smart actuators (i.e, door lIcks,trunk release solenoids, etc.),
switch decoders, and lamp and motor drivers. Anotheralttrnativetocentralizingthewhole
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car into one system could be partitioning the system into four systems controlling the four
quadrantsof the vehicle.The multiplex wiring withineach quadrant linking the switches and
actuatorscouldb e classA type, while the quadrnts could be iterlinked with aclass B multi-
plex bus for diagnostic purposes and to provide a gateway into ie driver information system.

The audio/entertainment system is probably the most interesting system from an architec-
ture viewpoint because of how it has evolvedits uniqueness fromthe standpoint of standard-
ization, and the possibilities that integrated semiconducuor technology could provide To
understand the possibilitieet's examine how the r-dio has evolved.As shown in Fig.3212,
the initial analog-based AM radio has integrated functions to includestereo(both AM and
FM) and casstte or compactldi.e (CD) in the early 90sAudioffects similark to ones found in
home stereo systems are made possible with DSPs and are being offered on high-end vehicles
today.With the availability of high-resolution, high-speed data conversion devices (e.g., 16- to
18-bit sigma-delta A/Ds and D/As), the radio will move from [he analog domainL to a digital
domain,with the DSPs performing the task of AM/FM stereo decoding along with the audio
effects.

A new dimension tothe car audio system has been the addilion of cellular phones Instead
of bein an add-on aftermarket feature, the cellular phone is being integrated into the audio
system. Bosch and Pioneer both have introduced stereo systems with the cellular phone inte-
grated. This integration allows features such as auomticmuting of the radio when a call
comes in and better quality sound because the phone now uses thea uio speakers instead of
it's own tiny spaker. The next feature to be added to the audio system willbe global posi-
tioning system (GPS) basednavigation.

In the next few years all three functions-radio/audio.cellular phone,and GPS receivers-
will be reduced to single-chip functions or chipsets. The system designer will then design a
motherboard for an audio/phone/navigation system where each function could be offered
simply by putting in the chipset-the plug-and-play concept similar to that used in the pe
world.Taking this one step further, if all threefunctionswere made availab asa standard
package. the system designer could take a total systems appr>ach and develop one chip or
chipset and implement the three functions in software.This would eliminate redundantcom-
puting power from the three-function chipsets scenario.us is possible because at anygiven
time either the radio/audiosystemor the phone would be functioning,and the same hardare
could handle the functions with context-switching software. Since the GPS receiver function
is not time critical, it could he handled again by the same harware on a cycle-stealing basis.
Features such as voice recognition could also be added in software.The designer would need
to develop an operating system to handle all the function switching and the user interface-
perhaps. the automotive operating systems (AOS). Again, the analogy of the pc world is
appropriate.

This would lead us to conclude thatsoftware is going to play an increasingly important role
in future automotive electronics. Given that the capabilty of tie semiconductor industry and
the IC design tools will evolve, the differentiating factor will besoftware.

32.6 CONCLUSIONS

A universally accepted approach to electronics in all regions of the world does not appear
very likely. Europe, North America, Japan. and other regions of the world have differences in
use and design that are obvious in the electronic requirements. Europe may be the most likely
to favor a backplane approachIn the United States, captive electronics support can provide
individuality, but independent electronic suppliers in Europe support several different auto-
motive customers in several countries with a wide range of requirements. Obviously, this
requires standards that allow users to specify witinth e capabilities of several suppliers and
still configure the functions that are required.
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With rapid advances that are occurring in researchthe technologv of choice for semicon-
ductors is a moving targetwhich can change in the present design cycle time for vehicles
Problemsfor oneapproach can bc solvedmaking itaviable alternative. Based on the kinds
of systems that will drive future vehicletechnology, and the potential for more drive power
options--our- or two-stroke internal combustion, electric, hybrid anddesel-automobile
manufacturers will continue to look ( electronics and semiconductor technologyto provide
cost-effective solutions. Software will be the next frontier for semiconductorelectronics, and
automotive manufacturers.

Thischapter hasdescribed activities that are occurring or are likely to occur based on infor-
mation that is widely discussed in public electronic and automotive forums Several sources of
new information that will provide an update or revise these projections can be found in:

* Semiconductor Industry Association (SIA) reports

* Proceedings of International Congress on Transportation Electronics (Convergence)

* University of Michigan Delphi Report (Rev. VIl or later
* Morgan Stanley research

* Hansen Repor on automotive electronics, published monthly

* BIS strategic decisions

* Arthur D. Littlereports

* Inside IVHS, published biweekly

* Automotive periodicals (e.g., Automotive Engineering, Automoive Indusries, Automotive
News, Ward' Auto World)

* Electronics periodicals (e.g., EE Times, Electronic Desin, Electronic Design News, IEEE
Spectrmn)

* Other SAE or IEEE publications

SMARTMOS, Seamless Silicon System, System Chip, and SENSEFET are trademarks of
Motorola, Inc. Saber is a trademark of Analogy Inc Pass-Key is a trademark of General
Motors. All other trademarks are theproperty of their respective owners.

GLOSSARY

ASIC Application-specific integrated circuit, an IC desigied for a custom requirement.fre-
quently a gate array or programmable logic device.

ATPG Automation test program/pattern generator.

BIST Built-in self-test design technique that allows a chip to be tested for a guaranteed
level of functionality.

CISC Complex instruction set computer, standard computing approach as compared to
RISC architecture.

Combinationallechnologies Integrated mixed-signal.analog and digital technology.

DFT Design for testability, methodology that takes test requirements into account early in
the design process.

EPROM Erasable programmable read-only memory, a semiconductor technique used for
permanent storage but can be erased by ultraviolet light.

EEPROM Electrically erasable programmable read-ony memory, a semiconductor tech-
nique used for permanent storage. It can be reprogrammed in the system.
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32.22 EERGINGTECHNOLOGIES

Engine (micro engine) The computational portion of an IC.

Flash Semiconductor memory, faster than EEPRO4, that car be used for permanent stor-
age and is easilyelectrically reprogrammed in Ihe system.

Flops Floating-point operations per second,a measurement of microprocessor performance

FPGA Field-programmable gate array,an IC that can be programmed.

Harvard architecture On-chip program and data are in two separate spaces and are carried
in parallel by two separate buscs.

HDL Hardware description language.

ILtL High-level language, a programming language that utitlizes macro statements and
instructions that closely resemble human language or mathematical notation to describe the
problem to be solved or the procedure to be used.

Integration The combination ofprevious levels of separate ciruit designs.

Mechatronics The combination of mechanical and electronic technology as in motorcontrols

MESFET (metal semiconductor field effect transistor) A hih-frequency semiconductor
device produced in GaAs semiconductor technology.

Microrachining The chemical etchine of mechanical structures insilicon, or other semicon-
ductor material, usually to produce a sensor or actuator.

Mips Millions of instructions per second,a measurement of microprocessor throughput,

Mixed-signal Thecombinationofanaloganddigitalcircuitryinasinglesemiconductorprocess

Mitiprocessing The simultaneous execution of two or more instructions hy a computer.

NICU Microcontrol unit, or microcontroller unit, a semiconductor that has both a CPU.
memory,and 1/0 capability on the same chip.

NIMIC Monolithic microwave integrated circuit,a high-frequency integrated circuit.

Partitioning System design methodology that determines which portion ofthe circuit is inte-
grated using a particularsilicon process instead of completely integrating design using one
process.

Pipeline Bus structure within an NIPU that allows concurrent operations to occur.

Protocol The rules governing the exchange of data between networked elements.

RISC Reduced instruction set computer, a CPU architecture which optimizes processing
speed by the use ofa smaller number of basic machine instructions

Scalable Ability of MCU or MPU architecture to he modified to meet the needs of several
applications providing competitive price-performance points.

Silicon compiler A tool that translates algorithms into a design layout for silicon

SMD Surface-mount device (see SMT),

SMT Surface-mount technology, method of attaching components, both electrically and
mechanically, to the surface of a conductive pattern.

SPECfp92 Floating-point benchmark test and rating (1992 for comparing microprocessor
computing power.

SPECint92 Integer benchmark test and rating (1992) for comaring microprocessor com-
puting power.
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FUTURE VEHICLE EtECTRONICS 32.23

State machine Logic circuitry that when clocked sequences through logical operations and
can be a preprogrammed set of instructions or logic states.

SSVS Super-smart vehicle systems, term used in Japan for vehicles with several new elec-
Ironic systems.lypically used in IVHS

Submicron Measurement of (lie geometries or critical spacing used for complex, highly
integrated circuits.

Superscalar 7he ability of an MPU to dispatch multiple instructions per clock from a con-
ventional linear instruction stream.

Verilog A hardware description language for behavior-level circuit design placed in public
domain by Cadence Design Systems Inc.

VHDL VHSIC Hardware Description Language, a hardware description language for
behavior-levelcircuit design developed by the US.Department of Defense

Von Neumann (architecture) Program and data are carried sequentially on the same bus
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ABS/ASR hydraulic units, 16.8-1,10
ABSIASR system with brake intervention using

electric energy, 16.S
Absolute optical encoder3.5
Absolutv position sensors,.2
Acceleration sensor applications, IS7-712,

1712- 17-13218
ar hag deploymenlt7.1-7.20
antilock brakes.7.21
ridecontrol,710-7,21
sibration control,7.21

Acceleration sensors (accelerometers), 7.4,7,8-7.22

capacitive,712-71J s
closed-loop sensing 7.15-7.17
Delia sigmanmodulator,71717119
mechanical,7.-7.10
micromachited structures,7.12-71113,73
mounting requirements.719
open-loop sensing.7.13-7.15
piezocranmic, 8.7
piezoelectric,710-71118.6,23.8
piezoresistive, 7,11
silicon, 87
singlevs.multichip control circuits,7.17-7.18
technologies chart,7-18

Accelerometers ()ee Acceleration sensors)
Accunulators,. 17.9- 110
Active reaction power steering, 18.15
Active suspensions (see Suspensions, active)
Actuators, 10.1-10.34

for air bags, 10.24-10,25
forantilock braking10.19-10.22
basic design,10
continuous operating11.7-138

e tmotors,design and operation.10.12-110.15
dc solenoids,11 2
electrical, 10.16-1017
lectrahydraulic, 13.7

electromagnetic step motors. 10.9-10.11
for electronic transmission control,10.25-1026

Actuators (Cot):
electrarheological luids, 10.17
electrostatic, 10.17
expansion lements. 1018
friction drivespositive engagernent.10.28-13
for fuel injection.dicscl engines, 10.22-10.24

for fuel injection,spark-ignition engines, 10.22
for h aadlightiming control,10.27
hydraulic power cylinders, 1711-17.12
ngnetic principles of 10-2-10.8
magnelosttitive, 10.15
memorr alloys. 1018
mIcronumchanidca valves, 10.27-1028
moving coils, 10.11-12
for passenger safely, '214 0125
piezoelectrie,10.16-10.17.171,17.5
pressure. 114
pressureelectrohydraulic.1226
servo, 144

[or shock a asorber damping control, 172

solenoidsmcn-off,10.25-10.26
solernotds.pulse-width-mnodulated, 10.26
solenoids, variable pressure, 1025-10.26
steering,18 21,18.25-18.27, 1829
switching, 13.8
thermal.10.17-1018
torque motors, 10.8-10.9
for traction control, 10.19-1t22
ultrasonic motors,1028-10.30

Air bag sensors. 23.3-23.9
Air bags,7.18--20,1T26

inflatorsL f, 1024-10.25
side impact 726

Air conditioningheater controls2.14,
5.1-51419.15-1910

brushless motors (BLMs), 1915-19.17
clutch coil controls. 19.17
fuzzy HVAC controls, 1917-19,20

Air flowsensors.6.8-6.11
Airtluelratio )),6.1

1.1
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Air mass sensors, 1218-12J9
Air pressuresensors2.14
Air suspensions176-177
Air temperatureI measurement, 5.7
Alternateengines.212
Analog pressure control solenoids, 133
Analog-to-digitalconverters,.37,11.3.11.45-11,40
Anemometers,hot-wire.5.6
Aneroid diaphragms, 17
Angle positionsensors,31-18
Anticollisionsystems(seeCollisionavoidance

systems)
Antilock braking system components. 5.9-lll I

electricmotorpumps,15.10
electronic control Units. I 
hydraulicmodulators, 15.10
wheelspeed sensors,159--Il

Antilock brakingsystems,2.9.7.21,15.81514
Antilheftsystems,141-14.8, 3213

alarm and immobilization,24.5
dntitheft regulations,24.2-243
arming and disarming methods,24.8
basic system,24.3-24A4
immobilizers,246-24.7
typical system examples, 24J-24.6, 24.8
unauthorized entry detection.24.5
vehicle theft circumstLnces, 24.1-24.2

ASR (see Traction controll)
Automotive temperature measurementcs,15.-il2

Ball-in-tube sensors,24-23.5
Batteries,5.-57, 5.1118.9, 3017-3019
Battery sensors.18.9
Battery temperature measurements5.5-5.7
Bellows (pressure) capsule.2.15
Bimetallic switches, 5.16
Bourdon tubes,2 15
Brake moisture sensing.514
Brakesysten mcomponents.15-l.S

boostersand master cylinders,15.6-l157
disc brakes, 15.5-15.6
drum brakes, 156
proportioning valves, 15.7-15.8

Brake torque control. 1 67-16.10
with stored energy,167-16.8
without stored energy, 16.-16l

Brakingcontrols,111-15[1,16.2
antiluck controllogic.152-1514
antilocksystems,15.5.14
antilock lesting,15114
block diagram, I 5
fundamentals, 15,1-15,8
future trends, 15.14-1515
safetyconsiderations.15.11-15.12

Braking controls (Contl):
tire-to-road interfaces.51-453
vehicle dynamics during brakin, 153-15-5

Braking, regenerative, 1515

Calorimetricoflo sensors,4.5-4.6

Capacitivesensors.215.2.17,5.21,12-7-18
humidity,5.21

pressure, 2.17
Catalyst temperaure measurement,5.7-18
Catalytic converters, 5.6.1-6.2
Catalytic process in exhaust gas, 6.6
Ceramic pressure sensors, 2.18
CMOS inverters, I1.23
Collision avoidancesystens, 3.167,2, 76 7.8,

7.23-7263, 2.13
Collision warning (see Collision avoidance

systems)
Combustion pressure sensors, 221-2.22
Conduction, 5.1
Contact sensors,32
Controls (see specific types.e.g..Engine controls)
Convection, 5.1
Convergence conforence.1.3
Crankshaft positien sensors,9.10
Cruise controls, 14A1-14.9

adaptive prograiming, 14.6
automatic cruisc systems,14.6-14-7

design, 144-14,
lunctional elements, 141
future concepts,14.7-14.8

uzzy logic,14.4-.14.6
integration with IVHS.14.8
microcontroller -equiremenis,143-14A
noise problems (EMI and RFl)147
performaneexpectations, 141 -142
satety considerations.14.2,14.6
software,14.4- 14.6

Current sensors, 18.9
Cylinder pressure sensors,9.8

Deadweight testers,2.15
Delta-P measurements, 2.12
Diagnosable switch,3.3
Diagnostics,211,6.4,0.6,12.5, 12,s-1220,

22.1-22.20

CARBEPA,OBDI21,2.8-22.10
Catalyst monisori )g.22.9
connector installation,22.2-223,2217
data correlation, 2.5
data exchange (ISO),22.10-22.15
EGR system monitoring, 229
engine, 9.6

evaporative system monitoring,22.9

1.2 INDEN
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Diagnostics (Cont :
external diagnostic access.215S
fault localization and storage.22.5
fuel systemmonitoring,22.9
future concepts, 22.15
history.22. -22.2
international standardizations,2210-2215
ISO documents, 22,16
legislation and standardization, 22.8-22115
misfire detection, 22.9
off-board.22.7-22.8
on-board, 2.11,6.4,22.6-227

oxYgen sensor monitoring, 22.9
parameter distribution, 22.5
reasons for,223-224
SAE documents, 22116-22.17
secondary air system monituring,219
tasks in vehicles,11.4-22.6
test equipment,22.2

Diaphragms,2.15,217
Differential Hall sensors,3.11-3.11
Differentialpressure sensors,4.647
Differential slipmodulation, 1610-161!1
Digital period analysis (DPA), 9.8-913

for diagnostics9.11
Digitalroughnesscontrols,9.12

imingcontrolby.9.8-91
Digital signal processing (DSP),32.21
Display (see Instrument panel displays)
Doppler effect.7.2

EGR flow,4.2
Electric and hybrid vehicles, t.15, 30.1-3026

ac drives, 3012-30.13
acceleration,30.3
auxiliary power,3021
batteries, 30-17-30.19
chargers.30.6
climate control systems.30,19-3021
costs, 30.3
dedrives,30.10-3012
history, 30.1-30.2
hybrid vehicles, 30.23-30,24
infrastrutures,30.21-30-23
insulated gatebipolar transistors (lGBTs),32.15
maintenancelifetine.30.3
mechanicaldrives,3015-3016
MOSFETs, power, 30.15
motivation to use, 30.3-30,5
motor contollers,3.10)
motor drive systems,30-30.16
motors, 30.8-30.10
performance, 30.2-303
protection systems, 306-30.8

Electric and hybrid vehicles (Cont)

rangec302
stlicon controlled rectifiers (SCRs),30.13-30.15

pecd,311.3
switching Jevices30.13
system de criptions 30.5-30.6
technical data char.,304
thyristors.30.13-30.14
transistor.power,30.15
vehicle co trollers,30.19
weight,303

Electromagr etic compatibility,28.1-2819
cabling.2$.2-284
capacitor models, 2A-8,7
components, 28.4-28.9
inductor models,28.7-28%
integrated circuit decoupling,2810-214
integrated circuit process size effects,28.14--28.19
noise propagation modes281-28.2
printed circuit board EMCchecklist.9-281(0
resistor models,28.9

Electromagneticsensors, 38-3.16
Electromagnetic standards and interference

(EMI), 14.7, 27.327.18
electromagnetic environnient,automobile elec-

tronic system,27.13-27.17
field strength data at various vehicle locations

(tables),27.16-27.17
IEEE standards related to EMC2711-27.13
SAE automotive EMCstandards.27.3-2711

Emission levelsfor spark-ignition engines, 6.4
Energy additive flow sensors,4.3
Energy extraltive flow sensors,4.3

Engin contros,12.1-12.36
camshaft,12.14
cataltccanverter monitoring1219
compressirn ignition engines, 12.32-1236
craik and start,12.15-1216
diagnostics.12.5.12.18-12.20
drive abilit, 12.5
dwell angL, 12.10
enginelveh cspeed, 12.14
evaporative emissions.12.5.1211, 12.20
exhaust emissions,1.11-12.4
exhaust gas recirculation (EGR), 12,14, 12,20,

12.35
fuelconsumption,124,12,5-1215
fuel delivery, 12.35-12.36
fuel delivery systems12,20-12,28
fuel injection.continuous.12.25-12.28
fuelinjection strategies, 12.8
fuel injection systems, multipoint, 12.22-12.28
fuel injection systemspulsed, 12.26
fuel injection systems,single-point.1221-12.22
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Engine controls (Cont):
fuel injector pulse width, 117
fuel metering,12191227
full load, 12.17
functions, 1232-12,33
glow plug, 12.35
idle speed12.17-12118
ignitiorsystems.12.28-12.32
ignition timing,12.110
inlet air sensing, 12.26
knock, 12.11
Lambda control, 12.9, 12.26,12.28
Lambda sensor monitoring, 12.19
misfire detection,12119
modes, 12.15-12.18
objectives, 12 1
spark-ignition enines.1115-12.32
speed, 1235
transient compensation.12.17
turbocharger boost pressure 12,12-12.14,

1235
variable intake manifold. 1114
warm-up, 12.16

Engine dynamometer.93
Engine knock phenomenon, 8.1-8.4

CFR engine.8.2
definition,8.2
Draper's equation,883
engine compression ratio lowering raising,

8,3-8.4
gasoline octane rating,8.2
ignition retardation, 8A
laboratory measurements.82
measurement control systemsconsideraion.4
on-board knock control,83-8.4

Engine knock sensors.S. 1-8,9
accelerometers,8.6-8.7
hydrophone,8.8
instantaneous cylinder pressure sensor, 8.7-.88
jerk sensors, 8.5-,6
technologies for.8.4-8.5

Engine time scale,9.1
Engine torque modulation,16.6
Entertainment products,251-2519

audiosystem considerations25,10-2512
audio systems, contemporary.255-25.12
compressors25.10
digital audio broadcasting,25.12
digital compact cassette, 25.13-25.15
fundamentalsofaudiosystems,25.1-25A
future trends,25,12-2517
graphic equalizers,259-25.110
history of automotive entertainment, 254-255
limiters, 25.10

Entertainment products (Cont):
media (AM. FM, analog cassette.compaci disc).

25.6-25.9
liniDisc,25.15

radio broadcast atsystem, 25.12
recordable media.2.13-15,15
signal distribution,2.10-1511
signalprocessing.25.9-25110.25.16-25,l?
tone controls 2529
vehicle acoustics, 25.11-25.12

Exhaust emissions controls, 1.4,2.12
standards for, IA

Exhaust gas recirculation (EGR) flow, 42
Exhaust gas sensor applcations, 6.18-620

environmentalfactors6.18-6.10
installation locauion,.18
mechanical stress,6.19
sealing,.l19
thermalshock.6.18
thermal stress68-6.1%19

Exhaust gas sensoi
catalytic gas.6.22
ceramic, 6.11-6,14
emission certification,6.19-6.20
[orLambdaconirol,65-6.11
Lambda = 1 sensors, 65-6.8
lean A/F sensors, 6.8-6.9
Limiting current type.6.8-.9
mixed potential.6.21
Nernst type,6.8
semiconductorgas,6.21
stress factors, 619
wide-range sensors,6.9-6.11

Fault detectionfor electronic components, 5.8-5.10
FETs for temperaturemeasurement,19-5.20
Fiber optic combustion pressure sensors2.21-2.22
Fiber optic temperature sensors.20
Flow-sensing measurements212
Flow sCnsors41-4.9
Fluid level sensing.2.13,.16,
Four-wheel steering systems, 18.15-18,32

active control technology, 1830-18.32
active reaction cantrol, block diagram, 18.16
basic principles. 18.17-18,18
classification of lypes, 1818-18.21
electronic-electric control systems.1828-1830
electronic-hydrailic control systems, 18.22-1824
electronic-bydraulic mechanical systems.18.25
mechanicalsystems,18.20-182
trends in R&D, 8.30-18.32

Fuel cels, 212
Fuel economy, 1.4, 83-.4
Fuel flow for fuel-air ratio feedback control,4.3

A INDEX
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INDEX 1.5

Fuel flow for gas mileage measurement.4.2
Fuel-injection controls 16.5
Fuel injectionsystems,2.11
Fuel injectors.4.2-4.3
Fuzzy logic applications,2.23, 14.4-14.6, 18.15,

19.17-1920

Gaseous low measurement,4.4-4 7
Gyroscope, solid-state, 7.24-7.15

Hall effect sensors, 3.9-3.11, 7.2-74,7.24-7.25,
23.11

Heat battery,512
Heat sensors, 5.1-5.24
Heat sources in vehicles, 52-5.3
Heater controls (see Air conditioningheater

controls)
Hooke's law shaft9.6
Hot-wire air flow sensors4.4-4.6,5.6
Humidity effects on cars and drivers,5.3,513
Humidity effects on engine performance, 5.1
Humidity measuring techniques,5.22
Humidity sensing,512-5i14
Humidity sensors, 5.21-5.22

capacitive,5.21
oxidized porous silicon, 522
resistive.5.22

HiVAC systems, 2,14, 5.13-5.14
Hydraulic modulators, 15.10

Ignition systems, 1.4,1228-1232,16.5
capacitor discharge, 12.31
coil, 12.30
electronic, with distributor, 12.31
electronic, distributorless,12.31-12.32
Hall pulse generator, 12.31
MISAR, 1.4
spark ignition, 12.29-12.30
timing,12.28-12.29
types,12,30-12.32

Incremental angle encoders, 33-3.5
Incremental optical encoder specifications, 3.4
Incremental sensors,3.2
Inductive angle transducers,3.11-3113
Inductive lincar displacement sensors3.13-3,15
Inertialsensors,7.24-7.25
Infrared temperature sensing, 5.20
Instrument panel displays20.3-20.9

cathode-raytubes.20.6
electronic analog displays, 20.h-20.8
head-up displays20.6-20.8
liquid crystals,20.4-20.6
reconfigurable displays, 20.9
vacuum fluorescents,203-20.4.20,7

Intake air mass flow.4.1-4.2

Integrated silicon pressure sensors2.18-2.20
Intelligent transportation systems (see Intelligent

vehicle-highway systems (IVHS))
Intelligent ehicle-highwaysystems (LVHS),

14.18,29.15-29.18.32.12
Advanced Public Transportation Systems

(APTS), 29,17-29,18
Advanced RuralTransportation Systems

(A RTS), 29,18
Advanced Traffic Management Systems

(ATMS), 29.16
Advanced Traveler Information Systems

(AT]S),29.17
Advanced Vehicle Control Systems (AVCS),29.17
Commercial Vehicle Operations (CVO), 29.17

Jones.Trevor, 13

L ambda closed-oop control, 6.2-6.5
catalytic reatment of exhaust gases, 6.2
Lambda control ranges, 6.3

Lambda control sensors, 6.5-6.18, 1223-12.24
Lambda = I sensors,6,5-6.7.614-6.18

Lean air flow sensors, 6.8-6.9
limiting-current type, 6.8-69
Nernst type, 68

Lighting coatrols, 19.1-19.9
electroluminescent, 19.9
fluorescent, 19.8
high-inteasit vgas discharge, 19.9
incandescent/halogen, 191-19.8
light-emitting diodes (LEDs), 19.9

Linear positionsensors 3.1-318
Linearvarible differential transformers,

(LVD1s),2.15-2.16, 3.14-315
Liquid flow sensors, 4.7-4.8
Liquid level measurements. 2.5.2.13
Liquid level sensing,2.13
Liquid temperature measurement,5.5
Load controls, miscellaneous, 1920-1925

current-sensing power FTs, 19.20-1921
fully integrated power devices, 1926
future load control concepts.19.25-19.26
microcomputer Oline protection, 1923-19.25
overvoltErge,loaddump,"reversebattery,

19.21-19.23
LVDT-to-digital converter,3.15
LVTs,2.15--2.16,314-315.

Magnetic diodes, 7.22
Magnetic position sensors,3.8-316
Magnetic tiansistors,7.22-7.23
Magnetore:;istivesensors,315-316
Magietostrictive sensors.316.7.3-7.5
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Manometers, 2.15
MAP sensors, 23
Massair flow controls,2,7
Mass air flow sensors,4.2, 510-5.12
Mass flow measurement,4.3
McCarter.Oliver.13
Mechanicalsensors,7.7-7.10
Mechanical switches719
M ESFETs, 3219
Microcomputers (see Microcontrollers)
MicrocontrollersL4,1411.3-11.-55.13.4-13.5,

16,11 17.8, 17.12,197-19.8
analog-lo-digital converters, 11.45-11.49
architecture, 11.3, 11.8-11,9
arithmetic logic unit (ALU), 11.7
assembly language programming. 11.15
bidirectional ports.1LI34-11.36
block diagram. 11.4
bus controller, 11.11
central processing unit (CPU)11.6-11.10
CMOS inverters 1123
communications.serial .1141-11.45
demultiplexed address/data buses,11.31
EEPROM,11.28-11,29
EPROM, 11.27-11.28
failsafe methodologies,11.49-1151
flash memories, I128
frequencies of operation, 11.12
future trends,11.51-11.54
high-level language programming,11.16
inputcapture.11-39-11,40
input/output ports, high-speed.1L36-11l41
input/output portsIow-speed,11.31 11.36
input port pin configurations, 11.33
instruction sets, 11.12-11 14
interrupt structure, 11.17-11.21
machine instructions,11.16
memories,11.24-11-31
multiplexed address/databuses,1129-1l31
NMOS inverters, 1L23
off-chip memories. 11.29-11.31
on-chip memories, 11.25-11.29
open-drainport pin configurations,1133
output compare, 11.40
pin-out diagram.11.4
program counter, 11.9
program status word and flags, LL10
programming languages11.15
pulse-width modulation, 11.40-11.41
push-pull port pin configurations, 11.32
RAM,1125
register-direct vs accumulator-based archilec-

ture,11L8-11.9
register file, 11.7

Microcontrollers, (Con.):
registers, special fuicion, 11.7
ROM.11.2o-11.27
stack and stack pointer, 11,9-11,10

temperature ranges11.23-1124
timer/counterstructures,11.37-1139

Micromnachinedsensors,7.12-1713
Microprocessors (ee Microcontrollers)
Micros witches, 3.2-3,3
Microwave sensors.7.23-714
MISAR.1 4
Misfire detectors, 9.5, 22,9
MOSFETs, 5.17,32,7-32.8
Motor controllers, 30,10
Motor drive systens,30.6-30.8
Motors, 1510,18.8-18.14,30.9-3010
MRE sensors.7,3-7.5,77
Multiplex wiring systems, 11.29-1131.26.1-26.64

automotive bit-s:rial universal interface system
(A-BUS),2625-26,27

bit-stufNRZ,26 16-2618
Chrysler collision detection (CD),2631-26.34
Chrysler sensorand control (CSC), SAE J

2058.26.39-26.43
Class A, 261-26.8
Class B,261-26.4
Class B data communication network interface,

SAE J 1850 PWM, 2634-2636
Class B data communication network interface,

SAE J 1850 VPWM,26.36-26.39
ClassC,26.1,26.1
conclusions, 26.53-26.55
controller area nrtwork (CAN),2627-26.29
digital data bus (D2B),26.29-2631
E-Manchester,2i9-2620
encoding techniques, 26.9-26.23
L-Manchester,26.18-26,19
local area netwoks (LANs),26 7-26,8
modified frequency modulation,2620
network architecuresbackground, 26.2-26,8
nodes.26.7

protocols, 26.23-2653
protocolstable comparing different types26.24
pulse-width modulation,26.13-26.14
standard 10-bitNRZ,2615-26.16
time triggered protocol.26.48-26.51
tokenslotprotocolSAE12106,2644-2648
variable pulse width modulation,26.14--2615
vehicle area network,26.51

Navigationaids.7293-2915

background, 29.3-29.4
dead reckoning, 29.5-29.6
digital road maps 29.6-29.7
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Navigation aids (Cont.):
Etak Navigator/Rosch Travelpilot,29.10-29.12
map matching, 29,7-2910
naviation technologies,294-29.10
OldsmobLeNavigationdnformation System,

29,13-2914
radiopositioning.294-29.5
system examples, 29.10-29.15

Toyota Electro-Mulivision,29.12-29.13
TravTek driver information system,29.13-29.15

Neural networks.2.23
NMOS inserters, 1123
Noise cancellation systems,3Ll-31.11

antinoise, 31.3
cancelling exhaust noise31.6-3L7
controlling blowernoise31 Q
controlling engine vibration31.6-317
digital feed forward, 31.3-31.4
noise cancellation technologies. 313-314
noise measurements,31.2-31.3
noise sources,31.1--31.2
passenger cab quieting.31.7-31.9
passive noise control, 31.3
synchronous feedback,31.4

Object detection (see Collision avoidance systems)
Optical angle encoders.3.3-3,5
Optical phase shift sensors,2.15
Optical sensors, 2.15, 33-35, 7.5-7.6
Oxidized porous silicon sensors,522
Oxygen sensors.i8

Passenger compartment comfort,5.13-5,14
Passenger safety and convenience,233-21314

accelerometers, 23.8
air bag monitoring, 23.5-2316
air bag,seat belttensioner sensor systems,

233-23.9
air bag systems, central, 23.6
air bag systems, distributed, 234--23.6
control modules,2.8-23.9
emergency light flasher23.12
Iackingsystems control,23.12
reverseparking warner.2312
rollover sensors 219-2110
seat, steering wheel adjustment,23.12
sensing algorithms. 23.8
sunroof drives 23.11
tire pressure control systems23.10
window drives, 2311

Piezoceramic sensors, 8.7
Piezoelectric pressure sensors,2.2-2.4
Piezoelectric sensors,.224, 2.13, 2.15, 218.

2.20-L21,7.10-7.11,8-6,17.1-173.17.5

Piezoelectric strain gage.218
Piezoresistar ce sensors,2.18 ,7.11
Pistoncgage.2.15
Pilot tube flow sensors,4.7
Plastic track sensor potentiometers,37
Position sensors,3.1-318
P'otentiomeer pressure sensors.2.15
Potentiometerspecifications, 3.65
Potentiometertemperature sensors,,16
Potentiometers,315-3.8
Potentiometric sensors, 2.15-2.16.36-3,7.3.16
Powell's Magic Angle9.2
Power measurements,large engines.9.5
Pressure measurements.2.3-2114.81-8.8

absolute,23-2A
accumulator, 2,14
air,114
air bag.2.14
barometric, 2.7
brake.2.9
combustion.2.13

compressor discharge,2.14
cylinder.8.7--8.8
differential, 2.3-2.4.4.6-47
EGR, 2.lI
fuel rail,211

gage,2.3
manifold, 2 7
oil, 2.8-2 9
overpressure occurrences11
partial, 2.14-1.15
tire, 210
uanmissiooil,2.9
turbo boost.2.7

init conver.ion constants.2.4

vapor. 2.11
Pressure reguators2.22
Pressure sensing requirements for vehicle

systems, 2.6
Pressure sensors, 2.3-2.2i.3.2, 4.6-47

applications, 23-2.15.23.10
bellows capsules,2.15
bonded and unbonded, 2.18
Bourdon tues.2.15
capacitive, 2.152.17-2,18
deadweight testers,2.15
diaphragms, 2.15.2.17
differential'oressure,4h6--7
fiber optic cmbustion,2.21-2.22
fluidic irans:stors,2.22-2.23
integrated silicn. 2,18-2.20
manometers, 2.15
piezoelectric, 2.20-221
piezoresistive.2.18
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Pressure sensors (Cont.):
potentiometricstrain gages,2115i16
pressure switches,.122
pressure valves, 2.22
regulators.2,22
SAE specifications affecting.216

Pressure switch, 15
Pressure valves,2.22-223
Proximity sensors,.3 1
Pumps, electric-motor-driven, 15.110
Pumps, hydraulic, 18.6-18.7
Pumps, oil, 1T8

Rack-and-pinion steering, 18.9
Radar braking (see Collision avoidance systems)
Radar detectionf c objects (see Collision avoid-

ance systems)
Radiation,5.1
Radio-frequency interference (RF) 14,7
Ratiormetricity,3.6
Reliability of electronic components, 5.3-5.5
Resistive humidity sensors,522
Resistive temperature detectors(RTDs)5.17
Resolver-to-digital converters,3.13
Resolvers,3.11-3.13
Rf sensors,7,5-7.6
Ride control,7.20-7.2t1
Rivard, Jerry, 13
Road-surface sensors.17.2-17.3
Rolarnite sensors,23.4
Rollover sensors. 23.9-2310
Rotary variable iransformers.313
RTDs.5 i17

Safety, 32.12-32.13
Saunders, William, 1.3
Sc hallerTed, 13
Seat-bet sensors, 23.3-23.4
Secondary air pump flow,4.2
Semiconductor failure rates, 5.3-5.5
Semiconductor temperature sensors.5.17-5.20
Semiconductors,high-frequency,32.9

Sensor classifications,3.1-32
Sensor interfaces, 3.16-3.17
Sensors (see Chaps. 3-9 and specific types,e.g.,

Pressure. Resolvers)
Shock absorber damping control,171-17.4
Silicon capacitive absolute pressure sensors, 2.17
Siliconcontroled rectifiers (SCRs) 30.13-30.15
Silicon mass air flow sensors, 5.10-5.12
Silicon microvalves,2.22-2.23
Silicon pressure sensors. 2.18-2.20
Silicon strain gages, 2.18-2.19
Snubbing, 2.12

Solenoid valves, 1.10, 16.8,18.2-18.4,
18.23-18,24

Speed density.4.1
Speed-sensing devices.7.2-7.6

comparison of types,75
Hall effect,71-1,4
magnetic diode,722
magnetic transistor,7.22-7,23
magnetoresistive. 73-TS
MRE,73-7-5
optical,7,5-7.6
of, 75-7,6
solid-state gyroscope7.24-725
(echnologieschrt,7.128
ultrasonic,7.5
variable reluctance,7.2
Weigand effect, 7.22

Speed sensor (linear) applications:
air bags,7.26
chart of,727
collision avoidance,7.8,725-7.26
inertial navigation,726
ride control,7.8

Speed sensor (rotational) applications
ABS,78
chart of,7.27
continuously variable transmissions, 7.24
crank angle.77
cruise control,7.8
engine speed,.7.
four-wheel steering,7.8,7.25
radiator cooling fan,7.8
top dead center TDC),7.7

Speed sensors7.1--7,8,7.25-727,14.3
15.9-1510, 16.11, 17.1, 17.5, 18.2,18.6-189,
18.27, 18.29

Steering controls,16.1.181-1833
(See also Four-wheel steering systems and

Variable-assist steering)
Steering sensors. 17.1. 17.5-17.6, 18.6-18.10 18.12,

18.27-1830
Strain gages. 2.18
Surface-mount devices, 114
Suspension contros., 17.1-17.19

active suspensiois, 17.8-17.17
electronic leveling, 17.5-17.7
hydropneumatic suspensions,17.4-17.5
shock absorbers. 17.1-17.4

Suspensions, active, 17.8-1717
basic configurations, 17.8
bounce control. 17.14-17,15, 17.20
componeits, 178-1713
controls, 17.10
pitch controls, 17.13-17.16
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Suspensions,active (Conzj):
pressure controls, 17.10-17.13
roll controls,17.13-17,17

Switches:
bimetallic, 5.14-.16
diagnosable.3.3
mechanical,,8-7.10
micro,12-3.3
pressure.2.5-3.2-3.3

Synchro resolvers, 3.1 1-3.13

Temperature, effects of, 5-
Temperature sensing requirements for vehicle

systems,5.6
Temperature sensors.4.44.6.5.14-i21

bimetallic switches, 514-5.16
fiber optics, 5.14,520
infrared,5.14.5.20-5211
integrated power MOSFETs,5.15-5.2f)
liquidl hermorneters,5.14
potentiometers5.14,.16
RTDs,5,14,517-518
semiconductors.5.17-5,20
temperature indicating materials.514.5.20
thermal actuators,5.21
thermal cooling,521
thermistors, i14-515
thermocouples,5.14,5.16
thermostats, 514.5.20

Thermalactuators,5.21
Thermal cooling,5.21
Thermal sensors,44-4,6
Thermistors. 5.7.5A4-5.15
Thermoaccumulators,5.12

Thermocouples.45.14,5,16
Thermometers, 5.14
Thermostats, 5.20
Throttle-position sensors, 17.6
Throttle-valve controls.16.5
Thyristors, 30.13-3014
Timing control,9.5-9.6
Tire pressure control systems, 23.10
Tire pressure sensors.2.10
Tire temperature sensors,5S--5.9
Torque, inferred measurement, 9.8
Torque, instantaneous, 92
Torque,meanbest,9.10
Torque, quasi-steady-state,9.2
Torque feedback control,9.5
Torque sensors.9 -9.14,189 -18.12

acstraingage,93
capacitive twist, 9.7-9,8
de, 9.3
Hooke's law, 93

Torque sensors (Cont.):
magnetic sector 9.6-93
optical torque meter,9.7
transformc rs, rotational, 9.4

Traction controls (ASR), 16.1-16.15
applications on heavy commercial vehicles,

16.13-1t,14
components, 16.11-16.13
control mondes16.6-16.11
controlled variables 16.5-16.6
electronic :ontrol units, 16.12
forces affecting wheel traction, 16.3-16.5
future trends,167
optimizingstability,161
optimizing stability and traction,16.2-163
optimizing traction, 16.1-16.2

Transducers 'see Chaps 3-9 and specific types of
sensors, e.g., Pressure, Resolvers)

Transistor temperature measurements,5.17-5.20
Transistors

for high-side lamp switching, 19.2, 194-19,7
for low-side lamp switching. 19.2-193, 19.6
powered.20.15

Transmission control, 13.1-13.21
adaptation to drivers, traffic, 13.16-13.17
communicition with other control units,

13,17-13%18
communication protocols.13.6
continuously variable, 13.1
diagnostics,13.6,13,13-1316
electronic control unit.133
enginetorque control duringshifting, 1310-13112
future developments, 13.19-13.20
hardware,11.3-13.5
lockup cor trol.13.14-13.15
optimization of drivetrain, 13,18-13.19
pressure control,13.12-13.13,13.15
safety funions, 13.13-13.16
self-learning strategies,13.16-13.17
shift control improvement, 13.14-13]16
shift point control, 13.9-13.16
software, 13.5-13.7
system corponents.112-117
system functions.13.7-13,17
torque converter lockup clutch, 13.2-13.4

Transmissions,continuously variable,7.24-7.25
Tripcomputers,21.1-21.6

basic syste mconfigurations, 21 1-21.3
Ford example,21.4-21.5
General Motors example, 21.2-213

Turbine liquid flow sensor, 4.8
Thrbochargers, 2.7

Ultrasonic sc nsors,7.5, 2312
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Valves.17.11.15 10, 16.8,18.2-18,5,18.23-18-24
Vane sensors,4.4
Variable-assist steering,181-18.15

electric power steering, 18.8-18.14
electroniccontrolunit.1810
electroniccontrols.fundamentals,18.1
electronically controlled lypes, 18-18.2
hybrid systems, 18.6
hydraulic systems.182-18.6
motor control methods.18,11-1814
power-saving effectiveness,18.14
power unit, 1810
trends in R&D.18.15

Variable reluctance sensors,3.-39,7.2
Vehicle electronics, future, 32.1-3223

antitheft security,32.13
architectures of the future,32.19-3220
consumer demands,32.14
CPU architectures.323-32.4
design methodologies(CAD),323

digital signal processing,32.2
electronics in modern automobile control

systems, 32.2
high-frequency semiconductors,319
high-temperature operation32.8-32.9
IC technology, 32.1-32A
IVHS, 3212
memories,32.4-32.5
MESFETs, 32.9
micromachining and microelectronics, 32.5-32.6
MOSFETs, 32.7-32.8
power control, 32.6-32.8

Vehicle electronics, future (Cont):
role ofautomobile electronics designers,32,18
safety, 32.123213
semiconductor packaging,329-32,10
software,32,14-32.15
systemevoluticnpaths,32.15-32.18
system-level inIegration, 32.10-32.11

Vehicle theft alarmsystems,26.426,5
Vibration control.7.21
Voltage dividers,36
Volume flow measurement,443
Vortex shedding flow sensor,4.8

Wide-range A/F sensors, 6.9-iG1
dual cell.6.10-,11
single cell,6.9-1t

Wiegand effect sensors.722
Windshield wiper controls, 19.9-19.15

MCU motor controls, 19,15
motor current, 19.13
motor inductance lamping, 19.11-1913
permanent macnet motor speed control,

19.10-19,15
permanent magnet speed control design, 19.10
power transistor specifications, 19.13-19.14
shortcircuit protection, 19.14-1915
switching speed effects, 1910-1911

Ziomek, Joseph, 1.3
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ENGINE MANAGEMENT FUNDAMENTALS 3

1. INTRODUCTION

What sets fuel-injection and engine-management systems
apart from other fuel delivery systems istheir abilityto precisely
control fuel metering and adjust it in response to changing
operating conditions. The key elements in the success of
Bosch fuel-injection and engine-management systems are (a)
a comprehensive understanding of the engine's varying fuel
delivery requirements over a broad range of operating condi-
tions, (b) extensive research into how the factors which influ-
ence the engine's fuel needs can be measured and interpreted
by control systems and, (c) highly developed methods for
controlling fuel metering to optimize overall performance.

In this chapter, I'll review the basic factors governing air-fuel
mixture and fuel delivery, Il describe why various engine
operating conditions demand different air-tuel mixtures, and I'll
explain how the air-fuel ratio can be manipulated to improve
driveability and control exhaust emissions with little sacrifice of
power. In chapter 3 and chapter 5, you'll see how Bosch
applies these principles to the design and operaton of their
fuel-injection systems.

2. BASIC FACTORS

First, the basics. Well take a closer look at air-fuel ratios and
the engine's basic demands for a combustible mixture. I'll
describe additional factors affecting fuel delivery which are
imposed by the demands of the car-buying public, and we'll
examine pressure and pressure measurement-a subject that
is fundamental to understanding how Bosch fuel-injection sys-
tems work.

2.1 Air-Fuel Ratios
An engine's throttle controls the amount of air the engine

takes in. The main function of any fuel delivery system is to mix
fuel with that incoming air in the proper ratio. Small variations in
air-tuel ratio can have dramatic effects on power output, fuel
consumption, and exhaust emissions

The Basic Combustible Mixture

Laws of physics tell us that combustion of any substance
requires a sufficient ratio of surface area to mass (small enough
particles), and the correct amount of oxygen (in proportion to
the amount of fuel). In internal combustion engines these
conditions are met by atomizing the fuel into tiny droptets, and
by metering fuel in correct proportion to the intake air. In round
numbers, approximately 14 parts of air are required to support
complete combustion of 1 part of fuel- in other words, an
air-fuel ratio of about 14:1.

Fuel

Fig. 2-1 By mass it takes about 14 parts of air to support
complete combustion of 1 part of fuel. Before to-
day's concerns over fuel economy and emissions,
anair-fuel ratic somewhere closeto14:1 was good
enough.

Throughout this book, I'll follow generally accepled

practice and discuss air-fuel ratios primarily in terms
of mass.,This is the simplest and bestwayto help you
understand the basic factors governing fuel delivery
and combustion. Many of the Bosch systems, how-

ever, measure air flow by volume It is interesting to

see that, by volume. the proportion of air to fuel is
approximately 11,500:1.

Basic Factors
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Fig. 2-2. Byvolume, itakes approximabt11500 parts of
air to support copre combustion of I part of fuel
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4 ENGINE MANAGEMENT FUNDAMENTALS

Notice that I am talking about combustion that is complete -
combustion that makes the best, most thorough use of fuel
Air-fuel ratios which are higher or lower than approximately
14:1 will still burn, but such combustion produces unwanted
by-products and other side effects. As you read further into this
chapter, you'll see what those are, and why precise control of
the air-fuel ratio has become so important.

Rich and Lean Mixtures

The terms "rich" and "lean" are used to describe mixtures
which deviate from the theoretically perfect air-fuel ratio and
bum less efficiently.

A rich mixture is one with a lower airfuel ratio; there is
insufficient air (oxygen) to support complete combustion of the
fuel Rich mixtures increase fuel consumption and emissions of
hydrocarbons (HC) and carbon monoxide (CO) -the products
of incompletely bumed gasoline. They tend to reduce power,
increase carbon deposits and, in the extreme case, foul spark
plugs and dilute the engine's lubricating oil.

"Enrichment" is the process of metering more fuel for a
given amount of air to produce a richer mixture,

_______=A rtt ;f

Fuel J!
-a

~vi;~-

.445," 4
,0'

FIg. 2-3. Rich mixtures contain more fuel than can be corn-
pletely burned in the given amount of air.

A lean mixture is one with a higher air-fuel ratio; there is
more air than necessary for complete combustion of the fuel,
The fuel will bum completely, but more slowly and at a higher
combustion temperature. Lean mixtures reduce power, elevate
engine temperature, and increase emissions of oxides of nitro
gen (NO)-a product of combustion at excessively high tem-
perature. They also tend to cause driveability problems. tn the
extreme case, the high temperatures resulting from lean com-
bustion will cause pre-ignition - violent, untimed combustion of
the mixture which has the potential to cause sencus engine
damage.

-A-

Fuel

rig. 2-4. Lean mxtures contain more air than is necessary
for combuslion of the fuel. Inerior combustion re-
duces power and can cause engine damage

Stoichiometric Ratio
When "gas was cheap and the air was dirty," carburetors

were usually set up to deliver mixtures richer than 14:1, per-
haps with an air-fuel ratio as low as 12:1. As the car aged and
a little excess air leaked in around the gaskets of the carburetor
or the intake manifold, the engine still got a good combustible
mixture. Then, too, the carburetor was farther from the end
cylindersthan from the midde ones. A rcher mixture was some
compensation for unequal fuel distribution.

Therewas another reason for seting up carbureted engines
to run a little rich. Air-fuel mixture was less precise, and some
variations were to be expected. As shown in Fig.2-5, variations
in a rich mixture have only a small effect on power, while
variations in a lean mixture affect power dramatically.

I
3

Rich - Air-fuel ratio Lean
e22rPLUN &CH

Fig. 2-5. Variation in a rich air-fuel ratio makes much tess
difierence in power than the same va-ation in a lean
air-fuel ratio,

Basic Factors
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ENGINE MANAGEMENT FUNDAMENTALS 5

For today's engines, with the increased emphasis on fuel
economy and reduced emissions, the air-fuel ratio has to be
controlled much more carefully. The "ideal" air-fuel ratio-the
one which yields the most complete combustion and the best
compromise between lean and rich mixtures-is 14.7:1. This is
called the "stoichiometric" ratio. The mixture is neither rich nor
lean.

The Excess Air Factor-Lambda

The stoichiometric ratio can also be described in terms of
the air requirements of the engine Bosch calls this the "excess
air factor" and represents it using the Greek letter X (lambda).
At the stoichiometric ratio -when the amount of air equals the
amount required for complete combustion of the fuel and there
is no excess air- lambda (X) = 1.

I '-4

N "'~tAN4~-~ 2- * j~K--7 -

I

Fig. 2-6. The ideal or "stoichiometrid air-fuel ratio-when
there is just enough air to burn all the fuel-is
14.7:1. This is also described as A (lambda) = 1

When there is excess air (air-fuel ratio leaner than-stoichio-
metric), lambda is greater than one. When there is a shortage
of air (air-fuel ratio richer than stoichiometric), lambda is fess
than one,

The concept of lambda (the excess air factor) was created
specifically to support thinking about fuel delivery in terms of
the air requirements of the engine. As you'll see later on, this
concept plays a big part in controlling exhaust emissions.

2.2 Driveability and Emission Control
I've described the engine's basic requirement for a com-

bustible mixture of air and fuel, how varations in mixture influ-
ence performance, and how older carburetor systems tended
to run richer than the ideal air-fuel ratio in the interest of
delivering smooth, reliable power

While power is always a requirement, modern fuel delivery
systems face additional demands. Increasing concern over the
cost and availability of gasoline has resulted in greater demand
for fuel economy. Environmental concerns and resulting legis-
lation demand rigid control of harmful exhaust emissions. And,
the car-buying public increasingly demands good
driveability-quick-starting and smooth, trouble-free perfor-
mance under any and all operating conditions. Each of these
factors places different demands on the fuel delivery system,
and there are trade-offs.

Adjusting the system for maximum power also means in-
creasing fuel consumption. Minmizing fuel consumption
means sacrificing power and driveability. Choosing either max-
imum power or minimum fuel consumption means increased
exhaust emissions_ The modern fuel delivery system must be
able to maintain strict control of air-fuel ratio in orderto achieve
the best compromise and meet these conflicting demands in
the most acceptable way. In general, this means slight sacri-
fices of power and fuel economy in exchange for optimum
emissions control.

Rich

Maximum
power

Air-fuel ratio= 1261
Lambda A) = 086

Fuel N
consumption -

Lean

,-Power

Best fuel
economy

-- 0< l

Air-luel rat 15.4:1
Lambda (X)=1. 05

Air-fuel ratio= 14.7:1
Lambda (A,)= I

Fig. 2-7. The air-fuel ratiowhich delivers maximum power is
slightly richer than stoichibrmeric; the one which
delivers minimum fuel consumptionis slightly more
lean than stoichiometric. The stoichiometric ratio is
a compromise which sacrifices very little of either
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6 ENGINE MANAGEMENT FUNDAMENTALS

FIg. 2-8. Sloichioetric air-fuel ralio (X = 1) yields the best
compromise for control ci hydrocarbon (HC), car-
bon monoxide (CO), and oxles ai nirogen (NO
emissions, before the catalytic converteri (a) or after
it (b)-

it is fuel injection's ability to maintain the air-fuel ratio within
close tolerances that makes it superior to carburetor systems.
For the manufacturer, fuel-injection means ber emission
control and better fuel economy, both important in meeting
increasingly stringent government regulation. For the owner,
fuel-injection means achieving fuel economy and emission
control white preserving driveability and maximum power.

Fuel Economy - CAFE
Along with the general demand for fuel economy, each

manufacturer must consider another factor: mandated federal
standardsfor rated fuel economy-the Corporate Average Fuel
Economy (CAFE) standards. The industry trend in rated miles-
per-gailon (mpg) turned upward beginning in 1975, as catalytic
converters replaced engine de-tuning as a means of emission
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control. In addition, government legislation established an av-
erage mpg standard to apply to the total fleet of cars each
manufacturer delivers each year. Further, the target mpg stan-
dard rose each year, starting at 18 mpg in 1978, and is ng to
27.5 mpg in 1985. but cut back in 1986 to 26 mpg, Fuel
injection's precise control of fuel delivery minimizes fuel con-
sumption while still providing good driveability.

2.3 Air Flow, Fuel Delivery, and Engine Load
You know that air is drawn into the engine with each intake

stroke of each piston, The piston moving down on its intake
stroke increases cylinder volume and lowers pressure in the
cylinder. With the intake valve open, air at higher pressure
rushes in from the intake manifold to fill the cylinder. The
amount of fuel necessary to create a stoichometric mixture
depends on how much air rushes in.

In simplest terms, intake air flow occurs because normal
atmospheric pressure is higher than the pressure in the cylin-
ders. Air rushes in during the intake stroke, trying to equalize
the pressure. In gasoline engines, the throttle valve restricts
intake air flow. As you open the throttle, the opening to atmo-
spheric pressure raises manifold pressure. So, in practice, the
amount of air that rushes into the cylinder on the intake stroke
depends on the difference between the pressure in the intake
manifold and the lower pressure in the cylinder. Pressure in the
intake manifold depends on throttle opening.

The greatest intake air flow occurs when the throttle valve is
fully open. The throttle valve causes almost no restriction, and
full atmospheric pressure is admitted to the intake manifold.
This creates the greatest possible difference between manifold
pressure and cylinder pressure, and the greatest intake air flow.

Atrnospherc
pressure High intake

manifold pressure

Intakevalve

Open throttle
plate

Incoming ar

C)

Intake stroke -

Flg. 2-9. At ul throttle, nearly unrestricted atmospheric pres-
sure raises manifold pressure. Large pressure df-
lerential between rmaifold and cylinders increases
airflowm
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The least intake air flow occurs when the throttle is nearly
closed. The restrction of the throttle valve limits the effect of
atmospheric pressure. There is little difference between man-
ifold pressure and the low pressure in the cylinders, and airflow,
is low.

Atmcospheric Lowintake
pressure manitoidpressure

Closed throttle
plate

Fig. 2-10. With ethrottle closed, atmospheric pressure has
little effect on manifold pressure. Low pessure
differential between manifold and cyfinders results
in lioe air flow

Fuel delivery requirements depend more than anything else
on how much work you are asking the engine to do-on how
much of a "load" you are placing on it. To accelerate, you step
down harder on the accelerator. This opens the throttle valve,
increasing manifold pressure. The greater pressure difference
between the manifold and the cylinders increases intake air
flow, and therefore fuel flow, to increase power and accelerate
the car.

Driving down a level road, you can cruisealong comfortably
and maintain a desired speed with a relatively small throttle
opening. When you come to a hill, it is necessary to press
farther down on the accelerator to maintain the same speed,
even though engine rpm is unchanged. The hill has demanded
more work from the engine-created a higher load-and the
engine has demanded more air and fuel to match that load

Regardless of engine speed, the air flow and fuel delivery
demands of the engine depend on the load being placed upon
it. That load, and the resulting throttle opening, directly affect
manifold pressure. Manifold pressure in turn affects airflow and
thus fuel requirements.

2.4 Fuel Pressure

Both carburetors and fuet-injection systems rely on pres-
sure or pressure differential to dispense fuel into the intake air
stream. The atomized fuel vaporizes and mixes with the air to
produce a combustible mixture.

In a carburetor system, the fuel system supplies fuel to the
carburetor float bowl. The bowl is vented, and the fuel in the
bowl is at atmospheric pressure. Intake air passing through the
carburetor's venturi creates low pressure in the venturi-lower
than atmospheric pressure. This pressure differential-
between atmospheric pressure in the carburetor bowl and
reduced pressure in the venturi chamber -causes fuel to flow
from the bowlthrough the discharge nozzle, and into the intake
air stream.

Discharge Atmospheric
nozzle . presure: 14.5 psi

Air pressure FueJ
at Venturi
5-10 psi Main

metering

jet

Throttle valve2FuN

Fig. 2-11 The fuel-metering part of a carburetor opates
with smal differences in pressure: fuel in the bowl
at atmospheric pressure vs. reduced pressure at
the discharge nozzle in the venturi

The pressure differential in the fuel-metering system of a
carburetor is usually pretty small-only a few pounds-per-
square-inch (psi). In contrast, fuef-injection systems introduce
the fuel at higher pressures, anywhere from 30 to 90 psi
depending on the system and specic operating conditions.
Fuel delivery at these higher pressures ensures that the fuel is
better atomized, and it is vaporized more completely in the
airstream. Higher fuel pressure also makes possible more
precise control of fuel delivery.

2.5 Pressure Measurement

As I get into the specific functional details of each oi the
various fuel-injection systems, you'll see that many functions
and relationships are defined in terms of pressure. They may
be fuel pressure values in the fuel system, manifold pressure in
the air intake system, or atmospheric pressure. I may be talking
about a differential pressure-the difference between two op-
posing pressure values somewhere in the system,

Basic Factors
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8 ENGINE MANAGEMENT FUNDAMENTALS

In any case, pressure values are always expressed in one or
more of the following units or terms. All are correct With the
appropriate conversion factors, all are interchangeable. Fortu-
nately, the math requiredto convert between the different units
is simple.

* Pounds-per-Square Inch (psi). The English system unit
of pressure defined as force (pounds) divided by area
(square inches). Atmospheric pressure at sea level is
approximately 14.5 psi.

* Bar. A metric term derived from barometer or barometric
pressure-atmospheric pressure. One bar is approxi-
mately equal to standard atmospheric pressure at sea
level, so 1 bar = 14.5 psi. Typical fuel pressure in a
pulsed-injection system might be 2.5 bar, or about 36 psi.
European manufacturers' specifications and pressure
gauges usually refer to pressures in bar.

* kiloPascal (kPa), The proper metric unit for pressure, 1
bar = 100 kPa, so atmospheric pressure at sea level is
1OOkPa. Used mainly in the U.S.

* Inches of Mercury (in. Hg). Originally refers to measure-
ment of pressure using a mercury manometer. (Hg is the
chemical symbol for mercury). This is a term used to
specify manifold vacuum; 29.92 in. Hg is the difference
between standard atmospheric pressure at sea level and
absolute vacuum,

Table a lists the various units of pressure and appropriate
conversion factors

Table a. Units of Pressure Conversion
Unit Atmospheric toconvertto:

pressure (sea psi bar k_______________
level) -pi br ka iiI

_______ nuhtiply by:

psi 14-5 - 0069 2.06
bar 1 14.5 - 100 29.92
kPa 100 0.145 0.01 - 0.299
in.Hg 29.92 0,485 0.033 334 -

f you watch the local TV weatherperson, you'll see how
barometric pressure readings (in. Hg) are used to describe
atmospheric pressure changes. Listen to the references to
"highs' and "lows", Changing atmospheric pressure changes
the density of the air, Denser intake air can slightly alter the
air-fuel ratio and may affect how your engine operates. Some
Bosch fuel-injection and engine-management systems have
features which allow the system to compensate for variations in
air density.

Gauge Pressure vs. Absolute Pressure vs.
Vacuum

I've described engine intake air flow and load in terms of
manifold pressure, and I've discussed the units of measure
used to describe pressure. Now it is important that you under-
stand exactly what you are measuring.

For many years, people have traditionally thought about
engine air flow and load in terms of vacuum-the "vacuum"
created in the intake manifold by the pistons' intake strokes.
Using atmospheric pressure as a baseline, as zero, the lower
manifold pressure is expressed as a negative value-vacuum.

By the 1980s, the automotive industry had moved away
from thinking in terms of vacuum. Widespread use of fuel
injection began to demand more accurate measurement of
manifold "vacuum", and turbocharging-where manifold pres-
sure may exceed atmospheric pressure-began to blur the
distinction between vacuum and pressure. A simpler and more
useful approach is to think in terms of manifold absolute pres-
sure (MAP). MAP refers tothe pressure in the intake manifold
which is positive compared to zero absolute pressure, rather
than negative compared to atmospheric pressure.

If that seems hard to understand, think of atmospheric
pressure at sea level. We tend to think of this as zero pressure
and, in fact, an open fuel-pressure gauge will read 0 at sea
level. But remember, atmospheric pressure at sea level is
actually 1 bar (14.5 psi). Almost all pressure gauges use atmo
spheric pressure as their reference, Any measurement made
with the gauge reads pressure only with respect to atmo-
spheric pressure. As indicated by Fig. 2-12, a gauge which
reads 0 pressure at sea level (atmospheric pressure) is actually
measuring 1 bar on the absolute pressure scale.

Absolute pressure scale

0 1 bar (145 psi) 2 bar

1 bar 0 1 bar

Standard pressure scale

Aimospheric pressure
at sea level

Fig. 2-12. Calibration of pressure gauge influences how you
interpret pressure readings.
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Using absolute pressure as the reference point, the piston
on its intake stroke is creating a very low pressure in the Increasing load
cylinder-approaching zero absolute pressure. The pressure 5
in the intake manifold -manifold absolute pressure (MAP) -is
higher and always a positive number. Higher still is atmo-
spheric pressure outside the engine, its influence on manifold
pressure controlled by the throttle. Boost from a turbocharger
or supercharger is pressure above atmospheric pressure. 4
Many European boost gauges read MAP They are calibrated
from zero absolute pressure so, with the engine off, the gauge adlereads 1 bar-normal atmospheric pressure. aceteaon

Overun 1
I've been driving with a"vacuum" gauge connected 3 21_4 9to the intakema nifold of e achofmy last 9cars,.The
gaugeFomes calibratd in tersms ofvacuum,so at -Vauum (in. Hg)wideopendthrottle ( T)itareads closeto zeroIhave 24
also marked my gaugest o read MAc posbe waii
old pres relative tooabsolute pressureatornear 2 10
sea level.tThathmeans that atpWOT (near zerov
uut), 

WY 
gauge reads aboutt 9onmthe homemadea o m nMAP sctale, as shownninj Fige 2-13. w can read it twoadva n

ways: multipi by 10 to read pressurepin kPa (90 a),
or divide by'10toreadpressureinbar(0.9bar)The Fig214. zeg aertcnwvacuuann dMAur
important point is thatt he numbers increase as theastat
load andepower increase eFig. 2-1 t o shows pprei-
mateo range of gauget vaues fornvarious driving con-
dionsandthrotlepositionsBycoincienc65mp Onpe a turbocharged carst o a cwillreadabove 10(1 0o

ekPa)onthe IAP scaleAPnchanges ortinuousilycruie red,,;abcit 6 k~aor 06_5 ir.from about 2OkPaduning overrun (oatng with
closed throttle) to perhaps ynPa at maximu el
boost. n we discuss the imporlanceof anifold
pressure tofuel injection,you will findit an cvantage
tothink interms of the positive A vauesrom
absolutezer ratherthan vacum,

Manfueld vacuued 3.eOPERATING CONDITIONS ANDDRiVEAiiTY

IfIweretalking aboutthe requirementsof a stationary
industrial engine, I'dexpecti ftooperate under basicallyfixed
conditions: constant rpm, constant load, nearly constant tem
perature, limited stops and starts, no acceleration, and no
heavy-looted driver.Suchanenginewould operate quite nicely

Mat afixed air-fuel atio.It cooldbe easily tuned to maximize fuel
or 20 Fl. i economy, and would require only the simplest of fuel systems.

Oars, however, area different story. We expect them to
persorm underthewidest possible varietyofoperating condi-Flg. 2-13.Ma13ni'doldvcugueaitdravc tions. And we have given'"performance' anewdcefintion it isuum('nHcanajsbecirtdoramn not only impressive horsepowerand torque, but also maxmn-umr
tionscwhiletdeliveringapswersrfuel economy, and controlledexhaustemissions.Asifthese
performancedemandswerenotenough,wealsoexpectthe

ibdpesacar to meet these demands effortlessly, at anyltime, under any
conditions, and at the turmeftakey. We expect what has come
to becalled "driveability-the ability of the car to provide
smooth, trouble-free performance under virtually any condi-
lions while delivering power, fuel economy, and controlled
emissions.

Operating Conditions and Driveability
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Driveability is a term which evolved out of the early days of
strict emission control and the'70s energy-crisis concerns over
fuel economy. The less-developed technology of the time dic-
tated an approach to both problems which often resulted in the
engine running too lean, Running too lean robbed power and
contributed to rough idle, poor throttle response, stumbling
and stalling, and overall poor running. Fuel injection and more
complex engine-management systems offer the precise con-
trol and flexibility necessary to meet modern performance
requirements.

To meet these demands under different operating condi-
tions, the engine has different air-fuel requirements, I'll iscuss
these operating conditions, the effect they have on basic air-
fuel requirements, and howthe capabilities of fuel-injection and
engine-management systems are used to meet these require-
mients. I'm describing what these systems in general can do,
not necessarily what a basic Jetronic fuel-injection system will
do, particularly those systems on cars manufactured before
1982.

3.1 Normal (Warm) Cruise
Normal cruising at light load with the engine fully warmed up

is the baseline operating condition. The basic fuel system is
designed to meet the engine's need for the proper alr-fuel ratio
under these simple cruising conditions. The design must be
flexible enough to handle fuel delivery at different speeds and
loads, but this basic fuel metering is the fuel system's simplest
task. Though the driver may add power on a hill or to pass
another car, or cut back power to slow down, fuel management
is still relatively simple. All other parts of the fuel system which
compensate for different operating conditions do so by making
adjustments to this main fuel-metering function.

When you are cruising down the interstate, if the road is
level the engine is operating under relatively constant normal
conditions. The fuel quality may vary from one tank fill to the
next; weather and outside temperature may change; it may be
dry or it may be damp. The ideal air-fuel ratio will be dlfierent for
each of these conditions. A fuel-injection system can adjust to
these changing conditions with little challenge, maintaining
air-fuel delivery near the ideal (stoichiometric) ratio of 14.7:1 to
satisfy the most important considerations of fuel economy and
low exhaust emissions,

3.2 Starting

As an owner, you expect tne engine to start instantly
whether it's at sub-zero temperatures or parked in the desert
too hotto touch; whether it's been sitting for five minutes at the
store or for five weeks in the garage.

As far as fuel system requirements are concerned, starting
makes different demands depending on temperature I'll dis-
cuss cold start, warm start, and hot start.

Cold Start

This means the engine is cold; that is, it probably hasn't run
for at least 12 hours, In most cases, the temperature needle is
at the low end of the gauge. The engine might be as cold as
- 20'F (-30"), sometimes called cold-cold; or as hot as
115'F (45'C), sometimes called warm-cold. In either case, the
engine is still cold compared to its normal operating tempera-
ture of about 195F (90'C).

9K

Fig- 3-1 Engine-cold temperature varase acording to ou
side lernperature Cold start means tie ergine has
not fun i r several hours

To uncersta d the distinctions I've made in oldstar
temperature. consider the Environmental Protection
Agency (EPA) definiton of cold start, For EPA tesying
cold is room lemperature, about 68"7F(20C) all cars
are tested on dynamometers ins de the lab. The en-
gine must cold-soak at 68F in the lab next to he
dynarrorneter for 12 hours before the test.Casare
pushedo nto the dynamometer for thecold-start test
As it happens,8 8F s5close to actual cold start tenm-
peratues in Southern California and much of south
emUS. Engine temperature affects the drveabil'y ot
your engine, which raybe much colderthan an EPA
coldengine. Forscientfic comparisontesting andfor
the regulatory aspects of EPAtesting for emissions
and fuel economy. unformly is the most imporant
facto.,

Operating Conditions and Driveability
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""'" 
- Normal room

temperature
Cod cod EPA cold-starn

e- - test40

Warm-cold

Fig. 3-2. Fuel requirement for engine starting varies accord-
ing to outside air temperature: cold-cold or warm-
cold. These temperatures are both cold compared
to normal engine operating temperatures.

In most parts of the country, you will at times be faced with
cold-cold starting conditions; the most challenging of all, Gas-
ofine is less likely to vaporize when t is cold. Even ifit is
adequately vaporized, some fuel condenses on the cold parts
of the engine before it can be bumed. The engine requires
extra fuel for starting so that, in spite of vaporization and
condensation problems, the engine still receives a combustible
air-fuel miture.

What constitutes a combustible mixture depends on air
temperature, the volatility of the gasoline, attitude, barometric
pressure and humidity. While a carburetor relies on a relatively
crude choke mechanism to increase fuel delivery for cold
starting, fuel injection compensates for many of these factors
Temperature is the most important,

Cold-start enrichment quickly becomes a problem if the
engine does not start right away; due to a marginal battery,
ignition components in poor condition, or whatever. Enrich-
ment during cranking must be cut back in a matter of seconds;
ifit goes on too long, the air-fuel mixture will be too rich to ignite.
The spark plugs may become fuel-fouled, particularly when
they are cold, and the engine will not start.

Cold starting also needs help in terms of intake air flow. A
closed throttle and slow cranking speeds do not aow enough
air for starting. Drivers of carbureted cars develop intricate
starting procedures: depress the accelerator to the floor, re-
lease, then hold the throttle about / open (for example). The
first depression is necessary to set the carburetor choke and
fast-idle cams; the second is to open the throttle and make sure
the engine is getting enough air. Fuel-injection systems can
control the air by bypassing the closed throttle, admitting more
air when cold without any effort or attention from the driver.

Warm Start

Warm starting is very much like warm running. The air-fuel
demands are simple. A warm engine helps promote fuel va-
porization, and fuel is much less likely to condense out of the
air stream onto warm engine parts

Depending on the temperature, the engine may benefit
from some small portion of the usual cold-start compensations.
A carbureted car may benefit from a light push on the throttle,
using the accelerator pump to deliver a little extra fuel. A
fuel-injection system sensing temperature only a little below
normal mayjust slightly enrich the mixture and slightly increase
intake air to improve warm starting.

Hot Start

This means the engine is hot; perhaps after being driven for
some time on a hot day, and then allowed to sit for a short time,
unabletosignificantly cool. Under these conditions, sometimes
called "hot soak" under-hood temperatures may exceed 250'F
(1200C).

The most important aspect of hot soak and subsequent hot
starting is the possibility of overheating the fuel. For a carbu-
retedenginethismaymeanboilingthefuelinthefuelbowland
losing it as fuel vapor into the atmosphere. Hot starting be-
comes more difficult, since it takes time for the fuel system to
refill the bowl so that fuel can reach the discharge nozzle.

In any engine, the excess heat may raise fuel temperatures
and cause "vapor lock" - vaporizedfuel in the lines. Unlike fuel,
the resulting vapor in the lines is compressible, so the fuel
pump cannot necessarily overcome the problem and deliver
fresh fuel. In fuel-injection systems, the number of fuel lines to
individual injectors and the routing of lines near the engine
makes heat-soak a more acute problem. To ensure quick hot
restart, the system must maintain pressure in the fuel lines and
the injectors while the engine cools to prevent vapor lock.

Some fuel-injection systems combat the fuel vaporization
problem byadding small doses of extrafuel, similar to cold start
enrichment, The extra fuel while cranking slowly helps the
engine start; then the increased air flow and fuel demands of
the running engine can overcome the vapor lock.

Ignition Timing and Starting

For the more sophisticated engine-management systems,
adjusting the ignition timing can help start a cold engine. If the
engine is turning over a little slowly because of thick, cold oil in
the crankcase, or reduced battery votageatlow temperatures,
the best ignition timing is near Top Dead Center (TDC) More
advanced timing, even as little as 10 degrees before TDC,
allows the slow-turning engine to fire while the piston is still
rising; the reverse torque may damage the starter.

Operating Conditions and Driveability
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On a warm day, ignition timing of a cold engine can be
advanced because the engine spins a little faster. But if the
temperature were high (hot start), retarded ignition timing can
prevent reverse torque and starter damage caused by igniting
the air-fuel mixture before the piston reaches TDC. Also, the
engine may knock during starting if intake air temperature is
too high. In short, it is desirable to retard ignition timing for
conditions of low cranking speed, and on the basis of high
intake-air temperature More advanced ignition timing is per-
missible under less challenging, warm starting conditions.

3.3 Post-Start and Warm-Up

Post-start refersto the pened immediately after the engine
fires, The engine requires less enrichment than for starting, but
it is still cold. Some enrichment is required to compensate for
poor fuel vaporization and for condensation; and to improve
torque and throttle response, even though acceleration at this
point might not be good driving practice. Engine torque must
be sufficient to carry the load of a cold automatic transmission
shifted from Neutral to Drive; many cold engines have a ten-
dency to stall when so shifted

The amount of post-start enrichment required depends on
temperature and time; a colder engine requires more enrich-
mentfor a longer period of time. On the other hand, exhaust
emission control demands that enrichment be cut back prop-
erly. An engine can fail its EPA emission test in the first thirty
seconds after "cold" start it the post-start enrichment causes
excessive exhaust emissions.

Post-start ignition timing can be advanced to improve the
engine running and incidentally to reduce the requirement for
enrichment during this period. Post-start can end in a few
seconds or may last as long as fifteen or twenty seconds if the
temperature is extremely cold. But, strangely, ignition retard
can be used to heat the exhaust, and therefore the lambda
sensor and catalytic converter, which work as intended only at
high temperatures. That means emission control can be effec-
tive quickly after a start.

Warm-up refers to that period when the engine is in transi-
tion from its cod, post-start temperature, to its normal operat-
ing temperature. As the engine begins to warm up, it begins to
require less and less enrichment. Since warm-up is a smooth,
gradual process, the reduction of enrichment needs to be
gradual too. If the engine is really cold, warm-up can last for
several minutes. Since the car is probably being driven during
the warm-up period, enrichment which is appropriate for the
conditions at any given time is essential to ensure driveabiity

On a carbureted engine, the choke mechanism issensitive
to temperature. As the engine warms the choke warms, grad-
ually reducing warm-up enrichment. Fuel-injection and engine-
management systems also use temperature as the main input
for control of warm-up enrichment. Engine coolant temperature
is the most common input. Some systems also respond to
changes in intake air temperature.

For systems that have the capability to control ignition tim-
ing, advancing the timing during warm-up under part-throttle
load can aid driveability. Retarding timing during warm-up
under closed-throttle deceleration will reduce hydrocarbon
(HC) emissions which risk being excessive anyway due to the
warm-up enrichment.

Cold-start enrichment

Amount of enrichment
dependent on coolant temperature

Post-start Warm-up
i enrichment enrichment

Tirne-

Fig. 3-3, Until the engine is fully warm, various degrees of
enrichment are required. Starting requires max-
mum enrichment, depending on engine tempera-
ture Post-start enchrn-ent keeps the engine run-
ning for the first 30 seconds or so. Warm-up
enrichmentslowlydropsoffasttheenginewarmsto
normal ooerating temperaure

3.4 Idle

Our ears spend a lot of time idling, so a smooth idle and
good off-idle throttle response are important aspects of drive-
ability. First, there are some unique requirements for idle con-
trol during post-start and warm-up. Once the engine is warm,
there are other factors which influence idle speed, and fuel
injection's capabilities make possible improved idle character-
istics.

Cold and Warm-up Idle

As I'vealready suggested under 3.2 Starting, acold engine
has different air-fuel requirements than a warm engine. At idle,
more air and more fuel are needed justto overcome the higher
running friction of a cold-engine. A slightly higher idle speed is
necessary to keep the cold engine from stalling, and to support
good off-idle throttle response,

Fuel-injection systems, using both temperature inputs and
direct rpm input, can precisely control idle speed by controlling
intake air flow. With this precise control, cold idle is higher, but
driveability is maintained. One of the joys of driving cars with
fuel-injected engines is the freedom from a too-fast idle that can
jar the car when an automatic transmission is shifted into Drive
or Reverse-

Operating Conditions and Driveability
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3.5 Acceleration
The main requirements of a warm engine running at idle

speed are smoothness, and smooth response once thethrottle
is opened. Some engines require a richer mixture at idle for
smooth running, and to ensure good off-idle response. With
ignition timring control capability, it is also possiole to operate
with a leaner mixture and achieve a smooth idle by changing
ignition timing.

In general, the engine should idle at the lowest speed at
which the engine will stillr un smoothly enough to satisfy the
driver. Redung idle speed to a minimum reduces noise and
fuel consumption,

The biggest obstacle to low idle speeds is the variation in
load on the engine at idle. At idle, small changes have big
consequences. Friction loads change with temperature; the
power required to operate the charging system varies with
electrical load (headlights, for example); air conditioning com-
pressors switch on and off; on cars with automatic transmis-
sions. shifting into Drive or Reverse at idle increases the load

Fuel injection's capabilities include idle stabilization (also
called idle-speed control). By monitoring and constantly cor-
recting idle speed, it is not necessary to maintain a higher-
than-minimum idle to handle variations in engine performance,
changing of loads, and similar causes of stalling from idle.

Advanced idle-speed stabilization systems satisfy some so-
phisticated requirements, particularly on cars with air condition-
ing (A/C) and automatic transmission:

1. In Neutral, A/C off: maintains the minimum idle speed
that is required for engine smoothness

2. In Neutral, A/C on:
- for smallcompressors, increases idle speed to run the

compressor faster (increase A/C performance)
- for large compressors, maintains idle speed by com-

pensating for added compressor load
- through A/C relay, delays compressor-clutch engage-

ment for / second to prevent temporary rpm drop

3. In Drive:
- for smooth-idling engines, reduces idle speed to

minimize stoplight creep
- for rough-idling engines, increases idle speed to min-

imize idle/load-induced vibration

4. In Drive, when A/C switches on: controls idle speed
increase to avoid inadvertent surge when driver does not
expect it

Any time you press the accelerator, opening the throttle
increases manifold pressure which in turn increases intake air
flow. The fuel system, responding to this increase in air flow,
meters additional fuel to maintain the correct air-fuel mixture.

Accelerating-openingthethrotteveryquickly-placesad-
ditional demands on the system. The sudden transtion from
closed throttle to open throttle produces sudden spikes in
manifold pressure. The fuel system responds quickly to these
changes, but not instantly. Some additional fuel delivery capa-
bity is required to compensate for these changes in manifold
pressure-to prevent stalling and produce the quick throttle
response we have come to expect and demand.

For quick, smooth throttle response under acceleration, the
basic system of air flow sensing and fuel metering is too slow,
The fuel system must be able to instantly compensate for rapid
increases in manifold pressure with additional fuel In many
carburetors, additional fuel is supplied by the accelerator
pump. It mechanically squirts additional fuel into the intake air
stream whenever the throttle is opened suddenly. As you will
see in later chapters, fuel-injection systems employ various
methods of acceleration enrichment.

In 2. Basic Factors I explained that fuel injection systems
are designed to maintain the air-fuel ratio in the narrow range
around stoichiometric, but that maximum power output is
achieved with an air-fuel ratio that is slightly richer, In addition,
the engine may need a richer mixture to reduce the tendency
to knock. Many fuel-injection systems recognize full-throttle
acceleration as a special case, and provide additional acceler-
ation enrichment keyed to the full-open throttle position.

During acceleration, systems which can control ignition
timing can deliver the best balance between advanced timing
for maximum torque, and retarded timing for knock control.

3.6 Deceleration and Coasting

In the quest for minimum fuel consumption, engineers are
quick to take advantage of opportunities to reduce fuel waste.
One such opportunity is coasting cut-off, also known as over-
run or deceleration cut-off.

The basic idea of deceleration fuel cut-off is this: the engine
takes in some air and the fuel system delivers some fuel even
when the throttle is completely closed (at idle, for example). On
the road, when the car is decelerating or coasting with the
throttle closed, this fuel is wasted. It is passing through the
engine and being expended, but doing no useful work. Cutting
off fuel during these conditions can save fuel, even in city
driving. It also reduces exhaust emissions To prevent stalling,
fuel flow must be re-established at some programmed engine
speed (above idle).

Operating Conditions and Driveability
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Fuel cut-off behavior may be less satisfactory when the
engine is cold, so normally the rpm limits for cut-off and for
re-establishing fuel injection are higher for a cold engine.
Coasting cut-off must also be restricted so it will not operate
during shifting of manual transmissions, and so it will not
interfere with cruise control.

Engine-management systems which can control ignition
timing can retard the timing during thetransition to smooth the
response to the cut-off and resumption of fuel injection.

Deceleration fuel cut-off was a feature of the early
D-Jetronic systems supplied on some Vlkswagens
but the air-cooled engine cooled irregularly duing the
cut-off so emissions were actually increased the fea-
ture was discontinued.

Water-cooled engines equipped w th Jetronic sys
tems have greatertemperature stability and can use
deceleration cut off successfully to save fuel and re-
duce emssions Fuel cut-off is less successful in
carbureted engines and those wth throttle-bodyi n-
jection because the fuel is delivered so far from the
cylinders. As fuel flow is resumed, the fag between
restoring fuel delivery andresuming combusion
spoils driveability with jerky response..

3.7 Altitude
At atitudes above sea level, the air is less dense; for a given

volume of air, there is less oxygen to support combustion of
fuel. In carburetors, and in fuel-injection systems which mea-
sure intake air by volume, less dense air changes the effective
air-fuel ratio; at higher attitude, the mixture is richer,

Some fuel-injection systems can measure and respond to
changes in air density, changing the air-fuel ratioas required to
maintain the ideal (stoichimetric) ratio.

3.8 Engine Shut-Off
Engine shut-off is another chance to prevent wasting fuel

Carburetors dispense fuel into the intake air strearn as long as
the engine is turning over, whether or not the ignition is on. In
contrast, turning off the ignition of a fuel-injected car also cuts
power to the electric fuel pump. Fuel flow is immediately cut-off
to prevent dieseling, or run-on.

3.9 RPM Limitation
Precise control of fuel delivery allows the fuel system to be

used to limit engine rpm and prevent damage from over-
revving. Before the days of catalytic converters, rpm was limited
by simply cutting out the ignition when the rpm got too high.

Cutting the ignition, however, still allows unburned fuel into the
catalytic converter and causes it to overheat; sometimes dan-
gerously. Since the mid-1970s and the advent of catalytic
converters, rpm limitation has been accomplished by the fuel-
injection system cutting back on fuel delivery. The goal is to
keep the engine running at its limitation without dumping un
burned fuel into the catalytic converter.

3.10 Ignition Timing
For some of the specific operating conditions described

above, I've described how ignition timing adjustments can be
used to enhance performance and satisfy driveability require-
ments.

In terms of all four major aspects of performance-power
fuel economy, emission control, and driveability-ignition tim-
ing is a significant factor; perhaps as significant as air-fue
mixture. Combustion in the cylinderstakes a certain amountof
time. In terms of how we usually think about time, combustion
is very rapid, but it is not instantaneous,

As the piston is compressing the mixture on the compres-
sion stroke, the exact point at which the spark plug fires to
ignitethe mixture-ignition timing-has profound effects on
the quality of combustion and the amount of power that is
produced. Because of its influence on the combustion process,
ignition timing also affects combustion temperature which can
also significantly affect exhaust emissions.

Modern fuel-injection systems have evolved into engine-
management systems-systems which manage much more
than fuel delivery. Chief among the extra capabilities of an
engine-management system is simultaneous control ofignition
timing and fuel delivery. Controlling both factors opens up new
possbilities for power and diveability improvements while
maintaining tight control of exhaust emissions and fuel
economy.

a-

V)

Engine speed B19FNcH

Fig. 3-4. Typica ignition liming advance curve can be rd-
ified for best performance, from starting to
acceleralian-
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4. EMiSSION CONTROL

it is practically impossible to separate the development of
today's fuel-injection and engine-management systems from
the increasing demand for control of harmful exhaust emis-
sions.Exhaust emission control could not have been accom-
plished as successfuly without fuel injection and, likewise, fuel
injection may not have been so successful and widely used
were it not for the challenges of meeting emission control
regulations.

With changing legislation and tougher regulatory standards,
fuel-injection systems have undergone significant changes so
that engines can meet the emission standards while providing
the driveability demanded by owners. The superiority of these
systems is also demonstrated by the fact that, even as US. fuel
econorny standards have tightened, fuel injection has added
both economy and power to simaler engines.

hl is interesting to note that many fuel-injected cars are able
to eliminate some types of emission control that interfere with
driveability on carbureted cars, including exhaust gas recircu-
lation (EGR) and air pumps. If you know something about
emissions and the limits placed on them by legislation, you'll
understand more about how fuel-injection and engine-
management systems work.

Until a fewyears ago, because of less stringent ems-
sion regulaions in Europe, many European cars were
built with fue injection for delivery in the US., but had
carburetors for delivery in Europa. When I spoke with
a chief engneer of one of Europe's largest manufac-
turers, he expressed reluctance to change his e-
gines from carburetors to the more expensive fuel
injection, and suggested that we in the US. were a
Ittle paranoid about clean air, Time has passed, and
Europeans are recognizing the importance of ldean
air too. Fuel-injection systems are spreading to more
cars soki in Europe. In fact, many late-modeGerman
cars are sold in both the US, and Germanywith the
*same fuelinjected engines using the same catalyst
emssion controls. and requiring the same lead-free
kel

4.1 Combustion By-Products

Combustion of the air-fuel mixture in the engine cylinders
creates gaseous by-products which make up the exhaust.
Some of these are harmess, and some are known to be
harmful. Three gases: hydrocarbons (HC); carbon monoxide
(00); and oxides of nitrogen (Nx) are the most harmful ones
Emission of these gases in vehicle exhaust is regulated by the
Federal Clean Air Act. The same gases are often subjected to
tighter limits by state regulation in California.

Fig.4-1.The emission equation:Engine takesinteoy-
gen, and nitrogen (top)-Combustion produces
harmless by-products: carbon dioxide, water, and
nitrogen (middle); and harmful pollutants: unburned
hydrocarbons, carbon monoxide. and oxides of
nitrogen (bottorn).

Hydrocarbons (HC). Gasoline is a compound composed
of hydrogen and carbon; in the combustion process, these
elements combine with oxygen to form the by-products water
(H20) and carbon dioxide (G02); HC in the exhaust is unburned
gasoline, the result of incomplete combustion.

Carbon Monoxide (CO). CO, a poisonous gas, is another
result of incomplete combustion; when gasoline burns com-
pletely, the result is C02.

Oxides of Nitrogen (NOJ. (NOx) refers to several kinds of
nitrogen oxide which result from nitrogen and oxygen during
combustion. Nitrogen and oxygen are normal parts of air, but
they exist in air as separate elements. And, as long as the
combustion temperature stays below about 2000F (1100C),
the nitrogen and oxygen do not combine. The nitrogen passes
out the exhaust pipe just as it came in, separate and harmless.
Combustion temperatures only slightly higher, however, cause
these two elements to combine chemically into various forms of
nitrogen oxide (NO,), a key element of smog,

Remember, these exhaust gases are normally colorless and
invisible. A clear tailpipe is not the sure sign of a clean-buming
engine; it may be pumping out invisible pollutants.

Emission Control
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ao4

1965 1970 1975 190 1985+
Federal exhaust emissions standards m217FUltBCH

Fig. 4-2. Evolution of US. govemment-mandated emission
control standards, Jeronic fuel injection came in to
meet the early exhaust emission standards. As
limits tightened after 1980, virtually all European
cars sold in the US were equipped with Bosch fuel
injection,

4.2 Effects of Air-Fuel Ratios on Pollutants
Although exhaust pollutants are not normally visible, some

visual clues are a tip-off to poor air-fuel mixture control. Black
smoke coming from the exhaust pipe is usually a sign of
unburned gasoline; a rich mixture. But look around you on the
street; black smoke is something rarely seen on fuel-injected
cars.

Justas variations in the air-fuel ratio affect power outputand
fuel consumption, they also affect exhaust emissions. As I
described in 2. Basic Factors, the air-fuel ratio is a key to
complete combustion of the fuel. It also affects combustion
temperature which in turn affects the formation of pollutants.
Too rich (too little air), and the fuel will not be completely
burned. The unburned fuel will enter the atmosphere as CO
and HC. Too lean (too much air), and elevated combustion
temperature increases NO,. Fig. 4-3 shows how relative levels
of each of the three major pollutants in the engine exhaust are
affected by variations in the air-fuel ratio,

While Fig. 4-3 illustrates the effects of air-fuel ratio on the
formation of harmful emissions, it also illustrates the fundamen-
tal problem in the control of these three pollutants: adjusting
air-fuel ratio to ensure complete combustion and minimize the
production of HC and CO has the undesirable side-effect of
increasing NO. Likewise, richening the mixture to minimize
combustion temperature and the formation of NOx brings un-
acceptable increases in HC and CO.

Allowolepercentage compared to

1001 uncontrolled quantities in exhaust
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It becomes clear then that manipulation of the air-fuel ratio
is simply not enough to adequately control all three of the most
harmful pollutants, especially in the face of increasingly tough
emission control regulations- Control of air-fuel ratio to optimize
emissions is a first step, to be followed by treatment of the
exhaust after it leaves the engine Maintaining precise control of
the air-fuel ratio by electronic control of fuel metering is impor-
tant not only to the composition of the combustion by-products
but also, as you'll see, to the operation of three-way catalytic
converters

Exhaustgas
(before converter)

'44N

44-

TO 1 1 -1.

Fig. 4-3, Podiciant level sol engine exhaust change drastically
as air-uel ratio chages Notice te trade-off be-
tween uonita-l of HC and CO, ard conlial of NO:,

When I flew piston-engne aircraft, I adjusted for a rich
air-fue'! mixture during high-power climb~s to keep the
eingine col. Then, djuring crutse, I leaned the mixture.
If the needle on the tmeauegauige started to rise
above the green a.--, I knew I h6-ad tearted the miixture
too. much. if you install anl exhaust gas temper ature
(EGT) gauge oni your car engine. you canl mrake
similar observatons (though the mixture is not
cockpit-adjustable), I added an EOT gauge Mien I
jnstalledi anaftermnarket iurtoc.-harger.
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4.3 Exhaust Gas Recirculation (EGR)

Exhaust Gas Recirculation (EGR) is a technique for reduc-
ing the formation of oxides of nitrogen (NOx). A small amount of
exhaust gas is rerouted back into the combustion chambers,
diluting the combustible mixture and lowering combustion tem-
perature. You'll remember that excessive combustion temper-
ature is the cause of NOx formation,

EGR is necessary to properly control emissions in almost all
carbureted engines; fuel-injected engines can often do away
with EGR by maintaining proper control of the air-fuel ratio and
treating the exhaust with a three-way catalyst.

4.4 Exhaust Gas Aftertreatment
As I discussed above under 3.2 Effects of Air-Fuel Ratios

on Pollutants, precise control of the air-fuel ratio alone is not
enough to provide adequate reduction and control of engine
exhaust pollutants. While this precise control is essential, the
necessary reductions require additional treatment of the ex-
haust after it leaves the engine-aftertreatment.

A variety of methods of exhaust gas aftertreatment have
been employed as the allowable levels of pollutants have been
forced lower. Al rely to some degree on particular exhaust
characteristics to function properly, so the success of all de-
pends on precise control of the air-fuel ratio.

Thermal Afterburning

One of the first methods of exhaust gas aftertreatment to be
wdely used in production cars was thermal afterburning. Using
a device in the exhaust system called a thermal reactor, the
basic premise is to delay the exhaust flow and use the residual
heat of combustion in the exhaust to promote additional chem-
ical reactions which reduce pollutants.

The disadvantages of thermal reactors are that they must be
rather large in order to adequately delay the exhaust flow, and
they produce a tot of heat. They were used for only a short time
In production before other methods of exhuast gas aftertreat-
ment became more popular.

Catalytic Converters

Catalytic converters are installed as part of the exhaust
system, located between the exhaust manifold and the tailpipe.
The interior surfaces of a catalytic converter are coated with
specialmaterials-catalysts--thatpromoteadditionalchemical
reactions with the pollutants in the exhaust gas and convert
them into less harmful substances.

Oxidation catalysts make use of excess air supplied by an
air pump to oxidize GO and HC-add oxygen-and convert
them to CO2and H2 0. Reduction catalysts work without the
addition of excess air to reduce NOx The combination of an
oxidation catalyst and a reduction catalyst in one housing-a
dua-bed catalyst-produces a complex series of chemical
reactions which reduce all three pollutants. A disadvantage of
dual-bed catalysts is that they rely on a slightly rich air-fuel ratio
which increases fuel consumption.

To work most efficiently, the converter must be as hot as
possible. For this reason, the best placement is in the exhaust
system as near to the engine as possible, In addition to oper-
ating at high temperature, the reactions themselves produce
heat. Most catalytic converters require heat shields to prevent
combustion of something under the car. Even so, drivers are
cautioned to avoid parking a hot car near anything combusti-
ble, such as tall grass or dry leaves

Flg 4A4 Catalyti convertertreatment ofexhaustgenerates
heal, so converter has heal shiejd to protect car
and anything combustible under the car,

Three-way Catalytic Converters

The most advanced-and by now the most widely used-
catalyst is the three-way catalyst, so-called because its chem-
ical reactions operate to lower all three controlled pollutants to
levels which could not be achieved previously.

Remember that, in complete combustion, HC + O + N=
C02 + H2 02 + N; incomplete combustion produces CO
instead of 002; and high temperature combustion, as from a
lean mixture, combines N + O to form NOx.

In the three-way catalytic converter, we want to (1) add
oxygen to oxidize the HC and GO to make H20 and C02 and,
(2) take away oxygen to reduce NOx, separate it into N and O.

Emission Control
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You might think it's as simple as taking the oxygen away
from the NOxand giving it to the CO. Stated simply, that is what
happens in some three-way catalytic converters.

The catalytic material in the converter helps these chemical
reactions take place. In order for reduction (taking away oxygen
from NOx) to match oxidation (adding oxygen to CO and H),
the proportion of the gases in the engine exhaust must be
controlled very closely; that means the intake air-fuel ratio must
always be in the narrow range near stoichiometric-lambda (X)
= 1, or an air-fuel ratio of 14.7 parts of air to one part of fuel. In
some three-way converters, oxygen is pumped in after the
reduction to further enhance oxidation.

Fig. 4-5 illustrates the degree of emission control afforded
by a three-way catalyst on an engine running very near the
stoichiometric ratio. You can see that if the air-fuel strays fromix
= 1, the proportion of exhaust gases (H, CO, & NO) exiting
the converter changes. As the air-fuel ratio becomes leaner,
hotter combusion temperature causes increased production
of NO. A rich mixture will produce an excess of HC and CO.

Talpipe exhaust
(after 3-way converter)

Controi limit
ofifueliection

'1 f

- 4 \

/

I

-co

105 1.10 Lambda
155 16.2 Air-fuel ratio

..... .....

0.90 0.95 1
13.2 14 14.7

Fig. 4-5. Three-way catalytic converter treats three exhaust
gases& HC and CO are oxidized, NO is reduced so
tailpipe gases meet emission limits. Engine can be
tuned to stoichiometric air-fue ratio for better drive
ability and economy Compare with untreated ex-
haust (Fig. 4-3 above)

When the air-fuel ratio is maintained at X = 1, the ideal
air-fuel ratio, the emission of all three pollutants is reduced to
very low levels. Precise control, however, is very importantto
the successful operation of three-way converters. Any signifi-

Emission Control

cant deviation from x - 1 upsets the balance of the chemical
reactions in the converter and the level of one or more pollut-
ants increases dramatically. Development ofthree-way catalytic
converters has been accompanied by development of more
sophisticated systems for the fine control of air-fuel ratio,

5. CONTROL SYSTEMS

By now, you are aware that control plays an overwhelmingly
important part in maintaining the acceptable balance of power,
fuel economy, emission control, and driveability. The modern
fuel-injection system, by responding to measured inputs and
precisely metering the appropriate amount of fuel for the con-
ditions, offers unparalleled control,

Fuel injection's basic control systems are one-way or "open-
loop" controls. They take the information about operating con-
ditions received from various sensors, and then use that infor-
mation to determine-either by mechanical means or using
pre-programmed electronics-exactly how much fuel it should
dispense to achieve the desired air-fuel mixture. Accuracy of
the fuel metering and the resultant air-fuel mixture depends
entirely on how well the system - whatever type it may be- can
predict the engine's needs based on its "knowledge" of oper-
ating conditions,

A major advance in fuel-injection control systems has been
the advent of "closed-loop" controls-systems which not only
try to predict the engine's needs based on operating condi-
tions, but also measure the results of their fuel metering, using
that information as an input to achieve ever more precise
control.

5.1 Closed-loop Control Systems
In a closed-loop or feedback control system, information

about whatever is being controlled is continuously fed back to
the system as an input. The operation of a thermostat in an
automatic heating system is an example of closed-loop control,
As the temperature falls, the thermostat senses lower temper-
ature and signals the furnace to add heat, As soon as the
temperature ises above the setting, the thermostat senses the
results of its own control action-heat produced by the fur-
nace-and signals the furnace to cut back the heat.

An open-loop system may, for example, sense low temper
ature and simply turn on the heat for a predetermined amount
of time; however, the closed-loop control is automatic, temper-
ature stays relatively constant, and energy consumption is
probably reduced. All in all, the result is better, more precise
control.

Lambda Sensor

As you saw above in Fig. 4-5, the three-way catalytic con-
verter operates best when the air-fuel ratio is near stoichiomet-
rio, when lambda (the excess air factor) is within a very narrow
range aroundX A= 1. Fuel-injection systems, while very good at
controlling the air-fuel ratio, cannot hold the air-fuel mixture
within the required range. The necessary precision requires the
additional feedback available from a closed-loop control sys-
tem,

N- i
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The source of this feedback is a lambda sensor (also called
an exhaust-gas sensor, or oxygen sensor), installed in the
exhaust system. The sensor generates a low-voltage signal;
the signal's strength is based on the amount of unused oxygen
remaining in the exhaust stream-an indirect measurement of
the air-fuel ratio. The lambda sensor signal provides feedback
to the fuel-injection ECU, indicating by actual results whether
the air-fuel ratio needs to be corrected. The system can then
adjust its fuel metering so that A = 1, and the exhaust remains
as clean as possible.

- 77

Fi 5-1. Larnbdai senorusally insta in exhaust rnani
fold, is about the size of a spark plug. Mouning
location near engine is required to maintain proper
sensor tempierature.

Because of tightening exhaust emissions regulations and
the need for three-way catalysts, you'll find a lambda sensor on
virtually every car made since 1981, domestic or import, fuel-
injected or carbureted. For more information on the lambda
sensor and its closed-loop control, see chapter 3-

Changing Engine Conditions

You can see that closed-loop lambda sensor system pro-
vides automatic control of air-fuel ratio, continuously adjusting
the amount of fuel injected in response to the amount of
oxygen in the exhaust. The lambda sensor system can also
adjust fuel metering to compensate for changing engine con-
ditions over time. If general wear or a leaking valve causes a

change in combustion, the feedback system can compensate
within its limits and still provide the best possible air-fuel mix-
ture. It has been described as the equivalent of having a skiled
technician riding underthe hood, continually tuning the mixture
for the best operation under the current conditions.

The ability to finely adjust fuel metering to match conditions
is what makes lambda control so important, but lambda-sensor
closed-loop control is limited to small adjustments within its
range of operation. It is often referred to as fine-tuning; in fact,
as you'll see in chapters 4 and 6, one of the measures of
properly set mixture control is consistent output of CO-the
same whether the lambda sensor is working closed-loop, or
whether its circuit is disconnected and running open-loop. This
means that the basic mixture adjustment is correct and the
lambda sensor is operating in the center of its range of adjust-
ment, giving it maximum possible correction range.

Control Systems
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PULSED INJECTION -THEORY

1. GENERAL DESCRIPTION

You'll find a number of different Bosch fuel-infection systems
which are all based on electronically-timed, pulsed injection,
See Table a on the next page These systems are sometimes
referred to by the term EF (Electronic Fuel Injection), or AFC
(Air-Flow Controlled) injection. The pulsed systems Il discuss
in this chapter include:

*L-Jetronic
*LU-Jetronic
* LH-Jetronic
* Motronic

* LH-Motronic
* 0-Jetronic
* Digitant II

I use the term "pulsed' instead of "electronic" to describe
this branch of the Bosch famiy tree because, since 1980 the
other branch, the continuous injection systems, also use some
electronic controls to adjust fuel metering.

This chapter begins with a general description of the main
components and operating princples of all Bosch pulsed in-
jection systems. It then describes pulsed systems in detail,
starting with L-Jetronic. For more basic information on fuel
injection, see chapter 1 and chapter 2 To determine what
system is installed on your car, see 1.2 Applications, and the
detailed applications table at the end of chapter 1

1.1 Pulsed Injection Systems

Afl of the systems in this chapter are pulsed injection sys-
tems. They meter fuel to the engne by electronically controlling
the amount of time that the fuel injectors are open. In contrast
to the continuous systems where the injectors are open and
flow fuel from the moment the engine starts, pulsed injectors
open and close in time with the engine to deliver the fuel. The
main components of pulsed systems are the air-flow meter, the
electronic control unit, and the fuel injectors. See Fig. 1-1

in pulsed injection, all air entering the engine first flows
through anair-flow meter. The air-flow meter measures this air,
which indicates engine load, and converts that measurement
into an electrical signal to the control unit. The control unit uses
the air flow and engine rpm inputs to compute the amount of
fuel necessary to give a good air-fuel mixture, and then elec-
trically opens the injectors at each cylinder intake port to inject
the appropriate amount of fuel into the intake air stream. The
control unit times the injections to the rotation of the crankshaft,
The main fuel pump supplies fuel under pressure to the
injectors.

Fig. 1-2. Moronic pulsed injection systemron Porsche 944
Note air-flow sensor (1) and fuelinjeclors (2). Com-
ponents may differ depending on system.

Bosch pulsed systems also use many additional sensors
that monitor engine operating conditions. The control unitmon-
itors the signals from these sensors and increases or de-
creases injector opening time-increasing or decreasing the
amount of fuel deivered-to give the best air-fuel mixture for
the various conditions,

Fig. 1-1. Schematic ot pulsed injection operation Air-flow
meter measures air entering engine. Control unit
computes proportional amount of fuel required and
opers injectors

General Description

3
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4 PULSED INJECTION-THEORY

Table a. Bosch Pulsed Fuel Injection Systems

1.2 Applications
Bosch L-Jetronic systems are installed in many makes of

cars sold in the U.S., beginning in 1974 Considering licensed
versions, L-Jetronic hasthe largest world-wide installed base of
any port-type injection system. The Bosch pulsed systems are
developments of L-Jetronic, except D-Jetronic. That leads to an
interesting name confusion. To contrast with the orlginal D-
Jetronic, a pressure-controlled system, L-Jetronic was de-
scribed as AFC for Air Flow Control, As it turns out, all Jetronic
systems that followed D-Jetronic are air-flow or air-mass con-
trolled, including the continuous systems

The term "Motronic" originally (in 1979) meant a single
control unit controlling L-Jetronic fuel injection and ignition
timing. Nowadays, there is more than one type of Bosch
Motronic system controlling fuel injection and ignition timng
(LH-Motronic, KE-Motronic), so following Bosch nomenclature,
Il use Motronic to mean the original definition: L-Jetronic fuel
injection and ignition-timing control. Why do I tell you all this? To
help steer you through the various names that auto manufac-
turers and service people have attached to Bosch systems for
20+ years.

2. L-JETRONIC

In the broad terms I've discussed, L-Jetronic is a fuel-
injection system, not an engine-management system. While
most L-Jetronic cars have electronic ignition, they do not have
electronic management of ignition timing. In most cases, the
control unit will affect only the injection pulse-time Ignition
timing will be controlled traditionally-advanced or retarded by
fly weights and vacuum diaphragms at the distributor.

Identifying Features
A quick way to recognize L-Jetronic systems is by the

curved housing of the air-flow sensor asshown in Fig. 2-1 .Note
that's also found on most Motronic systems.

Fig. 2-1. Curved housing of air-fow senisoridniesL
Jetronico also nj- m otron ic

Depending on its mounting in the engine compartment, you
may also see the waff le grid of the curved housing, That design
saves weight while maintaining a rigid flat surface inside for
vane contact.

L-Jetronic systems seem to require more parts than the
familiar carbureted fuel systems, yet several of these are also
required by modern feedback-carburetor systems. See Fig. 2-3
for a diagrarn of the system components.

L-Jetronic

Name First Measure Fuel Computer Lambda
used load pressure /no.ofnpins

Det 1967 VW 311 manifold pressure 2.0 bar analog/25 no
pressure (29 psi)

L1I-Jet 1974 Porsche 914 air flow 2.5-3.0 bar analog/35 some
(35-43.5 psi)

LIJi-Jet 1982Volvo airmass 2.5-3.0bar digital35 all
(315-43,5 psi)

Motr.ML1 1982 BMW 528e air flowv 2.5-310bar digital/35 all
(36-43,5 psi)

LU-Jet 1982 BMW 318i air flow 2.5-3,0 bar anatog/25 all
(36-4315 psi)

LI-I2-Jet 1984 Volvo air mass 2.5-3,0bar digital/25 all
(38-43.5 psi)

Motr ML3 1984 BMWPorsche air flow orair mass 2.5--3.0 bar digital/3S all
(36-4315psi)

LH-Mofr. 19818 1MW air mass 285-3D0bar digital/35 [l
(36-4315psi)
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- L-

V0

Fig. 2-2. Wafl egrid of air-flow sensor mantains a rig d inside
surface

Pulsed systems are completely electronically controlled.
Sensors supply information to the central control unit which
then operates the port injectors. In the simpest terms, the
air-flow system measures the air intake: the fuel system deliv-
ers clean, pressurized fuet to the injectors; the control system
adjusts the amount of fuel needed for the various operating
conditions and electrically opens thefuel injectors to deliverthe
fuel corresponding to air intake. In addition, somewhat sepa-
rate from thecontrol system, isthe electrical system. Beginning
about 1980 (earlier in California), Lambda control was added to
the system. To see how they work together, I'll look at how
these parts and systems meet the engine needs discussed in
chapters 1 and 2.

Fue Throele

7' pressure
rerCloCtor

utr so .

Fue Tc T roflowe sn

reAie temperatur
Th sntl sensor

sensAu0laryair cBOSCH 0
EngielapnrsiroRPM regulator

TErh noar imper ir s- sana
sensor sinlr

Fue tan

Fig.2-3. L-Jetronic system diagram. LH-Jetronic is similar,
except it has air-mass sensor instead of air-flow
sensor.

L-Jetronic

5

Confrol
unit

MA
Fuel Fail
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6 PULSED INJECTION-THEORY

Basic Flow Rate

Thedesignof pulsed fuel injection is based on achieving the
ideal ar-fuel ratio for normal cruise at part throttle, wfth a warm
engine. The pulse time of the injectors that satisfies the fuel
requirements for this condition is known as the Basic Flow
Rate. Two engine conditions determine the basic flow rate: load
and speed. In measuring the volume of the air passing through
the intake manifold into the engine, the air-flow sensor provides
a measure of engine load. Engine speed is measured as in a
tachometer, by counting the ignition pulses in the primary
circuit. From the basic flow rate, compensation times can be
added or subtracted for other operating conditions.

2.1 Air-Flow System

The air-flow system measures the amount of air being
drawn into the engine (engine load), and sends a voltage signal
to the control unit based on that measurement. The air-flow
system also regulates idle speed and idle mixture,

Air-Flow Sensor
The L-Jetronic air-flow sensor is a vane-type, so called

because its internal vane deflects, or moves, as air is drawn into
the engine. The sensor measures the air flow controlled by the
regular throttle valve; the sensor does not regulate the air flow,
The airvane (also called an air flap) is lightly spring-toaded, and
pivots by the force of the air flow as the throttle opens to admit
more air. See Fig. 2-4

Controljili

Air tiller

Fig. 2-4. Air-tlow sensor air laro measures intae air: inrontto
controls intake air.

Air-Flow Sensor Design and Operation

It you could remove the waffle-grid cover of the air-flow
sensor, you would see the air vane and the damper flap. See
Fig. 2-5. The air vane is pushed by the incoming air. In the
curved portion of the housing, and mounted on the same shaft
as the air vane, the damper flap operates to dampen, or
cushion the movement of the air vane by pressing against the
air in the chamber, It reduces flutter caused y manifold pres-
sure variations from the opening and closing of the intake
valves.

Damper Damping chamber
flap

Air vane

Fig. 2-5. Backfires and pulsations cancel out as opposite
forces on the air vane

Notice the damper flap is the same area as the air-flow vane,
and is at right angles to it. This is a clever design: any pulse of
increased pressure that rotates the air vane also rotates the
damper flap the other way, cancelling the effect of the pressure
change. During sudden throttle openings, the air-vane assem-
bly will rotate clockwise rapidly, but its final movement wi be
cushioned by the damper flap as it squeezes the air in the
damping chamber. Bosch tests show the air pressure drop at
the sensor is only 0.12 kPa (0.017 psi). That's a traction of a
percent of the atmospheric pressure that forces air into the air
system.

The shape of the housing surface opposite the end of the air
vane is calculated so the relation between the air passing
through and the angle of the flap is logarithmic. That is, a
doubling of the air vane angle indicates that air flow has
increased 10 times. That means that the most sensitive mea-
surements are at low air flows; at low speeds, measurements
are more critical. Maximum air flow is 30 times the minimum.

A moving electrical contact called a wiper is mounted on the
same shaft as the air vane. As the vane rotates, the wiper atso
rotates, crossing a series of resistors and conductor straps on
a ceramic base, increasing resistance. See Fig. 2-6. On L-
Jetronic air-flow sensors, the resistors oppose currentflow from
a fixed-voltage input from the control unit. As a result, the more
air passing through, the less the voltage signal to the control
unit, The control unit is designed to interpret such inverse
signals, so the more air there is, the longer the injection pulses
are

In addition to the measured air signalled by the air vane,
additional unmeasured air is admitted through a bypass chan-
nel to change the idle air-fuel ratio (mixture), as shown in Fig.
2-7. When you turn the bypass screw clockwise, that de-
creases the amountof unmeasured air. Because the amount of
fuel injected is unchanged, decreased air passing into the
manifold (for a given vane position) enriches the mixture. Turn
the screw counterclockwise to lean the mixture.

L-Jetronic
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Air-vane
retumn spring

wiper

Wifper track

Fig. 2-6 Under the air-low sensor cover, you can see how
the wiper is rorated on the wiper track

Bypass screw,

Fig. 2-7- idle-mixture (bypass) adusling screw changes by-
pass of unrmeasured air

Advantages of Sensor Design

What are the advantages of such an air-flow sensor? It
provides a direct measurement of the air intake by the engine.
By measuring air flow, it tends to compensate for changes to
the engine during its service life, such as changes caused by
wear, combustion chamber deposits, or valve settings. It per-
mits Exhaust Gas Recirculation (EGR) for emission control
without disturbing the measurement of fresh air and the related
fuel to be burned with it. In addition, aging of components and
varying temperatures have no effect on accuracy because of
the resistors in the measurement circuit.

Limitations of Sensor Design

What are its limitations? First, vacuum leaks can be caused
by any loose clamp or gasket, or by any slit in the flexible intake
boot or vacuum hoses. The air-flow sensor is usually mounted
some distance from the intake valves rather than directly on the
engine manifold. Any air that enters the intake system between
the sensor and the valves is unmeasured air, so-called "false
air". Therefore the engine gets no fuel to match that air. The
result can be lean mixtures that can cause hard starting, rough
idle, low CO, and stumbling; it adds up to poor driveability.
Later, in chapter 4, you'll see how to check Jetronics for false
air.

Second, the sensor vane measures volume of air intake, but
the engine burns weight, or mass of air. Colder air is heavier
and requires more fuel than the same volume of warm air. The
air temperature sensor corrects for this problem to some de-
gree, as you'll see in 2.3 Control Unit.

Third, in most cars (those without an anti-backfire valve in
the air vane) the vane can be damaged by backfires. The best
adviceto help prevent this damage when starting the engine is
to keep your foot off the accelerator.

Fourth, the air-flow sensor costs more than the pressure
sensor, also widely used, particularly in U.S. fuel injection as a
measure of engine load, Bosch discarded the pressure sensor
in 1974. For more Information see 5.D-Jetronic.

2.2 Fuel System
The fuel system, shown in Fig. 2-8, delivers clean, pressur-

ized fuel to the injectors-usually about one gallon every 2
minutes. As in most newer cars, it is a re-circulating system; the
electric pump delivers more fuel than is needed even at max-
imum consumption, so most of the fuel is returned to the tank.
The fuel tank itself is usually pressurized at 7-14 kPa (1-2 psi),
controlled by a relief valve in the filler cap. Vapor lock is virtually
eliminated because:

* the fuel is cooled by constant recirculation

* the fuel is pressurized, usually at about 2.5 bar (36 psi)

Fuel Pump

The fuel pump, shown in Fig, 2-9, is electrically-driven. Fuel
enters at tank pressure through the inlet and is pressurized by
the rollercellsas shown in Fig. 2-10. The pressure limiter opens
and directs fuel back to the tank if fuel pressure in the lines
goes over a limit. High-pressure fuel is delivered through a
check valve, which closes when the fuel pump stops to hold
pressure in the lines Constantly-pressured fuel lines ensure
quicker restarts, and also help prevent vapor lock.

L-Jetronic
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tank gol

Fig.2L.Fuelirculatesaspressureregulatoratendofr ue
rail returnsunused fueto tank

Fig. 2-9. Fuel purnpandaiseeciic motoreoperare Srroundede-yt e1hatcoosmoor.

Pumprotor

Fuel ir Cod tFue

inletoe t

Purplousng

Fig. 2-10 Operaoo of roller-call pump, Roter disc is
mounted eccentrically in pump housing When
rotor turns, the rollers are pressed outwards by
cerifuga orce,ai act as a circulaing sea.
Fuel prssurebil asrollers and oscmoveue
lhrouigfrnarrowing passages to-outlet

The electric motor actually operates in the fuel in the pump
housing. The thought of an electric motor running in gasoline
may seem dangerous. but it is safe because the housing never
contains an ignitable mixture. There are those who, fearing a
burnable mixture, say "never run out of gas with a fuel-injected
car," but thirty years of electric pump experience shows they
just don't catch fire that way. On the contrary, the gasoline is
important-it coos the pump. So if you do run out of gas, just
don't crank a long time or you may ruin the pump.

Bosch systems locate the fuel pump next to the fuel tank.
This pressurizes the maximum length of thefuel lines to reduce
vapor lock. Some cars place the pump inside the tank, or
provide a low-pressure electric supply pump in the tank to
deliver pressurized fuel to the main electric pump. Electric fuel
pumps require relays and safety circuits to ensure that the
pumps stop when the engine stops. For more information see
2.4 Electrical Circuits.

Fuel Filter

In most fuel-injected cars, the fuel filter is located next to the
fuel pump, It is muchrarger than the usual carburetor fuel fiter
because clean fuel is so important to luel-injection systems.
It is also taer. The paper filter, shown in Fig. 2-11, has a
medium pore size of 10 micrometers. It is backed by a strainer
that catches any loose particles, and is supported by a plate.
The filter is replaced as a complete unit, not as an insert.
Vehicle specifications usually call for 30,000-80,000 km
(20,000-50,000 ml). When you replace it, observe the
direction-of-flow arrows on the filter housing. Some late-model
cars use fuel filters that need no replacement unless
contaminated.

Pape, filuer- Strainer

Support pile

Fig. 2-11. Cut-away ol typica uel fillr Filter is large and fine
pore size of 10 micromeoers.

Fuel Rail

The fuel rail (also known as the distributor pipe) serves two
purposes. Thefirst istodeliver fuel to the injectors. The second
is to stabilize fuel pressure at the injectors. You can imagine

L-Jetronic
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how the pressures change rapidly in the fuel rail as the injecors
pop open and closed. This can affect the amount of fue
injected. But the larger the pipe, the more fuel it stores and the
steadier the pressure at the injectors.

On later engines, the fuel rail is larger, a square box, as
shown in Fig.2-12 In the large rail, fuel pressure is more stable
at the injectors. On earlier engines, the distributor pipe looks
like a typical fuel line, a round pipe leading to all the injectors.
In the smaller pipes, with small volume, pressure tends to
fluctuate each time the injectors open.

Fuel pressure regulator

.. Fuel rail
ul(distriuor pipe)-

njeclois

Fig. 2-12. Large fuel ra I reduces pulsations as inectrs
open and close.

Pressure Regulator

Relative fuel pressure in the fuel system is held constant by
the pressure regulator, usually mounted on the fuel rail. As
shown in Fig. 2-13, spring pressure normally keeps the regu-
lator valve closed, When the fuel pump turs on, fuel pressure
presses on the diaphragm to compress the spring and open
the valve, returning excess fuel to the tank. The higher the
pressure, the more the diaphragm moves away from the return

-pipe, increasing the volume of the chamber, maIntaining the
desired pressure. Most systems operate on 2.5 bar (36 psi)
gauge pressure, but some higher-powered engines use 3 bar
(44 psi) for greater fuel delivery per millisecond.

Reture to

Vaa5e ( iom

Diaphragmr

11 H Conrreclionlto

Fig. 2-13. Pressureegl,4or cnols sysepressur, usu-
ally 2.5bar (36 psi) abovemanifldpessure.

Relative Fuel Pressure and Fuel Delivery
For each milisecond of injector pulse time, the amount of

fuel delivered through the injector tip depends on the size of the
injector opening; that's a fixed factor. But fuel delivery aso
dependsantherelativepressure-thedifferencebetweenfuel
pressure pushing the fuel out into the manifold, and manifold
absolute pressure pushing back, as shown in Fig. 2-14.

Asyouknow, manifoldpressurechangeswiththrottleopen-
ing If the fuef pressure were constant for all manifold pres-
sures, then at low engine loads, with the throttle partly closed,
reduced manifold absolute pressure would increase fuel deliv-
ery. To keep that relative pressure constant as the throttle is
opened and closed, the fuel-pressure regulator is connected to
the intake manifold by a vacuum hose. Manifold pressure acts
on the diaphragm to hold the relatve pressure constant.

When thinkng about fuel pressure, remember that
the ordinary fuel-pressure gauge measures relative
pressure-heamount that fuel pressure is greater
than baromaic pressure (14.5 psi), But barometric
pressure is measured froman absolute zero pres-
sureso 2.5 bar (36 psi) gauge pressure actually
means 2.5 bar greater loan 1 bar of barometric pres-
sure, or 3.5 bar (51 psi) absolute, measured from an
absolute zero When the gauge is not connected, it
reads zero: zero here means the difference between
the open connection and barometric pressure.

Jr
A
0

Fuel
pressure

Manifold
pressure

Fig. 2-14. Pressure regulator changes injecJin presSUre

For example, with the engine off, manifold pressure is the
same as barometric pressure, If you measure fuel pressure
with the pump running and the engine off, the regulator con-
trols fuel pressure balancing the forces: fuel pressure on one
side of the diaphragm balanced against spring force plus the
force of barometrc pressure in the manifold. The gauge then
reads 2.5 bar, 2.5 bar (36 psi) more than atmospheric. At
wide-open throttle (WOT), manifold pressure is close to baro-
metric, so again, the fuel-pressure gauge reads about 2.5 bar

L-Jetronic
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10 PULSED INJECTION-THEORY

At idle, absolute pressure in the manifold is about 0.3 bar
(0.7 bar less than barometric) -old-timers would say "20
inches vacuum". Now the manifold absolute-pressure pushing
the pressure-regulator diaphragm is only 0.3 bar instead of 1
bar. The reduced manifold pressure on the diaphragm allows
it to move away from the opening, returning more fuel to the
tank, and dropping the gauge fuel pressure in the distributor
pipe to about 1.8 bar (2.8 absolute). The relative pressure at the
injector tip is still 2.5 bar (2.8 minus 0.3 absolute). That's why
fuel delivery per injection is not affected by changes in the
manifold absolute pressure. When you understand this princi-
ple of fuel delivery, you'll understand the checking of fuel
pressures. You'll also understand how greater delivery for off-
road and performrrance operation may be increased by increas-
ing fuel pressures.

Fuel Injectors

The port injectors (located at the intake ports next to the
intake valve) are solenoid valves. Each injctor is opened by an
electrical signal from the control unit, and closed by spring
force when that signal stops. See Fig. 2-15. When current is
sent through the connection to the winding, electromagnetic
force lifts the solenoid, and fuel is delivered. The lift is about
0.15 mm (0.006 in), and takes about 1 millisecond, When the
needle valve is closed by the spring.no fuel flows. The pintle on
the tip of the needle valve helps to atomize and distribute the
fuel.

Connection toX

Magnetic

Fig. 2-15. inectors seal to fuel rail and to manifold by 0-
rings-

Interestingly, the injectors are electrically-hot all the time the
key is ON andthe relay combination isclosed. Forfuel delivery,
they are grounded in the final stage of the control unit. In early
L-etronics (until about 1978) each injector circuit includes a
resistor to limit the current flow. In these circuits, the initial
current-flow must be great enough to rapidly open the sole-
noid/needle valve, and then flatten out when only a holding
current is needed. Since about 1979, L-Jetronics regulate the
current in the control-unit final stage, and so do not need
separate series resistors, The resistance is built into the injector
itself, using a solenoid winding of brass (higher resistance than
the previously-used copper winding). This also requires less
power than the series-resistor type.

L-Jetronic

The injectors are held in the intake manifold with O-rings that
tend to insulate the injectors from engine heat and vibration. If
the 0-rings crack, false air enters, leans the mixture and in-
creases idle rpm. In most engines, the injectors are connected
directly to the fuel rail with safety clips. In other engines, they
are connected to the rail with fuel lines.

Fuel Metering and Pulse Time

In pulsed injection, the metering ofuel takes place at the tip
of the injector as the fuel flows past the pintle. The lift of the
needle valve from its seat is always the same distance, so
assuming that fuel pressure is regulated as described above,
the amount of fuel injected into the engine depends solely on
the amount of time the control unit applies voltage to open the
injector.

This injector opening time is known as the Pulse Time, and
it can vary anywhere from 2 milliseconds to as much as 15
milliseconds or more. The injector takes about 1 millisecond to
open, which is counted in the injection time. The closing time
is not counted, but it averages out; pulse time is the effective
injector open/delivery time.

it, when the control unit grounds the circuit, you measured
voltage at the injectors on an oscilloscope, it would took some-
thing like Fig. 2-16. Remember that the injectors are always hot,
and are grounded in the control unit Note that when reading
pulse time on a scope, it can be referred toas pulse width- the
actual width of the pulse-time voltage on the screen.

Pulsetimeor pulse Widmh
tinmrilliseconds)

s e -s-always Aproxi 4volts
(injector

I closed)

0 volts
rgronded n control

V anu- injo n fctoropen)

Pulse pePoe
fin degiees of
crankshaft r rulat voun HalfNTot

Fig. 2-16, eel-injector olage over lime. sowingdifterene
lwieanenpuoe time and p ulse period. Voltage

supplyat injecors isalways 3pprosrestely4 volts
Oscilloscope shows Change incircuit as itis
grouinde~ttinronrol un)t

various operating factors determine pulse time as you'll see
below, but there is one other basic factor -called Pulse Period.
This is the total time from one opening of aninjector to the next
opening of the same injector. Normal pulse period for the
pulsed systems covered by this book is twice per 4-stroke
cycle, or once per crankshaft revolution. Half of the total
amount of fuel needed for one firing of acylinder is injected in
each injection. Ifthe Pulse period were once per 4-stroke cycle,
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then pulse time would increase so that all of the fuel was
injected at once.

To see the relationship between pulse period and pulse
time, let's take a typical engine that idles at 600 rpm and has a
maximum rpm limit of 6000 rpm. Dividing each of those reas/
minute by 60 seconds, we can say the engine idles at 10
revs/second, and runs max at 100 revs/second. Fig. 2-17
shows pulse period and pulse time for this engine. Each circle
represents 100 milliseconds (ms) of time.

O Fuel delivery

Iniclorco9ed 10 Ipulse time)

80 20

70 30

60 . 40
50

At idle, the crankshaft rotates once in vth of a second,
or 100 ms. Thars ine pulse period The injectors open once
per revolution, for a pulse time o,5 lms

10 Ful delivery
(pulse timi)

80 20
Injector closed

70 30

6040
50

At mid-rpm, say 3000 the crankshaft rotates in a 20 ms pulse
period. Full-oad delivery for maximum torque at wide-open
throttle reqires longer injection limes than at maximum rpm
since at mid-rpm the engine takes in more air per stroke. But
a pulse time of 15 ms easily fits into the 20 me pulse period.

90 10 Fue delery
pulse time)

Injector closed

80 20

70 30

60 40
50

At maximum rpm,r the crankshaft rotates once In 1/oth of a
second. Pulse period is now 10 ms, in 100 ms the crankshaft
rotates 1 limes, and the injectors open ten limes If the
pulse time is 8 ms, the injectors barely have time to close
before they open again.

PULSED INJECTION-THEORY 11

It's important to remember the inputs that control the basic
injection pulse time: air-flow volume and rpm. Fig. 2-18 shows
that full-throttle injection time varies from about 6 milliseconds
to 9 milliseconds, and that injection time follows the torque
curve.

Torque 2njection

time

-280 torque 7  7.6-

220 TorouD

1000 2000 3000 4000 5000 6000
Engine rpm (1971NT ScH

Fig. 2-18. Typ'cratpulse time in millisecondtsforfu-load
matcoes toroue curve

2.3 Control Unit

The control unit is sometimes called the "brain" of the
control system. It receives input of signals from various sen-
sors, processes those signals, computes the pulsetime for the
injectors, and completes the circuits in a series of pulses to
deliver the required fuel.

The control unit is a complicated piece of electronic equip-
ment, If you open it-and that is not recommended-you'llfind
it full of transistors, integrated circuits, and printed circuit
boards, as shown in Fig. 2-19. The heart of the control un itis a
microprocessor chip, about the size of a thumbnail as shown in
Fig 2-20-

In most cases, the control unit is sensitive to heat and
vibration, soit is usually located in the passenger compartment
away from the engine. A common location is the kick panel to
the rightofthe passenger'sfeet. You may also find it behind the
glove box, under the passenger seat, or in the fresh air com-
partment under the hood.

Fig. 2-17. Relation between pulse period and pulse time.

L- 1etronic
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12 PULSED INJECTION -THEORY

Fig. 2-19. Control unit doersthe data proessing frfel-
Injection maiiagcment.

lkA

Fig 2-20. T_hp the hera01oftlhecontrolounitThis
inl gatdircu-iitiabout the- Si'- OfaIllumnbfaIl

Modemncontrol units are protectedrom EMI (etro-
Magnetic Interference)-stray radio fre-quency sig-
nals that canscr-amble the cnrol. )-uniftbrain. I've
heard astory about earypulsdsystems, before
proper shielding was provided: Adriver in aVolkswa-
gen Beetle, running on the freeway beside an 18-
wheeler, called the truck on his CBradio. When the
1 8-wheeler answered, using CBpower boosted way
over the legal limi the CI3signal shutdown the VW
engine,.Story, remember.

-t

ft.2-1.J-Acica)i

Control Unit Inputs and Outputs
Fig. 2-22 is a block diagram showing the basic processing

functions of the control unit for the inputs it receives. The rpm
signal trom the ignition circuit enters the control unit through a
shaper and a divider, As shown 'n Fig 2-23, from eachignition
pulse, the pulse shaper generates a rectangular pulse (voltage
on/voltage off), 4 per each 4-stroke cycle. This is divided by two
to provide one injection pulse per crankshaft revolution; for a
6-cylinder engine, it is divided by 3.

Engines edlrpn Lead fang- tthroetswitch)

Shaetmeaur es

FAg.2-22.In0cntrol unit basic pose time is compesated
tor vanables including engine temperature, ar
temperature, vehole voltage.

in the division-control muttivibrator, the output of the shaper
(rpmdividedbytwo)iscombinedwiththelad-signalinput
from the air-flow sensor, resulting in abasic-pulse timeThis
corresponds to the basic-flow rate, the quantity of fuel tobe
injectedforeachinjectoropening.

The multiplying stageprocessestnecompensationinputs,
suchasthosefrom the twotemperaturesensors,enginetem-
perature and air temperature; fromthe throttle-switchclosedor
ful-open signals. Inatercars, generallythosesince1980,it
alsoprocessesinputs from theambda sensor.Th controlunit
calculates compensationactors,applyingthemto thebasic
pulse-time. In most cases,this will enrich the mixture: whenthe
engine iscold,theinjection pulse-timr e may be two tothree
times the bastpulse time.

Compensation for batteryvoltage is alsoinecessary. Thisis
because battery voltagemay vary from 14voits whilethe
alternator ischarging,to 10voltsorlessduringcoldcranking.
The lowerthe battery voltage, theless powertothe injector
solenads, and the less ueinjected,perhapsduringa cold
startwhen theengine needs it most.

Ina 4-cynder system, the finalstage grounds4 injectors at
thesametime. Controlunits for 6-cylinder enginesmay have
twofinalstages, but they operate together, firing allinectors
simultaneously. Withtwo injectionspert our-stroke cycle, each
deliveryis halfcthetotalrequired

L-Jetronic

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540



PULSED INJECTION-THEORY 13

lgnition sequence of the
cylinders and opening limes
of the iietron valves

Ignition delivers trgger pule

Fulseshaper generates Fectanguta
puses orn thesetriggerpulses

Frequencydivider halvesthepulse
sequence in order to provdetggenng
pulses for the injection valves

Diision control multibrator generates
the basic injection time tp

Muliplying stage processesthe
correction quanties andadaptation
quantiries m correction Time
its voltage correction time

Final stage delivers ampifed
nollage pulsesbforthe

ro~ecicro vail

Fig. 2-23. Each basic injection pulsetime is compensated
and corrected.

Although it may seem as i the control unit passively re-
ceives inputs from the sensors, in some cases its role is an
active one, as shown in Fig. 2-24. For example: voltage output
from the control unit (terminal 5) is fed to the engine temper-
ature sensor. The sensor reduces the flow of current back to
the control unit (terminal 13) which the control unit measures.
The colder the engine, the more resistance, and the less
current back to the control unit. In the same manner, a voltage
signalis sent to the air-flow wiper track, and the return signal is
measured. Note that the cold-stat injector, thermo-time switch,
and auxiliary-air device operate independently of the control

RPM Signal Engine rpm, to help determine the basic flow
rate, is one of the most important inputs to the control unit.
Bosch pulsed systems are synchronized, that is, injector pulses
are synchronized with crankshaft rotation. All Letronic injec-
tors fire twice per 4-stroke cycle, or once per crankshaft revo-
lution. As you saw earlier, the total amount of fuel delivereddepends on how many injections there are per minute, andhow long the injectors are open for each injection.

In the control unit, air measurements alone could determine
the amount of fuel required for the ideal air-fuel ratio. But, as
you'll see, injector opening-times are computed for many con-
ditions and air-fuel ratios, some of which depend on engine
rpm. So engine rpm is one factor in determining the basic flow
rate.

L L~

Fig. 2-24. Exampe of contr -unt connections for L- efronic
system with regulated final stage and no resistors.
For component idenlification, see Table b below

L-Jetronic

0 (crankshatt) 36TC 7200
1 

_i-I 
II : :

3

2
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14 PULSED INJECTION-THEORY

The L-Jetronic rpm signal comes from the primary ignition
pulse, the current that turns the coil on and off. For most cars,
that is a signal from the negative terminal of the ignition coil.

The ignition circuit sends four signals for each 720' of
crankshaft revolution (each 4-stroke cycle). In a 4-cylinder en-
gine, this means that the ignition circuit closes every 1801 of
crankshaft revolution (once for each distributor revolution). If
you look at Fig. 2-23, above, you'll see the ignition pulses for
the firing order at the top of the diagram, and the opening time
of the intake valves,

Analog/Digital

Early control units were analog-type; later are digitaL You are
bound to run into these terms when troubleshooting, so it's
important to know the difference. Analog measures continu-
ously; an analog display changes in direct proportion to the
input, such as an ordinary odometer. If you've gone two-thirds
of a mile since it measured an even mile, the tenths digit will
read about two-thirds. On the other hand, digtal measures in
steps. The digital clock shows exact steps, nothing in between
as shown in fig. 2-25. Each step can be extremely accurate,
and does not change with wear or aging factors.

,r ~

Fig. 2-25. Ana-log mea,-L Su es co 11ntinouly: dgltal measuresq
in sleps, and each slop is exact.j

The important point is: steps versus continuous change,
See Fig. -6 Analog accuracy is limited, as indicated by the
curved line, meiasuiring the signal of the straight line. But analog
measurement can be more accurate than digital measurement
that uses large steps. By increasing the number of steps, digital
accuracy is usually greater than analog.

Some inputs are analog; for example, consider the chang-
ing current flow from the resistor of the engine-temperature
sensor. That analog signal must be changed in the control unit
by an analog-to-digitall (A/D) Converter, Some inputs are digital,
for example the rprn pulses from the ignition primary.

Fig. 2-26. Analog accuracy is limited by many variables
digital imited by number ot steps

Some outputs are digital, as you'll see later. These are a
series of pulses sometimes described as percent dwell. Analog
outputs from digital control units are handled by digital-to-
analog (D/A) converters.

Control-Unit Connectors

Inputs and outputs ofthe control unitare generally handled
by a multiple-connector plug, as shown in Fig. 2-27. Some
control unts provide 35 pins for the connectors, while others,
with simpllfied circuitry operate with 25-pin connectors When
reading circuit diagrams or making tests at the control-unit
connector you'l need to understand the German abbreviations
that often identify the connector terminals. Table b lists the
common abbreviations and their Englis equivalents.

Fig. 2-27, Mltpep connrcorthanlie-sat'inpuis and out-
Puts tocontrol unit pi

L-Jetronic

Analog

B176INT.11CH-

Chlgial
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Table b. Fuel-Injection Wiring Harness Terminal
Identification

Abbr. German Word English Equivalent

Tn TEMPERATURFUHLER Engine-temperature
sensor, NTChog

thi THERMOZEITSGHALTER Thermoime switch
KSV KALTSTARVENTIL Stleat as
EV FINSPRITZVENTIL Injector
LMM LUFTMENGENMESSER Air-flow sensor
ts ZUZATZLUjFTSChREIBER Auxary-air

device
rKS DROSSELIAPPENSCiAtER Throtle-vaFve

swiich
EKP ElECTRISCHE Electric fuel

KRAFtSTOFFPMPE pump
HK RFELAISKOMSINATION Relay combination
26 ZIJNDUNG. SPULEN Ignitionccil
BA BATTERIE Battery
ST MEHRFAOH-STECKER Multiple-plug

t te pto control unit

24Electrical Circuits
In addition to the electronics of the control system,L1-

Jetronic requires simple electrcal circuitsto power the control
unit, fuel pump, and other components.

Control Relay
When the ignition is turned on, battery power flows through

the ignition switch to arelay, or acombination-relay, This relay
then closes to provide current to the control unit; it also feeds
the cold-start iniector, and the auxiliary-air valve,Thus, do not
replace acontrol unit to "fix" these parts. See Fig. 2-28-

swiuntt

Fig,.2-28. System powerlowsihrough relay powered by
ignition switch.

Fuel-Pump Safety Circuit
The relay also controls theuel-pump safety circuit. The

START position of the key starts the fuel pump during cranking.
But the pump will slop runnngin 1-2 seconds unless it
receives asignal that the engine is turning. This helps prevent

PULSED INJECTION-THEORY 15

flooding, or a fire in the event of an accident See Fig. 2-29. In
most L-Jelronics, the relay receives the rpm signal from the
ignition circuit and shuts down the pump if the engine is not
turning fast enough: 4-cylinder engines, faster than 225 rpm;
6-cylinder engines, faster than 150 rpm Early L-Jetronics (be-
fore 1978) do not use the rpm signal; instead, a safety switch
in the air-flow sensor closes when the air vane begins to open

0000

Fuel pump

JC Control

Dislri thutor

(irpin moeaIilonodatrar

Fig. 2-29. Pump safety circuit e ie a ly stror t thesignalfrom primary ignitioncircuit in early L-
Jeironics, corttrol is byar-lowseormth

Service technicianscran bypass the safety circuit to run the
fuel pump without running the engine: on early cars by reach-
ing in tomove the air vane withnthe ignition on on later cars by
jumping the rpm safety circuit either at the relay set or atthe
air-flow sensor. For more information see chapter 5.

2.5 Operating Conditions

For all of the condtions under which the engine operates,
the control system computes the following:

* Main variables: engine load and speed for the basic flow
rate. Each basic flow rate can be modified, or compen-
sated basedon inputs from sensorsthat signal changes in
operating conditions.

* Compensation variables: such as starting, cold operation,
and special load conditions, and

* Precision compensation: tweaking the other compensa-
tions for overrun or coasting, and mixture (lambda) control
for emission-reduction.

All compensations are added to, or subtracted from the
basic flow rate, So let's look at each of the conditions and see
what sensors and signals affect L-Jetronic through the control
unit. We'll also see some auxiliaries that operate independently
of the control unit

L-Jetronic
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16 PULSED INJECTION-THEORY

Starling
As we've seen, depending on the temperatures, the engine

may need additional fuel, and also additional bypass air around
the closed throttle. How does L-Jetronic compensate for all the
different starling conditions? How does the system operate
without any setup by the driver; how can you simply turn the
key to start it?

These systems have no choke or fast idle cam to set. As the
car sits, the engine changes temperature due to changing
weather, or cooling after running. Its sensors signal the control
unt about engine temperature and other conditions that could
affect starting. Other components inject additional fuel or allow
additional air.

Engine Temperature Sensor. The most important sensor is
the engine temperature sensor, shown in Fig. 2-30. It is a
semi-conductor resistor, also known as a thermistor. You may
find service instructions referring to it as NTC II. NTC stands for
Negative Temperature Coefficient, meaning the sensor's resis-
tance goes down as the temperature goes up. This is the
opposite of most resistors; hence the term "negative." See Fig.
2-31.

Electrical
connecibon

Fg. 2-30. Engne temperature sensor is a sod-state resis-
tor, sorreTimes called a thermistor. NTC means
Negative Temperature Coeficieni

Supposethe engine is in theshopand has not run recently,
say for several hours. In round numbers, the resistance at
ordinary indoor temperatures is about 3Kohms (3,000ohms). If
the engine has run recently, long enough to fully warm up,
resistance is only about 400 ohms If the control unit applies a
fixed voltage to the NTC resistor, it will receive a smaller signal
back as input from a cold resistor with higher resistance than
from a warm one. From a cold input signal, the control unit will
compensate by adding to the basic pulse time as shown in Fig.
2-32.

Resistance
Shop

500 - temperature

ohms

Engine
wanm

68VF 1767F
20"C) (acC)

Temperature
s1721NTcH

Fig. 2-31.NTC esis ance is ower when engine is warm

Input &on ut ut

Engine
temperature

Ad'dional time

Basic

tme 8B RBBNT BCH

Fig. 2-32. Cold engine temperature sensor causes in-
creasei pulse time

On water-cooled engines, look for the engine temperature
sensor, sometimes called NTC II, to be mounted in the cooling
system, usually in a fitting near the block, or in the thermostat
housing. See Fig. 2-33. Be careful not to confuse the engine
temperature sensor with the thermo-time switch or the coolant
temperature sender for the instrument-panel temperature
gauge,

The NTC sensor is quite simple: an electrical connector on
a housing, enclosing the thennisor The first L-Jetronic came
on an air-cooled engine, so on those, you'll find NTC II in a
cylinder barrel or a head,

Air Temperature Sensor. With the air cleaner removed, you
can see the Intake Air Temperature Sensor in the air-flow
sensor as shown in Fg. 2-34. Known as NTC I, this sensor also
has a negative-temperature coefficient Remember, the control
unit sends a signal which is changed by the air temperature
sensor.Cold air, weighing more, needs more fuel, so a cold-air

L-Jetronic
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signal also adds fuel to the basic-pulse time. The air-fuel ratio
relates weight of air to weight of fuel. The combination input
signals of volume (from the air flow sensor), corrected for
temperature, are the same as inputs of weight or mass of air
passing into the engine.

41 -~

Fig 2-3. Engine temperlauresensor (also caled Temp 1 or
NTC fl) is often mounted in Ihermostat ouing In
this BMW, temperature sensor (2) is mounted with
thermo-time switch (1) and engine temperature
sender (3)

fig. 2-4. This a ir eertue sensoir (arrow) iai called
Temp I or NTC 0) signals intake air temperature.

Cold Starting Enrichment. There are two ways that addi-
tional fuel can get to the engine during cold starting. The first is
an auxiliary or cold-start injector which is controlled by the
thermo time switch. The second method is the Start Control
System in the control unit which adjusts the pulse time of the
fuel injectors as needed, Most L-Jetronics use the cold-start
injector. Somne combine that with start control-, and a few use
only start control,

One system rissing from most fue-injection engines
is the Intake Air Heater, or Heated Air Cleaner. For
emissfoncontrol and driveability, carbureted and
throttle-body-injected engines heat the intake air to

oout 100F (40'C) Wamed air tends to prevent
condensaton of the air-fuel mixture on the intake
walls, which causes stumbling and increased enis-
sons from the lean mixture. Because L-Jetronic de-
lvers fuel at the intake ports, it can compensate fuel
flow as necessary, enriching for cooler air without wall
wetting. Without the Intake Air Heater, L-Jetronic de-
livers cool air, with greater density, producing more
ower in cold conditions,

The cold-start injector (also called the cold-start valve) is
energized during cold starting. When the key is turned to start,
a relay delivers power to the start injector. A thermo-time switch
grounds that circuit, causing fuel delivery based on switch
temperature. This auxiliary injector does not operate through
the control unit, and is not usually affected by the engine
temperature sensor.

If installed the cold-start injector is easy to find, mounted on
the intake manifold downstream ofthe throttle, as shown in Fig
2-35. It has an electrical connector and a fuel line. Whenever
the system is pressurized, the start injector is pressurized; that
means it is under pressure whenever the engine is running,
and for some time afterward. Why is that important? If this
inector leaks, the engine runs rich.

_3

Fig. 2-35. Cold-s(artinjector(1 ) de vers fue!into inake man-
fold to enrich mixture for all cylinders Elecica
connection is at 2, fuel connection at a

The cold-start injector is solenoid-operated, something like
the port injectors, but it holds open for seconds rather than
milliseconds, At system pressure, fuel enters through the fuel

L-Jetronic
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