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Preface

Since the introduction of electronics for emission control on engines, the
evolution of electronics in automobiles has advanced rapidly. The pace of
development has inspired five revisions of this book in roughly twenty years to
avoid obsolescence. Rarely in history have technical developments moved at
such a pace.

Electronics have become standard implementation for control on all
modern vehicles impacting virtually all automotive subsystems. Such features
as powertrain control, vehicle motion control, antilock braking systems, and
airbags could only be achieved practically through the use of electronics. These
features have become standard features in the highly competitive North
American automotive market.

The first edition of this book was devoted primarily to electronic engine
control because this was the chief application at that time. A number of
automotive systems which were discussed in the chapter on the future of
automotive electronics in the second, third, fourth, and fifth editions are now
in production. These systems are presented in the appropriate chapters of this
fifth edition. This latest edition covers the automotive subsystems
incorporating electronics except for entertainment systems. These systems have
been omitted partly due to space limitations and because automotive
entertainment systems are closely related to home entertainment systems,
which are discussed in many excellent publications.

In its revised form, this book explains automotive electronics as of 2001.
It should prepare the reader for an understanding of present as well as future
developments in this field into at least the early part of the twenty-first century.

William B. Ribbens
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AUTOMOTIVE FUNDAMENTALS 1

Automotive Fundamentals

Picture yourself in the not-too-distant future driving your new car along
a rural interstate highway on a business trip. You are traveling along one of the
new automated highways in which individual cars are controlled electronically
to maintain a fixed spacing in a lane at a preferred speed. Typically, these cars
are traveling at 70 mph and are spaced about 25 ft apart. The cars are computer
controlled via a digital communication link, including a cable buried in the
center of the “cruise” lane and follow one another in a pattern known as
platooning. Your car will automatically remain in this cruise control lane until
you approach your destination exit.

You press a button on the steering column and an image of a road map
appears faintly visible (so as not to obscure the road ahead) on the windshield
in front of you. This map shows your present position and the position of the
destination city. The distance to your destination and the approximate arrival
time are displayed on the digital instrument cluster.

You are talking on your cellular phone to your office about some changes
in a contract that you hope to negotiate. You are wearing a lightweight headset
that enables you to use the cell phone “hands free” to drive. Dialing is accom-
plished by voice command using voice recognition software in your cell phone
controller. After the instructions for the contract changes are completed, a
printer in your car generates a copy of the latest contract version.

Your spouse (in the passenger seat) is sending e-mail messages using the
on-board computer that is linked by radio to the Internet. Your son (in the rear
seat) is watching a movie via an interactive digital link, while your daughter
(also in a rear seat) is doing a math lesson from an education center with an
interactive video link.

After you finish your phone call, the onboard entertainment system starts
playing music for you at a comfortable level relative to the low-level wind and
road noise in the car. After completing your phone conversation, you press
another button on the steering wheel and the music is replaced by a recorded
lesson in French verb conjugation, which you have been studying. Suddenly,
the French lesson is interrupted by a message delivered in natural-sounding
synthesized speech. “You have fuel remaining for another 50 miles at the
present speed. Your destination is 23 miles away. Recommend refueling after
exiting the highway. There is a station that accepts your electronic credit near
the exit (you know, of course, that the electronic credit is activated by inserting
the fuel nozzle into the car). Also, the left rear tire pressure is low and the
engine control system reports that the mass air flow sensor is intermittently
malfunctioning and should be serviced soon.” After this message has been
delivered, the French lesson returns.

UNDERSTANDING AUTOMOTIVE ELECTRONICS 1
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Microelectronics

will provide many excit-
ing new features for
automobiles.

A short time later, the French lesson is again interrupted by the electronic
voice message system: “Replace the disk in the Navigation CD player with disk
number 37 for detailed map and instructions to your destination, please.”
Then the French lesson returns.

You insert the correct disk in the Navigation CD player as requested and
the map display on the windshield changes. The new display shows a detailed
map of your present position and the route to your destination. As you
approach the city limits, the car speed is automatically reduced to the legal
limit of 55 mph. The voice message system speaks again: “Leave the highway at
exit 203, which is one-half mile away. Proceed along Austin Road to the
second intersection, which is Meyer Road. Turn right and proceed 0.1 mile.
Your destination is on the right-hand side of the road. Don’t forget to
refuel.”

This scenario is not as farfetched as it sounds. All of the events described
are technically possible. Some have even been tested experimentally. The
electronic technology required to develop a car with the features described
exists today. The actual implementation of such electronic features will
depend on the cost of the equipment and the market acceptance of the
features.

USE OF ELECTRONICS IN THE AUTOMOBILE

For most people, the automobile has come to be an appliance. It is
arguably the most cost effective, most user friendly of appliances available
today. The personal computer industry likes to refer to its products as user
friendly. However if the automobile had the same user friendliness as a PC, it
would arrive in six or more large boxes and require the owner to install the
engine wheels and seats and load the programs into its various electronic
systems and the documentation would be unreadable. Moreover, in use it
would break down every 100 or so miles. This comparison is offered tongue
in cheek, but it does illustrate the relatively high reliability of modern
automobiles with their various electronic subsystems. Although its utility is
primarily for transportation, the new automobile electronics can give it a
broad range of auxiliary capabilities, as will be illustrated in this book.

EVOLUTION OF AUTOMOTIVE ELECTRONICS

Electronics have been relatively slow in coming to the automobile
primarily because of the relationship between the added cost and the benefits.
Historically, the first electronics (other than radio) were introduced into the
commercial automobile during the late 1950s and early 1960s. However, these
features were not well received by customers, so they were discontinued from
production automobiles.

UNDERSTANDING AUTOMOTIVE ELECTRONICS
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Environmental regula-
tions and an increased
need for economy have
resulted in electronics
being used within a
number of automotive
systems.

Two major events occurred during the 1970s that started the trend
toward the use of modern electronics in the automobile: (1) the introduction
of government regulations for exhaust emissions and fuel economy, which
required better control of the engine than was possible with the methods being
used; and (2) the development of relatively low cost per function solid-state
digital electronics that could be used for engine control and other applications.

Electronics are being used now in the automobile and probably will be
used even more in the future. Some of the present and potential applications
for electronics are

1. Electronic engine control for minimizing exhaust emissions and
maximizing fuel economy

2. Instrumentation for measuring vehicle performance parameters and for

diagnosis of on-board system malfunctions

Driveline control

Vehicle motion control

Safety and convenience

Entertainment/communication/navigation

AN N

Many of these applications of electronics will be discussed in this book.

CHAPTER OVERVIEW

This chapter will give the reader a general overview of the automobile
with emphasis on the basic operation of the engine, thus providing the reader
with the background to see how electronic controls have been and will be
applied. The discussion is simplified to provide the reader with just enough
information to understand automotive mechanics. Readers who want to know
the mechanics of an automobile in more detail are referred to the many books
written for that purpose.

THE AUTOMOBILE PHYSICAL CONFIGURATION

The earliest automobiles consisted of carriages (similar to those drawn by
horses) to which a primitive engine and drivetrain and steering controls were
added. Typically, such cars had a strong steel frame that supported the body of
the car. The wheels were attached to this frame by a set of springs and shock
absorbers that permitted the car to travel over the uneven road surfaces of the
day while isolating the car body from many of the road irregularities. This
same general configuration persisted in most passenger cars until some time
after World War II, although there was an evolution in car size, shape, and
features as technology permitted. Beginning in the late 1960s, government
regulations imposed severe design constraints on automobiles that led (as will
be shown) to an evolution of electronic systems in automotive design. It is this
evolution that is the primary focus of this book.

UNDERSTANDING AUTOMOTIVE ELECTRONICS 3
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For the remainder of this chapter, the basic automobile components and
systems are reviewed as they pertained to the post—World War II, preemissions-
control era. This review provides a framework within which the present day
automobile with its extensive use of electronics can be understood. In this
sense, the motivation for applying electronics to solve regulatory problems
imposed on the industry can readily be seen. Readers with a solid background
in basic automotive systems may want to skip the remainder of the present
chapter.

This early configuration is depicted in Figure 1.1, in which many of the
important automotive systems are illustrated. These systems include the
following:

Engine

Drivetrain (transmission, differential, axle)
Suspension

Steering

Brakes

Instrumentation

Electrical/electronic

Motion control

Safety

Comfort/convenience
Entertainment/communication/navigation

PO NY XN AV RN =

—_

In Figure 1.1 the frame or chassis on which the body is mounted is
supported by the suspension system. The brakes are connected to the opposite
end of the suspension components. The steering and other major mechanical
systems are mounted on one of these components and attached as necessary
through mechanical components to other subsystems.

This basic vehicle configuration was used from the earliest cars through
the late 1960s or 1970s, with some notable exceptions. The increasing
importance of fuel efficiency and government-mandated safety regulations led
to major changes in vehicle design. The body and frame evolved into an
integrated structure to which the power train, suspension, wheels, etc., were
attached.

Once again with a few notable exceptions, most cars had an engine in a
front configuration with the drive axle at the rear. There are advantages in
having the engine located in the front of the vehicle (e.g., crash protection,
efficient engine cooling). Until recently, the so-called drive wheels through
which power is delivered to the road have been the rear wheels (as depicted in
Figure 1.1). This configuration is known as rear wheel drive. For safety and
stability the front wheels are used to steer the vehicle.

This rear wheel drive configuration is not optimal from a traction
standpoint since the relatively large weight of the engine/transmission is

UNDERSTANDING AUTOMOTIVE ELECTRONICS
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Figure 1.1
Systems of the Automobile
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primarily on the front wheels. In order to take advantage of the engine weight
for traction, many present-day cars combine steering and drive wheels in the
front (i.e., so-called front wheel drive cars). In achieving front wheel drive,
certain compromises must be made with respect to complexity and steering
radius. Moreover, there is a tendency for the torque applied to the front wheels
to adversely affect steering through a phenomenon known as “torque steer.”
Nevertheless, the technology of front engine front wheel steering is quite
mature and has become commonplace in modern cars.

In front wheel drive cars the engine is mounted transversely (i.e.,
with the rotation axis orthogonal to the vehicle axis as opposed to along the
vehicle axis). In automotive parlance the traditional engine orientation is

UNDERSTANDING AUTOMOTIVE ELECTRONICS 5
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referred to as North-South, and the transverse orientation as East-West. The
transmission is mounted adjacent to the engine and oriented with its axis
parallel to the engine axis. The differential and drive axle configuration is
normally mounted in the transmission; the combined unit is thus called the
transaxle.

All of the systems listed above have been impacted by the introduction of
electronics. The evolution of these electronics has been so rapid that a book
such as this requires continuous revision to have any hope of reflecting the
latest state of the art. New applications of electronics to each of the above
systems continually supplement those already in use resulting in an
environment in which electronics represents something of the order of 20%
of the cost of a modern car.

Evolution of Electronics in the Automobile

This book explores the application of modern solid-state electronics to
the various automotive subsystems described above. In order to give the
evolution of electronics in automobiles a suitable perspective, it is helpful to
consider the history of automotive electronics. Apart from auto radios, some
turn signal models, and a few ignition systems, there was very little use of
electronics in the automobile until the early 1970s. At about this time,
government-mandated emission regulations, fuel economy, and safety
requirements motivated the initial use of electronics. The dramatic perfor-
mance improvements and relatively low cost of electronics have led to an
explosive application of electronics in virtually every automotive subsystem.
The relative cost/benefit of electronic subsystems in automobiles is largely
affected by the production volume. (Some 15 to 16 million new cars and light
trucks are sold in the United States each year.) Such a large production volume
significantly lowers the unit cost for any electronic system relative to aerospace
volumes.

SURVEY OF MAJOR AUTOMOTIVE SYSTEMS

We will be exploring these electronic systems in great detail later in this
book, but first it is helpful to review the basic mechanical configurations for
each component and subsystem. Modern automotive electronics were first
applied to control the engine in order to reduce exhaust emissions and
somewhat later to improve fuel economy. Consequently, we review the engine
configuration first in this survey.

THE ENGINE

The engine in an automobile provides all the power for moving the
automobile, for the hydraulic and pneumatic systems, and for the electrical
system. A variety of engine types have been produced, but one class of engine
is used most: the internal combustion, piston-type, 4-stroke/cycle, gasoline-

UNDERSTANDING AUTOMOTIVE ELECTRONICS
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Figure 1.2

Cutaway View of a 6-
Cylinder, Overhead-

Valve, Inline Engine

(Source: Crouse)
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fueled, spark-ignited, liquid-cooled engine. This engine will be referred to in
this book as the spark-ignited, or SI, engine.

Although rapid technological advances in the control of the SI engine
have been achieved through the use of electronics, the fundamental mechanical
configuration has remained unchanged since this type of power plant was first
invented. In addition, the introduction of modern materials has greatly
improved the packaging, size, and power output per unit weight or per unit
volume. In order that the reader may fully appreciate the performance
improvements that have been achieved through electronic controls, we
illustrate the engine fundamentals with an example engine configuration from
the pre-electronic era.

Figure 1.2 is a partial cutaway drawing of an SI engine configuration
commonly found in the period immediately following World War II. The
engine there illustrated is a 6-cylinder, overhead-valve, inline engine. Alternate
engine configurations today are either a 4-cylinder inline or a V-type engine
with either 6 or 8 cylinders (although there are exceptions). Moreover, the
materials found in present-day engines permit greatly reduced weight for a
given engine power.

Nevertheless, modern electronically controlled engines have much in
common with this example configuration. For example, the vast majority of

UNDERSTANDING AUTOMOTIVE ELECTRONICS 7
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Conventional internal
combustion engines
convert the movement
of pistons to the rota-
tional energy used to
drive the wheels.

modern engines are 4-stroke/cycle, gasoline fueled, spark ignited, normally
aspirated, and water cooled. By illustrating the fundamentals of engine
operation using the example engine of Figure 1.2, we can thus explain the
differences that have occurred with modern electronic controls.

The major components of the engine include the following:

Engine block
Cylinder
Crankshaft
Pistons
Connecting rods
Camshaft
Cylinder head
Valves

Fuel control system
10. Ignition system
11. Exhaust system
12.  Cooling system
13.  Electrical system

PN AN DN =

e

Electronics play a direct role in all aspects of controlling engine
operation, including the fuel and air flow control, ignition, exhaust and
evaporative emission systems, and diagnostic and maintenance operations as
well as many other secondary functions. It will be shown in Chapters 5, 6, and
7 that in order to meet government regulations for exhaust emissions and fuel
economy, these systems combine to optimize performance within regulatory
requirements. In the earliest days of government regulation, electronic controls
were applied to existing engine designs. However, as electronic technology
evolved, the engine mechanical configuration was influenced (at least
indirectly) by the electronic controls that were intended to be applied. The
evolution of engine control electronics is explained in Chapters 5, 6 and 7 of

this book.

Engine Block

Mechanical rotary power is produced in an engine through the
combustion of gasoline inside cylinders in the engine block and a
mechanism consisting of pistons (in the cylinders) and a linkage (connecting
rod) coupled to the crankshaft. Mechanical power is available at the
crankshaft.

The cylinders are cast in the engine block and machined to a smooth
finish. The pistons fit tightly into the cylinder and have rings that provide a
tight sliding seal against the cylinder wall. The pistons are connected to the

UNDERSTANDING AUTOMOTIVE ELECTRONICS
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Figure 1.3
Piston Connection to Crankshaft (Source: Crouse)
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crankshaft by connecting rods, as shown in Figure 1.3. The crankshaft converts
the up and down motion of the pistons to the rotary motion and the torque
needed to drive the wheels.

Cylinder Head

The cylinder head contains an intake and exhaust valve for each cylinder.
When both valves are closed, the head seals the top of the cylinder while the
piston rings seal the bottom of the cylinder. During combustion, high pressure
is devoloped in the cylinder which, in turn, produces a force on the piston that
creates the torque on the crankshaft.

The valves are operated by off-center (eccentric) cams on the camshaft,
which is driven by the crankshaft as shown in Figure 1.4. The camshaft rotates
at exactly half the crankshaft speed because a complete cycle of any cylinder
involves two complete crankshaft rotations and only one sequence of opening
and closing of the associated intake and exhaust valves. The valves are normally
held closed by powerful springs. When the time comes for a valve to open, the
lobe on the cam forces the pushrod upward against one end of the rocker arm.
The other end of the rocker arm moves downward and forces the valve open.
(Note: Some engines have the camshaft above the head, eliminating the
pushrods. This is called an overbead cam engine.)

UNDERSTANDING AUTOMOTIVE ELECTRONICS 9
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Figure 1.4

Valve Operating
Mechanism (Source:
Crouse)

Conventional SI engines
operate using four
“strokes,” with either an
up or down movement
of each piston. These
strokes are named
intake, compression,
power, and exhaust.

10

The 4-Stroke Cycle

The operation of the engine can be understood by considering the
actions in any one cylinder during a complete cycle of the engine. One
complete cycle in the 4-stroke/cycle SI engine requires two complete rotations
of the crankshaft. As the crankshaft rotates, the piston moves up and down in
the cylinder. In the two complete revolutions of the crankshaft that make up
one cycle, there are four separate strokes of the piston from the top of the
cylinder to the bottom or from the bottom to the top. Figure 1.5 illustrates the
four strokes for a 4-stroke/cycle SI engine, which are called:

1. Intake

2. Compression
3. Power

4. Exhaust

There are two valves for each cylinder. The left valve in the drawing is
called the 7ntake valve and the right valve is called the exhaust valve. The intake
valve is normally larger than the exhaust valve. Note that the crankshaft is
assumed to be rotating in a clockwise direction. The action of the engine
during the four strokes is described in the following sections.

UNDERSTANDING AUTOMOTIVE ELECTRONICS
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Figure 1.5

The Four Strokes of a
Typical Modern
Gasoline-Fueled,
Spark-Ignition Engine
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Intake

During the intake stroke (Figure 1.5a), the piston is moving from top to
bottom and the intake valve is open. As the piston moves down, a partial
vacuum is created, which draws a mixture of air and vaporized gasoline
through the intake valve into the cylinder.

It will be shown in Chapters 5, 6, and 7 that, in modern, electronically
controlled engines, fuel is injected into the intake port and is timed to coincide
with the intake stroke. The intake valve is closed after the piston reaches the
bottom. This position is normally called bottom dead center (BDC).

Compression

During the compression stroke (Figure 1.5b), both valves are closed, and
the piston moves upward and compresses the fuel and air mixture against the
cylinder head. When the piston is near the top of this stroke, the ignition
system produces an electrical spark at the tip of the spark plug. (The top of the
stroke is normally called zop dead center—TDC.) The spark ignites the air—fuel
mixture and the mixture burns quickly, causing a rapid rise in the pressure in
the cylinder.

UNDERSTANDING AUTOMOTIVE ELECTRONICS 11
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Each piston on a 4-
stroke SI engine
produces actual power
during just one out of
four strokes.

Figure 1.6
Power Pulses from a
4-Cylinder Engine

12

Power

During the power stroke (Figure 1.5¢), the high pressure created by the
burning mixture forces the piston downward. The cylinder pressure creates the
force on the piston that results in the torque on the crankshaft as described
above. It is only during this stroke that actual usable power is generated by the
engine.

Exhaust

During the exhaust stroke (Figure 1.5d), the piston is again moving
upward. The exhaust valve is open and the piston forces the burned gases from
the cylinder through the exhaust port into the exhaust system and out the
tailpipe into the atmosphere.

This 4-stroke cycle is repeated continuously as the crankshaft rotates. In a
single-cylinder engine, power is produced only during the power stroke, which
is only one-quarter of the cycle. Modern automotive engines have multiple
cylinders, each of which contributes power during its associated power stroke.
In a multicylinder engine, the power strokes are staggered so that power is
produced during a larger fraction of the cycle than for a single-cylinder engine.
In a 4-cylinder engine, for example, power is produced almost continually by
the separate power strokes of the four cylinders. The shaded regions of Figure
1.6 indicate which cylinder is producing power for each 180 degrees of
crankshaft rotation. (Remember that one complete engine cycle requires two
complete crankshaft rotations of 360 degrees each, for a total of 720 degrees.)

ENGINE CONTROL

Control of the engine in any car means regulating the power that it
produces at any time in accordance with driving needs. The driver controls

UNDERSTANDING AUTOMOTIVE ELECTRONICS



AUTOMOTIVE FUNDAMENTALS 1

Figure 1.7
Intake Manifold and
Fuel Metering
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engine power via the accelerator pedal, which, in turn, determines the setting
of the throttle plate via a mechanical linkage system. The throttle plate is
situated in the air intake system and is, in effect, a rotary valve that impedes
the air flowing past it (Figure 1.7). The intake system is an assembly of pipes
or passageways through which the air flows from outside into each cylinder.
The air flowing into the engine flows past the throttle plate, which, in fact,
controls the amount of air being drawn into the engine during each intake
stroke.

As we will show in later chapters, the power produced by the engine is
proportional to the mass flow rate of air into the engine. The driver then
controls engine power directly by controlling this air mass flow rate with the
throttle plate. As the accelerator pedal is depressed, the throttle plate rotates,
permitting air to flow at an increased rate.

Of course, the power produced by the engine depends on fuel being
present in the correct proportions. Fuel is delivered to each cylinder at a rate
that is proportional to air flow. The fuel flow rate is determined by fuel
injectors (one for each cylinder), which are operated by an electronic engine
control system as explained in Chapters 5 and 7. There it is shown that fuel
flow rate is regulated so as to minimize exhaust gas pollutant concentration. It
should be noted that before the advent of electronic engine controls fuel flow
was regulated by a device known as a carburetor (as depicted in Figure 1.7).

UNDERSTANDING AUTOMOTIVE ELECTRONICS 13
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IGNITION SYSTEM

To produce power, the gasoline engine must not only have a correct
mixture of fuel and air, but also some means of initiating combustion of the
mixture. Essentially the only practical means is with an electric spark produced
across the gap between a pair of electrodes of a spark plug. The electric arc or
spark provides sufficient energy to cause combustion. This phenomenon is
called ignition.

Once a stable combustion has been initiated, there is no further need for
the spark during any engine cycle. Typically, the spark must persist for a period
of about a millisecond (one thousandth of a second). This relatively short
period makes spark ignition possible using highly efficient pulse transformer
circuits in which a circuit having a relatively low average current can deliver a
very high-voltage (high peak power) pulse to the spark plug.

The ignition system itself consists of several components: the spark plug,
one or more pulse transformers (typically called coils), timing control circuitry,
and distribution apparatus that supplies the high-voltage pulse to the correct
cylinder.

Spark Plug

The spark is produced by applying a high-voltage pulse of from 20kV to
40kV (1kV is 1,000 volts) between the center electrode and ground. The
actual voltage required to start the arc varies with the size of the gap, the
compression ratio, and the air—fuel ratio. Once the arc is started, the voltage
required to sustain it is much lower because the gas mixture near the gap
becomes highly ionized. (An ionized gas allows current to low more freely.)
The arc is sustained long enough to ignite the air—fuel mixture.

A typical spark plug configuration is shown in Figure 1.8. The spark plug
consists of a pair of electrodes, called the center and ground electrodes, separated
by a gap. The gap size is important and is specified for each engine. The gap
may be 0.025 inch (0.6 mm) for one engine and 0.040 inch (1 mm) for
another engine. The center electrode is insulated from the ground electrode
and the metallic shell assembly. The ground electrode is at electrical ground
potential because one terminal of the battery that supplies the current to
generate the high-voltage pulse for the ignition system is connected to the
engine block and frame.

High-Voltage Circuit and Distribution

The ignition system provides the high-voltage pulse that initiates the arc.
Figure 1.9 is a schematic of the electrical circuit for the ignition system as it
existed before electronic control systems. The high-voltage pulse is generated
by inductive discharge of a special high-voltage transformer commonly called
an ignition coil. The high-voltage pulse is delivered to the appropriate spark
plug at the correct time for ignition by a distribution circuit. In a modern
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Figure 1.8
Spark Plug
Configuration

Figure 1.9
Schematic of the
Ignition Circuit
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Figure 1.10
Distributor
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engine, the breaker points have been replaced with an electronic control
module in which a power transistor controls the coil current as explained in
Chapter 5.

Before the advent of modern electronic controls, the distribution of high-
voltage pulses was accomplished with a rotary switch called the distribuzor.
Figure 1.9 shows a schematic of a typical distributor; Figure 1.10 is a typical
physical layout. The center electrode is mechanically driven by the camshaft
(via gears) and rotates synchronously at camshaft speed (i.e., one-half of
crankshaft speed). The distributor is an obsolete means for distribution of the
spark to the appropriate spark plug, and is being replaced by multiple coils,
typically one each for a pair of cylinders (or one for each cylinder), as explained

in Chapter 7.
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The distributor in a
conventional ignition
system uses a
mechanically activated
switch called breaker
points. The interruption
of ignition coil current
when the breaker points
open produces a high-
voltage pulse in the
secondary.

Once again, as in the case of fuel delivery, we explain spark distribution
in terms of the distributor and spark initiation in terms of breaker points in
order to provide a framework for the discussion of the modern distributorless
ignition systems. In this way the reader can see the benefits of the electronic
controls.

A set of electrical leads, commonly called spark plug wires, is connected
between the various spark plug center terminals and the individual terminals in
the distributor cap. The center terminal in the distributor cap is connected to
the ignition coil secondary.

Spark Pulse Generation

The actual generation of the high-voltage pulse is accomplished by
switching the current through the primary circuit (see Figure 1.9). The
mechanism in the distributor of a traditional ignition system for switching the
primary circuit of the coil consists of opening and closing the breaker points
(of a switch) by a rotary cam in the distributor (explained later). During the
intervals between ignition pulses (i.e., when the rotor is between contacts), the
breaker points are closed (known as dwell). Current flows through the primary
of the coil, and a magnetic field is created that links the primary and secondary
of the coil.

At the instant the spark pulse is required, the breaker points are
opened. This interrupts the flow of current in the primary of the coil and the
magnetic field collapses rapidly. The rapid collapse of the magnetic field
induces the high-voltage pulse in the secondary of the coil. This pulse is
routed through the distributor rotor, the terminal in the distributor cap,
and the spark plug wire to the appropriate spark plug. The capacitor absorbs
the primary current, which continues to flow during the short interval
in which the points are opening, and limits arcing at the breaker
points.

The waveform of the primary current is illustrated in Figure 1.11.

The primary current increases with time after the points close (point # on
waveform). At the instant the points open, this current begins to fall rapidly.
It is during this rapid drop in primary current that the secondary high-voltage
pulse occurs (point 4). The primary current oscillates (the “wavy” portion;
point ¢) because of the resonant circuit formed between the coil and
capacitor.

It will be shown in Chapter 7 that in electronic ignition systems the
breaker points are replaced by a solid-state switch (in the form of a transistor).
In Chapter 3 it will be shown that a transistor in saturation is equivalent to a
closed switch, and a cutoff transistor is equivalent to an open switch. It is
further explained in Chapter 7 that the transistor state (i.e., saturation or
cutoff) is controlled electronically in order to set dwell and spark
timing,.
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Figure 1.11
Primary Current
Waveform
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tion occurs, in relation
to the top dead center of
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stroke, is known as
ignition timing,.
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The mechanism for opening and closing the breaker points of a
conventional distributor is illustrated in Figure 1.12. A cam having a number
of lobes equal to the number of cylinders is mounted on the distributor shaft.
As this cam rotates, it alternately opens and closes the breaker points. The
movable arm of the breaker points has an insulated rubbing block that is
pressed against the cam by a spring. When the rubbing block is aligned with a
flat surface on the cam, the points are closed (i.e., dwell period), as shown in
Figure 1.12a. As the cam rotates, the rubbing block is moved by the lobe (high
point) on the cam as shown in Figure 1.12b. At this time, the breaker points
open (corresponding to point b of Figure 1.11) and spark occurs.

The rotary switch that connects the coil to the appropriate spark plug
wire is connected to the same shaft as the cam, thereby synchronizing the
actions of spark creation with the switching of the high-voltage pulse to each
spark plug. The distributor shaft is coupled to the camshaft and rotates at the
same speed and is positioned relative to the camshaft so that the spark occurs
at the correct time during each engine cycle to produce optimum combustion.
This relative position of distribution and camshaft is known as “ignition
timing.

IGNITION TIMING

Ignition occurs some time before top dead center (BTDC) during the
compression stroke of the piston. This time is measured in degrees of
crankshaft rotation BTDC. For a modern SI engine, this timing is typically 8
to 10 degrees for the basic mechanical setting with the engine running at low
speed (low rpm). This basic timing is set by the design of the mechanical
coupling between the crankshaft and the distributor. The basic timing may be
adjusted slightly in many older cars by physically rotating the distributor
housing, during routine maintenance.
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Figure 1.12
Breaker Point
Operation
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As the engine speed increases, the angle through which the crankshaft
rotates in the time required to burn the fuel and air mixture increases. For
this reason, the spark must occur at a larger angle BTDC for higher engine
speeds. This change in ignition timing is called spark advance. That is, spark
advance should increase with increasing engine rpm. In a conventional
ignition system, the mechanism for this is called a centrifugal spark advance.

It is shown in Figure 1.10. As engine speed increases, the distributor shaft
rotates faster, and the weights are thrown outward by centrifugal force. The
weights operate through a mechanical lever, so their movement causes a change
in the relative angular position between the rubbing block on the breaker
points and the distributor cam, and advances the time when the lobe opens the
points.

In addition to speed-dependent spark advance, the ignition timing needs
to be adjusted as a function of intake manifold pressure. Whenever the throttle
is nearly closed, the manifold pressure is low (i.e., nearly a vacuum). The
combustion time for the air—fuel mixture is longer for low manifold pressure
conditions than for high manifold pressure conditions (i.e., near atmospheric
pressure). As a result, the spark timing must be advanced for low pressure
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conditions to maintain maximum power and fuel economy. The mechanism to
do this is a vacuum-operated spark advance, also shown in Figure 1.10. The
vacuum advance mechanism has a flexible diaphragm connected through a rod
to the plate on which the breaker points are mounted. One side of the
diaphragm is open to atmospheric pressure; the other side is connected
through a hose to manifold vacuum. As manifold vacuum increases, the
diaphragm is deflected (atmospheric pressure pushes it) and moves the breaker
point plate to advance the timing. Ignition timing significantly affects engine
performance and exhaust emissions; therefore, it is one of the major factors
that is electronically controlled in the modern SI engine.

The performance of the ignition system and the spark advance
mechanism has been greatly improved by electronic control systems. Because
ignition timing is critical to engine performance, controlling it precisely
through all operating conditions has become a major application of digital
electronics, as explained in Chapter 7.

It will be shown in Chapter 7 that ignition timing is actually computed
as a function of engine operating conditions in a special-purpose digital
computer known as the electronic engine control system. This computation of
spark timing has much greater flexibility for optimizing engine performance
than a mechanical distributor and is one of the great benefits of electronic
engine control.

ALTERNATIVE ENGINES

The vast majority of automobile engines in North America are SI
engines. Alternative engines such as the diesel have simply not been able to
compete effectively with the SI engine in the United States. Diesel engines are
used mostly in heavy-duty vehicles such as large trucks, ships, railroad
locomotives, and earth-moving machinery. However, there is some use of these
engines in light-duty trucks and some passenger cars. These engines are being
controlled electronically, as explained later in this book.

Diesel Engine

Physically, the diesel engine is nearly identical to the gasoline engine and
can be either 4 stroke or 2 stroke/cycle. It consists of cylinders cast into a block
with pistons, connecting rods, crank shaft, camshaft, and valves (4-stroke
engine). Torque and power are produced during the 4 strokes as in the case of
the 4-stroke gasoline engine. The diesel engine fuel is supplied via a fuel
injection system that injects fuel either directly into the cylinder (direct
injection system) or into the intake port during the intake stroke (indirect
injection system).

Diesel engines are subject to exhaust emission regulations similar to
those applied to gasoline engines. Emissions are influenced by the timing of
fuel injection relative to the compression and power strokes. The evolution
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of electronic control of diesel engines is explained in Chapters 5, 6,
and 7.

Another alternative to the SI engine has been the Wankel, or rotary,
engine. As in the case of the diesel engine, the number of Wankel engines
has been very small compared to the SI engine. One limitation to its
application has been somewhat poorer exhaust emissions relative to the SI
engine.

Still another potential competitor to current automotive engines is the
2-stroke/cycle engine. This engine, which is similar in many respects to the
traditional engine, is a gasoline-fueled, spark-ignited, reciprocating engine. It
has achieved widespread use in lawnmowers, small motorcycles, and some
outboard marine engines. It had (at one time) even achieved limited
automotive use, though it suffered from poor exhaust emissions.

Just as in the case of the 4-stroke/cycle engine, electronic controls have
significantly improved 2-stroke/cycle engine performance relative to
mechanical controls. At the present time, it does not appear likely that the
2-stroke/cycle engine will have sufficient passenger car application in the
foreseeable future to justify its discussion in this book.

An alternative to the internal combustion engine as an automotive power
plant is electric propulsion in which the mechanical power required to move
the car comes from an electric motor. Electric propulsion of automobiles is not
new. Electric motors were used to propel cars in the early part of the twentieth
century. The necessary electric energy required was supplied by storage
batteries. However, the energy density (i.e., the energy per unit weight) of
storage cells has been and continues to be significantly less than gasoline or
diesel fuel. Consequently, the range for an electrically powered car has been
much less than that for a comparably sized IC engine-powered car.

On the other hand, the exhaust emissions coming from an electrically
powered car are (theoretically) zero, making this type of car very attractive
from a pollution standpoint. At the time of this writing, only a handful of
relatively expensive electrically powered cars are in operation, and generally
their performance and range are inferior to those of gasoline-fueled cars.

One attractive option for electrically powered cars is a combination of a
gasoline-fueled engine with an electric propulsion system. Such cars are known
as hybrid cars and can be operated either as purely electric propulsion (with
energy supplied by storage cells) or as a combination of an engine driving a
generator to supply the electric power for the motor.

A hybrid car can be operated with electric propulsion in urban areas
where exhaust emissions are required to be low (or zero) and as a gasoline-
fueled, engine-driven car in rural areas where the range advantage of the
gasoline-fueled option is superior to the electric propulsion and where exhaust
emissions are somewhat less of an issue.

The efficiency of electric propulsion is improved by raising the operating
voltage from the present-day 14-volt systems (i.e., using 12-volt-rated
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batteries). This efficiency gain is responsible in part for the evolution of car
electrical systems from the present 14-volt to 42-volt systems.

In the early years following the introduction of cars with 42-volt
electrical systems, there will be two separate electrical buses, one at 14 volts
and the other at 42 volts. The 14-volt bus will be tied to a single 12-volt
(nominal) battery. The 42-volt electrical bus will be tied to three 12-volt
batteries connected in series. The 14-volt bus will supply power to those
components and subsystems that are found in present-day vehicles including,
for example, all lighting systems and electronic control systems. The 42-volt
bus will be associated with the electric drive system of the hybrid car where it
can provide more efficient propulsion than would be possible with a 14-volt
system.

The hybrid vehicle is capable of operation in three modes in which
power comes from: (a) the engine only; (b) the electric motor only; and (c) the
combined engine and electric motor. In achieving these modes of operation,
the engine and electric motor must be coupled to the drivetrain. It is beyond
the scope of this book to discuss all of the mechanical configurations for
coupling the engine and the motor. The two major types of coupling methods
are known as a series or parallel hybrid electric car.

Rather, we consider one system that has proven effective for this coupling
in which the electric motor rotor is constructed on an extended crankshaft of
the engine. The motor stator is constructed in a housing that is part of or
attached to the engine case. The electric motor in this configuration is the
starting motor for the engine, as well as the generator/alternator for electric
power as well as the motor for the electric propulsion. Under mode (a), the
motor rotates freely and neither produces nor absorbs any power. In modes (b)
and (c), the motor receives electric power from an electronic control system
and delivers the required power to the drivetrain.

Although many electric motor types have the potential to provide the
mechanical power in a hybrid vehicle, the brushless d-c motor seems to be the
preferred type in practical application. This type of motor is described in
Chapter 6, which deals with automotive sensors and actuators.

A schematic depiction of a hybrid vehicle power train is shown in Figure
1.13. There are a variety of hybrid vehicle configurations, and the type shown
in Figure 1.13 is a representative one illustrating the main features of such a
configuration.

The power to move the vehicle can come from the engine alone, from
the battery via electric power to the motor/generator (motor in this case), or by
both acting together. The motor generator/rotor is connected on the shaft
between the crankshaft and the transaxle assembly. The engine is connected to
the transaxle by a mechanism that permits the modes of operation stated
above.

In Figure 1.13, this mechanism is denoted C and can be one of many
possible devices. In some configurations, it is an electrically activated clutch
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Figure 1.13
Example of Hybrid
Vehicle Configuration
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that disconnects the engine from the transaxle when it is switched off for
electric propulsion but connects the engine to the transaxle for engine-only
power or for combined engine electric motor operation. In other vehicles, the
engine and motor are coupled to the drivetrain via a power-splitting device
capable of controlling the power split between IC engine and electric motor.

In a typical hybrid vehicle, the relative power from the IC engine and
the electric motor is adjusted to give optimum performance during normal
driving. In those exhaust emission-sensitive geographic areas, the vehicle can be
powered solely by the electric propulsion. The distribution of power as well as
the generation of power for both systems are electronically controlled.

Yet another option for electric propulsion involves the use of fuel cells to
generate the electric power to drive the associated motors. As will be shown in
the last chapter of this book, a fuel cell uses hydrogen and oxygen to directly
generate electric power, with exhaust consisting only of water. A great many
technical problems must be solved before the fuel-cell-powered car can become
a practical reality, but this type of car has great potential for reducing
automobile-generated pollution. A detailed discussion of fuel cells for
automotive propulsion appears in the final chapter of this book.

DRIVETRAIN

The engine drivetrain system of the automobile consists of the engine,
transmission, drive shaft, differential, and driven wheels. We have already
discussed the SI engine and we know that it provides the motive power for the
automobile. Now let’s examine the transmission, drive shaft, and differential in
order to understand the roles of these devices.

Transmission

The transmission is a gear system that adjusts the ratio of engine speed to
wheel speed. Essentially, the transmission enables the engine to operate within
its optimal performance range regardless of the vehicle load or speed. It
provides a gear ratio between the engine speed and vehicle speed such that the
engine provides adequate power to drive the vehicle at any speed.
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The transmission
provides a match
between engine speed
and vehicle speed.

24

To accomplish this with a manual transmission, the driver selects the
correct gear ratio from a set of possible gear ratios (usually three to five for
passenger cars). An automatic transmission selects this gear ratio by means of
an automatic control system.

The configuration for an automatic transmission consists of a fluid-
coupling mechanism, known as a torque converter, and a system of planetary
gear sets. The torque converter is formed from a pair of structures of a
semitoroidal shape (i.e., a donut-shaped object split along the plane of
symmetry). Figure 1.14a is a schematic sketch of a torque converter showing
the two semitoroids. One of the toroids is driven by the engine by the input
shaft. The other is in close proximity and is called the turbine. Both the pump
and the turbine have vanes that are essentially in axial planes. In addition, a
series of vanes are fixed to the frame and are called the reactor. The entire
structure is mounted in a fluid, tight chamber and is filled with a hydraulic
fluid (i.e., transmission fluid). As the pump is rotated by the engine, the
hydraulic fluid circulates as depicted by the arrows in Figure 1.14a. The fluid
impinges on the turbine blades, imparting a torque to it. The torque converter
exists to transmit engine torque and power to the turbine from the engine.
However, the properties of the torque converter are such that when the vehicle
is stopped corresponding to a nonmoving turbine, the engine can continue to
rotate (as it does when the vehicle is stopped with the engine running).

The planetary gear system consists of a set of three types of gears
connected together as depicted in Figure 1.14b. The inner gear is known as the
sun gear. There are three gears meshed with the sun gear at equal angles, which
are known as planetary gears. These three gears are tied together with a cage
that supports their axles. The third gear, known as a ring gear, is a section of a
cylinder with the gear teeth on the inside. The ring gear meshes with the three
planetary gears.

In operation, one or more of these gear systems are held fixed to the
transmission housing via a set of hydraulically actuated clutches. The action of
the planetary gear system is determined by which set or sets of clutches are
activated. For example, if the ring gear is held fixed and input power (torque) is
applied to the sun gear, the planetary gears rotate in the same direction as the
sun gear but at a reduced rate and at an increased torque. If the planetary gear
cage is fixed, then the sun gear drives the ring gear in the opposite direction as
is done when the transmission is in reverse. If all three sets of gears are held
fixed to each other rather than the transmission housing, then direct drive
(gear ratio = 1) is achieved.

A typical automatic transmission has a cascade connection of a number
of planetary gear systems, each with its own set of hydraulically actuated
clutches. In an electronically controlled automatic transmission, the clutches
are electrically or electrohydraulically actuated.

Most automatic transmissions have three forward gear ratios, although a
few have two and some have four. A properly used manual transmission
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Figure 1.14a
Schematic Cross
Section of a Torque
Converter
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Figure 1.14c
Schematic of a
Differential
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normally has efficiency advantages over an automatic transmission, but the
automatic transmission is the most commonly used transmission for passenger
automobiles in the United States. In the past, automatic transmissions have
been controlled by a hydraulic and pneumatic system, but the industry is
moving toward electronic controls. The control system must determine the
correct gear ratio by sensing the driver-selected command, accelerator pedal
position, and engine load.

The proper gear ratio is actually computed in the electronic transmission
control system. Once again, as in the case of electronic engine control, the
electronic transmission control can optimize transmission control. However,
since the engine and transmission function together as a power-producing
unit, it is sensible to control both components in a single electronic controller.
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The combination of
drive shaft and
differential completes
the transfer of power
from the engine to the
rear wheels.

Drive Shaft

The drive shaft is used on front-engine, rear wheel drive vehicles to
couple the transmission output shaft to the differential input shaft. Flexible
couplings, called universal joints, allow the rear axle housing and wheels to
move up and down while the transmission remains stationary. In front wheel
drive automobiles, a pair of drive shafts couples the transmission to the drive
wheels through flexible joints known as constant velocity (CV) joints.

Differential

The differential serves three purposes (see Figure 1.14c). The most
obvious is the right angle transfer of the rotary motion of the drive shaft to the
wheels. The second purpose is to allow each driven wheel to turn at a different
speed. This is necessary because the “outside” wheel must turn faster than the
“inside” wheel when the vehicle is turning a corner. The third purpose is the
torque increase provided by the gear ratio. This gear ratio can be changed in a
repair shop to allow different torque to be delivered to the wheels while using
the same engine and transmission. The gear ratio also affects fuel economy. In
front wheel drive cars, the transmission differential and drive shafts are known
collectively as the transaxle assembly.

SUSPENSION

Another major automotive subsystem is the suspension system, which is
the mechanical assembly that connects each wheel to the car body. The
primary purpose of the suspension system is to isolate the car body from the
vertical motion of the wheels as they travel over the rough road surface.

The suspension system can be understood with reference to Figure 1.15,
which illustrates the major components. Notice that the wheel assembly is
connected through a movable assembly to the body. The weight of the car is
supported by springs. In addition, there is a so-called shock absorber (sometimes
a strut), which is in effect a viscous damping device. There is a similar assembly
at each wheel, although normally there are differences in the detailed configu-
ration between front and rear wheels.

The mass of the car body is called the sprung mass, that is, the mass that
is supported by springs. The mass of the wheel assemblies at the other end of
the springs is called unsprung mass.

All springs have the property that the deflection of the spring is propor-
tional to the applied axial force. The proportionality constant is known as the
spring rate. The springs are selected for each car such that the car body height is
as desired for the unloaded car. Typically, the weight on the front wheels is
greater than on the rear wheels, therefore, the front springs normally have a
higher spring rate than the rear.
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Figure 1.15
Major Components of
a Suspension System
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Similar to the springs, the shock absorbers (struts) also produce a force
that acts to support the weight of the car. However, unlike the springs, the
shock absorbers produce a force in response to the motion of the wheel
assembly relative to the car body. Figure 1.16 is an illustration of a typical
shock absorber.

The shock absorber consists of a cylinder and piston assembly. The
cylinder is filled with a viscous oil. There are small oil passages through the
piston through which the oil can flow. As the wheel assembly moves up and
down, the piston moves identically through the cylinder. The oil (which is
essentially incompressible) flows through the oil passages. A force is developed
in response to the piston motion that is proportional to the piston velocity
relative to the cylinder. This force acts in combination with the spring force to
provide a damping force. The magnitude of this force for any given piston
velocity varies inversely with the aperture of the oil passages. This aperture is
the primary shock absorber parameter determining the damping effect and
influencing the car’s ride and handling. In Chapter 2, the influence of the
shock absorber damping on wheel motion is explained. In Chapter 8, the
mechanism for varying the shock absorber characteristics under electronic
control to provide for variable ride and handling is explained.
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Figure 1.16
Shock Absorber
Assembly
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BRAKES

Brakes are as basic to the automobile as the engine drivetrain system and
are responsible for slowing and stopping the vehicle. Most of the kinetic energy
of the car is dissipated by the brakes during deceleration and stopping (with
the other contributions coming from aerodynamic drag and tire rolling
resistance).

There are two major types of automotive brakes: drum and disk brakes.
Drum brakes are an extension of the types of brakes used on early cars and
horsedrawn wagons. Increasingly, automobile manufacturers are using disk
brakes. Consequently, it is this type that we discuss here.

Disk brakes are illustrated in Figure 1.17. A flat disk is attached to each
wheel and rotates with it as the car moves. A wheel cylinder assembly (often
called a caliper) is connected to the axle assembly. A pair of pistons having
brakepad material are mounted in the caliper assembly and are close to the
disk.

Under normal driving conditions, the pads are not in contact with the
disk, and the disk is free to rotate. When the brake pedal is depressed,
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Figure 1.17
Disk Brake System
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hydraulic pressure is applied through the brake fluid to force the brake pads
against the disk. The braking force that decelerates the car results from friction
between the disk and the pads.

Electronic control of braking benefits safety by improving stopping
performance in poor or marginal braking conditions. Chapter 8 explains the
operation of the so-called antilock braking system (ABS).

STEERING SYSTEM

A steering system is one of the major automotive subsystems required for
operation of the car (see Figure 1.18). It provides the driver control of the path
of the car over the ground. Steering functions by rotating the plane of the front
wheels in the desired direction of the turn. The angle between the front wheel
plane and the longitudinal axis of the car is known as the steering angle. This
angle is proportional to the rotation angle of the steering wheel.

Traditionally, automotive steering systems have consisted solely of
mechanical means for rotating the wheels about a nominally vertical axis in
response to rotation of the steering wheel. The inclination of this axis gives rise
to a restoring torque that tends to return the wheels to planes that are parallel
to the vehicle’s longitudinal axis so that the car will tend to travel straight
ahead. This restoring torque provides a steering stability for the car.

When steering the car, the driver must provide sufficient torque to
overcome the restoring torque. Because the restoring torque is proportional to
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Figure 1.18
One Type of Steering
Mechanism
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the vehicle weight for any given steering angle, considerable driver effort is
required for large cars, particularly at low speeds and when parking.

In order to overcome this effort in relatively large cars, a power steering
system is added. This system consists of an engine-driven hydraulic pump, a
hydraulic actuator, and control valve. Whenever the steering wheel is turned, a
proportioning valve opens, allowing hydraulic pressure to activate the actuator.
The high-pressure hydraulic fluid pushes on one side of the piston. The piston,
in turn, is connected to the steering linkage and provides mechanical torque to
assist the driver in turning. This hydraulic force is often called steering boost.
The desired boost varies with vehicle speed, as depicted in Figure 1.19.

This graph shows that the available boost from the pump increases with
engine speed (or vehicle speed), whereas the desired boost decreases with
increasing speed. In Chapter 8, we discuss an electronic control system that
can adjust the available boost as a function of speed to desirable levels.

In addition to the automotive systems described above, electronics is
involved in the implementation of cruise control systems, heating and air
conditioning systems, as well as entertainment and some safety systems.
Moreover, electronics is responsible for introducing new systems that could, in
fact, not exist without electronics, such as navigation systems, communication
systems, and electronic diagnostic systems.

Once electronics had achieved successful application in engine control,
the ball was rolling, so to speak, for the introduction of electronics in a variety
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Figure 1.19
Desired Boost Versus
Speed
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of systems in the automobile. It will be seen that the very high cost-
effectiveness of electronics has strongly motivated their application to various
other systems.

SUMMARY

In this chapter, we have briefly reviewed the major systems of the
automobile and discussed basic engine operation. In addition, we have
indicated where electronic technology could be applied to improve
performance or reduce cost.

The next few chapters of this book are intended to develop a basic
understanding of electronic technology. Then we'll use all this knowledge to
examine how electronics has been applied to the major systems. In the last
chapter, we'll look at some ideas and methods that may be used in the future.
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Quiz for Chapter 1

1. The term 7DC refers to

5. Most automobile engines are

a. the engine exhaust system a. large and heavy

b. rolling resistance of tires b. gasoline-fueled, spark-ignited,

c. crankshaft position liquid-cooled internal
corresponding to a piston at combustion type
the top of its stroke c. unable to run at elevations

d. the distance between that are below sea level
headlights d. able to operate with any fuel

2. The distributor is

other than gasoline

a. arotary switch that connects 6. An exhaust valve is
the ignition coil to the various a. ahole in the cylinder head
spark plugs b. a mechanism for releasing the

b. asystem for smoothing tire combustion products from the
load cylinder

C. asystem that generates the c. the pipe connecting the engine
spark in the cylinders to the muffler

d. asection of the drivetrain d. asmall opening at the bottom

3. The air—fuel ratio is

of a piston

a. the rate at which combustible 7. Power is produced during
products enter the engine a. intake stroke
b. the ratio of the mass of air to b. compression stroke
the mass of fuel in a cylinder c. power stroke
before ignition d. exhaust stroke
. the ratio of gasoline to air in .
& 8. The transmission
the exhaust pipe .
. . . a. converts rotary to linear
d. intake air and fuel velocity .
d motion
ratio o
b. optimizes the transfer of
4. Ignition normally occurs engine power to the drivetrain
a. atBDC C. has four forward speeds and
b. acTDC one reverse
c. justafter TDC d. automartically selects the
d. just before TDC highest gear ratio
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9. The suspension system

a.

b.
C.

d.

partially isolates the body of a
car from road vibrations
holds the wheels on the axles
suspends the driver and
passengers

consists of four springs

10. The camshaft

a.

b.

operates the intake and
exhaust valves

rotates at the same speed as the
crankshaft

has connecting rods attached
to it

opens and closes the breaker
points
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11. An SI engine is

a.

b.
C.
d.

a type of internal combustion
engine

a Stirling engine

always fuel injected

none of the above

12. The intake system refers to

a.
b.
C.

the carburetor

a set of tubes

a system of valves, pipes, and
throttle plates

the components of an engine
through which fuel and air are
supplied to the engine
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The Systems Approach to
Control and Instrumentation

Generally speaking, electronic systems function to control, measure, or
communicate. Automotive electronic systems fall generally into these same
three application areas. The major categories of automotive electronic systems
include

[a—

Engine/power train control
Ride/handling control

Cruise control

Braking/traction control
Instrumentation (instrument panel)
Power steering control

Occupant protection
Entertainment

Comfort control

Cellular phones

Y ONAN BN

—_

Historically, automotive electronics was confined primarily to commu-
nications, with the incorporation of AM radios and police-car two-way radio
systems. These remained the only significant electronics applications
throughout the 1930s and 1940s. This was an era in which vacuum tubes were
the only important active electronic devices.

The development of solid-state electronics, beginning with the transistor
in the late 1940s and evolving through high-performance integrated circuits,
provided a technology that was compatible with the evolution of other
automotive electronic systems such as ignition systems, turn signals, instru-
mentation, and a variety of other automotive subsystems. Perhaps the biggest
evolutionary jump occurred in the 1970s with the advent of electronic fuel
control systems, a step motivated primarily by government regulations (as we
will show later). Since then the evolution of electronic systems in automobiles
has seen spectacular growth, such that automotive electronics is now estimated
to account for 10% to 25% of the cost of the vehicle, depending on feature
content.

CHAPTER OVERVIEW

This book will discuss the application of electronics in automobiles, from
the standpoint of electronic systems and subsystems. In a sense, the systems
approach to describing automotive electronics is a way of organizing the
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Systems can often be
broken down into
subsystems. The
subsystems also consist
of a number of
individual parts.
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subject into its component parts based on functional groups. This chapter will
lay the foundation for a discussion by explaining the concepts of a system and
a subsystem, and how such systems function. The means for characterizing the
performance of any system will be explained so that the reader will understand
some of the relative benefits and limitations of automotive electronic systems.
This chapter will explain generally what a system is and, more precisely, what
an electronic system is. In addition, basic concepts of electronic systems

that are applicable to all automotive electronic systems, such as structure
(architecture) and quantitative performance analysis principles, will be
discussed.

This chapter contains a few mathematical expressions. It is not necessary
to be familiar with the relevant mathematics to understand the material
presented in this chapter. The mathematics is included to supplement the
associated discussion with details for those who have an appropriate background.

Two major categories of electronic systems—analog or continuous time
and digital or discrete time—will be explained. In most cases, it is theoretically
possible to implement a given electronic system as either an analog or digital
system. The relatively low cost of digital electronics coupled with the high
performance achievable relative to analog electronics has led modern
automotive electronic system designers to choose digital rather than analog
realizations for new systems.

CONCEPT OF A SYSTEM

A system is a collection of components that function together to perform
a specific task. Various systems are encountered in everyday life. It is common
practice to refer to the bones of the human body as the skeletal system. The
collection of highways linking the country’s population centers is known as the
interstate freeway system.

Electronic systems are similar in the sense that they consist of collections
of electronic and electrical parts interconnected in such a way as to perform a
specific function. The components of an electronic system include transistors,
diodes, resistors, and capacitors, as well as standard electrical parts such as
switches and connectors among others. All of these components are intercon-
nected with individual wires or with printed circuit boards. In addition, many
automotive electronic systems incorporate specialized components known as
sensors or actuators that enable the electronic system to interface with the
appropriate automotive mechanical systems.

Any electronic system can be described at various levels of abstraction,
from a pictorial description or a schematic drawing at the lowest level to a
block diagram at the highest level. For the purposes of the present discussion,
this higher-level abstraction is preferable. At this level, each functional
subsystem is characterized by inputs, outputs, and the relationship between
input and output. Normally, only the system designer or maintenance
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The designer of a system
often begins with a
block diagram, in which
major components are
represented as blocks.

technician would be concerned with detailed schematics and the internal
workings of the system. Furthermore, the only practical way to cover the vast
range of automotive electronic systems is to limit our discussion to this
so-called system level of abstraction. It is important for the reader to realize
that there are typically many different circuit configurations capable of
performing a given function.

BLOCK DIAGRAM REPRESENTATION OF A SYSTEM

At the level of abstraction appropriate for the present discussion, an
electronic system will be represented by a block diagram. Depending on
whether a given electronic system application is to (a) control, (b) measure, or
(c) communicate, it will have one of the three block diagram configurations
shown Figure 2.1.

In block diagram architecture, each functional component or subsystem
is represented by an appropriately labeled block. The inputs and outputs for
each block are identified. In electronic systems, these input and output
variables are electrical signals, except for the system input and system output.
One benefit of this approach is that the subsystem operation can be described
by functional relationships between input and output. There is no need to
describe the operation of individual transistors and components within the
blocks.

Figure 2.1a depicts the architecture or configuration for a control
application electronic system. In such a system, control of a physical subsystem
(called the plant) occurs by regulating some physical variable (or variables)
through an actuator. An actuator has an electrical input and an output that
may be mechanical, pneumatic, hydraulic, chemical, or so forth. The plant
being controlled varies in response to changes in the actuator output. The
control is determined by electronic signal processing based on measurement of
some variable (or variables) by a sensor in relationship to a command input by
the operator of the system (i.e., by the driver in an automotive application).

In an electronic control system, the output of the sensor is always an
electrical signal (denoted ¢ in Figure 2.1). The input is a physical variable in
the plant being controlled. The electronic signal processing generates an
output electrical signal (denoted ¢, in Figure 2.1) that operates the actuator.
The signal processing is designed to achieve the desired control of the plant in
relation to the variable being measured by the sensor. The operation of such a
control system is described later in this chapter. At this point, we are interested
only in describing the control system architecture. A detailed explanation of
electronic control is presented later in this chapter.

The architecture for electronic measurement (also known as instru-
mentation) is similar to that for a control system in the sense that both
structures incorporate a sensor and electronic signal processing. However,
instead of an actuator, the measurement architecture incorporates a display
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Figure 2.1
Block Diagrams for Various System Applications
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device. A display is an electromechanical or electro-optical device capable of
presenting numerical values to the user (driver). In automotive electronic
measurement, the display is sometimes simply a warning light with a fixed
message rather than a numeric display. Nevertheless, the architecture is as
shown in Figure 2.1b. It should be noted that both control and instru-
mentation electronic systems use one or more sensors as well as electronic
signal processing.

Figure 2.1c depicts a block diagram for a communication system. In such
a system, data or messages are sent from a source to a receiver over a commu-
nication channel. This particular architecture is sufficiently general that it can
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accommodate all communication systems, from ordinary car radios to digital
data buses between multiple electronic systems on cars. Communication
systems are described in greater detail later in this chapter.

ANALOG SYSTEMS

Although digital electronic systems are rapidly replacing analog systems
in automotive electronics, it is simpler to describe analog systems first since
they can generally be understood more intuitively than digital systems.
Considering control and instrumentation applications, the sensor converts the
input variable to a proportional electrical signal continuously. That is, as the
input quantity varies, the sensor output voltage varies proportionately. In
mathematical terms, letting x be the amplitude of the input quantity (e.g.,
pressure, displacement, or temperature), the output voltage of an ideal sensor
(denoted v) is continuously proportional to x:

v=rkx

In this expression, &, represents the so-called mransducer gain of the sensor.

Figure 2.2 illustrates the operation of an ideal pressure sensor, in which x
is the pressure of a fluid and v is the sensor output voltage. The graph seen in
Figure 2.2a shows this pressure as it varies with time; Figure 2.2b shows the
corresponding ideal sensor output voltage. In this example, at every instant of
time the sensor output voltage is a multiple of the input pressure; the transducer
gain is .02 volts/kPa.

In a control system using this sensor, the signal processing component
should perform an operation on this voltage and generate an output e, to drive
the actuator. The signal processing is designed to create the correct actuator
voltage at each instant to achieve the desired control. There are many examples
of such a system in automotive electronic systems. One of the most important
points of this analog system is that the system functions continuously with time.

An Example Analog System

Perhaps the most familiar example of an analog electronic system is the
home audio entertainment system. Figure 2.3 depicts such a system that
includes a phonograph record. This example system incorporates a sensor, an
electronic signal processor, and an actuator. Although the phonograph has
been replaced by other recording means, it is common enough to be familiar to
most readers. Moreover, it is, perhaps, more easily understood than other
recording media such as magnetic tape or compact discs.

In this system, the input is the mechanical vibration of the phonograph
needle as it tracks along the groove in the record. The sensor is the phonograph
cartridge that converts these mechanical vibrations to an analog electrical
signal. This electrical signal, which is too weak to drive the loudspeakers (the
actuators in the present example) at an acceptable audio level, is amplified in
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Figure 2.2

Ideal Pressure Sensor

200

—
wn
o

PRESSURE (KPA) X
=)
[} (@]

0.2 0.4 0.6 0.8 1 1.2
(a) TIME (SEC)

SENSOR VOLTAGE V

0.2 0.4 0.6 0.8 1 1.2
(b) TIME (SEC)

40

the stereo amplifier. The amplifier increases the power level to a point at which
it can drive the loudspeakers. In mathematical terms, if the power level input
to the amplifier is 2, then the power output to the speakers (denoted P,) is an
amplified version of the input:

I, =GP,

where G is the power gain of the amplifier. That is, the input power is
continuously amplified by the amplifier by a factor of G.

CHARACTERISTICS OF A DIGITAL ELECTRONIC SYSTEM

In contrast to an analog electronic system that operates in continuous
time, a digital system operates in discrete instants of time. This process of
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Figure 2.3
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representing a continuous-time quantity at specific discrete times is called
sampling and is illustrated in Figure 2.4.

Conceptually, a sample of a continuously varying quantity is obtained by
connecting a switch between the output of a suitable sensor and the input to
the digital electronic system. This hypothetical switch is periodically closed for
a very brief instant (e.g., 1 microsecond) and then opened for a longer period
(e.g., 1 millisecond). During the brief time the switch is closed, the input to
the digital system is the value of the sensor output, which represents a sample
of the quantity being measured. In practice, this switch is implemented by fast-
acting solid state components (discussed later).

Figure 2.4a illustrates a continuously varying quantity that is denoted x
(which might, for example, be intake manifold pressure). This continuous-
time quantity is sampled electronically at times that are multiples of a basic
sample period. Figure 2.4a depicts the sample points of the continuous

UNDERSTANDING AUTOMOTIVE ELECTRONICS 41



THE SYSTEMS APPROACH TO CONTROL AND INSTRUMENTATION

Figure 2.4
Sampling of a Continuous Variable
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pressure as asterisks. Each sample is the value of the continuous variable at a
specific (discrete) time. A sequence of samples is presented to the signal
processor at the corresponding sample times. The sequence of samples is
shown in Figure 2.4b. In a digital electronic system, the signal processing is
performed by some form of digital computer. This computer requires time to
perform its computations. The time between samples provides an interval in
which the necessary computations are performed.

The time between any successive samples is normally a constant known
as sample time. The reciprocal of the sample time is the rate at which samples
are taken (i.e., the number of samples/second) and is known as the sample

[requency.
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Sample time is a critically important parameter for any digital system and
is chosen with great care by the system designer. It must be sufficiently long to
enable the computer to perform its computations on any given sample before
the next sample is taken, or the computer cannot keep up with the data stream
in real time. On the other hand, if the sample time is too long, then the input
might change too much for the sampled data to adequately represent the
continuous quantity being sampled. The time required for computation on
each sample is influenced in part by the processor speed and by the efficiency
of the program being used to perform the computations. This aspect of
performance is discussed in greater detail in Chapter 4.

The sampled data illustrated in Figure 2.4b are in a sampled analog
format. This format is not compatible with a digital system. One more step,
called quantization, is required to convert the sampled analog data into data
that can be read by the computer. In a digital electronic system, each sample is
represented numerically by its magnitude. For example, a sequence of samples
of a continuous quantity might be {0.9, 1.1, 1.6, 2.3, 1.5, 1.2, . . .}. However,
computers don’t use decimal number systems since there is no practical way to
represent decimal digits. Rather, computers use a binary number system that is
based on 2 rather than 10. In a binary number system, each numerical value is
represented by a combination of ones or zeros. For example, the decimal
number 11 is represented by 1011. This system will be described in greater
detail in Chapter 3, but for the present, it is sufficient to understand that each
sample is converted to a binary number in the form of combinations of one or
zero. Chapter 3 will explain that this binary system is appropriate for a
computer, in which ones and zeros correspond to transistors that are either
“on” or “off,” respectively. By having a sufficient number of transistors, it is
possible to represent any possible numerical value.

The circuit that converts sampled analog data to binary values is called an
analog-to-digital converter (ADC). It is also sometimes called a guantizer. When
the computer has finished calculations on a given sample, it outputs a
numerical value to an external device in the form of a binary number. If that
device is analog, as in the case of an actuator for a control system, the output
binary number must be reconverted to analog format. This conversion is done
in a device known as a digital-to-analog converter (DAC). The two types of
converters are explained in detail in Chapter 4. Not all digital electronic
systems require converters, because some sensors and actuators are digital
already. Except for these cases, a digital electronic system for either control or
instrumentation has a block diagram as depicted in Figure 2.5.

ELECTRONIC SYSTEM PERFORMANCE

The performance of an electronic system is evaluated by quantitative
descriptions of how well it performs its intended task and inherently uses
numerical representation (e.g., parameters and graphs). The home audio
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Figure 2.5
Digital Control (a) or Measurement (b) System Configuration
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system, which has been mentioned previously as a familiar example of an
electronic system, will serve as an example for performance analysis.

The performance of a high-fidelity home audio system is described by
such characteristics as frequency response, maximum power level, harmonic
distortion, and linearity (as well as other characterizations that are specific to
an audio system). The “fidelity” of an audio system, which expresses how well
it reproduces the sounds from the source, is best given by its frequency
response. Unwanted distortion of the sound is characterized by harmonic
distortion and linearity. Similar measures are also appropriate and useful for
characterizing an electronic system.

The performance of any electronic system (analog or digital) is determined
by its various components—transistors, resistors, capacitors, sensors, actuators,
displays, and so forth—as well as by the system architecture or interconnections
of its components. For a digital electronic system, performance is further
determined by the computer program (software) that is running in the
associated computer. The system designer makes careful choices for the
system structure as well as for the parameter values (e.g., resistance or
capacitance) to tailor the specific system performance to the specifications of a
given task.

Just as in the case of a hi-fi audio system, the fidelity of an automotive
electronic system to dynamically changing inputs is given by its frequency
response. Specifically, this is the response of the system to a standard input
called a sinusoid. The standard input is a smoothly varying periodic quantity as
illustrated by the graph in Figure 2.6.

The input fluctuates through a complete cycle beginning at zero,
increasing positively to a maximum, then moving symmetrically negatively
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Figure 2.6
Sinusoidal Signal
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back to zero in 7'seconds. It then repeats periodically in intervals of 7 seconds.
The frequency fof the input is the number of cycles in one second, or

fF=1r
In mathematical terms, a sinusoidal input x(#) is given by the following
equation:

x(¢) = X sin(2mf?)
where

X=amplitude of the input
[ = frequency
¢t =time
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Figure 2.7
lllustration of Steady-State Input and Output of a System
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The output of an electronic system from a sinusoidal input is also
sinusoidal at the same frequency, as depicted by the graphs in Figure 2.7, in
which the solid curve is the input and the dashed curve the output.

The frequency response of an electronic system is defined as the ratio of the
peak amplitude of the output (denoted Y) to the peak amplitude of the input
(denoted X). Notice that there is a time delay in the response of the system
relative to the input, corresponding to the difference in zero crossing of the
input and output.

In formal mathematical terms, the output y(¢) is given by

y(¢) =Y sin[2nf (¢t — d)]
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where

Y= amplitude of the output
d = time delay

The system frequency response, denoted #, is formally defined as follows:
H=Y/X

The delay is expressed as a fraction of the period, called the phase, and is
usually denoted by the Greek letter phi ():

o=2md/T
=2nfd

For an electronic system that is ideal with respect to its dynamic
performance, the frequency response is a constant for all frequencies. In
practice, the frequency response varies with frequency. A graph of the
frequency response of a typical electronic system is shown in Figure 2.8.

In this example, the frequency response is close to ideal (i.e., constant)
over a range of frequencies from frequency f to f. For frequencies below £ or
above f;, the response drops off. In the example of a hi-fi amplifier, fi might be
about 20 Hz and £ might be about 20 kHz. The range of frequencies over
which the frequency response is nearly constant is called the system bandwidth.
The frequency response is said to be “flat” over this bandwidth. For example,
in Figure 2.8 the frequency response is nearly constant from 10 (100) Hz to
about 10% (10,000) Hz. In automotive electronic systems, this range of
frequencies is determined by the system designer to be compatible with the
corresponding range of input frequencies in normal systems operation. There
are numerous references to the bandwidth of automotive electronic systems in
later chapters.

The performance of any system can be evaluated from the response of the
output to a sinusoidal input. Important properties of the system can be
determined from this response, such as resonance, bandwidth, and response to
rapid input changes.

To illustrate this performance analysis method, consider the suspension
system, which is an important automotive system. Figure 2.9 is a simplified
representation of the suspension system at one wheel on a car. The car body
(sprung mass M,) is supported by a spring (depicted as K'in Figure 2.9) and
shock absorber (denoted as D in Figure 2.9). The unsprung mass (wheel and
axle assembly) is displaced by force f; which is transmitted by the tire in
response to a rough road. The response of this system is the displacement x of
the unsprung mass relative to its rest position. The input to this system is a
force that in mathematical terms we denote /(¢).

Perhaps the most important input for characterizing system performance
is the sinusoid. In our example, we consider a sinusoidal force such as might
occur on a so-called washboard gravel road. The force transmitted by the tire

UNDERSTANDING AUTOMOTIVE ELECTRONICS 47



THE SYSTEMS APPROACH TO CONTROL AND INSTRUMENTATION

Figure 2.8
Frequency Response of an Example System
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to the unsprung mass, depicted by the solid curve in Figure 2.10, is
represented by

F(¢) = F,sinw¢
where

F,=amplitude of the force

w =2nf
f = frequency or (1/7)
T = period
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Figure 2.9
Simplified
Suspension System
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The displacement of the unsprung mass is represented by x (relative to
the rest position) and is depicted by the dashed curve in Figure 2.10. This
displacement is given mathematically by

x = Xsin(wz — 0)

where ¢ equals phase, or 2nd/T.

The performance of the example suspension system is given by the
sinusoidal frequency response. For any system, the sinusoidal frequency
response is the ratio of the amplitude of the response to the amplitude of the
input. In our example, the response amplitude is Xand the input amplitude is
F, yielding

H=—
F

The sinusoidal frequency response of any system is a function of (i.e.,
depends on) frequency. In our example, the frequency of the rough road force
due to the washboard road is proportional to the speed at which the car travels
over the road. For the example suspension system, frequency response is
depicted in Figure 2.11. In this illustration, four separate responses are shown
for four different shock absorber damping constants. For very low damping
coefficient D (weak damping or defective shock absorber), the response
becomes very large for frequencies near the resonant frequency (i.e., f;):

M,
fo=y
The resonant frequency is the “natural frequency” of oscillation at which
the unsprung mass vibrates. If the car were to be suspended so that the wheel
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Figure 2.10
Graph of Force Transmitted by the Tire
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assembly were to be off the ground and if this assembly were displaced and
then released, it would vibrate at the resonant frequency. For a typical car, this
frequency will be of the order of 1 Hz. This situation is depicted by the
uppermost dotted curve in Figure 2.11.

For a somewhat larger damping, the response is large enough near
resonance to absorb the road force, transmitting relatively little of this force
to the car body. A car with a so-called soft suspension yields relatively good
ride characteristics. Unfortunately, a soft suspension tends to have relatively
poor handling. The situation is depicted by the next highest dotted curve in
Figure 2.11.

On the other hand, for very high damping coefficient, the response
decreases sharply for frequencies greater than f,. This circumstance
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Figure 2.11

Frequency Response for Four Different Shock Absorber Damping Constants
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corresponds to a very stiff suspension in which much of the road force is
transmitted by the shock absorber to the car body, making for a rather rough
ride. This situation is depicted by the lowest dotted curve in Figure 2.11.

The response that is often optimum for many applications is called
critical damping D,

D, =M,K

Critical damping gives the most uniform response for the greatest range
of frequencies. This situation (which is normally the most desirable) is
depicted by the solid curve in Figure 2.11.
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Figure 2.12
Step Response of a
System

The step response
characterizes the
performance of a
system.
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SYSTEM

" SMALLf, Hx

Step Response

The performance of a system is also represented by its time response
which is closely related to its frequency response. Perhaps the most meaningful
method of assessing the time response of a system is to examine its response to
an input step. Figure 2.12 is a graph of a step input to the example system as
well as the system response. The step input is an abrupt change occurring at
time %. However, the output change is gradual relative to the input. The
output asymptotically approaches a steady value HX.

The rate at which the output approaches the final value varies inversely
with bandwidth, as illustrated in Figure 2.12 (where bandwidth is denoted f5).
Although the actual response of the system depends on the characteristics of
the system, the response time of any system generally varies inversely with its

bandwidth.
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Instrumentation
systems, whether
electrical, mechanical, or
a combination of both,
measure a physical
quantity and provide a
report of that
measurement.

INSTRUMENTS

An instrument (or instrumentation system) is a device for measuring
some specific quantity. Automotive instruments have traditionally been
mechanical, pneumatic, hydraulic, electrical, or combinations of these.
However, modern automotive instrumentation is largely electronic. These
electronic instruments or instrumentation systems are used to measure a
variety of physical quantities, including

1. Vehicle speed
Total distance traveled
Engine angular speed (rpm)
Fuel quantity and/or flow rate
Oil pressure
Engine coolant temperature
Alternator charging current

Nk

For an understanding of measurement instrumentation, it is helpful to
review a definition of measurement.

Measurement

A measurementis defined as a numerical comparison of an unknown
magnitude of a given physical quantity to a standard magnitude of the same
physical quantity. In this sense, the result of a measurement is normally a
numerical value expressing the indicated value of the measurement as a multiple
of the appropriate standard. However, other display devices are possible in which
simple messages are given. Automotive instrumentation does not always display
measured quantities. Rather, a warning lamp (or buzzer) is activated whenever a
given quantity falls outside of allowed limits. For example, it is common practice
not to provide a display of measured values for engine oil pressure or coolant
temperature. Warning lamps are activated by the electronic instrumentation
system whenever oil pressure is too low or coolant temperature is too high.

Issues

In any measurement made with any instrument there are several
important issues, including

1. Standards

2. DPrecision

3. Calibration
4. Accuracy

5. Errors

6. Reliability

Each of these issues has an important impact on the performance of the
instrumentation.
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Systematic errors in the
accuracy of instruments
are due to known
imperfections in an
instrument; random
errors are caused by
outside disturbances.
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The standard magnitudes of the physical variables measured by any
instrument are maintained by the National Institute of Standards &
Technology in the United States. These standard magnitudes and the
fundamental relationships between physical variables determine the units for
each physical quantity.

The precision of any instrument is related to the number of significant
figures that is readable from the display device. The greater the number of
significant figures displayed, the greater the precision of the instrument.

Calibration is the act of setting the parameters of an instrument such that
the indicated value conforms to the true value of the quantity being measured.

The accuracy of any measurement is the conformity of the indicated value
to the true value of the quantity being measured. Erroris defined as the
difference between true and indicated values. Hence, accuracy and error vary
inversely. The required accuracy for automotive electronic systems varies with
application, as will be shown in later chapters. In general, those instruments
used solely for driver information (e.g., fuel quantity) have lower accuracy
requirements than those used for such applications as engine control or
diagnosis.

The errors in any measurement are generally classified as either
systematic or random. Systematic errors result from known variations in
instrument performance, for which corrections can be made if desired. There
are many sources of systematic error, including temperature variations in
calibration, loading, and dynamic response. Since virtually any component in
an instrument is potentially susceptible to temperature variations, great care
must be exercised in instrument design to minimize temperature variations in
calibration. As will be seen later in this book, most automotive instruments
have relatively low precision requirements, so that temperature variations in
calibration are negligible. Random errors are essentially random fluctuations in
indicated value for the measurement. Most random measurement errors result
from noise.

Systematic loading errors are due to the energy extracted by an instru-
ment when making a measurement. Whenever the energy extracted from a
system under measurement is not negligible, the extracted energy causes a
change in the quantity being measured. Wherever possible, an instrument is
designed to minimize such loading effects. The idea of loading error can be
illustrated by the simple example of an electrical measurement, as illustrated in
Figure 2.13. A voltmeter M having resistance R,, measures the voltage across
resistance R. The correct voltage () is given by

“r)
R+R,

However, the measured voltage v,, is given by
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Figure 2.13
Illustration of Loading
Error

Figure 2.14
Instrument Dynamic
Error
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where R, is the parallel combination of Rand R,

RR

m

R =—"—
’ R+R,

Loading is minimized by increasing the meter resistance R, to the largest
possible value. For conditions where R,, approaches infinite resistance, R,
approaches resistance R, and v,, approaches the correct voltage. Loading is
similarly minimized in measurement of any quantity by minimizing extracted
energy. Normally, loading is negligible in modern instrumentation.

Another significant systematic error source is the dynamic response of the
instrument. Any instrument has a limited response rate to very rapidly
changing input, as illustrated in Figure 2.14. In this illustration, an input

quantity to the instrument changes abruptly at some time. The instrument
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Sensors convert one form
of energy, such as thermal
energy, into electrical
energy.
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begins responding, but cannot instantaneously change and produce the new
value. After a time, the indicated value approaches the correct reading
(presuming correct instrument calibration). The greater the bandwidth of an
instrument or instrumentation system, the more quickly it can follow rapid
changes in the quantity being measured.

In many automotive instrumentation applications the bandwidth is
purposely reduced to avoid rapid fluctuations in readings. For example, the
type of sensor used for fuel quantity measurements actually measures the
height of fuel in the tank with a small float. As the car moves, the fuel sloshes
in the tank, causing the sensor reading to fluctuate randomly about its mean
value. The signal processing associated with this sensor has an extremely low
bandwidth so that only the average reading of the fuel quantity is displayed,
thereby eliminating the undesirable fluctuations in fuel quantity measurements
that would occur if the bandwidth were not restricted.

The reliability of an instrumentation system refers to its ability to
perform its designed function accurately and continuously whenever required,
under unfavorable conditions, and for a reasonable amount of time. Reliability
must be designed into the system by using adequate design margins and
quality components that operate both over the desired temperature range and
under the applicable environmental conditions.

BASIC MEASUREMENT SYSTEM

The basic block diagram for an electronic instrumentation system has
been given in Figure 2.1b. That is, each system has three basic components:
sensor, signal processing, and display. Essentially, all electronic measurement
systems incorporated in automobiles have this basic structure regardless of the
physical variable being measured, the type of display being used, or whether
the signal processing is digital or analog.

Understanding automotive electronic instrumentation systems is
facilitated by consideration of some fundamental characteristics of the three
functional components. Again it should be noted that the trend in automotive
electronic systems is toward digital rather than analog realization. However,
because both realizations are used, both types of components are discussed
below.

Sensor

A sensor is a device that converts energy from the form of the measure-
ment variable to an electrical signal. An ideal analog sensor generates an
output voltage that is proportional to the quantity 4 being measured:

v.=Kgq

where K is the sensor calibration constant.
By way of illustration, consider a typical automotive sensor—the
throttle-position sensor. The quantity being measured is the angle (theta) of
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Figure 2.15
Digial Sensor
Configuration

Signal processing can be
used to compensate for
systematic errors of
sensors.
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the throttle plate relative to closed throttle. Assuming for the sake of
illustration that the throttle angle varies from 0 to 90 degrees and the voltage
varies from 0 to 5 volts, the sensor calibration constant X is

K==
90°

=.056volt/degree

Alternatively, a sensor can have a digital output, making it directly
compatible with digital signal processing. For such sensors, the output is an
electrical equivalent of a numerical value, using a binary number system as
described earlier in this chapter. Figure 2.15 illustrates the output for such a
sensor. There are NV output leads, each of which can have one of two possible
voltages, representing a 0 or 1. In such an arrangement, 2N possible numerical
values can be represented. For automotive applications, /V ranges from 8 to 16,
corresponding to a range of 64 (2%) to 256 (2'°) numerical values.

Of course, a sensor is susceptible to error just as is any system or system
component. Potential error sources include loading, finite dynamic response,
calibration shift, and nonlinear behavior. Often it is possible to compensate for
these and other types of errors in the electronic signal processing unit of the
instrument. If a sensor has limited bandwidth, it will introduce errors when
measuring rapidly changing input quantities. Figure 2.16 illustrates such
dynamic errors for an analog sensor measuring an input that abruptly changes
between two values (this type of input is said to have a square wave waveform).
Figure 2.16a depicts a square wave input to the sensor. Figure 2.16b illustrates
the response that the sensor will have if its bandwidth is too small. Note that
the output doesn’t respond to the instantaneous input changes. Rather, its
output changes gradually, slowly approaching the correct value.

An ideal sensor has a linear transfer characteristic (or transfer function), as
shown in Figure 2.17a. Thus, some signal processing is required to linearize the
output signal so that it will appear as if the sensor has a straight line (linear)
transfer characteristic, as shown in the dashed curve of Figure 2.17b. Some-
times a nonlinear sensor may provide satisfactory operation without
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Figure 2.16

Sense Error Caused by Limited Dynamic Response of Sensor
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Sensors are subject to
random errors such as
heat, electrical noise,
and vibrations.
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linearization if it is operated in a particular “nearly” linear region of its transfer
characteristic (Figure 2.17b). Moreover, signal processi