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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 mount 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 preczdes a cause. In an antinoise
system that deals with broadband noise, the reference signal must 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. The 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,
Noise cycle The repetitive cycle of a noise source, It is two revolutions in 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 can make noise problems much worse,

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

SPL  The sound pressure level is the peak variation in air pressure 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 low-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 frequencies that are
all multiples of a fundamental 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 Products

321_RETROSPECTIVE

Both the content and complexity of semiconductor technology for computing, power control
sensing, communications, signal conditioning, and transient suppression is destined to
increase in future vehicles, Therefore, this final chapter will tackle the difficult subjects of
identifying potential technology developments and trends for future systems and consolidat-
ing previously mentioned development activities in areas relative to vehicle electronics. The
terminology of the future generations of electronics (refer to the glossary at the end of this
chapter) is a strong indication of how different emphasis will be placed in future vehicles,

Semiconductor technology is being applied to sensors in several automotive applications.
Semiconductor technology is also at the heart of digital electronics including MCU (micro-
controller unit), MPU (microprocessor unit), and DSP (digital signal processing) technology.
Outputs of several systems have been controlled by power MOSFETS, smart power, and even
IGBT (insulated gate bipolar technology) power devices. Communications, not only to the
vehicle but from the vehicle, will cause major changes which will require high-frequency semi-
conductors. However, high-level digital electronics in MCU, MPU, and DSP will continue to
determine the future of automotive electronics. Their growth from two MCUs per vehicle in
1980 to 14 per vehicle in 1990 and expected use of 35 per vehicle by 2000 will dominate auto-
motive electronics content no matter which vehicle subsystem is involved.

322 IC TECHNOLOGY

Since the advent of integrated circuit (IC) technology, the automotive engineer has been
designing more and more complex electronic modules—partially to meet government-man-
dated regulations for pollution control and fue! economy but also to provide increased per-
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 are already underway as car companies worldwide migrate their engine management
ECUs from 8-/16-bit microcontrollers to 32-/64-bit CISC/RISC based processors with more
than one execution engine on-chip, such as Motorola’s MC6§332,
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322  EMERGING TECHNOLOGIES

TABLE 32,1 Pervasiveness of Electronics in Modern Control Systems

Safety & chassis

Powertrain Entertainment Driver information Convenience & body control

Traction control

Dynamic engine mount  Noise reduction systems ~ Digital & analog gavges  Multiplexed wiring

Antilock brakes Electronic camshaft Cellular radioftelephone  Engine diagnostic display  Intermodule network
Load-sense braking ~ Ignition timing CD & optical disc players ~ Service reminders Body system diagnostics
Alr bag restraints Spark distribution CB radio Digital clock Smart power drivers
Dynamic ride confrol ~ Fuel delivery control Digital audio tape Trip computers Antitheft device
Active suspension Turbo control Navigational computers ~ Climate control
Load leveling Emissions monitor [ntelligent highways Keyless entry
Electronic steering Voltage regulator Collision avoidance Light reminder
Alternator Drowse/DWI alert Memory seat
Transmission shift Sensory wipers
On-hoard diagnostics Auto door lock
Operational adaplation Headlight dimming
Energy recovery Window control
Electronic muffler
Cruise 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-
cally the integrated circuit, is the enabling technology. Thus, before we can discuss the future
of automotive electronics, the future developments in semiconductor technology along with
its critical success factors must be understood since they will have a profound impact not only
on what systems get designed but, more importantly, on how they get designed.

The 1992 SIA Semiconductor Technology Workshop established a 15-year roadmap for
key IC device characteristics such as feature size, chip size, defect density, power dissipation,
and number of I/Os (Table 32.2). Based on this roadmap, the design engineers at 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 info account dramatic breakthroughs in technologies such as
quantum effect transistors, 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 Texas Instrument R&D laboratories on 3-D quantum ICs with complexities of 20 billion
transistors. Today's more complex circuits have three to four metal layers, but future circuits
will have six to seven metal layers for interconnect and power routing by the year 2005, Three-
dimensional interconnections 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 General Technology Roadmap

Characteristic 1992 1995 1998 2001 2004 2007
Feature size 0.3 0.35 0.25 0.18 0.12 0.1
Gates per chip 300K 800K M M 10M 20M
Wafer processing cost ($/cm?) $4.00  $3.90 $3.80 $3.70 $3.60 $3.50
Chip size (mm?) 250 400 600 800 1000 1250
Wafer diameter (mm) 200 200 200400 200-400 200400 200400
Defect density (defects/cm?) 0.1 0.05 0.03 0.01 0.004 0.002
Number of interconnect levels 3 4-5 5 5-6 6 6-7
Power supply voltage (V) 5 33 22 22 1.5 1.5
No. of I/Os 500 750 1500 2000 3500 5000
Performance (MHz) 120 200 350 500 700 1000

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




FUTURE VEHICLE ELECTRONICS ~ 32.3

Higher-speed electronics can generate high power levels, so design techniques to minimize
the power or cope with the existing level of power dissipation are being pursued. Novel cool-
ing methods using heat pipes enable self-contained cooling capability. Higher-temperature
operating materials such as gallium arsenide (GaAS), silicon carbide (SiC), and diamond are
also being investigated by automotive electronics manufacturers to solve the heat problem.
The most critical technology required to turn the semiconductor technology roadmap into
reality is CAD—computer-aided design.

32.2.1 Design Methodology/CAD

Design is the activity that turns underlying technologies into product solutions that satisfy
society’s needs. Design, coupled with a testing discipline to ensure quality, is the vehicle that
generates revenues for the industries. Today, design activity is based on a loosely coupled, ad
hoe collection of tools and techniques. The most successful companies use highly refined
design methodologies that are dependent on vendor-supplied point tools and are heavily aug-
mented by proprietary tools that encapsulate each company's accumulated design expertise.
Use of these tools outside the company’s design groups is next to impossible. Over the next 5
to 10 years the complexity of chips will grow so dramatically tkat new tools and techniques for
IC design will be required. Coupled with continuing pressures on reduced product develop-
ment cycle time, error-free designs, and affordable test procedures, these CAD tools for IC
design will have to extend well into the systems development environment, Electronic design
automation (EDA) will not only be a necessity but it will also be the only way of handling the
prevailing levels of device and system complexities. Without the advanced level of technology
tools, expected performance and reliability levels will not oceur.

32.2.2 CPU Architecture

MPUs and MCUs in vehicle control systems have been developed around complex instruc-
tion set computer (CISC) architectures, The availability of larger, faster memory technologies
allows RISC architecture with simpler instructions to achieve higher throughput and faster
cycle times. RISC design philosophy includes:

1. Fixed length, consistently encoded instructions

2. Aregister-to-register (load/store) architecture with primitive addressing modes
3. Relatively simple instructions

4. A large orthogonal register file

5. Three-operand (nondestructive) instruction format

MPU chips are available in 1994 with floating-point performance of SPECfp92* of 85 at 80
MHz. Over 1.6 million transistors are integrated in a chip that is only 85 mm® 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 complex engine control systems. The 32-bit CPUs can
deliver at least 50 times higher processing capability than the 8-bit designs. ABS systems are
increasingly using 16-bit machines to reduce the time required 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-
matically intense algorithms, real-time operation, and high-speed data sampling are required
in the control system. DSP units have been designed into sophisticated audio entertainment,
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dynamic ride control, and noise cancellation systems. DSP units incorporate Harvard archi-
tecture similar to many MCUs and MPUs; extensive pipelining; dedicated hardware multi-
plier; special instructions not typically found in MCUs, such as multiply and accumulate
(MAC); and fast instruction cycle times, less than 50 ns. DSP desizn can also be integrated into
MCUs to provide similar functionality for systems.

It is important to note that automotive electronics manufacturers will benefit from higher
levels of technology, but use of high-level electronics in the auto industry lags behind other
segments, partially due to the design-in time and partially due 1o 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 52.1 shows a general technol-
ogy roadmap for one semiconductor manufacturer (Motorola) that provides detail for some
of the elements of future semiconductors. The products that drivz future technology are high-
end microprocessors and fast static RAMs (SRAMs). However, other products, including
logic, mixed-signal (analog/digital), sensors, and power devices, benefit from the improved
process techniques and the tools that are developed to provide them,

GENERAL TECHNOLOGY ROADMAP

ULSI - HIGH PERFORMANCE LOGIC
1990 1991 1992 1993 1994 1985 1996 1997 1998 1899 2000
SRAM_|[__iMbSRAM | _ 4MbSRAM | 16Mb SRAM | 64Mb SRAN
DevicesMPU|| 1.5-2.5M | 2-aM | 3:5M| 4-8M | 5-11M] 20-100M 20M - 500M
Die Size 125X 1.75¢m 15 X 2.0cm 2.0 X 2.75cm
Technolagy HCMOS HMOS/BICMOS | BICMOS
Voltage 5V [ 53.3V] 3.3VI2EV 25VA5V
Min. Feature|| 080ym | 065um | 050um |  040um [  030um 0.25:m  [0.15um
Litho Tool G-line | -Line [ I-Line & Phese Shift MaskDUV [ X-Ray
Materials EPVBL [ EPUBLARENCH ] SOl

Gate Oxide 150A | 105A B0A ~ | BOA
CMOS N+POLY/LDD | N+/P+POLY With Silicide/LDD | Selecilve Silicon Elevated Source Dral

Bipolar Non-Self Aligned == Self Allgned | SiGe With Trench Isolation
Contacts Tapered | Straight-Walled, Filled
Metallurgy ALAlloy | ALAlloy M1,2,3,4 | Copper

Metal Layers || DLM | LM | 4LM 56 Level

Meg SRAM 4 Meg SRAM 16 Meg SRAM |

PRODUCTS||  8040/68050 68060/68LPO40 88130 e
8B110/88410 88120, PowerPC™ RISC MCU et |

683XX MCU BB3XXMCU PowerPC™ 1

FIGURE 32.1 Operating frequencies/feature size/integration level.

3223 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 1s 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: 5V and even 3 V.

Figure 32.2 shows the increase in memory, throughput, functions, and inputs and outputs
(I/0) since model year 1980 and an estimate for model year 2000, The most dramatic increase
has occurred in the memory (RAM). Program memory (ROM) is also increasing. Memory in
future MPUs 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 pracess
of code generation.
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FIGURE 322 Automotive usage of microcontroller technology,

32.3 OTHER SEMICONDUCTOR TECHNOLOGIES

Semiconductor technology is also being applied to both the input and output side of the digi-
tal control to improve the performance of sensors and provide more efficient power switches.
Both sensing and power devices are the focus of increased integration. The extent of integra-
tion depends on system constraints in the automobile in addition to the technology that is
developed by semiconductor manufacturers. This section will discuss key items 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 is adagted by sensor and semiconduc-
tor manufacturers, Sensor technology has been identified as one of the key factors required to
maintain leadership in automotive electronics,

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 32.3 shows a sensor technology migration path that ultimately has the
sensor(s) fabricated directly on CMOS MCUs, While the cost of this final form may be several
years away from the level necessary for automotive use, the technology capability can be
demonstrated today. Intermediate forms of integration with CMOS memory components
used for calibration and localized digital logic providing decisions are extremely likely within
the near future (before 2000). The electronics system design will change as inherently digital
signals, instead of analog, can be input directly to the MCU, These signals could be at the level
that allows usage by several vehicle systems using a multiplex (MUX) bus. However, stan-
dards, such as SAE J1850, will be necessary to make the digital output transducers as readily
available from many sources like today’s analog output sensos.
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FIGURE 32.3 Sensor technology migration path.

32.3.2 \Voltage Capability

In order to achieve high density in integrated circuits, the maximum voltage is being reduced
from 5 to 3 V in computer and portable products. This level will be reduced even further as
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
automotive electronics area, it represents the mainstream of clectronics technology. The
automobile, however, operates from a 12-V battery today and is being pushed toward hi gher
operating voltages to handle the ever-increasing loads that are part of every new vehicle sys-
tem. Even the 12-V system has to deal with considerably higher voltage due to transients,
including load dump. Electric vehicles will have a battery supply over 200 V. The requirement
to withstand higher voltages reduces the efficiency of power semiconductors. Furthermore,
the voltage extremes affect the choice of power devices and the level of mntegration that can
be achieved. If the system voltage is increased to 24, 36, 0r 48 V, semiconductors will be among
the system components that are significantly affected by the higher voltage.

3233 Power Control

Depending on the vehicle, every 10 A of electric load reduces fuel economy by 0.3 to 0.5 miles
per gallon. Design changes to cope with increased loads include:

* More energy-conserving designs

« Smarter power supplies that manage peak alternator-current demand

* Overvoltage transient protection from one central location, which is even more important
if system voltage is increased

+ Two 12-V batteries per system, especially on high-end vehicles
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More efficient power devices 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, sinze the first use of power MOS-
FETs on vehicles. Further improvements are made by reducing all of the resistive elements of
the MOSFET, including metal connections to the package, starting material and cell structure.
Figure 32.4 shows how the specific on-resistance can be reduced by using high-cell-density
power MOSFETSs 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.

20
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FIGURE 324 Power efficiency vs, voltage.

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 of differences in commonly used processes.
Smart power, or power I1Cs are the terms that are generally used to describe these types of
power devices.

The smart power approach to system design means that a number of circuit elements that
would previously have been discrete components or the combination of a standard, or custom
IC, and discrete output devices can be consolidated into one single device as illustrated in Fig.
32.5.This provides space saving, component reduction, total system cost 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 zmplifiers (op amps), compara-

TABLE 32.3 Power ICs Attributes

Circuit components Switch type

Isolation process  Power MOSFET CMOS  Bipolar Highside Lowside Complexity Breakdown voltage

Self
Junction
Dielectric

Yes Yes No Yes No Sim];le Low
Yes Yes Yes Yes Yes Medium Medium
Yes Yes Yes Yes Yes High High
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FIGURE 325 SMARTMOS™ technology cells.
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tors, and regulators, are best implemented using a bipolar 1C process, MOS circuitry handles
logic, active filters (time delays), and current mirrors better tha- bipolar circuitry. Some cir-
cuits, such as A-D converters or power amplifiers, can be implernented equally well in either
technology. A process that has both MOS and bipolar for the control circuitry does not have
to sacrifice performance or features and, if it is combined with the appropriate output devices,
it can handle the power control functions for a number of vehiclz loads.

The need for increased diagnostics to meet legislated requirements, such as OBD-11, and
to minimize time required to analyze vehicles experiencing faults is increasing the use and
complexity of smart power devices. Power devices that can handle several amperes and oper-
ate at voltages in excess of 60 V have already been integrated into MCU processes. The num-
ber of loads that are controlled, the current and voltage rating of the output devices, and the
power dissipation are factors that system designers must consider when evaluating the level
of integration of power devices.

The three levels of power devices involved in automotive systems are power MOSFET,
smart power IC with one or more power outputs, and MCU with integrated power devices.
Integration in each of these levels and efficiency will improve in future systems, The ability to
integrate memory components and transmit and receive digital signals at the power side of
the control system is necessary in MUX systems. This also allows the system designer added
flexibility in system partitioning,

3234 Semiconductor Operation at High Temperatures

Increased operating temperatures are driving development for new materials such as GaAS
(gallium arsenide) and other I11-V, wide band gap, semiconductor materials, SiC (silicon car-
bide), and diamond films. Other wafer-level assembly techniques that can provide more reli-
able operation at high temperature, such as wafer-to wafer bonding and dielectric isolation,
are part of today’s semiconductor technologies that will be used in future vehicle electronics.
As Chap. 5 pointed out, higher temperatures decrease reliability of electronic components.
Therefore, improvements that allow higher temperature operation are being evaluated, and
sometimes are a driving force for improving reliability. Some zdvanced materials, such as
GaAs, also allow higher frequency operation or increased efficiency, providing additional
incentive. The materials and techniques are being investigated for sensors, power, computing,
and communication semiconductors, Their acceptance in one area could increase the effort 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 a problem that had no alternative
solution.

3235 High-Frequency Semiconductors

Increasing communication to and from the vehicle requires radio frequency (RF) transistors
to receive and transmit signals and data. High-frequency operation is required for cellular
communications and sensing in systems such as near obstacle detection, Several technology
choices exist in the RF front end of a communication product that must operate at 900 MHz
as Fig. 32.6 demonstrates. Silicon competes with GaAS in the 1- to 2-GHz range, but in the 2-
to 18-GHz range, GaAs is the only solution. In 3-V, high-frequency (1-GHz) operation, GaAs
has an efficiency of 50 percent versus silicon bipolar’s 40 percent or LDMOS’s 43 percent.
Chipset approaches are frequently used in the early phases of system design and can be cost
effective alternatives to higher levels of integration. High-frequency designs for radio fre-
quency are considerably different than high-speed digital 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 these designs means not only digital and analog
but also RF must be processed. Circuit isolation is required to prevent unwanted coupling of
signals which can range from 3 V peak-to-peak to less than 1 ;1 V peak-to-peak. RFIC (radio
frequency integrated circuits) technology or MMIC (monoli:hic microwave integrated cir-

cuit), and MESFETs are part of the communications semiconductors that will be used in
future vehicles.
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FIGURE 32.6 RF semiconductor technologies.

3236 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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A number of SOIC packages are available for handling high-pn-count 1/ in logic or high
power in power ICs. Assembly techniques for surface-mount technology (SMT) also include
flip chip, TAB (tape automated bonding), COB (chip on board), and bare die.

In many respects, the packaging requirements for highly integrated devices are similar to
those for the full module. These include power distribution, sigrial distribution, heat dissipa-
tion, and circuit protection. In harsh applications, like the underhood mounting of automotive
controls, hot and cold temperature extremes can result in severe 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 ICs, reduces the number of potential
failure points.

As more and more functionality is included in an IC design, the number of external com-
ponents is reduced. This inherently 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” packaging problems have been solved at the mod-
ule and not the semiconductor level. Smart power packaging enzineers address the require-
ment for more complex /0 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 (2256 pins) with close spacing and high coplanarity requirements. Still other
silicon processing technologies are required to provide system glue-chips that provide inter-
faces that are not cost-effectively integrated 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 packagzs based on semiconductor,
not module manufacturer, assembly techniques. These multichip modules (MCMs) are being
evaluated for 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 SIP (single
in-line plastic) and PGA (pin grid array), will also not increase. New SMT approaches, such as
BGA (ball grid array) packages, are the focus of present packaging development. For future
highly-integrated components, packaging techniques must take into account more complex,
system-level requirements, as well as SMT assembly requirements,

Testing is also a major consideration as more and more functicnality is combined into one
package. In some instances, the ability to provide fully functional, fully tested silicon die is
required for products that are provided in packaged form today.

323.7 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 {o 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 components, such as parasitic capacitances or lead inductances, but it can also
lead to unexpected interaction of other circuit elements. Proven building blocks or modules
increase the confidence that a new silicon design will work properly the first time.
System-level chips based on structured design approach 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 32.7 shows the concept of a System Chip™ integrated solution that combines
input, output, and computation in a monolithic silicon chip. The MC68HC705V8 is an exam-
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ple of today’s level of system integration. It is a necessary first step towards the more complex
systems of tomorrow. This chip has an on-chip voltage regulator, a complete single-wire mul-
tiplex interface message data link controller, and various memory functions. The voltage reg-
ulator provides a regulated 5V (15 percent) from battery voltages between 7 and 26.5 V and
can withstand alternator transients up to 40 V. As noted in Sec. 32.2.2, required cost-effective-
ness by automotive electronics also applies to levels of integration, In a given time frame,
higher levels of integration may be possible, but not cost effective. The ability to shift portions
of the system from one unit to another, and partition the system for the most cost-effective
approach in the most timely manner, is the goal of auto elecironics manufacturers and the
force behind approaches like Motorola’s Seamless Silicon System™ methodology, This tech-
nique will allow common design rules for various silicon components, including MCUs, smart
power and sensors, that will facilitate integration paths like the one shown in Fig. 32.3. How-
ever, when separate devices are determined to be more cost effective, the decision to have
them as separate components will be a simple choice of the designer.
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FIGURE 32.7 System Chip™ integrated solution.

Driving forces for automotive manufacturers ultimately drive the electronic content of future
vehicles. The major areas that impact electronics include mecting government regulations,
environmental responsibility including recyclable materials, automotive manufacturing tech-
nology (and the transition from lean to agile manufacturing). improved security, increased
safety to eliminate auto fatalities, reduced vehicle 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 1980s.

United States manufacturers have gone on record with their goals of developing new vehi-
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. This 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 of these systems must be designed and verified in even less time than in the early 90s. This
will require even closer linkage between semiconductor suppliers and automotive electronics
manufacturers not only in hardware but also in the tools and scftware area as well,

The goal of a high-efficiency super car that can achieve 80 mpg is among the changes that
can suddenly shape the direction of future electronics. While continuously 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 adjus-ments that are possible with
electronics are already used to preset seat position and favorite radio stations when the auto-
matic door opener identifies the driver of a multiple-driver vehicle. Electronics is also an
essential part of the features used to differentiate vehicles. Increased marketing and manu-
facturing approaches to customize vehicles will increase the amount and variety of electron-
ics, and of course, semiconductors in the vehicle, An excellent example is an office-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
semiconductor manufacturers work together to provide fewer boxes, higher levels of integra-
tion, increased reliability, cost reduction (system, component, and assembly), surface-mount
components, electronic replacements for mechanical components (relays, sensors, etc.), and
reduced hardware and software design/development 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 of society (ie., ecology,
and the use of resources). A further understanding of the forces that are driving automotive
electronics is gained by reviewing the changes that will occur by implementing [VHS,
increased safety, the potential for antitheft/security, issues driving the EPA, consumer
demands, and the effect of other industries on automotive electronics.

3241 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 transportation; responding more
effectively to incidents; and increasing the ease and convenience of travel,

Achieving these goals will require several new vehicle and infrastructure systems and asso-
ciated electronics to enable the control strategies. On the hardware side, sensors are the most
critical enabling technology. However, software is predicted to be the most labor-intensive
aspect of the development activities.

3242 Safety

Harry Mathew, a vehicle safety expert at Arthur D. Little, has made several predictions 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 can be compared to projected
penetration of super-smart vehicle systems (SSVS) in Japan that are shown in Table 32.5.
The emphasis that government and consumers place on aspects of vehicle technology will
determine which elements are exploited in production vehicles, For example, the reporting of
safety performance of vehicles in 35-mph frontal crashes by the National Highway Traffic
Safety Administration (NHTSA) is intended to be a more consumer-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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TABLE 32.4 Timing and Implementation of New Vehicle Systems

System/Technology Timing
Air bags Mandatory by 2010
Keyless entry Widespread use by 2030
Remote control starting Widespread use by 2030
Programmable position controls Widespread use by 2030
Integrated traction control and ABS 2030
Addition of power steering to above 2060
IVHS 2050
Collision avoidance (radar & auto pilot) Late 21st century

TABLE 325 Penetration of SSVS Technologies in Automobiles

SSVS technology Phase I yr 2000 Phase 1T yr 2010 Phase I11 yr 2020
Obstacle detection 20% 50% 80%
Road geometry detection 10% 40% 40%
Collision warning 10% 60% 80%
Auto braking/steering 10% 60%
Pedestrian detection 10% 60%
Driver assistance 10% 60%
Auto lane following 10%
Accident reduction 4% 20% 43%

32.43 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 systems 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 to locate and disable the vehi-
cle. For example, GM’s Pass-Key™ system is offered as an OEM product and is expected to be
installed on more than 40 percent of GM 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 emission control systems
* 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.

32.45 Consumer Demands

A consumer survey of 1000 Southern California drivers indicated the following preferences for
1997 vehicle power sources with more than one choice possible: 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 of semiconductor technology, some of which will be unique to the oper-
ating voltage of these vehicles. With growing concern for the environment, vehicle manufac-
turers can potentially segment their market and address a previously undefined customer.

Industry monitoring by groups like Consumer 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 reliable automobiles in spite of the increased
complexity.

32,46 Effect of Other Industries on Automotive Electronics

Looking outside the industry for technology driving forces can provide insight to avoid being
blindsided by new approaches. Many of today’s automotive controls result from the use of
aerospace technology and displaced engineers during the 1970s. Today’s use of military-devel-
oped technology, defense engineers, and national laboratories to develop next-generation
hardware and software may change automotive systems. However, the computer industry is a
prime mover of the highest level of integrated semiconductors and has over eight times the
sales of automotive semiconductors. In the computer industry, the term convergence is being
used to describe the merging of computing, communications, and consumer electronics that is
occurring in new products aimed at highly portable 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 from their vehicle will define new automotive products.

3247 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. [nitial electronic components
were diodes, transistors, and analog ICs in alternators, voltage rzgulators, AM-FM radios, and
clocks. Phase [1 was the result of government regulations and enabled by the usage of micro-
controllers in vehicle control systems, Phase III is marked by the use of smart peripherals,
smart power drivers, and smart sensors, to bring the hardware closer to the capability of
MCUs. The next phase will be the “software era,” in which emphasis will be focused on stan-
dard open architecture; in-vehicle network backplane; factory, dealer, and consumer levels of
configurability; neutral programming languages, and 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 dzsign 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 portability/upward compatibility, tools
for code development, verification/testing aspects including toals, software—the “differentia-
tor” for future systems, software design cycle time reduction, software independent of hard-
ware, and digital and 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 they were designed. Powertrain
vehicle personalization, IVHS, and hybrid vehicles are 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 beginning of the design process to satisfy
the full range of test requirements. Techniques have been developed, including boundary scan
and built-in self-test (BIST), that must be utilized. The IEEE JTAG (Joint Test Access Group)
standard, OBD-II, and others that may be developed must be implemented to allow equip-
ment manufacturers a common methodology for developing new equipment.

Today's high-end microprocessor designs already have clock 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 software—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 bs implemented in a networked
environment to support and facilitate a team approach to software.

In addition to digital simulation, complex analog systems aiso require analysis techniques
beyond those used in today's vehicles. A simulator, such as Analogy’s Saber™ simulator, can
provide templates for various power supply topologies and evaluate 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 alternatives, early problem resolution, and optimiza-
tion 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 understood 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 32.8 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.

325 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 be made in the way systems
are designed.

A typical synthesis pipeline of today’s design for digital elzctronics, 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 architect. The RTL description is an interconnection
of predefined modules such as adders, multipliers, or finite state machines that comptise con-
trollers. The sequential logic description that accomplishes the desired behavior of the system
is performed by logic designer(s). Finally, circuit designers optimize the transistor-level design
created by logic designers.

Challenges in automating this process include the need for & new breed of designer, the
system architect, who will have to simultaneously deal with software and hardware systems;
unified formalism for specifying, analyzing, and designing mixed software/hardware systems;
and development of design automation software to aid system-leve] 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 behavioral synthesis technology
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
net lists were fed directly into Cascade’s 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 ICs. In addition, the
linkage of the system(s) performance simulation to silicon generating systems will be required.

3251 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 using integrated circuits. Today, a systems approach is being pursued, but the systems have
to be designed with a top-down methodology. Product developraent 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 technology must be considered. Integration, system partitioning,
design functionality, and distributed versus centralized intelligence are part of this approach.
Audio system evolution, shown in Fig. 32.12, provides an excellznt example of the transition.
This figure will be examined closer in the next section,
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325.2 Potential System Architectures of the Future

It is apparent by now that the trend in automotive electronics is toward up-integration, with
designers taking advantage of the compute power available, along with packaging technolo-
gies and adding more functionality to the modules. For example, engine management is being
combined with cruise control and transmission control to form the powertrain controller, This
trend is mainly driven by the need to reduce the cost of the modules—value engineering is the
term being used, where value = function/cost, Value can be increased by either decreasing 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 board, and semiconductor
technologies. The designer continually makes cost/performance tradeoffs in selecting the
technologies, and as technologies evolve, these tradeoffs must be updated.

So, given the technology scenario described earlier in this chapter, one can ask where will
this evolution of up-integration end? Will everything eventually be integrated into a central
control module? Or, given the trend in multiplexing, will ECUs be added ad infinitum, creat-
ing a distributed intelligence architecture? The answer is most probably “no™ for both scenar-
ios, and for several reasons, the key ones being cost effectiveness, reliability, heat dissipation,
serviceability, and space requirements. The more likely scerario will be a combination of cen-
tralization and distributed intelligence where the centralization would be based along the lines
of body, chassis and safety, powertrain, and audio/entertainment and communications. Within
these centralized systems would be distributed intelligence based on multiplex wiring with
smart sensors, switch decoders, and smart actuators all controlled by a central intelligence.

The strongest case for this scenario is the body system controller (refer to Table 32.1). Here
functions such as door locks, interior dome lights, trunk lock, remote entry, antitheft alarm,
electronic window lift, and electronic seat control with memory could all be centralized with
multiplex wiring connecting the smart actuators (i.e., door locks, trunk release solenoids, etc.),
switch decoders, and lamp and motor drivers. Another altzrnative to centralizing the whole
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car into one system could be partitioning the system into four systems controlling the four
quadrants of the vehicle. The multiplex wiring within each quadrant linking the switches and
actuators could be class A type, while the quadrants could be interlinked with a class B multi-
plex bus for diagnostic purposes and to provide a gateway into the driver information system.

The audio/entertainment system is probably the most interesting system from an architec-
ture viewpoint because of how it has evolved, its uniqueness from the standpoint of standard-
ization, and the possibilities that mtegrated semiconductor technology could provide. To
undcrstand the possibilities, let’s examine how the radio has evolved. As shown in Fig, 32.12,
the initial analog-based AM radio has integrated functions to include stereo (both AM and
FM) and cassette or compact disc (CD) in the early 90s. Audio effects similar 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- 10
18-bit sigma-delta A/Ds and D/As), the radio will move from the analog domain to a digital
domain, with the DSPs performing the task of AM/FM stereo decoding along with the audio
effects.

A new dimension to the car audio system has been the addirion of cellular phones. Instead
of being 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 automatic muting of the radio when a call
comes in and better quality sound because the phone now uses the audio speakers instead of
it's own tiny speaker. The next feature to be added to the audio system will be global posi-
tioning system (GPS) based navigation.

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 pc
world. Taking this one step further, if all three functions were made available as a standard
package, the system designer could take a total systems approach and develop one chip or
chipset and implement the three functions in software. This would eliminate redundant com-
puting power from the three-function chipsets scenario. This is possible because at any given
time either the radio/audio system or the phone would be functioning, and the same hardware
could handle the functions with context-switching software. Since the GPS receiver function
is not time critical, it could be handled again by the same harcware 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 that software is going to play an increasingly important role
in future automotive electronics. Given that the capability of the semiconductor industry and
the IC design tools will evolve, the differentiating factor will be software.

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 approach. In 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 within the capabilities of several suppliers and
still configure the functions that are required.
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With rapid advances that are occurring in research, the technology of choice for semicon-
ductors is a moving target which can change in the present design cycle time for vehicles,
Problems for one approach can be solved, making it a viable alternative. Based on the kinds
of systems that will drive future vehicle technology, and the potential for more drive power
options—four- or two-stroke internal combustion, electric, hybrid and diesel—automobile
manufacturers will continue to look to electronics and semiconductor technology to provide
cost-effective solutions, Software will be the next frontier for semiconductor, electronics, and
automotive manufacturers.

This chapter has described 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. VII or later)

+ Morgan Stanley research

» Hansen Report on automotive electronics, published monthly

» BIS strategic decisions

» Arthur D, Little reports

» Inside IVHS, published biweekly

+ Automotive periodicals (e.g., Automotive Engineering, Automotive Industries, Automotive
News, Ward's Auto World)

* Electronics periodicals (e.g., EE Times, Electronic Design, Electronic Design News, IEEE
Spectrum) '
* Other SAE or [EEE 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 the property of their respective owners,

GLOSSARY

ASIC  Application-specific integrated circuit, an IC designed 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.

Combinational technologies 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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EMERGING TECHNOLOGIES

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

Flash Semiconductor memory, faster than EEPROM, that cav be used for permanent stor-
age and is easily electrically reprogrammed in the 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 sedarate spaces and are carried
in parallel by two separate buses.

HDL Hardware description language.

HLL High-level language, a programming language that utilizes 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 of previous levels of separate circuit designs.
Mechatronics The combination of mechanical and electronic technology as in motor controls,

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

Micromachining The chemical etching of mechanical structures in silicon, or other semicon-
ductor material, usually to produce a sensor or actuator,

Mips Miliions of instructions per second, a measurement of microprocessor throughput.
Mixed-signal ‘The combination of analog and digital circuitry in a single semiconductor process
Multiprocessing  The simultaneous execution of two or more instructions by a computer.

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

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

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

Pipeline Bus structure within an MPU 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 of a smaller number of basic machine instructicns,

Scalable  Ability of MCU or MPU architecture to be 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 comoaring microprocessor com-
puting power.
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FUTURE VEHICLE ELECTRONICS ~ 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-
tronic systems, typically used in IVHS.

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

Superscalar The 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-level circuit design developed by the U.S. Departmient of Defense,

Von Neumann (architecture) Program and data are carried sequentially on the same bus.
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ABS/ASR hydraulic units, 16.8-16.10
ABS/ASR system with brake intervention using
electric energy, 16,8
Absolute optical encoders, 3.5
Absolute position sensors, 3.2
Acceleration sensor applications, 7.18-7.22,
17.12-17.13,23.8
air bag deployment, 7.18-7.20
antilock brakes, 7.21
ride control, 7.20-7.21
vibration control, 7.21
Acceleration sensors (accelerometers), 7.4,7.8-7.22
capacitive, 7.12-7.18
closed-loop sensing 7.15-7.17
Delta sigma modulator, 7.17,7.19
mechanical, 7.8-7.10
micromachined structures, 7.12-7.13,23.8
mouating requirements, 7.19
open-loop sensing, 7.13-7.15
piezoceramic, 8.7
piezoelectric, 7.10-7.11,8.6,23.8
piezoresistive, 7.1
silicon, 8.7
single vs. multichip control circuits, 7.17-7.18
technologies chart, 7.28
Accelerometers (see Acceleration sensors)
Accumulators, 17.9-17.10
Active reaction power steering, 18,15
Active suspensions (see Suspensions, active)
Actuators, 10.1-10.34
for air bags, 10.24-10.25
for antilock braking, 10.19-10.22
basic design, 10.1
continuous operating, 13.7-13.8
de motors, design and operation, 10.12-10.15
de solenoids, 10.2
electrical, 10.16-10.17
electrohydraulic, 13.7
electromagnetic step motors, 10,9-10.11
for electronic transmission control, 10.25-10.26

Index

Actuators (Cont.):
electrorheological fluids, 10.17
electrostatic, 10.17
expansion zlements, 10.18
friction drives, positive engagement, 10.28-10.30
for fuel injection, diesel engines, 10.22-10.24
for fuel injection, spark-ignition engines, 10.22
for headlight aiming control, 10.27
hydraulic power cylinders, 17.11-17.12
magnetic principles of, 10.2-10.8
magnetostrictive, 10,15
memory alloys, 10.18
micromechanical valves, 10.27-10.28
moving coils, 10.11-10.12
for passenger safety, 10.24-10.25
piezoelectric, 10.16-10.17,17.1,17.5
pressure, 15.4
pressure, electrohydraulic, 12.26
servo, 14.4
for shock absorber damping control, 17.2
solenoids, cn-off, 10.25-10,26
solenoids, pulse-width-modulated, 10.26
solenoids, variable pressure, 10.25-10.26
steering, 18 21, 18.25-18.27,18.29
switching, 13.8
thermal, 10.17-10.18
torque motors, 10.8-10.9
for traction control, 10.19-10.22
ultrasonic motors, 10.28-10.30

Air bag sensors, 23.3-23.9

Air bags, 7.18-7.20,7.26
inflators for, 10.24-10.25
side impact. 7.26

Air conditioning/heater controls, 2.14,

513-5.14.19.15-19.20

brushless motors (BLMs), 19.15-19.17
clutch coil controls, 19.17
fuzzy HVAC controls, 19.17-19.20

Air flow sensors, 6.8-6.11

Air/fuel ratio ‘1), 6.1
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Air mass sensors, 12.18-12.19
Air pressure sensors, 2.14
Air suspensions, 17.6-17.7
Air temperature measurement, 5.7
Alternate engines, 2.12
Analog pressure control solenoids, 13.3
Analog-to-digital converters, 3.7, 11.3, 11.45-11.49
Anemometers, hot-wire, 5.6
Aneroid diaphragms, 2.17
Angle position sensors, 3.1-3.18
Anticollision systems (see Collision avoidance
systems)
Antilock braking system components, 15.9-15.11
electric motor/pumps, 15.10
electronic control units, 15.11
hydraulic modulators, 15.10
wheel speed sensors, 15.9-15.10
Antilock braking systems, 2.9,7.21,15.8-15.14
Antitheft systems, 14.1-14.8, 32.13
alarm and immobilization, 24.5
antitheft regulations, 24.2-24.3
arming and disarming methods, 24.8
basic system, 24.3-24.4
immobilizers, 24.6-24.7
typical system examples, 24.5-24.6,24 8
unauthorized entry detection, 24.5
vehicle theft circumstances, 24.1-24.2
ASR (see Traction control)
Automotive temperature measurements, 5.5-5.12

Ball-in-tube sensors, 23.4-23.5
Batteries, 5.5-5.7,5.12, 18.9,30.17-30,19
Battery sensors, 18.9
Battery temperature measurements, 5.5-3.7
Bellows (pressure) capsule, 2.15
Bimetallic switches, 5.16
Bourdon tubes, 2.15
Brake moisture sensing, 5.14
Brake system components, 15.5-15.8
boosters and master cylinders, 15.6-15.7
disc brakes, 15.5-15.6
drum brakes, 15.6
proportioning valves, 15.7-15.8
Brake torque control, 16.7-16.10
with stored energy, 16.7-16.8
without stored energy, 16.9-16.10
Braking controls, 15.1-15.16, 16.2
antilock control logic, 15.12-15.14
antilock systems, 15.8-15.14
antilock testing, 15.14
block diagram, 15,11
fundamentals, 15.1-15.8
future trends, 15.14-15.15
safety considerations, 15,11~15.12

Braking controls (Cont.):

tire-to-road interfaces, 15.1-15.3

vehicle dynamics during braking, 15.3-15.5
Braking, regenerative, 15.15

Calorimetric flow sensors, 4.5-4.6
Capacitive sensors, 2.15,2.17,5.21,7.12-7.18
humidity, 5.21
pressure, 2.17
Catalyst temperature measurement, 5.7-5.8
Catalytic converters, 5.7, 6.1-6.2
Catalytic process in exhaust gas, 6.6
Ceramic pressure sensors, 2.18
CMOS inverters, 11.23
Collision avoidance systems, 3.16,7.2,7.6,78.
7.23-7.26,32.13
Collision warning (see Collision avoidance
systems)
Combustion pressare sensors, 2.21-2.22
Conduction, 5.1
Conlact sensors, 3 2
Controls (see specific types, e.g., Engine controls)
Convection, 5.1
Convergence confzrence, 1.3
Crankshaft position sensors, 9,10
Cruise controls, 14,1-14.9
adaptive programming, 14.6
automalic cruise systems, 14.6-14.7
design, 14.6-14.7
functional elements, 14.1
future concepts, 14.7-14.8
fuzzy logic, 14.4-14.6
integration with IVHS, 14.8
microcontroller -equirements, 14.3-14.4
noise problems (EMI and RF1), 14.7
performance expectations, 14.1-14.2
safety 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, 2.11, 6.4, 9.6, 12.5, 12,18-12,20,
22.1-22.20
CARB,EPA, OBDII, 22.8-22.10
catalyst monitoring, 22.9
connector installation, 22.2-22.3,22.17
data correlation, 22.5
data exchange (150),22.10-22.15
EGR system monitoring, 22.9
engine, 9.6
evaporalive system monitoring, 22.9
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Diagnostics (Cont.):
external diagnostic access, 22.5
fault localization and storage, 22.5
fuel system monitoring, 22.9
future concepts, 22.15
history, 22.1-22.2
international standardizations, 22.10-22.15
180 documents, 22.16
legislation and standardization, 22.8-22.15
misfire detection, 22.9
off-board, 22.7-22.8
on-board,2.11,6.4,22.6-22.7
oxygen sensor monitoring, 22.9
parameter distribution, 22.5
reasons for,22.3-22.4
SAE documents, 22.16-22.17
secondary air system monitoring, 22.9
tasks in vehicles, 22.4-22.6
test equipment, 22.2
Diaphragms, 2.15,2.17
Differential Hall sensors, 3.10-3.11
Differential pressure sensors, 4.6-4.7
Differential slip modulation, 16.10-16.11
Digital period analysis (DPA), 9.8-9.13
for diagnostics, 9.11
Digital roughness controls, 9.12
timing control by, 9.8-9.10
Digital signal processing (DSP), 32.2
Display (see Instrument panel displays)
Doppler effect, 7.2

EGR flow, 4.2

Electric and hybrid vehicles, 15.15,30.1-30,26
ac drives, 30.12-30.13
acceleration, 30.3
auxiliary power, 30.21
batteries, 30.17-30.19
chargers, 30.6
climate control systems, 30.19-30.21
costs, 30.3
de drives, 30.10-30.12
history, 30.1-30.2
hybrid vehicles, 30.23-30.24
infrastructures, 30.21-30.23
insulated gate bipolar transistors (IGBTs), 32,15
maintenance lifetime, 30.3
mechanical drives, 30.15-30.16
MOSFETSs, power, 30.15
mativation to use, 30.3-30.5
motor controllers, 30.10
motor drive systems, 30.8-30.16
motors, 30.8-30.10
performance, 30.2-30,3
protection systems, 30.6-30.8

INDEX |3

Electric and hybrid vehicles (Cont.):
range, 30.2
silicon controlled rectifiers (SCRs), 30.13-30.15
speed, 30,3
switching devices, 30.13
system descriptions, 30.5-30.6
technical data chart, 304
thyristors, 30.13-30.14
transistors, power, 30.15
vehicle coatrollers, 30.19
weight, 30 3
Electromagretic compatibility, 28.1-28,19
cabling, 28.2-28.4
capacitor models, 28.4-28.7
components, 28.4-28.9
inductor models, 28.7-28.8
integrated circuit decoupling, 28.10-28.14
integrated circuit process size effects, 28.14-28,19
noise propagation modes, 28.1-28.2
printed circuit board EMC checklist, 28.9-28.10
resistor models, 28.9
Electromagnetic sensors, 3.8-3.16
Electromagnetic standards and interference
(EMI),14.7,273-27.18
electromagnetic environment, automobile elec-
fronic system, 27.13-27.17
field strength data at various vehicle locations
(tables), 27.16-27.17
IEEE standards related to EMC, 27.11-27.13
SAE autornotive EMC standards, 27.3-27.11
Emission levels for spark-ignition engines, 6.4
Energy additive flow sensors, 4.3
Energy extraztive flow sensors, 4.3
Engine contrals, 12.1-12.36
camshaft, 12,14
catalytic converter monitoring, 12.19
compressicn ignition engines, 12.32-12.36
crank and start, 12.15-12.16
diagnostics, 12.5,12.18-12.20
driveability, 12.5
dwell angle, 12.10
engine/veh cle speed, 12.14
evaporative emissions, 12.5, 12.11, 12.20
exhaust emissions, 12.1-12.4
exhaust gas recirculation (EGR), 12.14,12.20,
1235
fuel consumption, 12.4,12.5-12.15
fuel delivery, 12.35-12.36
fuel delivery systems, 12.20-12.28
fuel injection, continuous, 12.25-12.28
fuel injection strategies, 12.8
fuel injection systems, multipoint, 12.22-12.28
fuel injection systems, pulsed, 12.26
fuel injection systems, single-point, 12.21-12.22
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Engine controls (Cont.):
fuel injector pulse width, 12.7
fuel metering, 12.19. 12.27
full load, 12.17
[unctions, 12.32-12.33
glow plug, 12.35
idle speed, 12.17-12.18
ignition systems, 12,28-12.32
ignition timing, 12.10
inlet air sensing, 12.26
knock, 12.11
Lambda control, 12.9, 12,26, 12.28
Lambda sensor monitoring, 12.19
misfire detection, 12.19
modes, 12.15-12.18
objectives, 12.1
spark-ignition engines, 12.5-12.32
speed, 12.35
transient compensation, 12.17
turbocharger boost pressure, 12.12-12.14,
12.35
variable intake manifold, 12.14
warm-up, 12.16
Engine dynamometer, 9.3
Engine knock phenomenon, 8.1-8.4
CFR engine, 8.2
definition, 8.2
Draper's equation, 8.3
engine compression ratio lowering, raising,
8.3-84
gasoline octane rating, 8.2
ignition retardation, 8.4
laboratory measurements, 8.2
measurement control systems consideration, 8.4
on-board knock control, 8.3-8.4
Engine knock sensors, 8,1-8.9
accelerometers, 8.6-8.7
hydrophone, 8.8
instantaneous cylinder pressure sensor, 8.7-8.8
jerk sensors, 8.5-8.6
technologies for, 8.4-8.5
Engine time scale, 9.1
Engine torque modulation, 16.6
Entertainment products, 25.1-25.19
audio system considerations, 25.10-25.12
audio systems, contemporary, 25.5-25.12
compressors, 25.10
digital audio broadcasting, 25.12
digital compact cassette, 25.13-25.15
fundamentals of audio systems, 25,1-25.4
future trends, 25.12-25.17
graphic equalizers, 25.9-25,10
history of automotive entertainment, 25.4-25.5
limiters, 25.10

Entertainment products (Cont.):
media (AM, FM, analog cassette, compact disc),
256-25.9
MiniDisc, 25.15
radio broadeast data system, 25.12
recordable media, 25.13-15.15
signal distributicn, 25.10-15,11
signal processing, 25.9-25.10, 25.16-25.17
tone controls, 25.9
vehicle acoustics, 25.11-25.12
Exhaust emissions controls, 1.4,2.12
standards for, 1.4
Exhaust gas recirculation (EGR) flow, 4.2
Exhaust gas sensor applications, 6.18-6.20
environmental {ictors, 6.18-6.19
installation location, 6.18
mechanical stress, 6.19
sealing, 6.19
thermal shock, 6.18
thermal stress, 6,18-6.19
Exhaust gas sensors
catalytic gas, 6.2
ceramic, 6.11-6.74
emission certification, 6.19-6.20
for Lambda control, 6.5-6.11
Lambda = 1 sensors, 6.5-6.8
lean A/F sensors, 6.8-6.9
Limiting current type, 6.8-6.9
mixed potential, 6.21
Nernst type, 6.8
semiconductor gas, 6.21
stress factors, 6.19
wide-range sensors, 6.9-6.11

Fault detection for electronic components, 5.8-5.10
FETS for temperature measurement, 5.19-5.20
Fiber optic combustion pressure sensors, 2.21-2.22
Fiber optic temperature sensors, 5.20
Flow-sensing measurements 2.12
Flow sensors, 4.1-4.9
Fluid level sensing, 2.13,3.16,
Four-wheel steering systems, 18.15-18.32
active control technology, 18.30-18.32
active reaction control, block diagram, 18.16
basic principles, 18.17-18.18
classification of types, 18.18-18.21
electronic-electric control systems, 18.28-18,30
electronic-hydralic control systems, 18.22-18.24
electronic-hydraulic mechanical systems, 18.25
mechanical systems, 18.20-18.22
trends in R&D, 18.30-18.32
Fuel cells, 2.12
Fuel economy, 1.4,8.3-8.4
Fuel flow for fuel-air ratio feedback control, 4.3
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Fuel flow for gas mileage measurement, 4.2

Fuel-injection controls, 16.5

Fuel injection systems, 2.11

Fuel injectors, 4.2-4.3

Fuzzy logic applications, 2.23, 14.4-14.6, 18.15,
19.17-19.20

Gaseous flow measurement, 4.4-4.7
Gyroscope, solid-state, 7.24-7.25

Hall effect sensors, 3.9-3.11,7.2-7.4,7.24-7.25,
231
Heat battery, 5.12
Heat sensors, 5.1-5.24
Heat sources in vehicles, 5.2-5.3
Heater controls (vee Air conditioning/heater
controls)
Hooke's law shaft, 9.6
Hot-wire air flow sensors, 4.4-4.6, 5.6
Humidity effects on cars and drivers, 5.3,5.13
Humidity effects on engine performance, 5.1
Humidity measuring techniques, 5.22
Humidity sensing, 5.12-5.14
Humidity sensors, 5.21-5.22
capacitive, 5.21
oxidized porous silicon, 5.22
resistive, 5.22
HVAC systems, 2.14, 5.13-5.14
Hydraulic modulators, 15,10

Ignition systems, 1.4, 12.28-12.32, 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, 14
spark ignition, 12.29-12.30
timing, 12.28-12.29
types, 12.30-12.32
Incremental angle encoders, 3.3-3.5
Incremental optical encoder specifications, 3.4
Incremental sensors, 3.2
Inductive angle transducers, 3.11-3.13
Inductive linear displacement sensors, 3.13-3.15
Inertial sensors, 7.24-7.25
Infrared temperature sensing, 5.20
Instrument panel displays, 20.3-20,9
cathode-ray tubes, 20.6
electronic analog displays, 20.6-20.8
head-up displays, 20.6-20.8
liquid crystals, 20.4-20.6
reconfigurable displays, 20.9
vacuum fluorescents, 20.3-20.4, 20.7
Intake air mass flow. 4.1-4.2

INDEX 15

Integrated silicon pressure sensors, 2.18-2.20
Intelligent transportation systems (see Intelligent
vehicle-highway systems (IVHS))
Intelligent vehicle-highway systems (IVHS),
14.18,29.15-29.18,32.12
Advanced Public Transportation Systems
(APTS),29.17-29.18
Advanced Rural Transportation Systems
(ARTS),29.18
Advanced Traffic Management Systems
(ATMS),29.16
Advanced Traveler Information Systems
(ATIS),29.17
Advanced Vehicle Control Systems (AVCS),29.17
Commercial Vehicle Operations (CVO),29.17

Jones, Trevor, 1.3

Lambda clesed-loop control, 6.2-6.5
catalytic treatment of exhaust gases, 6.2
Lambda control ranges, 6.3

Lambda control sensors, 6.5-6.18,12.23-12.24
Lambda = 1 sensors, 6.5-6.7,6.14-6.18

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

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

Linear posttion sensors, 3.1-3.18

Linear variible differential transformers,

(LVDTs),2.15-2.16,3.14-3.15

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, 19.20-19.25
current-sznsing power FETS, 19.20-19.21
fully intezrated power devices, 19,26
future load control concepts, 19.25-19.26
microcomputer 1/0 line protection, 19.23-19.25
overvoltage, “load dump,” reverse battery,

19.21-19.23

LVDT-to-digital converter, 3.15

LVDTs, 2.15-2.16,3.14-3.15,

Magnetic diodes, 7.22

Magnetic position sensors, 3,8-3,16
Magnetic transistors, 7.22-7.23
Magnetoresistive sensors, 3.15-3.16
Magnetostrictive sensors, 3.16,7.3-7.5
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.6 INDEX

Manometers, 2.15

MAP sensors, 2.7

Mass air flow controls, 2.7

Mass air flow sensors, 4.2, 5.10-5.12

Mass flow measurement, 4.3

McCarter, Oliver, 1.3

Mechanical sensors, 7.8-7.10

Mechanical switches, 7.9

MESFETSs, 32.9

Microcomputers (see Micracontrollers)

Microcontrollers, 1.4,7.1, 11.3-11.55, 13.4-13.5,

16.11,17.8,17.12,19.7-19.8

analog-to-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, 11.34-11.36
block diagram, 11.4
bus controller, 11.11
central processing unit (CPU), 11.6-11.10
CMOS inverters, 11.23
communications, serial, 11.41-11.45
demultiplexed address/data buses, 11.31
EEPROM, 11.28-11.29
EPROM, 11.27-11.28
failsafe methodologies, 11.49-11.51
flash memories, 11.28
frequencies of operation, 11.12
future trends, 11.51-11.54
high-level language programming, 11.16
input capture, 11.39-11,40
input/output ports, high-speed, 11.36-11.41
input/autput ports, low-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/data buses, 11.29-11.31
NMOS inverters, 11.23
off-chip memories, 11.29-11.31
on-chip memories, 11.25-11.29
open-drain port pin configurations, 11.33
output compare, 11.40
pin-out diagram, 11.4
program counter, 11.9
program status word and flags, 11,10
programming languages, 11.15
pulse-width modulation, 11.40-11.41
push-pull port pin configurations, 11.32
RAM, 11.25

regisier-direct vs. accumulator-based architec-

ture, 11.8-11.9
register file, 11.7

Microcontrollers, (Cont. ):
registers, special function, 11.7
ROM, 11.26-11.27
stack and stack pointer, 11,9-11.10
lemperature ranges, 11.23-11.24
timer/counter structures, 11,37-11.39
Micromachined sensors, 7.12-7.13
Microprocessors (see Microcontrollers)
Microswitches, 3.2-3.3
Microwave sensors, 7.23-7.24
MISAR, 1.4
Misfire detectors, 9.5,22.9
MOSFETs, 5.17,32.7-32.8
Motor controllers, 30.10
Motor drive systems, 30.6-30.8
Motors, 15.10, 18.8-18,14, 30.8-30.10
MRE sensors, 7.3-1.5, 7.7
Multiplex wiring systems, 11.29-11.31,26.1-26.64
automotive bit-szrial universal interface system
(A-BUS),20.25-26.27
bit-stuf NRZ, 26 16-26.18
Chrysler collision detection (C?D), 26.31-26.34
Chrysler sensor ind control (CSC), SAE J
2058,26.39-26.43
Class A, 26,1-26.8
Class B,26.1-26.3
Class B data communication network interface,
SAE ] 1850 PWM, 26.34-26.36
Class B data communication network interface,
SAE 11850 VPWM, 26.36-26.39
Class C,26.1,26.9
conclusions, 26.53-26.55
controller area natwork (CAN), 26.27-26,29
digital data bus (D2B), 26.29-26.31
E-Manchester, 26.19-26.20
encoding techniques, 26.9-26.23
L-Manchester, 26.18-26,19
local area networks (LANs), 26.7-26.8
modified frequency modulation, 26.20
network architec:ures, background, 26.2-26.8
nodes, 26.7
protocols, 26.23-26.53
protocols, table comparing different types, 26.24
pulse-width modulation, 26.13-26.14
standard 10-bit NRZ, 26.15-26.16
time triggered protocol, 26.48-26.51
token slot protocol, SAE J 2106, 26.44-26.48
variable pulse width modulation, 26.14-26.15
vehicle area network, 26,51

Navigation aids, 29.3-29.15
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/Bosch Travelpilot, 29.10-29.12
map matching, 29.7-29.10
navigation technologies, 29.4-29.10
Oldsmobile Navigation/Information System,
29.13-29.14
radiopositioning, 29.4-29.5 s
system examples, 29.10-29.15
Toyota Electro-Multivision, 29.12-29.13
TravTek driver information system, 29.13-29.15
Neural networks, 2.23
NMOS inserters, 11,23
Noise cancellation systems, 31.1-31.11
antinoise, 31.3
cancelling exhaust noise, 31.6-31,7
controlling blower noise, 31.9
controlling engine vibration, 31,6-31.7
digital feed forward, 31.3-31.4
noise cancellation technologies, 31.3-31.4
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, 2.15,3.3-3.5,7.5-7.6

Oxidized porous silicon sensors, 3.22

Oxygen sensors, 5.8

Passenger compartment comfort, 5.13-5,14
Passenger safety and convenience, 23.3-23.14
accelerometers, 23.8
air bag monitoring, 23.5-23.6
air bag, seat belt tensioner sensor systems,
233-239
air bag systems, central, 23.6
air bag systems, distributed, 23.4-23.6
control modules, 23.8-23.9
emergency light flasher, 23.12
locking systems control, 23.12
reverse parking warner, 23.12
rollover sensors, 23.9-23.10
seat, steering wheel adjustment, 23.12
sensing algorithms, 23.8
sunroof drives, 23,11
lire pressure control systems, 23.10
window drives,23.11
Piezoceramic sensors, 8.7
Piezoelectric pressure sensors, 2.2-2.4
Piezoelectric sensors, 2.2-2.4,2.13, 2.15, 2.18,
220-221,7.10-7.11,86,17.1-173,175

INDEX 17

Piezoelectric strain gage, 2.18
Piezoresistarce sensors, 2.18,7.11
Piston gage, .15
Pitot tube flow sensors, 4.7
Plastic track sensor potentiometers, 3.7
Position sensors, 3.1-3.18
Potentiometer pressure sensors, 2.15
Potentiometer specifications, 3.63
Potentiometer lemperature sensors, 5.16
Potentiometers, 3.5-3.8
Potentiometric sensors, 2.15-2.16, 3.6-3.7, 5.16
Powell's Magic Angle, 9.2
Power measurements, large engines, 9.5
Pressure measurements, 2.3-2,14, 8.7-8.8
absolute, 23-2.4
accumulator, 2.14
air, 2.14
air bag, 2.14
barometric, 2.7
brake,2.9
combustion, 2,13
compressor discharge, 2.14
cylinder, 8,7-8.8
differential, 2.3-2.4,4.6-4.7
EGR,2.10
fuel rail, 211
gage,2.3
manifold, 2.7
oil, 2.8-2.9
overpressure occurrences, 2.11
partial, 2.14-1.15
tire, 2.10
transmissio oil, 2.9
turbo boost, 2.7
unit conversion constants, 2.4
vapor, 2.11
Pressure reguiators, 2.22
Pressure sensing requirements for vehicle
systems, 2.6
Pressure sensors, 2.3-2.25,3.2,4.647
applications, 2.5-2.15,23.10
bellows capsules, 2.15
bonded and unbonded, 2.18
Bourdon tubes, 2.15
capacitive, 2.15,2.17-2.18
deadweight testers, 2.15
diaphragms, 2.15,2.17
differential pressure, 4.6-4.7
fiber optic combustion, 2.21-2.22
fluidic transistors, 2.22-2.23
integrated silicon, 2.18-2,20
manometers, 2.15
piezoelectrie, 2.20-2.21
piezoresistive, 2.18
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1.8 INDEX

Pressure sensors (Cont.):
potentiometric strain gages, 2.15-2.16
pressure switches, 2.22
pressure valves, 2.22
regulators, 2.22
SAE specifications affecting, 2.6

Pressure switch, 2.5

Pressure valves, 2.22-2.23

Proximity sensors, 3.2

Pumps, electric-motor-driven, 15.10

Pumps, hydraulic, 18.6-18.7

Pumps, oil, 17.8

Rack-and-pinion steering, 18.9

Radar braking (see Collision avoidance systems)

Radar detection of objects (see Collision avoid-
ance systems)

Radiation, 5.1

Radio-frequency interference (RFI), 14.7

Ratiometricity, 3.6

Reliability of electronic components, 5.3-5.5

Resistive humidity sensors, 5.22

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, 7.20-7.21

Rivard, Jerry, 1.3

Road-surface sensors, 17.2-17.3

Rolamite sensors, 23.4

Rollover sensors, 23.9-23.10

Rotary variable transformers, 3.13

RTDs,5.17

Safety, 32.12-32.13

Saunders, William, 1.3

Schaller, Ted, 1.3

Seat-belt 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, 3.1-3.2

Sensor interfaces, 3.16-3.17

Sensors (see Chaps. 3-9 and specific types, e.g.,
Pressure, Resolvers)

Shock absorber damping control, 17.1-17.4

Silicon capacitive absolute pressure sensors, 2.17

Silicon controlled 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, 15.10, 16.8,18.2-18.4,
18.23-18.24
Speed density, 4.1
Speed-sensing devices, 7.2-7.6
comparison of tvpes, 7.5
Hall effect, 7.2-74
magnetic diode, 7.22
magnetic transistor, 7.22-7.23
magnetoresistive, 7.3-7.5
MRE, 7.3-7.5
optical, 7.5-7.6
tf,7.5-7.6 !
solid-state gyroscope, 7.24-7.25 |
technologies chart, 7.28 '
ultrasonic, 7.5
variable reluctance, 7.2
Weigand effect, 7.22
Speed sensor (linear) applications:
air bags, 7.26
chart of, 7.27
collision avoidance, 7.8, 7.25-7.26
inertial navigation, 7.26
ride control, 7.8
Speed sensor (rotational) applications:
ABS,78
chart of, 7.27
continuously variable transmissions, 7.24
crank angle, 7.7
cruise control, 7.8
engine speed, 7.7
four-wheel steering, 7.8,7.25
radiator cooling fan, 7.8
top dead center (TDC), 7.7
Speed sensors, 7.1-7.8,7.25-7.27,14.3.
15.9-15.10,16.11,17.1,17.5,18.2, 18.6-18.9,
18.27,18.29
Steering controls, 16.1, 18.1-18.33
(See also Four-wheel steering systems and
Variable-assist steering)
Steering sensors, 17.1,17.5-17.6,18.6-18.10, 18.12,
18.27-18.30
Strain gages, 2.18
Surface-mount devices, 13.4
Suspension contro.s, 17.1-17.19
active suspensions, 17.8-17.17
electronic leveling, 17.5-17.7
hydropneumatic suspensions, 17.4-17.5
shock absorbers, 17.1-17.4
Suspensions, active, 17.8-17.17
basic configurations, 17.8
bounce contral, 17.14-17.15,17.20
components, 17.8-17.13
controls, 17.10
pitch controls, 17.13-17.16
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Suspensions, active (Cont.):
pressure controls, 17.10-17.13
roll controls, 17.13-17.17

Switches:
bimetallic, 5.14-5.16
diagnosable, 3.3
mechanical, 7.8-7.10
micro, 3.2-3.3
pressure, 2.5-3,2-3.3

Synchro resolvers, 3.11-3.13

Temperature, effects of, 5.1
Temperature sensing requirements for vehicle
systems, 5.6
Temperature sensors, 4.4-4.6,5.14-5.21
himetallic switches, 5.14-5.16
fiber optics, 5.14, 5.20
infrared, 5.14,5.20-5.21
integrated power MOSFETS, 5.15-5.20
liquid thermometers, 5.14
potentiometers, 5.14, 5.16
RTDs, 5.14,5.17-5.18
semiconductors, 5.17-3.20
temperature indicating materials, 5.14, 5.20
thermal actuators, 5.21
thermal cooling, 5.21
thermistors, 5.14-3.15
thermocouples, 5.14, 5.16
thermostats, 5.14,5.20
Thermal actuators, 5.21
Thermal cooling, 5.21
Thermal sensors, 4.4-4.6
Thermistors, 5.7, 5.14-5.15
Thermo accumulators, 5.12
Thermocouples, 5.14, 5.16
Thermometers, 5.14
Thermostats, 5.20
Throttle-position sensors, 17.6
Throttle-valve controls, 16.5
Thyristors, 30.13-30.14
Timing control, 9.5-9.6
Tire pressure control systems, 23.10
Tire pressure sensors, 2.10
Tire temperature sensors, 5.8-5.9
Torque, inferred measurement, 9.8
Torque, instantaneous, 9.2
Torque, mean best, 9.10
Torque, quasi-steady-state, 9.2
Torque feedback control, 9.5
Torque sensors, 9.1-9.14, 18.9-18.12
ac strain gage, 9.3
capacitive twist,9.7-9.8
de,93
Hooke's law, 9.3

INDEX 19

Torque senscrs (Cont. ):
magnetic vector, 9.6-9.7
optical torique meter, 9.7
transformers, rotational, 9.4
Traction controls (ASR), 16.1-16.15
applications on heavy commercial vehicles,
16.13-16,14
components, 16.11-16.13
control mcdes, 16,6-16.11
controlled variables, 16,5-16.6
electronic zontrol units, 16.12
forces affecting wheel traction, 16.3-16.5
future trends, 16.7
optimizing stability, 16.1
optimizing stability and traction, 16.2-16.3
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, 19.2,19.4-19.7
for low-side lamp switching, 19.2-19.3,19.6
powered, 20.15
Transmission control, 13.1-13.21
adaptation to drivers, traffic, 13.16-13.17
communication with other control units,
13.17-12.18
communication protocols, 13.6
continuously variable, 13.1
diagnostics, 13.6,13.13-13.16
electronic control unit, 13.3
engine forque control during shifting, 13.10-13.12
future developments, 13.19-13.20
hardware, 13.3-13.5
lockup cor:trol, 13.14-13.15
optimization of drivetrain, 13.18-13.19
pressure control, 13.12-13.13,13.15
safety functions, 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 coraponents, 13.2-13.7
system functions, 13.7-13.17
torque converter lockup clutch, 13.2-13.4
Transmissions, continuously variable, 7.24-7.25
Trip computers, 21.1-21.6
basic system configurations, 21.1-21.3
Ford example, 21.4-21.5
General Motors example, 21.2-21.3
Turbine liquid flow sensor, 4.8
Turbochargers, 2.7

Ultrasonic sensors, 7.5,23.12
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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, 18.1-18.15
electric power steering, 18.8-18.14
electronic control unit, 18,10
electronic controls, fundamentals, 18.1
electronically controlled types, 18.1-18.2
hybrid systems, 18.6
hydraulic systems, 18.2-18.6
motor control methods, 18.11-18.14
power-saving effectiveness, 18,14
power umit, 18,10
trends in R&D, 18.15
Variable reluctance sensors, 3.8-3.9,7.2
Vehicle electronics, future, 32.1-32.23
antitheft security, 32.13
architectures of the future, 32.19-32.20
consumer demands, 32.14
CPU architectures, 32.3-32.4
design methodologies (CAD), 32.3
digital signal processing, 32.2
electronics in modern automobile control
systems, 32.2
high-frequency semiconductors, 32.9
high-temperature operation, 32,8-32.9
IC technology, 32.1-32.4
IVHS,32.12
memories, 32.4-32.5
MESFETSs, 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 of automobile electronics designers, 32.18
safety, 32.12-32.13
semiconductor packaging, 32.9-32.10
software, 32.14-32.15
system evoluticn paths, 32.15-32.18
system-level integration, 32.10-32.11

Vehicle theft alarm systems, 26,4-26.5
Vibration control, 7.21

Voltage dividers, 3.6

Volume flow measurement, 4.3
Vortex shedding flow sensor, 4.8

Wide-range A/F sensors, 6.9-6.10
dual cell, 6,10-6.11
single cell, 6.9-4.1

Wiegand effect sensors, 7.22

Windshield wiper controls, 19.9-19.15
MCU motor controls, 19.15
motor current, [9.13
motor inductance clamping, 19.11-19.13
permanent magnet motor speed contral,

19.10-19.15

permanent magnet speed control design, 19.10
power transistor specifications, 19.13-19.14
short circuit protection, 19.14-19.15
switching speed effects, 19.10-19.11

Ziomek, Joseph, 1.3
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AUTOMATIVE ELECTRONIL
HANDBDOK

Electronic devices and systems are transforming the automotive industry. In
fact. it's a reasonable estimate that soon about 15 percent of every car's value
will reside in its electronics alone.

The time is ripe for this comprehensive handbook. Inside. you'll find contri-
butions from a virtual “who's who" of experts from the world's premier compa-
nies—including Chrysler, Bosch. Honda, Nissan. and others—otfering the kind
of in-depth engineering details never before available in a single source.
There's up-to-the-minute information on virtually every electronic system and

component currently in use—along with many that are only just emerging—
including:

m Each of the individual sensors and actuators that make a cars major
control systems possible

New technologies being utilized in electric cars, intelligent-vehicle high-
way systems. and noise cancellation

The latest advances in instrument panel displays. computer systems.
safety features. antitheft devices. and more

No matter what your area of expertise or interest, this landmark reference
on automotive electronics is one you've long needed ... and one you ll surely
be consulting for many years to come.

ISBN 0-07-033189-8

||‘ » II “Il ll
9780070331891
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ENGINE MANAGEMENT FUNDAMENTALS 3

1. INTRODUCTION

What sets fuel-injection and engine-management systems
apart from other fuel delivery systems is their ability to 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-fuel mixtures, and I'll
explain how the airfuel 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 Basch
applies these principles to the design and operation of their
fuel-injection systems.

2. Basic FACTORS

First, the basics. We'll 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-fuel 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 propertion to
the amount of fuel). In internal combustion engines these
conditions are met by atomizing the fuel into tiny droplets, 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

st A = pelg i s Sk sed Ll

Flg. 2-1. By mass, it takes about 14 parts of air to support
complete combustion of 1 part of fuel. Before to-
day's concemns over fuel economy and emissions,
an air-fuel ratio somewhere close to 14:1 was good
enough.

11,5001

1l
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4 ENGINE MANAGEMENT FUNDAMENTALS

Notice that | 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 air-fuel 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 extremne 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.

e o

T

|

Fig. 2-3. Rich mixtures contain more fuel than can be com-
pletely burmed 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 (NOy) —a product of combustion at excessively high tem-
perature. They also tend to cause driveability problems. In the
extreme case, the high temperatures resulting from lean com-
bustion will cause pre-ignition — violent, untimed combustion of
the mixiure which has the potential to cause serious engine
damage.

Basic Factors

Fig. 2-4. Lean mixtures contain more air than is necessary
for combustion of the fuel. Inferior 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
alittle 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
cylinders than from the middle ones. A richer mixture was some
compensation for unequal fuel distribution.

There was another reason for setting 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.

Rich air-fuel variation

Power |
changei'

Same variation
I lean air-fuel
|
I

§ i :

w : AN Power
| g change
| &

I 3
l ¥
|
|

\

Rich =— Airfuel ratio —= Lean
BP21FUN.BCH

Flg. 2-5. Variation in a rich aif-fuel ratio makes much less
difference in power than the same variation in a lean
air-fuel ratio,
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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. Thisis
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 A (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 (\) = 1.

Fig. 2-6. The ideal or “stoichiometric” 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-steichio-
metric), lambda is greater than one. When there is a shortage
of air (air-fuel ratio richer than stoichiometric), lambda is less
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 variations in mixture influ-
ence performance, and how older carburetor systems tended
to run richer than the ideal airfuel ratio in the interest of
delivering smooth, reliable power.

While power is always a reguirement, modern fuel delivery
systemns 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 smoath, 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. Minimizing 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 order to 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.

Stoichiometric
(Ideal)
Rich Lean
Meximum
power

Air-fuel ratio=12.6:1

Lambda (A)=0.86 _~—Power
\
N\
AN
™
\\ Best fuel
est fue
Fuel—" N economy 7
consumption e =
T — —— — oS

Air-fuel ratio=15.4:1
Lambda (x)=1.05
|

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

Fig. 2-7. The air-fuel ratio which delivers maximum power is
slightly richer than stoichiometric; the one which
delivers minimurm fuel consumption is slightly more
lean than sioichiometric. The stoichiometric ratio is
a compromise which sacrifices very little of either.
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HC
2
kel
8
§ NO
73
o
b
w
-
2
a
Cco
— 1
0.9 10 i 5|
Excess-air factor h

Fig. 2-8. Stoichiometric air-uel ratio (A = 1) yields the best
compromise for control of hydrocarbon (HC), car-
bon monoxide (CO), and oxides of nitrogen (NO,)
emissions, before the catalytic converter (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 befter emission
control and better fuel economy, both important in mesting
increasingly stringent government regulation. For the owner,
fuel-injection means achieving fuel economy and emission
cantrol while preserving driveability and maximum power.

Fuel Economy - CAFE

Along with the general demand for fuel economy, each
manufacturer must consider another factor: mandated federal
standards for rated fuel economy —the Corporate Average Fuel
Economy (CAFE) standards. The industry trend in rated miles-
per-gallon (mpg) turned upward beginning in 1975, as catalytic
converters replaced engine de-tuning as a means of emission

Basic Factors

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 rising 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 stoichiometric mixture
depends on how much air rushes in.

In simplest terms, intake air flow occurs because normal
atmaospheric 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 ta atmo-
spheric pressure raises manifold pressure. So, in practice, the
amount of air that rushes into the cylinder on the intake siroke
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.

Almosphernic
pressure

== =

Open throttle
plate

High intake
anifold pressure

Intake valve

|

Incoming air

Intake stroke +——

Fig. 2-8. Atfull throttle, nearly unrestricted atmospheric pres-
Sure raises marifold pressure. Large pressure dif-
ferential between manifold and cylinders increases
air flow.
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The least intake air flow occurs when the throttle is nearly
closed. The restriction 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 air flow
is low.

Low intake
manifold pressure

Atrmospheric
pressure

= [ =
7 )

Closed throttle \
plate

Fig. 2-10. With the throtile closed, atmospheric pressure has
litle effect on manifold pressure. Low pressure
differential between manifold and cylinders results
in little 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 throtile vaive,
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 cruise along 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
rore 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 Ioad, and the resulting throttle opening, directly affect
manifold pressure. Manifold pressure in turn affects air flow and
thus fuel requirements.

2.4 Fuel Pressure

Both carburetors and fuel-injection systermns 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
frorn the bowl through the discharge nozzle, and into the intake
air stream.

Atmospheric

Discharge [
5 pressure: 14.5 psi

Alr pressure Fuel

al Venturi:
5-10 psi Main
metering
jet

Throttle valve

B222FUN.BCH

Fig. 2-11. The fuel-metering part of a carburetor operates
with small differences in pressure: fuel in the bowl
at almospheric 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, fuel-injection systems introduce
the fuel at higher pressures, anywhere from 30 to 90 psi
depending on the system and specific operating conditions.
Fuel delivery at these higher pressures ensures that the fuel is
better atomized, and it is vaporized more completely in the
airstrearn. Higher fuel pressure also makes possible more
precise control of fuel delivery.

2.5 Pressure Measurement

As | get into the specific functional details of each of the
various fuelinjection 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 airintake system, or atmospheric pressure. | 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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In any case, pressure values are always expressed in one or
more of the following units or terms. All are correct. With the
zppropriate conversion factors, all are interchangeable. Fortu-
nately, the math required to 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
100kPa. 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 symbeol 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 to convert to:
mf”m S22 ["osi | bar [ kPa  TlinHg
multiply by:
psi 145 == 00689 | 69 2.06
bar 1 145 -~ 100 29.92
kPa 100 0.145 0.01 —~ 0.299
in.Hg 29.92 0.485 0.033 3.34 =

I 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 atmespheric 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.

Basic Factors

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 to the 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). Aimost 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

1 bar (14.5 psi)

bar 0

= e . Y

bar

Standard pressure scale

Almospheric 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
cylinder—approaching zero absolute pressure, The pressure
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
reads 1 bar—normal atmospheric pressure.

Increasing load

4 _—~\Vacuum (in. Hg)

Id pressure rel

K

N Manifiok? vacLum 3. OPERATING CONDITIONS AND DRIVEABILITY
in. Hg

If I were talking about the requirements of a stationary
industrial engine, I'd expect it to operate under basically fixed
conditions: constant rpm, constant load, nearly constant tem-
perature, limited stops and starts, no acceleration, and no
heavy-footed driver. Such an engine would operate guite nicely
at a fixed air-fuel ratio. It could be easily tuned to maximize fuel
economy, and would require only the simplest of fuel systems,

: Means, .'
or 20kPa o

Cars, however, are a different story. We expect them to
perform under the widest possible variety of operating condi-
tions. And we have given “performance” a new definition it is
not only impressive horsepower and torque, but also maximum
fuel economy, and controlled exhaust emissions. As if these
performance demands were not enough, we also expect the
car to meet these demands effortlessly, at any time, under any
conditions, and at the turn of a key. We expect what has come
to be called “driveability” —the ability of the car to provide
smooth, trouble-free performance under virtually any condi-
tions while delivering power, fuel economy, and controlied
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
coniributed to rough idle, poor throttle response, stumbling
and stalling, and overall poor running. Fuel injection and more
complex engine-management systems offer ihe precise con-
trol and flexibility necessary to meet modern performance
reguirements.

To meet these demands under ditferent operating condi-
tions, the engine has different air-fuel requirements. I'll discuss
these operating conditions, the effect they have on basic air-
fuel requirements, and how the capabilities of fuel-injection and
engine-management systems are used to meet these require-
ments. 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 air-fliel 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 different 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 the engine to start instantly;
whether it's at sub-zero temperatures or parked in the desert,
too hot to 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.

Operating Conditions and Driveability

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°C), 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 195°F (90°C).

Fig. 3-1. Engine-cold temperature varies according to out-
side lemperature, Cold start means the engine has
naot run for several hours.
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Normal room

temperature

. EPA cold-start
i test

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
Io 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-
oline is less likely to vaporize when it is cold. Even if it is
adequately vaporized, some fuel condenses on the cold parts
of the engine before it can be bumed. The engine requires
exira fuel for starting so that, in spite of vaporization and
condensation problems, the engine still receives a combustible
air-fuel mixture.

What constitutes a combustible mixture depends on air
temperature, the volatility of the gasoline, altitude, 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 allow 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 ¥4 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. Fuelinjection 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 promoate 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 litile extra fuel. A
fuel-injection system sensing temperature only a little below
normal may just 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,
unable to significantly cool. Under these conditions, sometimes
called “hot soak” under-hood temperatures may exceed 250°F
(120°C).

The most important aspect of hot soak and subsequent hot
starting is the possibility of overheating the fuel. For a carbu-
reted engine this may mean boiling the fuel in the fuel bow! and
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” —vaporized fuel in the lines. Unlike fuel,
the resulting vapor in the lines is compressible, sa 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 systern 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 by adding small doses of extra fuel, 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 urning over a little slowly because of thick, cold oil in
the crankcase, or reduced battery voltage at low 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 refers to the period 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-
ment for 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 if 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 cold, 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 peried, enrichment which is appropriate for the
conditions at any given time is essential to ensure driveability.

On a carbureted engine, the choke mechanism is sensitive
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.

Operating Conditions and Driveability

For systems that have the capability to contral 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
enrichment enrichment
Time —

Flg. 3-3. Until the engine is fully warm, various degrees of
enrichment are required. Starting requires maxi-
mum enrichment, depending on engine tempera-
ture. Post-start enrichment keeps the engine run-
ning for the first 30 seconds or so. Warm-up
enrichment slowly drops off as the engine warms to
normal operating temperalure.

3.4 Idle

Our cars 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 |'ve already suggested under 3.2 Starting, a cold 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 contral, 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.
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Warm Idle

The main requirements of a warm engine running at idle
speed are smoothness, and smooth response once the throttle
is opened. Some engines require a richer mixture at idle for
smeoth running, and to ensure good off-idle response. With
ignition timing control capability, it is also possible 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 still run smoothly enough to satisfy the
driver. Reducing 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 capabillities include idle stabilization (alse
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 small compressors, increases idle speed to runthe
compressor faster {increase A/C performance)
— for large compressors, maintains idle speed by com-
pensating for added compressor load
— through A/G relay, delays compressor-clutch engage-
ment for 2 second to prevent temporary rom drop
3. In Drive:
— for smooth-idiing 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: contrals idle speed
increase to avoid inadvertent surge when driver does not
expect it

3.5 Acceleration

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—opening the throttle very quickly —places ad-
ditional demands on the system. The sudden transition from
closed throttle to open throttle produces sudden spikes in
manifold pressure. The fuel systern responds quickly to these
changes, but not instantly. Some additional fuel delivery capa-
bility 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 | 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 throitle position.

During acceleration, systems which can contral 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 cf 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

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




14 ENGINE MANAGEMENT FUNDAMENTALS

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 the transition to smooth the
response to the cut-off and resumption of fuel injection.

3.7 Altitude

At altitudes above sea level, the air is less dense; fora 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 altitude, the mixture is richer.

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

3.8 Engine Shut-Off

Engine shut-off is ancther chance to prevent wasting fuel.
Carburetors dispense fuel into the intake air stream 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-
rewing. Before the days of catalytic converters, rpm was limited
by simply cutting out the ignition when the rpm got too high.

Operating Conditions and Driveability

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-
bumed fuel into the catalytic converter,

3.10 Ignition Timing

For some of the specific operating conditions described
above, ['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-fuel
mixture. Combustion in the cylinders takes a certain amount of
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
ignite the 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 simuttaneous control of ignition
timing and fuel delivery. Controlling both factors opens up new
possibilities for power and driveability improvements while
maintaining tight control of exhaust emissions and fuel
economy.

3
&
5
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-
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é- Deceleration warm

Start Deceleration cold

cold

Idle cold
Engine speed B219FUN.BGH

Fig. 3-4. Typical ignition timing advance curve can be mod-
ified for best performance, from starting to
acceleration.
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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 hammful exhaust emis-
sions. Exhaust emission control could not have been accom-
plished as successfully 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 U.S, fuel
economy standards have tightened, fuel injection has added
both economy and power to smaller engines.

It 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 fuelinjection and engine-
management systems work,

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 harmless, and some are known to be
harmful. Three gases: hydrocarbons (HC); carbon monoxide
(CO); and oxides of nitrogen (NO,) are the most hammiful 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,

unbumed B218FUN.BCH

Flg. 4-1. The emission equation: Engine takes in fuel, oxy-
gen, and nitrogen (top). Combustion produces
harmless by-products: carbon dioxide, water, and
nitrogen (middle); and harmful pallutants: unburmed
hydrocarbons, carbon monoxide, and oxides of
nitrogen (bottom).

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 (COg); 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 CO».

Oxides of Nitrogen (NO,). (NO,) 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 2000°F (1100°C),
the nitrogen and oxygen do nat 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 inio various forms of
nitrogen oxide (NOy), 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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Flg. 4-2. Evolution of US. government-mandated emission
control standards. Jetronic fuel injection came in to
meet the early exhaust emission standards. As
limits tightened after 1980, virtually all European
cars sold in the LS. 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
unbumed gasoline; a rich mixture. But look around you on the
street; black smoke is something rarely seen on fuekinjected
cars.

Just as variations in the air-fuel ratio affect power output and
fuel consumption, they also affect exhaust emissions. As |
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 tum affects the formation of pollutants.
Too rich (too little air), and the fuel will not be completely
bumed. The unbumed fuel will enter the atmosphere as CO
and HC. Too lean (too much air), and elevated combustion
temperature increases NOx. 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. 43 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 NOy brings un-
acceplable increases in HC and CO.

Emission Control

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,
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(before converter)
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Flg. 4-3. Pollitant levels in engine exhaust change drastically
as air-fuel ratio changes. Notice the trade-off be-
tween conirol of HC and CO, and conirol of NOy,
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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 (NOy). 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 NO, 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 | 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—afterireatment.

A variety of methods of exhaust gas aftertreatment have
been employed as the allowable levels of pollutants have been
forced lower. All 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
widely 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 chern-
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 lot of heat. They were used for only a short time
in production before other methods of exhuast gas aftertreat-
ment becarne mare 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
special materials — catalysts — that promote additional chemical
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 CO and HC—add oxygen—and convert
them to COz and Hz0. Reduction catalysts work without the
addition of excess air to reduce NOy. The combination of an
oxidation catalyst and a reduction catalyst in one housing—a
dual-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. 4-4. Catalytic converter treatment of exhaust generates.
heat, so converter has heat shield 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 =
CO2 + Hp0z + N; incomplete combustion produces CO
instead of CO3; and high temperature combustion, as from a
lean mixture, combines N + Oo to form NOx.

In the three-way catalytic converter, we want to (1) add
oxygen to oxidize the HC and CO to make Hz0 and CO, and,
(2) take away oxygen to reduce NO, separate itinto N and O.

Emission Control
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You might think it's as simple as taking the oxygen away
from the NOy and 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 NQ,) to match oxidation (adding oxygen to CO and HC),
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 (\)
= 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 from &
= 1, the proportion of exhaust gases (HC, CO, & NOy) exiting
the converter changes. As the air-fuel ratio becomes leaner,
hotter combustion temperature causes increased production
of NO,. A rich mixture will produce an excess of HC and CO.

Tallplpe exhaust
(after 3-way converter)
Control limit
of fuel injectm P
e 2ok T
- NO;
B S 00
e T[ et l HC
1.05 1.10 Lambda
15.5 16.2 Air-fuel ratio

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

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

Emission Control

cant deviation from A = 1 upsets the balance of the chemical
reactions in the converter and the level of one or more pollut-
ants increases dramatically. Development of three-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 resuitant 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
fry 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
autornatic heating system is an example of closed-loop conirol.
As the temperature falls, the thermostat senses lower temper-
ature and signals the furnace to add heat. As soon as the
temperature rises 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-
ric, when lambda (the excess air factor) is within a very narrow
range around A = 1, Fuelinjection 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.
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The source ot 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.

Fig. 51. Lambda sensor, usually installed in exhaust mani-
fold, is about the size of a spark plug. Mounting
location near engine is required to maintain proper
sensor temperature.

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, conltinuously 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 skilled
technician riding under the 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 comrection range.

Control Systems
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1. GENERAL DESCRIPTION

You'll find a number of different Bosch fuel-injection 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 EFI (Electronic Fuel Injection), or AFC
(Air-Flow Controlled) injection. The pulsed systems I'll discuss
in this chapter include:

@ |-Jetronic ® | H-Motronic
® LU-Jetronic ® D-Jetronic
# | H-Jetronic ® Digifant Il

e Motronic

| use the term “pulsed" instead of “electronic” to describe
this branch of the Bosch family tree because, since 1980 the
other branch, the centinuous injection systems, also use some
electronic controls to adjust fuel metering.

This chapter begins with a general description of the main
components and operating principles 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

All of the systems in this chapter are pulsed injection sys-
tems. They meter fuel to the engine 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.

PULSED INJECTION —THEORY 3

In pulsed injection, all air entering the engine first flows
through an air-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. Motronic pulsed injection system on Porsche 944
Note air-flow sensor (1) and fuel injectors (2). Cam-
ponents may differ depending on system.

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

Fuel from fuel pump

e

Fuel
injector

Intake
manifold

meter

Confral-unit circuit
to open injectar

Other
SENSOrs

Distributor

Control
unit

Air-flow volume
signal

Flg. 1-1, Schematic of pulsed injection operation. Air-flow
meter measures air entering engine. Conirol unit
computes proportional amount of fuel required and
opens injectors.
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4 PULSED INJECTION—THEORY

Table a. Bosch Pulsed Fuel Injection Systems

Name First Measure Fuel Computer Lambda
used load pressure fno. of pins
D-Jet 1867 VW 311 manifold pressure 2.0 bar analog/25 no
pressure (29 psi)

L 1-Jet 1974 Porsche 914 air flow 2.5-3.0 bar analog/35 some
(36-43.5 psi)

LH 1-Jet 1982 Volvo air mass 2.5-3.0 bar digital/3s all
(36—43.5 psi)

Motr.ML1 1982 BMW 528e air flow 2.5-3.0 bar digital/35 all
(36—43.5 psi)

LU-Jet 1882 BMW 318i air flow 2.5-3.0 bar analog/25 all
(36—43.5 psi)

LH 2-Jet 1984 Volvo air mass 2.5-3.0 bar digital/25 all
(36—43.5 psi)

Motr.ML.3 1984 BMW/Porsche | air flow or air mass 2.5-3.0 bar digital/35 all
(36—43.5 psi)

LH-Moatr. 1988 BMW air mass 2.5-3.0 bar digital/35 all
(36435 psi)

1.2 Applications

Bosch L-Jetronic systems are installed in many makes of
cars sold in the U.S., beginning in 1974, Considering licensed
versians, L~Jetronic has the Jargest 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 original 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 timing
(LH-Motronic, KE-Motronic), so following Bosch nomenclature,
I'll use Motronic to mean the original definition: L-Jetronic fuel
injection and ignition-timing control. Why do | tell you all this? To
help steer you through the various names that auta 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.

L-Jetronic

Identifying Features

A quick way to recognize L-Jetronic systems is by the
curved housing of the air-flow sensoras shown in Fig. 2-1. Note
that's also found on most Motranic systems.

Fig. 2-1. Curved housing of air-flow sensor identifies L-
Jetronic, also most Matronic.

Depending onits mounting in the engine compartment, you
may also see the waffle 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 diagram of the systemn components.
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Pulsed systems are completely electronically controlled.
Sensors supply information to the central control unit which
then operates the port injectors. In the simplest terms, the
air-flow system measures the air intake; the fuel system deliv-
ers clean, pressurized fuel to the injectors; the control system
adjusts the amount of fuel needed for the various operating
conditions and electrically opens the fuel injectors to deliver the
fuel corresponding to air intake. In addition, somewhat sepa-
rate from the control system, is the 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,

Fig. 2-2. Walffle grid of air-flow sensor maintains a rigid inside
surface.

=
Fuel tank % Conirol

Fuel rail

2 ' el (| T
Fuel pump Fuel filter H aﬂ presaure
regulator

| Cold-start
| injector

Air termperature

EHSDF [ W 1

/ ¥ ¥ _ : Relay combination
ygen) 1 LA 7 ;
sensor | !
Nt L puxiliary air BOSCH i
i) = l RPM regulator emilli
Engine temperature o S ' I
sensor

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

L-Jetronic
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6 PULSED INJECTION—THEORY

Basic Flow Rate

The design of pulsed fuel injection is based on achieving the
ideal air-fuel ratio for normal cruise at part throttle, with 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
systemn also regulates idle speed and idle mixture,

Air-Flow Sensor

The L-Jetronic air-flow sensor is a vanedype, 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 air vane (also called an air flap) is lightly spring-loaded, and
pivots by the farce of the air flow as the throttle opens to admit
more air. See Fig. 2-4.

Control unit
Air-low
Throttle sensor

i

Air filter

Fig. 2-4. Air-flow sensor air flap measures intake air; throttle
contrals intake air.

Air-Flow Sensor Design and Operation

If 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 by manifold pres-
sure variations from the opening and closing of the intake
valves,

L-Jetronic

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 will 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 fraction 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 also
rotates, crossing a series of resistors and conductor straps on
a ceramic base, increasing resistance. See Fig. 2-6. On L-
Jetronic airflow sensors, the resistors oppose current flow from
afixed-voltage input from the control unit. As a result, the mare
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 amount of 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.
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Fig. 2-6. Under the air-flow sensor cover, you can see how
the wiper is rotated on the wiper track.

Fig. 2-7. Idle-mixiure (bypass) adjusting screw changes by-
pass of unmeasured 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 ta
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.

PULSED INJECTION—THEORY 7

Limitations of Sensor Design

What are its limitations? First, vacuum leaks can be caused
by any loose clamp or gasket, or by any slitin 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
alr 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
advice to 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, itis 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. 2-8, is electrically-driven. Fuel
enters at tank pressure through the inlet and is pressurized by
the roller cells as 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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Fuel pressure
regulator I
Fuel Fuel rall
Titer (distributor pipe)
-3
Fuel — l
pump
Fuel injector Cold-start
injector

Fig. 2-8, Fuel circulates as pressure regulator al end of fuel
rail returns unused fuel to tank.

Roller cell Motor
S_l terminal

Fuel = Fuel
inlet v ety oulet
Pressure l~Mcrlc>r Check
limiter. armalure valve
Fig. 2-9. Fuel pump and its electic motar operate sur-
rounded by fuel thal cools motor.
Pump rotar
Fuel & s Fuel
inlet = outlet
Bt Pump housing
Fig. 2-10. Operation of rollercell pump. Rotor disc is
mounted eccentrically in pump housing. When
rolor turns, the rollers are pressed outwards by
centrifugal force, and act as a circulating seal.
Fuel pressure builds as rollers and disc move fuel
through narrowing passages to outlet,
L-Jetronic

The electric mator 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 cools 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 the fuel 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 ta the
fuel pump. It is much larger than the usual carburetor fuel fifter
because clean fuel is so important to fuel-injection systems.
It is also finer. 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 mi). 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.

Paper filter— e Sesing

Support plate

Fig. 2-11. Cut-away of typical fuel filter, Filter is large and fine
pore size af 10 micrometers.

Fuel Rail

The fuel rail (also known as the distributor pipe) serves two
purposes. The first s to deliver fuel to the injectors. The second
I1s 10 stabilize fuel pressure at the injectors. You can imagine
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how the pressures change rapidly in the fue! rail as the injectors
pop open and closed. This can affect the amount of fuel
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, & 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
(distributar p|pe)_!

Injectors

Fig. 2-12. Large fuel rail reduces pulsations as injectors
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 requ-
lator valve closed. When the fuel pump turns 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.

Return to
fuel tank

Conneclion to
intake manifold

Fig. 2-13. Pressure regulator controls system pressure, Usu-
ally 2.5 bar (36 psi) above manifold pressure.
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Relative Fuel Pressure and Fuel Delivery

For each millisecond 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 also
depends on the relative pressure —the difference between fuel
pressure pushing the fuel out into the manifold, and manifold
absolute pressure pushing back, as shown in Fig. 2-14,

As you know, manifold pressure changes with throttle open-
ing. If the fuel pressure were constant for all manifold pres-
sures, then at low engine loads, with the throtile 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 relative pressure constant.

Fig. 2-14. Fressure requlator changes injection 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 barometric 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 performance 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 solenocid valves. Each injector 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 an
the tip of the needle valve helps to atomize and distribute the
fuel.

Filter

Connection to
control unit

Magnetic
winding

Solenoid

Needle
valve

O-ring

Pintle

Fig. 2-15. Injectors seal to fuel rail and to manifold by O-
fngs.

Interestingly, the injectors are electrically-hot all the time the
key is ON and the relay combination is closed. For fuel delivery,
they are grounded in the final stage of the control unit. In early
L-Jetronics (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 solenocid 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 O-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 of fuel 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.

If, when the control unit grounds the circuit, you measured
voltage at the injectors on an oscilloscope, it would look 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 to as pulse width—the
actual width of the pulse-time voltage on the screen.

Pulse time or pulse width
(in miliseconds)
A Aprox. 4 volts
| | (injector
1 I closed)
: : 0 volts
| i (grounded at control
b R unit - injector open)
Pulse period
(in degrees ot
crankshaft rotation) B174INT.BCH

Fig. 2-16. Fuel-injector voltage over time, shawing difference
between pulse time and pulse period, Voltage
supply atinjectors is always approximalely 4 volts.
Oscilloscope shows change in circuit as it is
grounded in control unit,

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 an injector 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 a cylinder is injected in
each injection. Ifthe pulse period were once per 4-stroke cycle,
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PULSED INJECTION—THEORY 11

then pulse time would increase so that all of the fuel was It's important to remember the inputs that control the basic
injected at once. injection pulse time: air-flow volume and rpm. Fig. 2-18 shows
that full-throttle injection time varies from about 6 milliseconds

To see the relationship between pulse period and pulse to 9 milliseconds, and that injection time follows the torque

time, let's take a typical engine that idles at 600 rpm and has a curve.
maximum rpm limit of 6000 rpm. Dividing each of those revs/
minute by 60 seconds, we can say the engine idles at 10 Torgue

revsfsecond, and runs max at 100 revs/second. Fig. 2-17 :_""E':ﬁm
: ; : : : ime
shows pulse period and pulse time for this engine. Each circle
represents 100 milliseconds (ms) of time. 300 8.0_|
Injection lime—\ PR 7.8

Fuel delivery
(pulse time) - 280

lorque —7

Injector closed

B0/0 M T AL o =6l

7.
- 240 oj

— 220

50 - 200
Atidle, the crankshalt rotates once in Victh of a second,
or 100 ms. That's the pulse period. The injectars open once f L | | | |
per revolution, for a pulse time of 5 ms. 1000 2000 3000 4000 5000 6000
Fuel delivery Engine rpm

B197INT.BCH

(pulse time)

Fig. 2-18. Typical pulse time in miliseconds for full-load
matches lorque 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-

50 sors, processes those signals, computes the pulse-time for the
At mid-rpm, say 3000, the crankshaft rotates in a 20 ms pulse injectors, and completes the circuits in a series of pulses to

period. Full-load delivery for maximum torque at wide-open deliver the required fuel.

throttle requires longer injection times than at maximum rpm
since at mid-rpm the engine takes In more air per stroke. But The control unit is a complicated piece of electronic equip-
a pulse time-of 16 ms easlly fits into the 20 ms pulse period. ment. If you open it—and that is not recommended — you'll find
: it full of transistors, integrated circuits, and printed circuit
uel calivery boards, as shown in Fig. 2-19. The heart of the control unitis a
(puies: dnel microprocessor chip, about the size of a thumbnail as shown in
Fig. 2-20.

20
In most cases, the control unit is sensitive to heat and

vibration, so itis usually located in the passenger compartment
30 away from the engine. A common location is the kick panel to
the right of the passenger’s feet. You may also find it behind the
glove box, under the passenger seat, or in the fresh air com-
partment under the hood.

50
Al maximum rpm, the crankshaft rotates once in Viooth of a
second. Pulse period is now 10 ms; in 100 ms the crankshaft
rotates 10 times, and the injectors open ten times. If the
pulse time is 8 ms, the injectors barely have time 1o close
before they open again,

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

L-Jetronic
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12 PULSED INJECTION—THEORY

Fig. 2-19. Control unit does the data processing for fuel-
injection management.

Fig. 2-20. The chip is the heart of the contral unit. This
integrated circuit is about the size of a thumbnail,

- Modem control units are protected from EMI (Electro-
- Magnetic Interference)—stray radio frequency sig-
- nals that can scramble the controbunit brain, I've
- heard a story about early pulsed systems, before

~ proper shielding was provided: A driver in a Volkswa-
~ gen Beetle, running on the freeway beside an 18-
- wheeler, called the truck on his CB radio. When the
- 18-wheeler answered, using CB power boosted way
~ over the legal limits, the CB signal shut down the VW
~_ engine. Story, remember, . .

S

 Fig, 2-21. Jetronic cars tested under lransmitter antenna to
L-Jetronic

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 from the ignition circuit enters the control unit through a
shaper and a divider. As shown in Fig. 2-23, from each ignition
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 revalution; for a
6-cylinder engine, it is divided by 3.

Engine speed (pm) [ Load range (thrcttle switch)
A F"' -il- .1.,. _---_.I
haj | b 5 iy, |
sl Final -—
Divider [" = ‘| stage —
& :' I“ .. ' s I A T‘ % Hiol
Division |, i injectors
control =) Multiplying stage
Imultivibrator f ;
k !_a_ L..:-'- 4 _‘., t oo Todarkt .
Engine load ti"‘gi“e t Vehicle 2::::?;
air flow) mperaiure voltage
L R 8 Air o (lambda
rate temperature SENsor)

Fig. 2-22. In corttrol unit, basic pulse time is compensated
for variables including engine temperature, air
temperature, vehicle vollage.

In the division-control multivibrator, the output of the shaper
(rem divided by two) is combined with the load-signal input
from the air-flow sensor, resulting in a basic-pulse time. This
corresponds to the basic-flow rate, the quantity of fuel to be
injected for each injector opening.

The multiplying stage processes the compensation inputs,
such as those from the two temperature sensors, engine tem-
perature and air temperature; from the throttie-switch, closed or
full-open signals. In later cars, generally those since 1980, it
also processes inputs from the lambda sensor. The control unit
calculates compensation factors, applying them to the basic
pulse-time. In most cases, this will enrich the mixture: when the
engine is cold, the injection pulse-time may be two to three
times the basic-pulse time.

Compensation for battery voltage is also necessary. This is
because battery voltage may vary from 14 volts while the
alternator is charging, to 10 volts o less during cold cranking.
The lower the battery voltage, the less power to the injector
solenoids, and the less fuel injected, perhaps during a cold
start when the engine needs it most.

In a 4-cylinder system, the final stage grounds 4 injectors at
the same time. Control units for 6-cylinder engines may have
two final stages, but they operate together, firing all injectors
simultaneously. With two injections per four-stroke cycle, each
delivery is half of the total required,
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0° (crankshatt) 360° 720°
Ignition sequence of the 1 Ll l - g : & _
cylinders and opening times  [] 3 P — ; e
of the injection valves P i | T T 2

Ignition delivers trigger pulses L_\ Ll L L L L
Pulse shaper generates rectangulal r—l F"l ’—I ’_I '_I
pulses from these trigger pulses -

Frequency divider halves the pulse =t
sequence in order to provide triggering
pulses for the injection valves

Dwision control multivibrator generates M
the basic injection time to

Muttiplying stage processes the -
correction quaniities and adaptation b ol
quantities tm correction time B r 3
is voltage cormrection time

Final stage delivers amplified
voltage pulses # for the . -
Injection valves =

i

Fig. 2-23. Each basic injection pulse-time is compensated

and comected.

Although it may seem as if the control unit passively re- In the control unit, air measurements alone could determine
ceives inputs from the sensors, in some cases its role is an the amount of fuel required for the ideal air-fuel ratio. But, as
active one, as shown in Fig. 2-24. For example: voltage output you'll see, injector opening-times are computed for many con-
from the conirol unit (terminal 5) is fed to the engine temper- ditions and air-fuel ratios, some of which depend on engine
ature sensor. The sensor reduces the flow of current back to rpm. So engine rpm is one factor in determining the basic flow
the control unit (terminal 13) which the control unit measures. rate.

The colder the engine, the more resistance, and the less
current back to the control unit. In the same manner, a voltage
signal is sent to the air-flow wiper track, and the return signal is
measured. Note that the cold-start injector, thermo-time switch,
and auxiliary-air device operate independently of the control
unit.

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 L~Jetronic injec-
tOl:S fire twice per 4-stroke cycle, or once per crankshaft revo-
lution. As you saw earlier, the total amount of fuel delivered
depends on how many injections there are per minute, and
how long the injectors are open for each injection.

L AAL -
872710 34 83 m

Fig. 2-24. Example of control-unit connections for L-Jetronic
systemn with regulated final stage and no resistors.
For component identification, see Table b below,

L~Jetronic
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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 180° 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, digital 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.

Fig. 2-25. Analog measures continuously; digital measures
in sleps, and each step is exact.

The important point is: steps versus continuous change.
See Fig. 2-26. Analog accuracy is limited, as indicated by the
curved line measuring the signal of the straight line. Butanalog
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-digital (A/D) converter. Some inputs are digital,
for example the rpm pulses from the ignition primary.

L-Jetronic

Analog Digital

B176INT.BCH

Fig. 2-26. Analog accuracy is limited by many variables;
digital limited by number of 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 handied by digital-to-
analog (D/A) converters.

Control-Unit Connectors

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

Fig. 2-27. Multiple-pin connector handles all inputs and out-
puts to control unit pins.
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Table b. Fuel-Injection Wiring Harness Terminal
Identification

Abbr. | German Word Engiish Equivalent
TE TEMPERATURFUHLER Engine-termperature
sensor, NTC Il
TZS THERMOZEITSCHALTER Thermotime switch
Ksv KALTSTARTVENTIL Start valve
EV EINSPRITZVENTIL Injector
LMM LUFTMENGENMESSER Air-flow sensor
ZLS ZUZATZLUFTSCHREIBER Auxiliary-air
device
DKS DROSSELKLAPPENSCHALTER | Throttie-valve
switch
EKP ELECTRISCHE Electric fuel
KRAFTSTOFFPUMPE pump
RK RELAISKOMBINATION Relay combination
Zs ZUNDUNG, SPULEN Ignition coil
BA BATTERIE Battery
ST MEHRFACH-STECKER Multiple-plug
to control unit

2.4 Electrical Circuits

In addition to the electronics of the control system, L-
Jetronic requires simple electrical circuits to 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 a relay, or a combination-relay. This relay
then closes to provide current to the control unit: it also feeds
the cold-start injector, and the auxiliary-air valve, Thus, do not
replace a control unit to “fix” these parts. See Fig. 2-28.

=EE=)
Relay|

e (]
+

iContral
funit |

Fig. 2-28, System power flows through relay powered by
ignition switch.

Fuel-Pump Safety Circuit

The relay also controls the fuel-pump safety circuit. The
START position of the key starts the fuel pump during cranking.
But the pump will stop running in 1-2 seconds unless it
receives a signal that the engine is turning. This helps prevent

PULSED INJECTION—THEORY 15

floading, or a fire in the event of an accident. See Fig. 2-29. In
most L-Jetronics, 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.

Key
Fuel pump “ IIIllo
B _—
i Control

unit

ot

Distributor
(rpm signal)
Air-flow
sensor
B202INT,BCH

Fig. 2-29. Pump safety circuit is usually controlled by rpm
signal from primary ignition circuit; in early L-
Jetronics, control is by air-flow sensor switch,

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

2.5 Operating Conditions

For all of the conditions 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 based on inputs from sensors that signal changesin
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

Starting

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 starting 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
unit about engine temperature and other conditions that could
affect starting. Other components inject additional fuel or allow
additional air.

Engine Temperature Sensor. The mostimportant 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 il. 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
connectior

Housing

NTC resistar

Fig. 2-30. Engine temperature sensor is a solid-stata resis-
tor, sometimes called a thermistor. NTC means
Negative Temperature Coefficient.

Suppose the engine is in the shop and has not run recently,
say for several hours, In round numbers, the resistance at
ardinary indoor temperatures is about 3Kohms (3,000 ohms). 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.

L-Jetronic

Resistance
Shop
5000 —— temperature
ohms 4=
300 1 |
o= |
68°F 176°F
(20°C) (80°C)

Temperature
B172INT.BCH

Fig. 2-31. NTC resistance is lower when engine is warm,

Control
PR unit Output
—>
Engine
temperature

Additional time
pr———— 4
Basic
pulse
time B188INT.BCH

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

On water-cooled engines, look for the engine temperature
sensor, sometimes called NTC I, to be mounted in the caoling
system, usually in a fitting near the block, or in the thermostat
housing. See Fig. 2-33. Be careful not fo 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 thermistor. The first L-Jetronic came

on an air-cooled engine, so on those, you'll find NTC Il 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 Fig. 2-34. Known as NTC |, this sensor also
hasa negative-temperature coefficient, Remember, the contral
unit sends a signal which is changed by the air temperature
sensor.Cold air, weighing more, needs more fuel, so a cold-air
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signal also adds fuel to the basic-puise 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,

e system missing from most fuel-injection engines
the Intake Air Heater, or Heated Air Cleaner. For.
emission. cortrol and driveabilfty, carbureted and
throttle-body-injected engines heat the intake air to-
pout 100°F (40°C). Warmed air tends to prevent
ndensation of the air-fuel mixture on the intake
Is, which causes stumbling and increased emis
15 from the lean mixture. Because L-Jetronic de-
the intake ports, it can compensate fuel
, enriching for cooler air without wall
the Intake Air Heater, L-Jetronic de-

\ greater density, producing more

The cold-start injector (also called the cold-start valve) is
energized during cold starting. When the key is turned to start,
arelay 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

Fig. 2-33. Engine temperature sensar (also called Temp Il or the intake manifold downstream of the throttie, as shown in Fig.
NTC Il) is often mounted in thermostat housing. In 2-35. It has an electrical connector and a fuel line. Whenever
this BMW, temperature sensor (2) is mounted with the system is pressurized, the start injector is pressurized: that
thermo-time switch (1) and engine temperature means it is under pressure whenever the engine is running,
sender (3). and for some time afterward. Why is that important? If this

injector leaks, the engine runs rich.

Fig. 2-34. This air-temperature sensor (arrow) (also called
Temp | or NTC |) signals intake air temperature.

_ Cold Starting Enrichment, There are two ways that addi- ol
tional fuel can get to the engine during cold starting. The firstis Fig. 2-35. Cold-startinjector (1) delivers fuel inta intake man-
an auxiliary or cold-start injector which is controlled by the ifold to enrich mixture for all cylinders. Electrical
thenno-t_ime switch. The second method is the Start Control connection is at 2, fuel connection at 3.
System in the control unit which adjusts the pulse time of the
fuel injectors as needed. Most L-Jetronics use the cold-start The cold-start injector is solenoid-operated, something like
injector. Some combine that with start control; and a few use the port injectors, but it holds open for seconds rather than
only start control, milliseconds. At system pressure, fuel enters through the fuel
L~Jetronic
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