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existing power plants and reduces energy costs. Utilities intend to offer lower rates to charge
vehicles during off-peak hours and penalties to those charging during peak hours. The United
States government is considering tax credits to EV users, which will partially offset the higher
purchase costs.

30.2 SYSTEM DESCRIPTION

An electric drive system has been used in almost every transportation application that ICEV
has used, including light cars and vans to large city buses. Most EVs use the body and mechan-
ical parts of commercially available ICEVs, Two examples are Ford Motor Company'’s
Ecostar van and the Mercedes-Benz 190E sedan. General Motors' Impact sports coupe is one
of the few EVs that has been specially designed as an EV. Figure 30.1 shows a block diagram
and the major components of a typical EV.
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FIGURE 30.1  System-block diagram of a typical elec ric vehicle (EV).

The major components are:

1. Charger. Tt rectifies the ac network voltage for charging of the batteries.

2. Protection system, It consists of circuit breakers, relays, and fuses that are connected
between the batteries and the rest of the electrical system and interrupt the supply in case
of a fault.

3. Motor. EVs use both ac and dc motors.

4. Motor controller. 'This system controls the drive motor spzed and torque. Both ac and de
drives are used.

5. Mechanical drive system. It consists of the transmission, cifferential, power steering, and
so forth.

6. Vehicle controller.  Most advanced EVs use a microprocessor-based controller that mon-
itors the status of each of the major components and initiates control or protection actions
as needed.

7. Batteries. The battery pack provides energy for the vehicle propulsion.
8. Climate control system. 'This system includes efficient air conditioning and heating systems.

9. Auxiliary power. Tt supplies the headlights, instrumentation, door opener, auxiliary
motors (e.g., for the sunroof), power steering, etc.
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The location of the major components depends upon vehicle type and construction. Sev-
eral different arrangements are used by the EVs currently available,

EV technology is being developed at a fast pace. Several new types of vehicles are cur-
rently being tested. In some vehicles, the major components identified in Fig, 30.1 are com-
bined. Some of the components, such as the protection system ar.d auxiliary supply system, are
similar to those used on standard ICEVs.

30.3 CHARGER AND PROTECTION SYSTEM

EVscan be charged overnight during off-peak hours or at a roads de station. The overnight slow
charging takes 8 to 10 hours using a 240-V, 30-A connection. Quick charging requires several
hundred amperes and takes 15 to 30 minutes. Today’s EVs are equipped with slow chargers.

30.3.1 Chargers

The charger on an electric vehicle consists of a rectifier that converts the 240-V ac to the
proper dc level required for charging. In most cases, this rectifizr is mounted on the vehicle,
However, it was proposed that the rectifier be installed in th2 charging station, where an
advanced computer control would determine the charging voltage and the battery charge
level. Subsequently, the computer will adjust the charging voltaze to assure efficient and fast
charging of the batteries.

The most simple technical solution is to use phase controlled rectifiers which control the
charging rate by the delay of the device turn on, Figure 30.2 shows the connection diagram
and typical voltage and current waveforms of a single-phase thyristor-controlled battery
charger, Variance of the delay angle changes the average dc voltage and the charging current.

In some vehicles, the battery-charging circuit performs a dual role and is used to control
motor current while the vehicle is being driven. The Ford Ecostar minivan uses this concept of
a combined charger and drive controller. It can be built with high-power transistors, MOS-
FETs, or insulated gate bipolar transistors (IGBTs), The circuit shown in Fig, 30.2 can be used
as an inverter to drive ac motors or as a chopper to drive dc motors. A switching circuit is
required to change from the charging mode to the drive (discharging) mode.

The connection between the vehicle and the charging station is currently under develop-
ment. Two different systems have been proposed.’ The first wou d use the transformer princi-
ple in which the ac system is connected to the vehicle charger through an inductive coupling,
a transformer with two isolated coils. The coils are coupled with an iron core. The major
advantage of this system is that the vehicle is not connected galvanically to the electrical net-
work, This reduces the danger of touching energized parts or electrical accidents caused by
ground faults. The separation of the vehicle from the network permits supplying of the induc-
tive coupling from a higher voltage (480-V) three-phase system. This allows larger loads and
suggests the use of the inductive coupling for quick-charging stations.

The second system connects the charging station to the vehicle charger through a metal
plug similar to that used in outdoor appliances. Several different plug configurations are
under development. The major requirements are that the plug has to be waterproof and
touchproof, it has to withstand abuse and resist vandalism, it has to be energized only after it
is connected fo the vehicle charger, and damage of the plug should activate a protection sys-
tem which would prevent energization.

30.3.2 Protection System

The battery and the electronic circuits must be protected against faults and short circuits. A
short circuit in the car electric system discharges the battery. During a fault, the energy stored
in the battery is converted to heat which can melt wires in the vehicle's electric system. Also,
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FIGURE30.2 Thyristor-controlled battery charger: (a) connection diagram; (b) current and voltage waveforms.

a short circuit in a dc system may produce a large electric arc. Both the sudden heat genera-
tion and arcing endanger the life of the driver and passengers. Another problem is that the
battery voltage in most EVs is between 100 and 200 V. In adverse conditions such as wet
weather, this voltage level could cause electrocution.

Recognizing these problems, the manufacturers build electric vehicles with an ungrounded
floating electrical system. The metal parts of the car’s body are insulated from the electrical
system and the tires insulate the car’s body from the ground. In such a system, the first insu-
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FIGURE 30.3 Effect of insulation faults in an EV.

lation fault batween the electric system and
the body will not produce battery discharge
current, Howaver, the second fault will short
circuit the battery and endanger the opera-
tor. A possible fault scenario is a leakage
path created by the conducting deposits pro-
duced by acid discharge from the battery.
This conducting path can connect one termi-
nal of the baltery to the body, which is the
first fault, Cable friction against body parts
could cut the insulation, which may connect
the conductor to the body of the vehicle and
produces the second fault. This second fault
will generate a short circuit. Figure 30.3
shows a schematic of the electric circuit and
the current paths produced by the faults.
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Detection of the first insulation fault is very important. This may be achieved by a sensitive
ground-fault protection circuit, which is similar to that used in bathrooms and kitchens in
United States homes.

The second fault produces a short circuit which must be interrupted within milliseconds to
prevent battery discharge. Fast-acting magnetic or electronic circuit breakers and/or fuses can
provide adequate protection.

The operation of EVs in adverse conditions—snow, mud, and long inclines—may produce
overloading of the electrical drive circuit and overheat the battery, motor, or cables. Over-
heating also reduces the life span of the insulation. The electronic drives have built-in over-
load protection but backup protection in the form of circuit breakers or fuses will prevent
costly damage from fault conditions.

The electrical circuit backup protection used in most EVs consists of devices which are
similar to those used in standard ICEVs. In addition to the brzakers and fuses, microproces-
sor-based vehicle controllers are equipped with protection circuits, which provide primary
protection by turning off systems which are affected by the fault.

The EV requires interlocks to assure safe operation.’ The interlocks can be software-pro-
grammable in the vehicle control system or can be of the mechanical or relay type. Some of
the frequently used interlocks are:

s Chargerinterlock. Prevents the starting/driving of the vehicle when the charger is plugged
in; disables the electric drive circuit while the charger is plugged in or operating.

» Heaterlair conditioner interlock. Disables the climate control system or switches it to the
charger while the vehicle is being charged,

30.4 MOTOR DRIVE SYSTEM

The first electric vehicles used standard ac or de motors but tte required high efficiency and
torque led to the development of special motors.

30.4.1 Motors

Important factors in choosing motors for EV applications include high efficiency, favorable
torque characteristics, maintenance-free operation, and insensitivity to overload and contam-
ination. Cost is also a major factor in motor selection.

AC Motors.  EVs which use an ac drive system use a three-phase induction motor which has
a three-phase stator winding and squirrel cage rotor consisting of copper or aluminum bars
installed in the slots of the iron core. The bars are short circuited at each end by a copper or
aluminum ring.

Variable-frequency three-phase voltages supply the stator. The three-phase currents pro-
duce a rotating magnetic field which induces a current in the short-circuited rotor bars. The
interaction between the rotor current and the magnetic flux produces the driving torque.
Speed of the rotating magnetic field is determined by the frequency of the supply voltage and
the motor construction. The rotor speed is always a few percant less than the speed of the
magnetic field because the voltage induced in the rotor becomes zero if the motor and mag-
netic field speeds are equal.

Because of the squirrel cage rotor, these motors need very little maintenance, The sealed
construction protects against spraying water and road mud. Motor efficiency varies with
speed. As an example, a 7-kW motor has a maximum efficiency of 97 percent at 6000 rpm and
82 percent at 1500 rpm. The maximum speed of the same motor is around 15,000 rpm. The
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motor torque can be varied by reconfiguring the stator winding connections. The stator is
delta-connected when the vehicle is at highway speed. The connection is switched to wye
when a large amount of torque is needed for hill climbing or acceleration. The commercially
available mechanical delta-wye switch can operate as a high-to-low gear shift.

DC Motors. EVs which have dc drive systems use series dc motors that have excellent
speed-torque characteristics. Motor speed is proportional to the supply voltage, which simpli-
fies the control circuit, The dc motors are less efficient than induction motors and the de
motor construction is more complicated because of the commutator, It requires regular main-
tenance and is sensitive to speeding and overloads. The dc motor maximum speed is less than
the similarly rated induction motor. DC motors in an electric vehicle require a multispeed
mechanical transmission.

The stator of a dc motor has poles with field windings. In a simple case, the rotor coils are
connected in series and the end of each coil is connected to a commutator segment, The rotor
winding is supplied by dc current through brushes connected 1o the commutator. The de sup-
ply drives current through the field and the rotor windings, both of which generate a magnetic
field. The interaction between these two fields generates a torque which tries to align the two
fields. To assure continuous rotation, the commutator changes the direction of the coil current
when it passes through the neutral zone,

Most dc motors are equipped with auxiliary poles, supplied by the rotor current, located
close to the brushes. The poles reduce the magnetic field around the brushes to improve com-
mutation.

The most suitable motor for electric vehicles is the series motor, where the field coil has
low resistance and is connected in series with the rotor. This motor has a large starting torque
but it decreases with increasing speed. This characteristic is suitable for urban driving but can
produce problems on the highway. A lane change may require acceleration but the series
motor torque is low at high speed. Some vehicles use compound motors, with a series and a
separately excited field winding, which have higher torque at high speed.

The efficiency of series de motors can be improved by replacing the current excited stator
poles with permanent magnets, The expensive rare earth permenent magnets produce a higher
magnetic field than the current excited coils, which leads to smaller and more efficient motors.

Brushless DC Motor. The brushless de drive is basically a high-frequency ac synchronous
drive, The motor consists of rotating permanent magnets and, typically, three or four sets of
coils mounted on the stator. These coils are supplied by a de current through electronic
switches, where the coils are energized in sequence. At any given time, only one coil is ener-
gized, The rotation is generated by the force between the permanent magnet and the mag-
netic field generated by the energized coil. As an example, when coil one is energized, an
attractive force develops between pole one and coil one. This force tries to align the energized
coil with the permanent magnet. The alignment of the coil’s field and the permanent magnet’s
field stops the rotation. To avoid this, before the field alignment oceurs, the next coil is ener-
gized to maintain the driving force, The rotor position is monitored by a pickup coil. Switch-
ing time is determined by rotor position, The electronic switches energize the stator coils in a
sequence to assure continuous motion, The sequential synchronous switching of the coils
requires complicated electronic circuits to accurately measure the rotor position and activate
the switches at the proper instants. The primary advantage of this drive is the elimination of
brush friction and commutator arcing. The brushless dc motor as a higher efficiency and reli-
ability than dc motors with brushes. Simultaneously, there is a significant increase in both the
motor and the related electronics costs for the brushless dc motor. Its drives are particularly
advantageous at constant high-speed driving, Most electric racing vehicles are built with
brushless de motors and drives.

Most vehicles's motors are mounted on (he axle and connected to the wheels through fixed
or variable ratio gears. An interesting experiment is the direct drive of the wheels with an in-
wheel motor,
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Figure 304 shows the Tokyo Electric

Rotating Company-’s in-wheel brushless dc motor, The
permanent rotating wheels with t}le tiers are equipped
magnet\\ with an array of samarium-cobalt permanent
magnets. The stator coils are installed on a
Fixed stationary rim which is attached to the body
iron core of the car. Four motors have been used to
Coil drive an experimental car. The lack of gears
makes the control of the four motors very
difficult.
Rotor
frame
30.4.2 Motor Controller
\ The motor controller regulates the speed and
S Tjre  lorque of the electric motor, which drives the
Rotating car, The mo_tor controller also limits the
permanent motors’ maximum current, Both ac and‘ de
magnet drive systems are used. The electric vehicle

drive technology is changing continuously
with the development of new electronic
devices. Manufacturers are experimenting
with different tyses of controllers that might
be beneficial to EV design. The major
requirements are smooth control of speed
from zero to the maximum and the highest

FIGURE 304 In-wheel brushless de electric motor.  POsSible efficiency. Controllers should also

(Courtesy of Tokyo Electric Power Co.) have the capability of regenerative braking,
forward-neutral-reverse control, overload/
overheating protection, and production of a
high starting torque.

Most dc drives use the traditional series dc motors with mechanical commutators, This
well-tested motor is controlled by a simple electronic chopper (dc/de converter). The dc
motor efficiency can be improved by replacing the excitation coils with permanent magnets,
However, the rare earth permanent magnets are expensive and difficult to manufacture
because of the brittle nature of the material.

The latest motor development that has been incorporated inta an EV is the electronically
commutated brushless dc motor or ac synchronous motor, which eliminates the expense and
high maintenance requirements of the mechanical commutator. These motors compete with
inverter-driven ac motors. AC drives use variable-frequency inverters and three-phase induc-
tion motors. This technology is frequently used in the power indu stry. ac motors are inexpen-
sive, more suitable for mass production, and are almost maintenarce-free, but they do require
complex electronic control circuits, Recent developments in hig1-power, high-current elec-
tronic devices like MOSfets and IGBTS will increase the power ratings and reduce the cost of
inverters, which will increase the feasibility of using ac drives.

DC Drives. 'The concept of a commutator-type series de motor with regenerative braking is
shown in Fig. 30.5, The motor speed is controlled by regulation of the armature voltage. The
system consists of two transistors or IGBT switches Each switch is shunted by a power diode
to permit the circulation of inductive current and avoid high reverse voltages across the switch-
ing devices. The diode provides a path for the armature current when the switch is off. Switch
T) operates as a chopper and regulates the average armature voltage. The motor speed is pro-
portional to this voltage. When switch T, is closed, the battery drives current through the
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FIGURE 30.5 Concept of a commutator-type series de
motor drive.

motor. When T} is off, the motor current circulates through the diode D,. The motor is driven
only when the switch is on. The average armature de voltage is proportional to the switch duty
cycle, which is the ratio of the switch ON time and total switching period (ON time + OFF
time). The motor speed is proportional to the armature voltage and, consequently, to the chop-
per duty cycle.

In the regenerative braking mode, T is off. The motor operatzs as a dc generator and drives
the current through diode D; back to the battery. This charging current is regulated by switch
T, When T, is closed, the motor current will be diverted from tte battery. The rate of recharg-
ing and braking action can be regulated by the duty cycle of switch T,.

A more sophisticated double chopper circuit for compound de motors is shown in Fig. 30.6.
This circuit has been used in the Fiat Daily E2 van, The illustraticn shows the motor control cir-
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FIGURE 30,6 Double chopper for separately excited dc commutator moior.

IPR2023-01234
Petitioner - Ex. 1017 - Page 667




3012

EMERGING TECHNOLOGIES

cuit and the concept of the vehicle control. This vehicle uses a compound de motor with a low
resistance series and separate high-resistance field excitation windings The former is con-
nected in serics with the armature while the field winding is separately excited. The armature
voltage and current are controlled by a thyristor chopper, which is, in this case, a forced com-
mutated thyristor bridge, Thyristor T, is turned on and off to regulate the motor armature cur-
rent in drive mode. Thyristor T, is turned on and off to regulate the motor armature current in
the regenerative braking mode. These thyristors are commutated by the discharge of the LC
circuit through the auxiliary thyristors T, and T,,. The diodes connected in parallel with thyris-
tors T, and T, provide a path for the inductive motor current and climinate the high reverse
voltage. This circuit can be simplified by replacing the thyristors with high-current [GBTs.

The current of the separate field excitation winding is regulated by transistor Tc, which
also operates as a chopper. The compound de motor with the double chopper results in better
speed and torque regulation.

Figure 30.6 also shows the concept of the vehicle control. Both the motor and the field
excitation winding current, together with the motor speed, are monitored. The speed pickup
signal and the accelerator pedal position activate the speed regulator. The speed regulator sig-
nal is compared with the motor current and the resulting signal activates the motor current
regulator, The output signal of the regulator is converted to implses that control the firing of
the thyristors. A second control circuit is formed to regulate the field current. The motor cur-

rent, motor current regulator output signal, and actual field currents arc compared and the
resulting signal controls the field current.

Brushless DC Drives, Brushless dc drives are the product of the latest developments in
power electronics. The brushless de motor® has permanent magnets on the rotor and coils in the
stator. The elimination of the commutator from this de motor made necessary the sensing of
rotor position and sequential switching of the coils to the dc source to maintain rotation. The
rotor position is sensed by a pickup coil. Each coil can be supplied either from the positive or
the negative bus through a transistor switch, Each transistor is shunted by a diode to avoid high
reverse voltages. The transistors are controlled from the control bus,

AC Drives. The ac drives use three-phase squirrel-cage induction motors supplied by a
three-phase, voltage source, variable-frequency inverter using three-phase sine waye pulse-
width modulation (PWM) voltage control, The motor speed is regulated by the variation of
the supply voltage frequency. The change in voltage regulates the magnetic flux in the motor,
which affects the motor torque and current. Regulation of the motor speed, torque, and cur-
rent requires the simultaneous regulation of frequency and amplitude of the motor supply
voltage. The most simple method is to maintain a constant supply voltage and frequency ratio.
The voltage amplitude is controlled by pulse-width modulation (PWM).

The concept of ac motor regulation is shown in Fig, 30.7. The voltage source inverter con-
sists of three parallel connected switching units. Each unit contains two switches connected in
series. Edch switch is built with a semiconductor device (transistor, IGBT, etc.) and a diode
connected in parallel. The diode provides a path for the motor inductive current and elimi-
nates dangerous reverse voltages across the switching devices,

The three-phase voltage, without PWM, is generated by the sequential operation of the
switches. In each instance, three switches located in different branches, are turned on, As an
example, switches Qy, Qy, and Q; can be turned on simultaneously. This connects the negative
battery terminals to phase “c” and the positive terminals to phases “a” and “b.” The simultane-
ous turn-on of switches Qy, Qy, and Q is a prohibited combination because the simultaneous
turn-on of Q; and Qy short circuits the battery. The turn-on of the switches is shifted from each
other by 60 degrees and each switch conducts for 180 degrees, The turn-on gating signals are
shown in Fig. 30.8, In each cycle, the switches are turned on in the following order: 123,234, 345,
456,561, and 612. It can be seen in Fig, 30.8 that (his circuit producas square shape voltages and
does not permit the regulation of the motor current. It can be regulated and circuit performance
improved by using PWM when each switch is operated several times during each half cycle,
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FIGURE 30.7 Concept of ac motor regulation,

The on and off time of the switch is determined by the comparison of a sinusoidal input sig-
nal with a triangular carrier signal. When the carrier amplitude is higher than the sine wave’s
amplitude, the switch is on; when it is lower, the switch is off. The described switch operation
generates a pulse train of variable width at the terminals of the motor. The motor inductance
integrates the variable-length voltage pulse train. Due to this integration effect, the variable-
length pulse train drives a practically sinusoidal current through the motor, The widths of the
output voltage pulses and the motor current are regulated by variation of the input sine waye
amplitude. The described PWM method eliminates most of the harmonics from the motor
current and results in a high-efficiency operation over a wide range of speeds. The expected
peak efficiency is around 85 to 91 percent. These drives are particularly well suited for urban
driving.

Switching Devices. The key component in both ac and dc drive systems is the semiconduc-
tor switching device. The device ratings for cars with a 40 to 50 kW drive and variable ratio
transmission must be about 200V and 250 A and for cars with fixed-ratio transmission, 400 to
600V and 400 to 500 A

The advanced motor controllers should operate at a frequency between 10 and 20 kHz.
High-frequency operation reduces the electronically generated audible noise, The disadvan-
tage is the increase in switching losses and the generation of rf disturbances. The time of the
transition from ON to OFF or OFF to ON state is important. The shorter transition time
reduces the switching losses. Due to the wiring inductance, the fast switching may generate
short duration overvoltages, which may be detrimental to the semiconductors. These over-
voltages are controlled by selecting short Jeads and using filters or snubber circuits. The
desired switching time is less than one microsecond.

Thyristor or Silicon Controlled Rectifier (SCR). SCRs have heen used by the power indus-
try for years in variable-speed drives. They have a large current-carrying capacity and high
voltage ratings and relatively low voltage drop, but the current flow cannot be controlled after
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FIGURE 308 Three-phase voltage-controlled inverter operation.

firing. The turn-off requires cumbersome auxiliary circuits. In spite of these disadvantages,

some EVs use SCRs.

Gate Turn-Off Thyristor (GTO). The gate turn-off thyristor can be turned off by a power-
ful gate signal, The problem is that the device can only operate at low frequencies (1 to 5 kHz)
and the voltage drop is significantly higher than the SCR’s voltage drop. Also, the firing and
turn-off require large currents, which increase losses in the device.
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Power Transistors. Both the voltage drop and the gain of power transistors are low. The low
gain requires expensive gate drive systems. The transistors can operate in the required audio
frequency range. The performance can be improved by connecting two transistors in a Dat-
lington pair configuration. In this connection, the first transister serves as an amplifier, which
permits control of the device with low current. The Darlington connected transistors are sold
as a unit at an attractive price. This is a frequently used circuit.

Power MOSFET. 'The MOSFET is a voltage-controlled device as compared to current-con-
trolled (thyristor/transistor) and is designed for high-frequency cperation. However, the satura-
tion voltage drop and its temperature sensitivity limit the MOSFET application in power circuits.

Insulated Gate Bipolar Transistor (IGBT). The IGBT is a transistor which is controlled by
a MOSFET. The IGBT requires low drive current, is suitable for high-frequency operation,and
has a fast switching time. Disadvantages are that the device vo,tage drop and cost are higher
than the Darlington transistor configuration, The large current capability and operating volt-
age, together with the low power drive circuit, makes the [GBT attractive for electric vehicles,

MOS-Controlled Thyristor (MCT). The MCT has a low voltage drop and can be turned on
and off with a voltage signal (low switching losses). It can also be designed for high-voltage
and high-current applications. This new device is very attractive for EVs,

The semiconductor industry frequently produces better and more powerful semiconductor
switches which have potential for EV applications. The typical ratings of the most frequently
used devices are shown in Table 30.3."

30.4.3 Mechanical Drives

Lack of high-speed acceleration and the efficiency problems can be mitigated by the use of
mechanical gears, similar to those used in today’s ICEVS, The efficiency of an EV drive
depends on the speed. Typically, ac drives operate at better than 80 percent efficiency in the
range of 2000 to 12,000 rpm and the series dc drives in the 2000 rpm to 5000 rpm range. The
brushless dc drives’ efficiency is better than 85 percent in the 3000 to 8000 rpm range.

Another consideration is torque-speed characteristics, Most drives keep the motor lorque
more or less constant, in the ) to 4000-5000 rpm range. However, at higher speeds, the torque
begins to decline. This means that acceleration in the 65 to 105 <m/h range is poor. This may
create problems during highway driving,

These examples show that the efficient operation of electric drives requires more than
2000 to 3000 rpm, but the wheel speed at 105 km/h highway speed is only about 500 rpm, Fre-
quent acceleration is characteristic of city driving, which requires high torque. In spite of the
advancement in electronic drive technology, efficient EV operation requires mechanical gears
to reduce motor speed. Typically, a gear ratio is between 4:1 and 8:1.

TABLE 30.3 Comparison of Power Switching Devices

Darlinglon BIT Power MOSFET 1GBT MCT
Power capability 1200V, 800 A S00V,50 A 1200V,400 A 600V, 60 A
Gating Current Voltage Vaoltage Voltage
Conduction drop, V 19 32 32/1.7* L1
Switching frequency, kHz 10 100 20040% 20
Reapplied dv/dr, Vius Limit for device loss and SOA  Limited by Miller effect  Limit for device loss 5000
Turn-on difds, Alys 100 Very high Very high 1000
Turn-on time L7 ps 90 ns 0.9 us 1.0 ps
Turn-off time Sus 0.14 s 1.4 ps/200 ns* 21 s

* Second generation.
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Multiratio Variable Drives, The multiratio variable drive ufilizes present automotive
technology, where motor speed is regulated with an automatic or manual transmission and
the wheels are driven by a differential gear for further speed reduction. Most converted EVs
use the same transmission and differential originally designed for the ICEV. In these vehi-
cles, the internal combustion engine is replaced by an electric riotor. However, the multira-
tio (manual transmission) variable gear is used in some of the cars designed specifically for
electric operation. A typical example is the Fiat Panda Electric which has only a 9.2-kW
motor with a manual four-speed transmission plus reverse gear. The multiratio variable-
speed mechanical drives are used frequently in connection with series dc motor drives. These
drives have a relatively narrow range of efficient operation. The multiratio gear permits the

more accurate matching of the electric drive characteristics with different operating condi-
tions.

Single-Ratio Drives. Some of the electric drives, like variable-frequency ac drives, have a
broad range of efficient operation. A single-ratio reduction gear can match the drive charac-
teristics with road conditions. Most vehicles designed for electric operation use this technique.
The motor is mounted on the axle and the reduction gear is integrated with the motor. A typ-
ical example is the Ford Ecostar, In this vehicle, a 75-kW induction motor is mounted directly
on the front transaxle.

An example of the integration of the motor and reduction gear is the transaxle-mounted
motor’ shown in Fig, 30.9. The maximum speed of the permanent magnet motor is 7500 rpm.
A 7.5:1 ratio gear and a planetary differential, mounted on the motor, drives the wheels with
a reduced speed. This transaxle arrangement matches the motor with road conditions.
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FIGURE 30.9 Integrated transaxle motor, gear, and differential arrangement.!

Direct Drives. 'The direct driving of the wheels by in-line motors is a desirable concept for
EVs. An in-wheel drive eliminates gears and simplifies the mechanical construction of the
vehicle, but it requires complicated electronic controls and sacrifices some vehicle perfor-
mance. A typical example of in-wheel drive is shown in Fig. 30.4, where the motor is
mounted directly on the wheel. The performance of direct drives can be improved by mod-
ifications to the motor connection by a switch. Typical solutions are a switch from delta

to wye connection and a switch from series to parallel conneztion in a motor with two
windings,
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30.5 BATTERY

For the EV to become a viable option for transportation, the primary technological issue
which must be improved upon is energy storage. Short range and long charging times have
daunted EV design efforts since the early 1990s. The lead-acid battery, which has not
improved much since the early EVs, is the only readily available and inexpensive battery tech-
nology available today.

In order to address the issues involved with the research and development of new battery
technologies, major United States automobile manufacturers (Ford, Chrysler, and General
Motors) created the United States Advanced Battery Consortium (USABC).? In 1992, the
USABC working with the government began a $260 million project to develop more efficient
energy storage systems for use in EVs. Since the lead-acid battery did not hold promise for
EV use in the long run, its development was not addressed by USABC, But since lead-acid
batteries are used extensively in current EV designs, another group—The Advanced Lead-
Acid Battery Consortium (ALABC)—was formed to work with the government and industry
in further development of lead-acid batteries for EVs.

30.5.1 EV Battery Requirements

EV batteries have the following requirements: high specific encrgy, high specific power, high
efficiency, long cycle life, low cost, safety, reliability, maintenance free, reasonable recharge
time, and recyclable materials. Since current batteries have deficiencies in many of the

requirements, the motivation is strong to develop a battery that will meet most, if not all, of
the requirements.

30.5.2 Battery Characteristics

Specific energy (energy density) is the most commonly used specification for batteries, It
denotes the energy capacity per unit weight for a given battery, which normally relates to the
driving range of the battery pack. To derive the specific energy, the total energy which can be
removed from the battery for a given discharge profile is divided by the total weight of the
battery. The ohmic losses (due to I'R heating from internal resistance and contact resistances)
and chemical energy losses represent energy which is stored i the battery during charging
but not available during the discharge cycle. The energy efficiency is the ratio of the available
energy for discharge to the total stored energy.

The specific power (power density) represents the maximurm power that the battery can
deliver, which is an indication of the battery’s ability to perform under EV acceleration and
hill climbing, Specific power will vary depending on the test parameters (DOD, current, age
of batteries, etc.).

Table 30.4 lists characteristics of different battery technolcgies currently available and
those under development.*

- TABLE 30.4 Comparison of Battery Technologies (Relative to Lead-Acid)

Relative range

Batlery Pb-acid  Ni-Fe  Ni-Cd Ni-MH  Zn-Br  Na§  Li-FeS2  Li-Poly
Relative energy density 1.0 L5 1.6 1.7 22 2.5 4 4
Relative peak power density 1.0 1.2 19 21 0.6 11 4 35
10 20 21 28 2 34 i 4
Energy efficiency, % 68 58 80 76 75 91 80 85
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30.5.3 Battery Technologies

This section will cover battery technologies which are currently in use and those which are
still under development.

Lead-Acid. The lead-acid batteries are still the most commonly used for EVs today. Efforts
are underway for the development of advanced lead-battery concepts for the short-term
requirements of EV energy storage. A metal plate used in a liquid electrolyte configuration is
the most inexpensive battery on the market today. Lead-acid batteries have a specific energy
of about 35 Whikg and specific power of 93 W/kg.

Ni-Fe Battery. Another metal plate in liquid electrolyte battery is the Ni-Fe battery which
has a much longer cycle life than the lead-acid battery, The Ni-Fe battery is very robust but has
arelatively small specific energy and specific power, It requires water to be added during each
charging cycle (high maintenance), which means the battery cannot be sealed. Hydrogen
release is also a problem and complicates the design of Ni-Fe battery equipped EV. The Ni-Fe
battery is also expensive and has a specific energy of about 50 Whikg and a specific power of
about 100 W/kg. Since the Ni-Fe battery has been extensively developed, it seems less likely
that there will be a major breakthrough for its technology than ‘or other newer technologies.

Ni-MH. The nickel metal hydride batteries show promise for 2V application. They use one
nickel hydroxide electrode and one metal alloy electrode which has the property of being able
to store hydrogen in the solid state. Typically the Ni-MH battery has specific energy and spe-
cific power of 54 Whikg and 174 W/kg, respectively. It also has a relatively long cycle life. The
specific energy of one experimental Ni-MH battery is 81 Whikg.?

Zn-Br. The Zn-Br battery uses carbon electrodes and pumgs the electrolytes (zinc bro-
mide/zinc bromide + bromine) to separate sides of the cell. Pumping of the electrolytes pro-
vides cooling and uniform plating of the electrode. The Zn-Br battery has a high energy
density (72 Wh/kg), but a relatively low power density (53 Wikg . Because of the high energy
density, the research will probably continue on the Zn-Br battery, but problems with low
power density, higher cost (pumps, reservoirs, and lines), and the corrosive nature of the mate-
rials used will make it unlikely that this battery will be the long-ierm solution for EV use.

Na-§. The sodium-sulphur battery does not have solid electrades. It uses molten sodium
(heated to 300 °C) as the electrode. The Na-8 battery has a specific energy of 80 Whkg and a
specific power of 100 W/kg. A distinct advantage of the Na-S technology is its long self-dis-
charge time, which can be years. It comes about because the electrolyte is an insulator which
allows only migration of sodium ions and not electrons, A long self-discharge time would be
advantageous in any EV application where long periods must be 1olerated without a recharge.
High operating temperature and hazardous materials (sodium and sulphur) would require
rigid packaging requirements (crashworthiness) for the Na-S battery, which would add sub-
stantially to the cost. Another drawback is the possibility of the molten sodium electrode
solidifying after a period of nonoperation. The addition of heaters for the battery will also add

additional cost. And continual solidifying and reheating of the electrode will eventually dam-
age the battery.

Lithium-Based Technologies. Lithium-based electrode batteries (lithium-iron sulfide,
lithium-iron disulfide, and lithium-polymer) show promise for future EV use, Extensive
research is underway. Heat dissipation during charging and discharging and manufacturing
issues are fundamental problems which must be addressed.
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30.5.4 Future of Battery Development

The USABC has projected goals for the development of new Hattery technologies. These
goals have been divided into two categories: midterm and long-term, Table 30.5 lists the goals
set by the USABC*

TABLE305 Midterm and Long-Term Objectives of the USABC

Criteria Midterm Long-Term
Primary criteria
Power density, W/L 250 600
Specific power, W/kg (80% DOD/305) 150% (*200 desired) 400
Energy density, Wh/kg (C/3 discharge rate) 135 300
Specific energy, Whikg (C/3 discharge rate) 80 (*100 desired) 200
Cycle life, cycles 600 (5 years) 1000 (10 years)
Ultimate price, US§/kWh <150 <100
Operating environment, °C =30 to 465 ~40to +85
Recharge time, h <h Jtob
Continuous discharge, % of rated energy capacity (no failure) 75 75
Secondary criteria
Efficiency, % (CI3 discharge, 6 h charge) 75 80
Self-discharge <15% in48 h <15% per month
Maintenance Zero Zero

30.6 VEHICLE CONTROL AND AUXILIARY SYSTEMS

30.6.1 Vehicle Controller

[n addition to the motor drive, the EV has several other systems which must be monitored
and controlled. Figure 30.10 shows the block diagram of a vehicle zontrol system. It is divided
into four major parts: motor controller, pedals, hand controls, and dashboards. The advanced
system uses a microprocessor to monitor all subsystems. Quantities like temperature, speed,
current, and voltage—which are relevant to the subsystem operation—are measured with
transducers that convert operating conditions to analog signals. The signals are then digitized
and supplied to the microprocessor. It evaluates the subsystem signals and sends out control
signals. The micropracessor also shuts down the system in case of a fault. The vehicle con-
troller also assures close to optimal operating conditions and optimal use of energy stored in
the batteries, The batteries’ condition is monitored and the available approximate mileage
range is reported to the driver,

30.6.2 Climate Control System

The air conditioner and heating system consumes a considerable amount of power. The Ford
Ecostar equipped with a 75-kW motor and its heater, for example. consumes 5 kW and its air
conditioner, 6 kW. This is particularly significant considering tha the same vehicle requires
about 8 kW of power when driven in accordance with the Federal Urban Driving Schedule.
The use of the air conditioner or heater significantly reduces the vehicle range.

EV Air Conditioner. A car’s air conditioning system is designed to operate, typically, at out-
side temperatures of 44 °C and a relative humidity of 40 percent. Tae air conditioner cools the
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FIGURE 30.10  An electric vehicle control system.

inside of the vehicle to 27 °C and a relative humidity of 50 percent. The interior of the vehicle
must be ventilated and this increases the air conditioning system heat load. The
ANSI/ASHRAE 62-1981R “Ventilation for Acceptable Indoor Air Quality Code” requires 15
f*/min ventilation air per passenger. The finished car interior provides sufficient heat insulation,
but EV side windows must be tinted and doors must be properly sealed to reduce heat loss.

A typical air conditioning system has relatively low efficiency, which reduices vehicle range
considerably. Several research projects have dealt with the development of more efficient sys-
tems. The most promising concept is shown in Fig. 30.11, This system is built with a variable-
speed compressor driven by a brushless dc motor. The compressor increases the coolant
pressure and temperature. The coolant then expands in the expansion tube and evaporates in
the evaporator, thus reducing its temperature. The evaporator coils cool the air, which is
blown into the interior of the car. A variable-speed drive improves the air conditioner perfor-
mance. Tests indicate, however, that better roof insulation, the use of wavelength-selective
window tinting, and cooling of the parked vehicle by a small 20-W fan reduce the air condi-
tioning thermal load and permit the use of a smaller and lighter unit.

EV Heating. Current EVs use liquid fuel heaters, which are expensive and pollute the air,
and the use of two fuels in a vehicle is not desirable. An alternative heating method is the use
of the air conditioner as a heat pump, together with vehicle waste heat. In extreme conditions,
the system can be supported by additional electric resistance heaters. Unfortunately, such a
heating system also reduces vehicle range.
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30.6.3 Auxiliary Power

Proper operation of the vehicle requires an electric supply for power steering, power brakes,
the headlights, turn indicators, etc. All these systems are well developed and optimized for
[CEVs. Supply of the auxiliary equipment with more than 100-V batteries jeopardizes electric
safety. Higher voltage requires better insulation and increases costs. Consequently, most elec-
tric vehicles have a 12-V auxiliary power supply and distribution system. One solution is a
chopper, which charges a normal 12-V battery. Another solution is a constant voltage switch-
ing power supply like those used in the electronics industry. ‘

30.7 INFRASTRUCTURE

|
The increasing use of ICEVs initiated the development of a highway system, the network of ‘ ‘
gas stations, the gas distribution system, and the increased procuction of high-quality grades ‘
of gasoline. Most of these facilities, except the gas supply and distribution, will be used by '
EVs The electrical network is well developed, but the refueling of large numbers of vehicles ;
may require an increase in network capacity. !

30.7.1 Electric Network Reinforcement

The EV can be charged slowly overnight at the owner’s home or it can be charged at charging
stations at 2 much faster rate. The method of charging has a major effect on the electric sys-
lem requirements.

Slow Charging. EVs are charged from the local electric distribution system. The present
concept® is that EVs will be charged at the owners home during off-peak hours (overnight).

IPR2023-01234
Petitioner - Ex. 1017 - Page 677



30.22

EMERGING TECHNOLOGIES

This requires 5 to 10 hours from a 240-V,30-A outlet. Also, credit card or coin-operated charg-
ing facilities will be installed in public parking lots and garages. These facilities will charge the
vehicles with 30 to 50 A 1o provide a partial recharging while the vehicle is parked. Slow
overnight charging will improve utilization of the electric network and does not require net-
work reinforcement. But daytime charging of large numbers of EVs will increase the peak
load and require both generation and distribution system improvement. The utilities will use
time-of-day pricing, in which the night rate is significantly lower than the day rate. The use of
interruptable tariffs may be considered, This would allow the utility to interrupt the vehicle

charging by a remote signal during peak hours, It both cases, the customer is charged with a
lower rate.

Quick-Charging. In the future, high-capacity quick-charging stations will be available to the
EV user. Quick-charging will require several hundred amperes and special equipment, which
is currently under development. The large charging current will produce high peak loads on
the local distribution system. To reduce these loads, the use of energy storage devices is being
considered. These include batteries, flywheels, and superconducting magnetic storage systems.
Quick-charging stations will not be designed to fully charge a discharged battery, but will pro-
vide an additional 110 to 160 km of driving range with a 10- to 30-min charge.

It can be visualized that quick-charging stations will be similar to today's gas stations. They
will be located along highways where the electric distribution system is weak. The utility dis-
tribution system must be reinforced if quick-charging is to be used,

30.7.2 Harmonics and Power Factor

EV chargers are electronic devices that generate harmonics and consume reactive power.
Expected operaling conditions in a future slow-charging station can be estimated from the
measurements performed during the APS Electric 500 Race in Phoenix, Arizona, in 1994. Fig-
ure 30.12 shows the supply cable current when 30 different vehicles were charging." The max-

tmum charging current per vehicle was limited by a circuit breaker to 50 A at 240 V. The figure
shows severe harmonic distortion.

100

I, YR

WA LT

= >

E _f \ \

B WIR M

0 AV V

-100 T T . . r
0 10 20 30 40 50

Time in ms

FIGURE30.12  Charging current waveform at a slow-charging station.""

The measured power factor for the different chargers varied between 0.75 to 1. The cumu-
lative distribution of the power factor at the supply cable shows that 50 percent of the charg-
ers had a power factor less than 0.86,

The measured harmonic distortion factor was between 5 and 50 percent. The cumulative
distribution of the harmonic distortion factor at the supply cable shows that 80 percent of the
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chargers operated with a distortion factor less than 30 percent." The measured values are
alarming and indicate the need for improvement.

Reactive power consumption can be reduced by the use of a voltage source type rectifier
for charging. This circuit uses transistors instead of diodes or thyristors. The transistors are
switched in such a way that the voltage and current are in phase. Another technique for reac-
tive power control is to use phase correction capacitors.

The harmonic content of current in a charging station can be significant but it can be
reduced by the use of pulse-width modulation (PWM) at the chargers. This method also
requires transistors and a significantly more complicated conirol circuit. The current har-
monic content in a charging station decreases as the number of vehicles being charged simul-
taneously increases. This is due to the phase shift between the harmonics being generated by
the different types of chargers. The phase shift provides cancel ation of harmonics." Never-

theless, the harmonics generated by large numbers of EVs may produce significant problems
for utilities.

30.7.3 Magnetic Field Generation

The current in an EV can be a few hundred amperes, It produces magnetic fields both inside
and outside the EV. The magnetic field generated by the de drives has both dc and ac compo-
nents. The ac component is superimposed on the much higher de component, The ac drive
produces magnetic fields, which are distorted sine waves. The fundamental component is
determined by the speed of the vehicle. The higher-frequency components up to the tenth har-
monic are not negligible.

The highest magnetic field was measured during acceleration and regenerative braking, In
this condition, the maximum field in the engine compartment was about 120 mG. The magnetic
field in the passenger compartment was negligible due to the shielding effect of the car body."

The magnetic field in a future charging station can be estimated from the measurements
performed during the 1994 APS Electric 500 Race. The results indicate that the highest field
around 50 mG was measured near the charging cables. The field 50 cm from the vehicles was
between 20 and 30 mG."” Numbers suggest that the future charging station design has to con-
sider the use of shielded cables and cable arrangements with low field emission.

30.8 HYBRID VEHICLES

The inherent low operating range of EVs suggests the building of hybrid vehicles with both
electric and gas systems. Hybrid vehicles are equipped with an internal combustion engine
and an electric motor drive and battery. In highway driving between cities, where the pollution
is not critical, the car is driven by the internal combustion engine (ICE), which also charges
the battery. In the city, the electric motor and drive are used. Th2 operation can be improved
by recharging the battery at night.

The two basic configurations for hybrid vehicles are series and parallel. Figure 30.13 shows
two conceptual arrangements for hybrid vehicles,

30.8.1 Series Hybrid Drive

In a series hybrid drive, the ICE drives a generator, which charges the battery and supplies the
electronically controlled motor. The electric motor propels the car. In this system, the ICE
operates at constant speed with maximum efficiency. The vehicle is controlled electrically. The
electric control simplifies the mechanical gears and differential. The disadvantage of this
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FIGURE 30.13  Two conceptual arrangements for hybrid vehicles: (a) series
hybrid drive; (k) parallel hybrid drive.

arrangement is that both the ICE and the electric drive have to be rated to the maximum
power. Another problem is low overall system efficiency,

30.8.2 Parallel Hybrid Drive

The parallel system consists of an ICE and an electric drive connected by a mechanical gear,
The electric drive is built with a motor/generator, electronic control, and battery. The mechan-
ical gear drives the wheels through a differential, In highway driving, the ICE propels the
vehicle and charges the battery. The electric motor operates as ¢ generator, In city driving, the
battery and the electric motor drive the vehicle. During hill climbing or other conditions when
the maximum power is needed, both engine and motor drive +he vehicle. This arrangement
results in better efficiency, less weight, and lower cost,

Hybrid vehicle technology is under development with several other arrangements which
have been proposed and are being evaluated, Volkswagen built a city taxi'* which performed
well during a 100,000-km test. The problem with this vehicle is the weight, Today’s lead acid
batteries added 200 to 300 kg to the vehicle’s weight.

GLOSSARY

Battery Self-contained electrochemical cell/cells or system which converts chemical energy
to electrical energy in a reversible process.

Battery technologies Ni-Fe (nickel-iron), Ni-Cd (nickel-cadmium), Ni-MH (nickel-metal
hydride), Zn-Br (zinc-bromine), Na-S (sodium-sulphur), Li-Fe$, (lithium-iron disulfide), Li-
Polymer (lithium-polymer),

Brush  Conductor used to maintain an electric connection between the moving and station-
ary parts of a motor.

Capacity Energy storage capability of the battery.
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Charge/discharge profile Different charging/discharging schemes used for evaluation of a
battery.

Commutator Mechanical switch which transfers current from one coil to another at the
proper instant.

Depth of discharge (DOD) Percentage of capacity (ampere-hours) which has been
removed from the battery.

Electric drive system The motor, motor controller, and cabling used to drive an electric
vehicle.

Electric vehicle (EV) Automobile, truck, or any vehicle powered by rechargeable or non-
rechargeable batteries and an electric motor.

Electrolyte Medium in which current flows by movement of charged particles (ions).

Gearbox  Gear that reduces the speed of a motor by connecting together different ratios of
gears,

Inductive coupling The association of two or more circuits by means of inductance mutual
to the circuits.

Phase-controlled rectifier A converter for conversion from ac to dc that varies the point
within the cycle at which forward conduction is permitted to flow through the semiconductor
elements.

Quick-charging Charging batteries at a rate that will produce a 40 to 50 percent charge in
about 15 minutes.

Regenerative braking Capability of an electric drive to return the kinetic energy, stored in
the velocity of the EV body, to the battery during braking.

Specific energy (energy density) A battery’s energy storage capability per unit weight (Wh/kg).
Specific power (power density) Power delivery capability per unit weight of a battery (Wh/kg).

Squirrel-cage rotor A rotor winding consisting of conducting bars connected by metal rings
or bars at each end.

State of charge (SOC) The battery level of charge can be stated as either DOD or SOC.
Transaxle An axle that includes the differential and gear box.
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31.1 NOISE SOURCES

CHAPTER 31
NOISE CANCELLATION SYSTEMS

Jeffrey N. Denenberg
Vice President of Engineering
Noise Cancellation Technologies, Inc,

Active noise cancellation 1s not a new idea. Creating a copy of the noise and using it to cancel
the original dates back to the early part of this century. The first systems used a simple “delay
and invert” approach and showed some promise, but the variability of real-world components
limited their effectiveness.

In the mid-1970s, a major step forward took place with the &pplication of adaptive filters to
generate the antinoise, This greatly enhanced the effectiveness of the systems, because they
could continuously adapt to changes in their external world as well as changes in their own
components. A second breakthrough in the mid-1970s was the recognition that many noise
sources, particularly those produced by man-made machines, 2xhibit periodic or tonal noise.
This tonal noise allows a more effective solution, because each repetition of the noise is simi-
lar to the last and the predictability of the noise allows creation of an accurate antinoise signal.

Practical application of this approach still had to wait as tae electronic technology avail-
able at that time was not sufficient for implementation of active noise cancellation systems.
Now digital computer technology has evolved to the point where cost-effective digital signal
processing (DSP) microcomputers can perform the complex calculations involved in noise
cancellation. This advance has made it feasible to apply active noise cancellation at reason-
able cost to previously difficult problems in low-frequency automotive noise and vibration.

Sources of noise and vibration exist throughout an automobile. One type of noise is due to
turbulence and is, therefore, totally random and impossible to predict. This makes it a difficult
noise to cancel unless the source of the noise is well understood.

Engineers like to look at signals, noise included, in the frequency domain. That is, “How is
the noise energy distributed as a function of frequency?” These turbulent noises tend to dis-
tribute their energy evenly across the frequency spectrum and are, therefore, referred to as
broadband noise. Examples of broadband noise in cars are wind and most road noise. A typi-
cal broadband noise spectrum is shown in Fig. 31.1.

A large number of noises are different. These narrowband noises concentrate most of their
noise energy at specific frequencies. When the source of the noise is a rotating or repetitive
machine such as an automobile engine, the noise frequencies are all multiples of a basic noise
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FIGURE 31.1 A typical broadband noise spectrum.

cycle and the noise is approximately periodic. The repetition rate of the noise cycle of a four-
stroke automobile engine is two full revolutions (all cylinders firing). A typical narrowband
noise spectrum is shown in Fig, 31.2.
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FIGURE 312 A typical narrowband noise spectrum.

Examples of sources of narrowband noise in automobiles include exhaust noise, along with
broadband noise due to turbulence generated in the muffler; engine vibration, the major
source of the “boom” in the passenger cabin; ventilation fans, again accompanied by broad-
band noise due to turbulent flow; and tire noise, with a regular trzad pattern.

31.1.1 Noise Measurement

Any variation in air pressure is perceived by the human ear as sound. The pitch of the noise is
related to the speed at which the pressure varies, As a reference, when the pressure fluctuates
440 times per second, the ear perceives it as the musical note “A” above middle “C.” The inten-
sity of the noise can be stated either in terms of the peak sound pressure level (SPL) or in
terms of the noise power that varies proportionally with the square of the SPL.

Noise is usually measured in decibels and is defined as:

NDiSedB =20* lOgm[S PUSPLM]

or equivalently,

Noisegs = 10*logy[(noise power)/(noise povier,.)]
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where the reference (0 dB) is set as the softest 3-kHz tone that an average human can hear in
a perfectly quiet environment,

An overall measure, commonly used in specifications, is A-weighted noise (dBA). It is
adjusted to compensate for the fact that the average human ear has lower sensitivity at low
and high frequencies at normal listening levels.

31.1.2 Passive Noise Control

The first line of defense against noise is good design. All machines should be well balanced.
Symmetry in design and careful manufacturing can significantly reduce vibration and noise.
Turbulence can be reduced by good aerodynamics. High “Q” resonances in structures and gas
flows should be avoided.

The second line of defense is to absorb noise and vibration energy and control its propa-
gation using passive materials. The use of sound-absorbing and rigid materials to reduce noise
levels is an effective approach at high frequencies. Below 500 Hz, however, the cost, weight,
and inefficiencies due to passive sound attenuation often make this approach ineffective or
impractical, Another technique for noise control is required.

/ ; 31.1.3 Noise Cancellation Technologies

I ” A Antinoise. The idea to create a copy of the
| / X, J Fo%) NOISE  noise and use it as antinoise to cancel the
L 7 original dates back to the early part of this
century. Figure 31.3 shows the relationship, in
time, of a noise signal, an antinoise signal,
and the residual noise that results when they
meet. Note that active noise cancellation
= "\ does not mask the noise; it removes a signifi-
/ \ \ /\ ANTINOISE  cant portion of the noise energy from the
n environment.

i‘\
\

A~~~ FRESIDUAL

\ Digital Feed Forward. Digital feed for-

ward is shown in Fig. 31.4 as used 1o reduce

FIGURE 313 Relationships in time among noise, the noise in an. air duct. “}15 15 ?he classic

antinoise, and residual noise. example appllt:auon for active noise cancel-

lation and is w:dely discussed in the technical

literature. It is also the method to use to con-

trol blower noise in automotive ventilation systems and is discussed further in the applica-
tions section later in this chapter.

Referring to Fig. 31.4, a microphone is placed upstream in the duct to get a reference sam-
ple of the noise. The effect of the duct on the noise is modeled to produce an antinoise wave-
form at the output speaker. A residual microphone is placed downstream in the duct to
determine how well the system is operating and the duct modlel is continuously adjusted to
maintain peak cancellation. Feedback compensation is also required since the antinoise wave-
form also propagates backwards along the duct and makes the reference signal inaccurate,
Incorrect feedback compensation results in unstable operatior.

Systems that cancel broadband noise require causality (thz reference signal must give a
sufficiently advanced indication of the approaching noise). Noise that correlates with the ref-
erence will be canceled. Digital feed forward systems can readily achieve 6 to 10 dB (50 to
70% reduction in sound pressure level) in practical use.

Most active noise cancellation systems employ a variant of the LMS algorithm known as
Filtered-X. The basic LMS algorithm correlates an error signal (the residual noise in this case)
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FIGURE 314 Feed forward cancellation system,

with a reference signal (called “X” by Widrow and Stearns, Adaptive Signal Processing, Pren-
tice-Hall, 1985). The result is then multiplied by an adaptation rate constant and used to adjust
the relevant parameter of the adaptive filter. This is done repeatedly for each filter parameter
with the objective being convergence to an operation that minimizes the average power in the
error signal.

In real-world systems, the LMS algorithm does not converge due to the delay and gain effects
of the physical path taken by the antinoise signal. Using a compensation filter on the reference
signal (hence, the name Filtered-X), restores stability and produces a well-behaved system.

Synchronous Feedback. The technique known as synchronous feedback, developed by
G. B. B. Chaplin in the mid-1970s, is very effective on repetitive noise and does not rely on
causality. Here, instead of the reference microphone, a tachomater signal is used to provide
information on the rate of the noise, Since all of the repetitive noise energy is at harmonics (or
multiples) of the machine’s basic rotational rate, the DSP micrometer can dedicate its
resources to canceling these known noise frequencies.

Figure 31.5 shows the configuration of such a system applizd to reduce engine exhaust
noise. Its basic operation is described in the applications context in the next section.

SYNCHRONOUS
CONTROLLER

L__@as;;nwnh

PASSIVE SPEAKER
S 4 ELEMENT :
l ENGINE |t ~—{
ANTINOISE A 7
TACHOMETER | SYNC [mpl REﬁ:EEM
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| | GENERATOR FILTER ] |
! St |

FIGURE 315 Narrowband noise cancellation (an active muffler).
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31.2 APPLICATIONS

31.2.1 Canceling Exhaust Noise

The Passive Muffler. Passive mufflers are now used to contrel exhaust noise in automobiles.
There are three classes of these mufflers.

Absorptive Mufflers. These are the straight-through or “zlass pack” mufflers that were
used in the hot rods of the 50s. They consist of a length of pipe with holes wrapped by fiber-
glass (or other sound-absorbent material) which is then enclosed by a larger diameter pipe.
Absorptive mufflers are very effective at high frequencies, reduce turbulence in the exhaust,
and produce little or no back pressure, They have little effect, nowever, on the low-frequency
tonal noise from the engine unless the muffler is made impractically large.

Dispersive Mufflers. These mufflers work by creating a tortuous path for the exhaust, dis-
sipating some noise energy while spreading the remaining noise energy across frequencies
through turbulent flow. A significant amount of exhaust gas pressure is created in this process.
The backpressure decreases engine efficiency. Gas mileage is reduced (typically 5 percent in
city driving and 1 percent in highway driving) and peak horsepower is wasted (up to 10 per-
cent) pushing the exhaust gasses against the back pressure. Dispersive mufflers can be effec-
tive in noise reduction at low frequencies at a reasonable size but only at the cost of high
backpressure. They can have less backpressure, but then can be impractically large and heavy.

Reactive Mufflers. Reactive mufflers use acoustical resonances to reflect noise energy
back to the source. This technique is often used to handle a strong noise at a particular fre-
quency. It is a good technique for fixed rpm engine noise, but does not deal effectively in auto-
mobiles where engine rpm (or temperature, since the speed of sound, nominally 1100 ft/s,
changes with temperature) varies. Reactive mufflers do introduce some backpressure but
much less than dispersive mufflers.

The passive mufflers found in today’s automobiles use a combination of dispersive and
reactive techniques.

An Active Muffler System. Figure 31.5 shows an active muffler system as it would be applied
to an aufomotive engine exhaust. The passive element is a simple straight-through glass pack
muffler (absorptive) that controls noise above 500 Hz. The active muffler is a speaker cabinet
that is concentric to the exhaust pipe and outputs the antinoise in a ring around the end of the
exhaust. The symmetry of the noise and antinoise sources in this arrangement provides for
global cancellation of the low-frequency noise (at very low frequencies, a side-by-side arrange-
ment can also work). A microphone in the exhaust sound field feeds back the residual noise
(after cancellation) so that the adapter (usually an LMS adaption algorithm) can continuously
adjust the cancellation to drive the residual noise toward zero at the noise frequencies The
tachometer signal drives a harmonic generator to internally provide pure tones at the har-
monics of the engine’s basic cycle (two full revolutions in a four-cycle engine). This sets up the
whole system to concentrate its efforts on the noise from the engine.

The cancellation algorithm is executed in a modern DSP computer that fits on one 250-cm?
printed circuit board. Included on this board are:

» A digital signal processing computer (such as the ADSP-2101 from Analog Devices) capa-
ble of 10 million operations per second

» Two low-pass filters set at 500 Hz to avoid aliasing (the confusion of high-frequency signals
with low-frequency signals due to sampling)

« An A/D converter to measure the noise remaining after cancellation
» A D/A converter to output the antinoise

The electronic equipment also includes an audio power amplifier (100 W for a typical auto-
mobile exhaust system) to generate the required antinoise pover, Since the antinoise is at low
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frequencies, a Class D switching amplifier should be used to further enhance energy effi-

ciency. The total electronics package for a single-channel control system should be under $100
when produced in volume.

System Performance. Active muffler systems can significantly attenuate exhaust noise. In
steady state driving conditions, strong tonal components can bz reduced by more than 25 dB
with only a slight decrease in the attenuation level during rapid changes in driving conditions,
such as gear shifting or sudden acceleration, The sound quality can also be managed by adjust-
ing the attenuation level as a function of frequency, harmonic number, or engine conditions,

Current Status. Active muffler systems for cars, busses, and trucks are currently under
development by several companies, They have been demonstrated on production cars and
passed life tests. Larger systems have been tested on trucks and busses and field trials were
underway in 1993 on several metropolitan bus fleets in the United States and Canada. This is
a viable technology that is going to be used in production vehicles in the middle of this decade
due to the effective performance and fuel economy enhancemants it provides in automotive
designs.

31.2.2 Controlling Engine Vibration

Fassive Vibration Control. A primary consideration in modern automobile design is fuel
economy. Automobile engines are therefore smaller and have fewer cylinders than the
engines of a few years ago. Limiting this trend is the desire for 4 smooth-running car. It is dif-
ficult to balance the vibrational forces in an engine—especially the component at twice the
engine rotational rate—with a small number of cylinders. One option is to use counter rotat-
ing shafts inside the engine that have a slight imbalance and spin at twice the engine rpm. The
forces generated by the extra shaft can be designed to cancel the undesired vibration. The
drawback o this approach is that it uses a significant percentage of the engine power (up to
10 percent has been estimated) by adding weight and friction lcsses.

Given that the engine vibrates, much design effort has gone into rubber engine mounts.
Making the mount soft prevents engine vibration from propagating through the supporting
members into the passenger compartment. The problem with soft mounts is that the engine is
the heaviest single component in the car. If the engine is not firmly mounted, the handling
characteristics of the automobile will suffer. The automotive designer is therefore left with a
compromise among performance, economy, and comfort,

Active Engine Mounts, A solution to the vibration problem is to provide an active mount
that is compliant or soft only at the vibration frequencies. Here an active vibration control sys-
tem dynamically adjusts the dimensions of each engine mount so that engine vibrations are
isolated from the car chassis. Again, the energy needed by the electronics is much smaller than
the energy that would be lost using the passive solution. A mcre energy-efficient car is the
result.

Figure 31.6 shows synchronous cancellation applied to create an active engine isolation
mount. The antivibration continuously works against the stiffness of the mount to keep the
mount out of the way of the engine at harmonics of the vibration cycle. No vibration forces are
then passed through the mount from the engine and the supporting frame is vibration free.

System Performance. An active mount system can reduce peak vibrational components up
to 25 dB, When applied to the major engine-mounting sites, activz mounts significantly reduce
vibration in the passenger compartment. They can also reduce secondary acoustical noise

generated by vibrating surfaces in the passenger compartment—the major source of boom
noise in cars.
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Current Status, Active mounting systems have been demonstrated on several production
vehicles and are under development for aircraft engines. The systems can also solve vibration
and mounting problems in commercial and industrial rotating machines. The remaining techni-
cal hurdle before they are ready for the automotive market is to make certain that the mounts
and their actuators can stand up to the harsh shock environment in the engine compartment.
Active mounts should be ready for automotive production in the latter half of this decade.

31.23 Passenger Cab Quieting

The primary cabin noise that active noise cancellation technology can deal with is due to the
engine. Many car designs are completed only to find that at some speeds there is a disturbing
low-frequency boom noise in the cabin. This noise is caused by a resonance in the structure of
the cabin and is difficult to deal with using sound-absorbent materials. The boom usually
occurs between 90 and 150 Hz whenever one of the harmonics of the source noise moves into
the bandwidth of a resonance in the cabin structure,

The source of the noise can be either the exhaust or engine vibration passing through the
mounts, vibrating cabin panels, and creating secondary noise in the cabin. The exhaust noise
can be easily dealt with through the use of a good muffler and isolation of the exhaust pipes
from the car body and frame, Engine vibration control is the job of the engine design and/or
the mounting system but, as described earlier, it involves many tradeoffs,

Most of the other noises in the cabin are broadband noise They include road noise, wind
noise, and blower noise. The technology to deal with zonal control of broadband noise is still
in the research stage.

Passive Control. Passive control of cabin noise is best done with sound and vibration
absorbing materials. Fiber batting in door and ceiling panels is a significant help at higher fre-
quencies. Vibration deadening panels (a laminate of steel and plastic) are quite effective but
add significant cost to the vehicle.

At low frequencies, car cabin dimensions are comparable fo the wave length of the noise.
It is therefore possible to match the sound field with an antinoise field that is generated by a
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small number of speakers. If a set of residual microphones is placed around the volume to be
silenced, spaced less than % wavelength apart, a multichannel noise cancellation control sys-

tem can synthesize the required antinoise field. Figure 31.7 shows a general configuration and
the resulting quiet zone.

y

\;CZ RESIDUAL g MIKE B w’\)
" SPEAKER 1 . SPEAKER2 N

RESIDUAL QUIET RESIDUAL
MIKE A ZONE MIKE C

SPEAKER 3 | SPEAKER4
‘n&‘ RESIDUAL ﬁ MIKE D 4

FIGURE 31.7 Zonal noise control for an automobile.

The algorithm is more complex than in single-channel applications since each residual
microphone now “hears” antinoise from each of the antinoise speakers, and the electronic

equipment is more expensive. This also occurs to a lesser extent for dual exhaust and multiple
mount systems,

System Description. Figure 31.8 shows a zonal noise control system adapted for use as an
automotive cabin-quieting system. The four to six residual microphones are placed near nor-
mal passenger head positions in the roof liners, seat backs, and/or door panels. Extra micro-

phones are used, since at some frequencies resonances in the cabin will place a null of the
sound at some locations.

ANTINCISE
SPEAKER

FIGURE 318 An automobile cabin-quieting system.
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Four antinoise speakers are placed at convenient locations in the cabin. The existing sound
system can be used to save money but care must then be taken to insure that the high-level
antinoise tone does not create distortion in the amplifiers and speakers. This will usually
require an upgrade in speaker quality, and separate low-frequency subwoofer speakers are
desirable.

Proper design of a cabin-quieting system involves a careful analysis of cabin acoustics to
determine proper speaker and microphone placement. It also depends on the existence of suf-
ficient sound-absorbing materials in the cabin to limit the strength of resonances so that the
mathematics of the algorithm do not require excessive precision,

System Performance. Cabin-quieting systems can reduce the peak boom by up to 10 dB.
This significantly enhances any vehicle that has a major boom problem,

Current Status. Cabin-quieting systems have been installed and tested in a number of pro-
duction cars. One model car with a cabin-quieting system was marketed in Japan in 1992. An
aircraft manufacturer has announced the intention to market similar, but significantly larger,
systems in its 1994 model turboprop aircraft. This is a currently viable technology to enhance
automotive designs.

31.24 Controlling Blower Noise

Most of the noise from the heating/ventilation/air conditioning (HVAC) blower in cars is due
to turbulent flow in the distribution ducts. This noise can be reduced through careful design of
the ducts. Some guidelines follow:

» Reduced air velocity is the strongest factor in controlling turbulence. Larger duct cross sec-
tions and larger output ports should be used wherever possible.

* Duct liners made of sound-absorbing material can altenuate the higher-frequency noise.

» Discontinuities in the air flow should be eliminated. All turns should be smooth as any
change in air flow direction or obstructions will generate additional turbulence and noise.

Passive controls can give 6 to 10 dB of improvement in the noise level and the successful
use of active noise control for further reduction requires that attention be paid to passive con-
trols first.

An Active Duct Silencer. The feed forward cancellation system in Fig. 31.4 has already been
described in the context of controlling broadband noise in an air duct. Implementation of a
duct cancellation system requires a close interaction with the physical design of the air distri-
bution system in the car. A successful system will result only after several design iterations
between the group doing the cancellation system and the design group responsible for the
cabin design.

A good duct cancellation system in these small ducts can reduce the noise by 10 to 15 dB
from 50 Hz to 1 kHz. This results in a typical noise reduction in the dBA noise measurement
of 4 to 6 dB.

Duct cancellation systems for commercial applications have been available for several
years, The cost-effective (less than §50 system cost) application of this technology to home
appliances has been announced and will see production in 1994, This is another viable appli-
cation of active noise control in current automobile designs,

31.25 Active Suspension Systems

The technology used in an active suspension system is closely related to that used in active
noise cancellation. For a description of active suspensions, see Chap. 17.
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GLOSSARY

Active mount The use of an actuator in a mounting system to continuously deform the
mount so that no vibrational forces are passed through the mount at specific frequencies.

Adaptive filters A signal-processing technique (usually digital) in which filter parameters
are continuously modified to optimize some aspect of system performance,

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

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

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

LMS  The least mean squares measure of the error in a system.
Noise cycle The repetitive cycle of a noise source. It is two revolutions in a four-stroke engine,
Residual noise  The noise that remains after the antinoise meets the noise.

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

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

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

Subwoofer A speaker that is designed to only produce sound below 200 Hz. A crossover fil-

ter is used to pass low-frequency energy to the subwoofer and al] higher-frequency energy to
other speakers,

Tonal noise  Noise that is made up of pure sinusoidal components with frequencies that are
all multiples of a fundamental frequence.

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

Randy Frank and Salim Momin
Motorola Semiconductor Products

321_RETROSPECTIVE

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

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

322 IC TECHNOLOGY

Since the advent of integrated circuit (IC) technology, the automotive engineer has been
designing more and more complex electronic modules—partially to meet government-man-
dated regulations for pollution control and fuel economy but also to provide increased per-
formance and creature comforts. Table 32.1 is a summary of the control systems and
subsystems being used or developed for modern vehicles. Transitions to higher levels of com-
plexities are already underway as car companies worldwide migrate their engine management
ECUs from 8-/16-bit microcontrollers to 32-/64-bit CISC/RISC based processors with more
than one execution engine on-chip, such as Motorola's MC68332,
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TABLE 32,1 Pervasiveness of Electronics in Madern Control Systems

Safety & chassis Powertrain Entertainment Driver information Convenience & body contro]
Traction control Dynamic engine mount  Noise reduction systems ~ Digital & analog parges  Multiplexed wiring
Antilock brakes Electronic camshaft Cellular radioftelephone  Engine diagnostic display  Intermodule network
Load-sense braking  Ignition timing CD & optical disc players  Service reminders Body system diagnostics
Alr bag restraints Spark distribution CB radio Digital clock Smart power drivers
Dynamic ride confrol ~ Fuel delivery control Digital audio Lape Trip computers Antitheft device
Active suspension Turbo control Navigational computers ~ Climate control
Load leveling Emissions monitor Intelligent highways Keyless entry
Electronic steering Voltage regulator Collision avoidance Light reminder

Alternator Drowse/DWI alert Memory seat
Transmission shift Sensory wipers
On-hoard diagnostics Auto door lock
Operational adaptation Headlight dimming
Energy recovery Window control

Electronic muffler
Cruise control

DSP technology is being used in audio and suspension control algorithms with new appli-
cations such as noise cancellation just on the horizon. Semiconductor technology, and specifi-
cally the integrated circuit, is the enabling technology. Thus, before we can discuss the future
of automotive electronics, the future developments in semiconductor technology along with
its critical success factors must be understood since they will have a profound impact not only
on what systems get designed but, more importantly, on how they get designed.

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

TABLE 32.2 General Technology Roadmap

Characteristic 1992 1995 1998 2001 2004 2007
Feature size 0.3 0.35 0.25 0.18 0.12 0.1
Gates per chip 300K BOOK M M 10M 20M
Wafer processing cost ($/cm?) §4.00  $3.90 $3.80 $3.70 $3.60 $3.50
Chip size (mm?) 250 400 600 800 1000 1250
Wafer diameter (mm) 200 200 200-400  200-400 200400 200-400
Defect density (defects/cm?) 0.1 (.05 0.03 0.01 0.004 0.002
Number of interconnect levels 3 4-5 5 5-6 6 6-7
Power supply voltage (V) ) 33 22 22 15 1.5
No. of 1/0s 500 750 1500 2000 3500 5000
Performance (MHz) 120 200 350 500 700 1000
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Higher-speed electronics can generate high power levels, so design techniques to minimize
the power or cope with the existing level of power dissipation are being pursued. Novel cool-
ing methads using heat pipes enable self-contained cooling capability. Higher-temperature
operating materials such as gallium arsenide (GaAS), silicon carbide (SiC), and diamond are
also being investigated by automotive electronics manufacturers to solve the heat problem.
The most eritical technology required to turn the semiconductor technology roadmap into
reality is CAD—computer-aided design.

32.2.1 Design Methodology/CAD

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

32.2.2 CPU Architecture

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

1. Fixed length, consistently encoded instructions

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

4. A large orthogonal register file

5. Three-operand (nondestructive) instruction format

MPU chips are available in 1994 with floating-point performance of SPECfp92* of 85 at 80
MHz. Over 1.6 million transistors are integrated in a chip that is only 85 mm?® This perfor-
mance level is considerably above the highest-performing CISC architecture and utilizes less
silicon area.

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

Single-chip programmable digital signal processor (DSP) technology is used when mathe-
matically intense algorithms, real-time operation, and high-speed data sampling are required
in the control system. DSP units have been designed into sophisticated audio entertainment,
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dynamic ride control, and noise cancellation systems. DSP units incorporate Harvard archi-
tecture similar to many MCUs and MPUs; extensive pipelining; dedicated hardware multi-
plier; special instructions not typically found in MCUs, such as multiply and accomulate
(MAC); and fast instruction cycle times, less than 50 ns. DSP design can also be integrated into
MCUs to provide similar functionality for systems.

It is impartant to note that automotive electronics manufacturers will benefit from higher
levels of technology, but use of high-level electronics in the auto industry lags behind other
segments, partially due to the design-in time and partially due ro the cost, Only the level of
performance necessary to solye the control problems that are expected to be encountered
during the design life of the electronics is implemented. Figure 32.1 shows a general technol-
ogy roadmap for one semiconductor manufacturer (Motorola) that provides detail for some
of the elements of future semiconductors. The products that drivz future technology are high-
end microprocessors and fast static RAMs (SRAMs). However, other products, including

logic, mixed-signal (analog/digital), sensors, and power devices, benefit from the improved
process techniques and the tools that are developed to provide them,

GENERAL TECHNOLOGY ROADMAP

ULSI - HIGH PERFORMANCE LOGIC

1930 1991 1992 1993 1985 1996 1997 1998 1899 2000
SRAM |[  1MbSRAM | 4MbSRAM | 16Mb SRAM | 64Mb SRAM
DevicesMPU|| 15-2.5M | 2-aM | 3M| 4-8M | 5-11M] 20-100M] 20M - 500M
Die Size 1.25% 1.75¢cm 1.5 X 2.0cm 2.0 X 2.75¢m
Technology HCMOS HMOS$/BICMOS | Bicmos
Voltage 5V [ 5R.3V] 3.V/2.5V 25VA.5V
Min. Feature || D80ym | 0.65um | 050um |  040um [  030um 0.25:m  [0.15m
Litho Tool Gline | I-Line | rLing&PheseShitMaskouv |  X-Ray
Materials EPUBL | EPUBUTRENCH [ S0l
Gate Oxide 1504 [ 105A [ 80A | _60A
CMOS N+POLY/LDD | N+/P+POLY With Silicide/LDD|Seleciive Silicon Elevated Source Dral
Bipolar Non-Seif Allgned = 2 Self Allgned | SiGe With Trench Isolation
Contacts Tapered 1 Straight-Walled, Filled
Metallurgy AL.Alloy | ALAlloy M1,2,34 Copper
Metal Layers || DLM | LM | 4LM 56 Level
1Meg SRAM 4 Meg SRAM 16 Meg SRAM |
pRODUCTS|| 68040/68050 68060/68LP040 88130 M:,;!:‘,:g;ﬂ:;‘,s
88110/88410 88120, PowerPC™ RISC MCU Large Cache |
683XX MCU B83XXMCU PowerPC™ |

FIGURE 321 Operating frequencies/feature size/integration level,

3223 Memory

As part of reduced vehicle development time, electronics module manufacturers need semi-
conductor suppliers to turn ROM circuits in shorter and shorter design time, Also, new mem-
ory types, such as flash memory, are required fo allow manufacturers to reprogram when the
memory 1s installed in the module and still be reliable under all vehicle operating modes for
the remaining life of the vehicle. Future developments include the ability to reprogram at
lower voltages: 5V and even 3 V.

Figure 32.2 shows the increase in memory, throughput, functions, and inputs and outputs
(I/O) since model year 1980 and an estimate for model year 2000, The most dramatic increase
has occurred in the memory (RAM). Program memory (ROM) is also increasing. Memory in
future MPUs will be limited more by the programmer’s ability to generate the code than by
the hardware’s ability to store or process it—unless fundamental changes occur to the process
of code generation.
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FIGURE 322 Automotive nsage of microcontroller technology.

32.3 OTHER SEMICONDUCTOR TECHNOLOGIES

Semiconductor technology is also being applied to both the input and output side of the digi-
tal control to improve the performance of sensors and provide more efficient power switches.
Both sensing and power devices are the focus of increased integration. The extent of integra-
tion depends on system constraints in the automobile in addition to the technology that is
developed by semiconductor manufacturers. This section will discuss key items affecting
future levels of system and component integration.

32.3.1 Micromachining and Microelectronics

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

Increased electronics will be used with these sensors either by simultaneously fabricating
electronic circuitry with the mechanical structure or by packaging techniques such as multi-
chip modules. Figure 32.3 shows a sensor technology migration path that ultimately has the
sensor(s) fabricated directly on CMOS MCUs, While the cost of this final form may be several
years away from the level necessary for automotive use, the technology capability can be
demonstrated today. Intermediate forms of integration with CMOS memory components
used for calibration and localized digital logic providing decisions are extremely likely within
the near future (before 2000). The electronics system design will change as inherently digital
signals, instead of analog, can be input directly to the MCU, These signals could be at the level
that allows usage by several vehicle systems using a multiplex (MUX) bus. However, stan-
dards, such as SAE 1850, will be necessary to make the digital output transducers as readily
available from many sources like today’s analog output sensors.
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FIGURE 323 Sensor technology migration path.

32.3.2 Voltage Capability

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

32.3.3 Power Control

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

* More energy-conserving designs

* Smarter power supplies that manage peak alternator-current demand

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

+ Two 12-V batteries per system, especially on high-end vehicles
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More efficient power devices are required to reduce overall vehicle power consumption
and to reduce power dissipated in electronic modules, The on-resistance area product has
been reduced nearly tenfold from the early 1980s to 1993, since the first use of power MOS-
FETs on vehicles. Further improvements are made by reducing all of the resistive elements of
the MOSFET, including metal connections to the package, starting material and cell structure.
Figure 32.4 shows how the specific on-resistance can be reduced by using high-cell-density
power MOSFETS and lower voltage ratings. Ignition coil drivers are high-voltage (greater
than 350 V) applications on internal combustion vehicles where insulated gate bipolar tran-
sistors are more efficient than power MOSFETS or bipolar power transistors.
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FIGURE 324 Power efficiency vs, voltage.

Merging power devices with control circuitry is also part of the integration that is occur-
ring at an increasing rate as system complexity increases. Several design and processing tech-
niques are used to merge these devices depending on the switch type and performance
expectations. Table 32.3 provides some indication of differences in commonly used processes.
Smart power, or power 1Cs are the terms that are generally used to describe these types of
power devices.

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

TABLE 32.3 Power ICs Attributes

Circuit components Switch type
Isolation process  Power MOSFET CMOS Bipolar Highside Lowside Complexity Breakdown voltage
Self Yes Yes No Yes No Simple Low
Junction Yes Yes Yes Yes Yes Medium Medium
Dielectric Yes Yes Yes Yes Yes High High
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FIGURE 325 SMARTMOS™ technology cells.

tors, and regulators, are best implemented using a bipolar IC process, MOS circuitry handles
logic, active filters (time delays), and current mirrors better thaa bipolar circuitry. Some cir-
cuits, such as A-D converters or power amplifiers, can be impleraented equally well in either
technology. A process that has both MOS and bipolar for the control circuitry does not have
to sacrifice performance or features and, if it is combined with the appropriate output devices,
it can handle the power control functions for a number of vehiclz loads.

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

power dissipation are factors that system designers must consider when eval uating the level
of integration of power devices.

The three levels of power devices involved in automotive systems are power MOSFET,
smart power IC with one or more power outputs, and MCU with integrated power devices.
Integration in each of these levels and efficiency will improve in future systems. The ability to
integrate memory components and transmit and receive digital signals at the power side of

the control system is necessary in MUX systems. This also allows the system designer added
flexibility in system partitioning,

3234 Semiconductor Operation at High Temperatures

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

3235 High-Frequency Semiconductors

Increasing communication to and from the vehicle requires radio frequency (RF) transistors
to receive and transmit signals and data. High-frequency operation is required for cellular
communications and sensing in systems such as near obstacle detection, Several technology
choices exist in the RF front end of a communication product that must operate at 900 MHz
as Fig. 32.6 demonstrates. Silicon competes with GaAS in the 1- to 2-GHz range, but in the 2-
to 18-GHz range, GaAs is the only solution. In 3-V, high-frequency (1-GHz) operation, GaAs
has an efficiency of 50 percent versus silicon bipolar’s 40 percent or LDMOS's 43 percent.
Chipset approaches are frequently used in the early phases of system design and can be cost
effective alternatives to higher levels of integration. High-frequency designs for radio fre-
quency are considerably different than high-speed digital processes, which limits the integra-
tion of these subsystems, The frequency range is much higher in RF circuits, frequently 800
MHz and higher. Mixed-signal technology in these designs means not only digital and analog
but also RF must be processed. Circuit isolation is required to prevent unwanted coupling of
signals which can range from 3 V peak-to-peak to less than 1 i1V peak-to-peak. RFIC (radio
frequency integrated circuits) technology or MMIC (monolizhic microwave integrated cir-

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

323.6 Semiconductor Packaging

Auto module manufacturers are using surface mount assemb.y techniques to improve relia-
bility, reduce component size, and incorporate more functions in a given module form factor.
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A number of SOIC packages are available for handling high-p'n-count I/O in logic or high
power in power ICs, Assembly techniques for surface-mount technology (SMT) also include
flip chip, TAB (tape automated bonding), COB (chip on board), and bare die.

In many respects, the packaging requirements for highly integrated devices are similar to
those for the full module. These include power distribution, signal distribution, heat dissipa-
tion, and circuit protection. In harsh applications, like the underhood mounting of automotive
controls, hot and cold temperature extremes can result in severe damage to the electric con-
nections in electronic components. Reducing the number of connections in a module, through
the integration possible in a process like smart power ICs, reduces the number of potential
failure points.

As more and more functionality is included in an IC design, the number of external com-
ponents is reduced. This inherently lowers the number of solder joints that are required in a
particular pe board layout. This can significantly reduce the potential for rejects in the sur-
face-mount soldering operation. Unfortunately, in highly integrated silicon designs, packages
are also required with power-dissipating capability and/or access to sense a mechanical input,
such as a pressure port, These “combined” packaging problems have been solved at the mod-
ule and not the semiconductor level. Smart power packaging enzineers address the require-
ment for more complex I/O and higher power dissipation with increased lead count packages
and integral heat-spreading capability. Sensor packaging engineers cope with increased media
compatibility and higher pin count issues with new materials and unique attachment/access
methods for pressure, acceleration, magnetic, or light sensing. Complex microcontrollers have
high pin counts (2236 pins) with close spacing and high coplanarity requirements. Still other
silicon processing technologies are required to provide system glue-chips that provide inter-
faces that are not cost-effectively integrated in a particular time frame. As a result, three or
more packaging roadmaps are pursued,

To achieve increased functionality without increased silicon complexity, available silicon
technologies are being combined at the package level in packages based on semiconductor,
not module manufacturer, assembly techniques. These multichip modules (MCMs) are being
evaluated for automotive applications. There has been a decline in the use of the previously
popular DIP (dual in-line plastic) package. Other through-hole packages, such as SIP (single
in-line plastic) and PGA (pin grid array), will also not increase. New SMT approaches, such as
BGA (ball grid array) packages, are the focus of present packaging development. For future
highly-integrated components, packaging techniques must take into account more complex,
system-level requirements, as well as SMT assembly requirements,

Testing 1s also a major consideration as more and more functicnality is combined into one
package. In some instances, the ability to provide fully functional, fully tested silicon die is
required for products that are provided in packaged form today.

323.7 System-Level Integration

Increased integration is occurring to achieve increasingly more cost-effective systems. How-
ever, integration necessary to have all system components, MCU+power+sensor(s), on the
same chip, can lead to mask levels that are well beyond the level necessary to obtain reason-
able yields. Those components that would significantly add to the cost or detract from the per-
formance must be partitioned as a separate system component, Integration can minimize
some unwanted components, such as parasitic capacitances or lead inductances, but it can also
lead to unexpected interaction of other circuit elements. Proven building blocks or modules
increase the confidence that a new silicon design will work properly the first time.
System-level chips based on structured design approach are just starting to appear. For
example, Motorola’s CSIC, or Customer Specified Integrated Circuit, is a modular design
approach that has over 150 developed combinations for solving a variety of 8-bit control
problems. Figure 32.7 shows the concept of a System Chip™ integrated solution that combines
input, output, and computation in a monolithic silicon chip, The MC68HC705V8 is an exam-
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ple of today’s level of system integration. It is a necessary first step towards the more complex
systems of tomorrow. This chip has an on-chip voltage regulator, a complete single-wire mul-
tiplex interface message data link controller, and various memory functions, The voltage reg-
ulator provides a regulated 5V (£5 percent) from battery voltages between 7 and 26.5 V and
can withstand allernator transients up to 40 V. As noted in Sec. 32.2.2, required cost-effective-
ness by automotive electronics also applies to levels of integration, In a given time frame,
higher levels of integration may be possible, but not cost effective. The ability to shift portions
of the system from one unit to another, and partition the system for the most cost-effective
approach in the most timely manner, is the goal of auto elecironics manufacturers and the
force behind approaches like Motorola’s Seamless Silicon System™ methodology, This tech-
nique will allow common design rules for various silicon components, including MCUs, smart
power and sensors, that will facilitate integration paths like the one shown in Fig, 32.3. How-
ever, when separate devices are determined to be more cost effective, the decision to have
them as separate components will be a simple choice of the designer.
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FIGURE 32.7 System Chip™ integrated solution,

32.4 ENABLING THE FUTURE

Driving forces for automotive manufacturers ultimately drive tae electronic content of future
vehicles, The major areas that impact electronics include meeting government regulations,
environmental responsibility including recyclable materials, automotive manufacturing tech-
nology (and the transition from lean to agile manufacturing), improved security, increased
safety to eliminate auto fatalities, reduced vehicle development time, high-efficiency 80-mpg
super car, and the “personalized” car.

The first five items will be covered in more detail later in this section. The last three items
on the list reflect key topics that are extremely timely and may not have appeared on a list
developed in the 1980s.

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

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

Personalization in an increasingly nonpersonal world is among the marketing strategies
that can impact electronics. The memory and automatic adjus'ments that are possible with
electronics are already used to preset seat position and favorite radio stations when the auto-
matic door opener identifies the driver of a multiple-driver vehicle. Electronics is also an
essential part of the features used to differentiate vehicles. Increased marketing and manu-
facturing approaches to customize vehicles will increase the amount and variety of electron-
ics, and of course, semiconductors in the vehicle. An excellent example is an office-on-wheels
that has cellular phone, FAX, and printing capabilities as key accessories.

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

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

32.41 Changes from IVHS

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

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

3242 Safety

Harry Mathew, a vehicle safety expert at Arthur D, Little, has made several predictions based
on the need for improved safety in vehicles. Implementation cf technologies that are dis-
cussed today is shown in Table 32.4, These areas and timing can be compared to projected
penetration of super-smart vehicle systems (SSVS) in Japan that are shown in Table 32.5.
The emphasis that government and consumers place on aspects of vehicle technology will
determine which elements are exploited in production vehicles, For example, the reporting of
safety performance of vehicles in 35-mph frontal crashes by the National Highway Traffic
Safety Administration (NHTSA) is intended to be a more consumer-oriented look at the
probability of injury. This could result in even greater focus being placed on air bags, espe-
cially dual air bags and their effectiveness in preventing injuries by auto manufacturers
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TABLE 32.4 Timing and Implementation of New Vehicle Systems

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

TABLE 325 Penetration of SSVS Technologies in Automobiles

SSVS technology Phase 1 yr 2000 Phase 11 yr 2010 Phase I11 yr 2020
Obstacle detection 20% 0% 80%
Road geometry detection 10% 40% 40%
Collision warning 10% 60% 80%
Auto braking/steering 10% 60%
Pedestrian detection 10% 60%
Driver assistance 10% 60%
Auto lane following 10%
Accident reduction 4% 20% 43%

3243 Antitheft/Security

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

target of integrated control strategy in the future for OEMs,

32.4.4 EPA Driving Forces

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

« Finalize rules for on-board vapor recovery during refueling

» Monitor implementation of California’s Low Emission Vehicle (LEV) program
» Determine whether Northeast states can adopt California’s LEV standards
» Resolve third-car controversy (states adopting California LEV standards without Califor-

nia clean-fuel standards)
« Monitor phase-out of CFCs and phase-in of replacement coolanis

» Finalize regulations for on-board diagnostic computers to monitor emission control systems

+ Finalize rules for cold temperature carbon dioxide emissions controls
» Finalize rules for evaporative emission controls
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The involvement of electronics and next-generation semiconductors to solve these prob-
lems has been discussed in several chapters.

32.45 Consumer Demands

A consumer survey of 1000 Southern California drivers indicated the following preferences for
1997 vehicle power sources with more than one choice possible: gasoline (34 percent), hybrid—
electric and gasoline (29 percent), electric (26 percent), natural gas (16 percent), methanol (15
percent), diesel (4 percent),and don’t know (7 percent). Satisfying these different vehicle pref-
erences should be the target of manufacturers’ product plans. Electric vehicles specifically
require a broad range of semiconductor technology, some of which will be unique to the oper-
ating voltage of these vehicles. With growing concern for the environment, vehicle manufac-
turers can potentially segment their market and address a previously undefined customer.

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

32.4.6 Effect of Other Industries on Automotive Electronics

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

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

3247 Software

Making the transition from one technology to the other and providing a transparent-to-the-
driver feel for any future system will require extensive software, Three phases have been pre-
viously identified in the evolution of automotive electronics. [nitial electronic components
were diodes, transistors, and analog ICs in alternators, voltage r2gulators, AM-FM radios, and
clocks. Phase [T was the result of government regulations and enabled by the usage of micro-
controllers in vehicle control systems, Phase 11 is marked by the use of smart peripherals,
smart power drivers, and smart sensors, to bring the hardware closer to the capability of
MCUs. The next phase will be the “software era,” in which emphasis will be focused on stan-
dard open architecture; in-vehicle network backplane; factory, dealer, and consumer levels of
configurability; neutral programming languages, and user-friendly software,

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

Along with more complex hardware and software comes the need for improved testability
to ensure that these more complex systems work the way they were designed. Powertrain
vehicle personalization, IVHS, and hybrid vehicles are expected to be even more important to
future automotive growth than air bags and antilock braking systems were in the early 90s.
Testing is critical during assembly, at the end of line, and in service. Design for testability
(DFT) methodelogy must be implemented at the beginning of the design process to satisfy
the full range of test requirements. Techniques have been developed, including boundary scan
and built-in self-test (BIST), that must be utilized. The IEEE JTAG (Joint Test Access Group)
standard, OBD-II, and others that may be developed must be implemented to allow equip-
ment manufacturers a common methodology for developing naw equipment.

Today's high-end microprocessor designs already have clock rates that exceed 80 MHz and
are capable of executing several millions of instructions per second (MIPs). To utilize this, and
even greater, capability in future automotive products, automotive designers will have to
spend far more time developing software than they did in the previous generations of prod-
ucts. This will require a different approach to software—one that starts with a formal software
department dedicated to developing structured code. Sophist.cated debug and system inte-
gration tools developed for the semiconductor industry must b2 implemented in a networked
environment to support and facilitate a team approach to software.

In addition to digital simulation, complex analog systems aso require analysis techniques
beyond those used in today's vehicles. A simulator, such as Analogy’s Saber™ simulator, can
provide templates for various power supply topologies and evaluate virtual silicon prototypes in
place of actual units to reduce cycle time and ensure adequate performance in production units.

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

The extent of interaction that must be analyzed and understood to provide future vehicle
controls is extremely complex and will require several systems that simulate everything from
vehicle combustion process to air bag deployment and driving simulation. Figure 32.8 shows
a simple interrelation among the driver, his vehicle, and the environment. The ability to link
together these systems and provide increased control to the driver will be the challenge for
designers of future vehicles. This will require new semiconductor hardware, advanced devel-
opment tools, and an unprecedented amount of software.

325 IMPACT ON FUTURE AUTOMOTIVE ELECTRONICS

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

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

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

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

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

3251 Changing Role of the Automotive Electronics Designer

Software will drive IC technology. At the same time, the automotive engineer’s role will
change. Already this role has changed from that of a board-level designer using transistors to
one using integrated circuits. Today, a systems approach is being pursued, but the systems have
to be designed with a top-down methodology. Product developroent with system engineering
guidance is shown in Fig, 32.11. This is today’s approach and probably will not significantly
change from the organizational side, except for a stronger role for software development.
However, the activities performed by these functions must change through the use of more
interactive tools, Starting with the total concept for the car, every module, every subsystem,
every piece of electronic technology must be considered. Integration, system partitioning,
design functionality, and distributed versus centralized intelligence are part of this approach.
Audio system evolution, shown in Fig. 32.12, provides an excellent example of the transition,
This figure will be examined closer in the next section,
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FIGURE 3211 Product development with system engineering operation.
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325.2 Potential System Architectures of the Future

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

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

The strongest case for this scenario is the body system controller (refer to Table 32.1). Here
functions such as door locks, interior dome lights, trunk lack, remote entry, antitheft alarm,
electronic window lift, and electronic seat control with memory could all be centralized with
multiplex wiring connecting the smart actuators (i.e., door locks, trunk release solenoids, etc.),
switch decoders, and lamp and motor drivers. Another alt2rnative to centralizing the whole
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car into one system could be partitioning the system into four systems controlling the four
quadrants of the vehicle. The multiplex wiring within each quadrant linking the switches and
actuators could be class A type, while the quadrants could be interlinked with a class B multi-
plex bus for diagnostic purposes and to provide a gateway into the driver information system.

The audio/entertainment system is probably the most interesting system from an architec-
ture viewpoint because of how it has evolved, its uniqueness from the standpoint of standard-
ization, and the possibilities that integrated semiconductor technology could provide. To
understand the possibilities, let’s examine how the radio has evolved. As shown in Fig, 32.12,
the initial analog-based AM radio has integrated functions to include stereo (both AM and
FM) and cassette or compact disc (CD) in the early 90s. Audio effects similar to ones found in
home stereo systems are made possible with DSPs and are being offered on high-end vehicles
today. With the availability of high-resolution, high-speed data conversion devices (e.g., 16-to
18-bit sigma-delta A/Ds and D/As), the radio will move from the analog domain to a digital
domain, with the DSPs performing the task of AM/FM stereo decoding along with the audio
effects.

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

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

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

32.6 CONCLUSIONS

A universally accepted approach to electronics in all regions of the world does not appear
very likely. Europe, North America, Japan, and other regions of the world have differences in
use and design that are obvious in the electronic requirements. Europe may be the most likely
to favor a backplane approach. In the United States, captive electronics support can provide
individuality, but independent electronic suppliers in Europe support several different auto-
motive customers in several countries with a wide range of requirements. Obviously, this
requires standards that allow users to specify within the capabilities of several suppliers and
still configure the functions that are required.
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With rapid advances that are occurring in research, the technology of choice for semicon-
ductors is a moving target which can change in the present design cycle time for vehicles.
Problems for one approach can be solved, making it a viable alternative, Based on the kinds
of systems that will drive future vehicle technology, and the potential for more drive power
options—four- or two-stroke internal combustion, electric, hybrid and diesel—automobile
manufacturers will continue to look to electronics and semiconductor technology to provide
cost-effective solutions, Software will be the next frontier for semiconductor, electronics, and
automotive manufacturers.

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

* Semiconductor [ndustry Association (SIA) reports

» Proceedings of International Congress on Transportation Electronics (Convergence)
+ University of Michigan Delphi Report (Rev, VII or later)

+ Morgan Stanley research

» Hansen Report on automotive electronics, published monthly

» BIS strategic decisions

« Arthur D, Little reports

s Inside IVHS, published biweekly

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

* Electronics periodicals (e.g., EE Times, Electronic Design, Electronic Design News, [IEEE
Spectrum) '

¢ Other SAE or [EEE publications

SMARTMOS, Seamless Silicon System, System Chip, and SENSEFET are trademarks of

Motorola, Inc. Saber is a trademark of Analogy, Inc. Pass-Key is a trademark of General
Motors. All other trademarks are the property of their respective owners,

GLOSSARY

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

ATPG Automation test program/pattern generator.

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

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

Combinational technologies Integrated mixed-signal, analog and digital technology.

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

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

EEPROM Electrically erasable programmable read-ony memory, a semiconductor tech-
nique used for permanent storage, It can be reprogrammed in the system.
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Engine (micro engine) The computational portion of an IC.

Flash Semiconductor memory, faster than EEPROM, that car be used for permanent stor-
age and is easily electrically reprogrammed in the system.

Flops Floating-point operations per second, a measurement of microprocessor performance,
FPGA  Field-programmable gate array, an IC that can be programmed,

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

HDL Hardware description language.

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

Integration The combination of previous levels of separate circuit designs.
Mechatronics The combination of mechanical and electronic technology as in motor controls,

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

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

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

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

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

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

Pipeline Bus structure within an MPU that allows concurrent operations to occur.
Protocol The rules governing the exchange of data between networked elements.

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

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

Silicon compiler A tool that translates algorithms into a design layout for silicon.
SMD  Surface-mount device (see SMT).

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

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

SPECint92 Integer benchmark test and rating (1992) for comoaring microprocessor com-
puting power.
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State machine Logic circuitry that when clocked sequences through logical operations and
can be a preprogrammed set of instructions or logic states.

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

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

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

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

VHDL VHSIC Hardware Description Language, a hardware description language for
behavior-level circuit design developed by the U.S. Department of Defense.

Von Neumann (architecture) Program and data are carried sequentially on the same bus.
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ABS/ASR hydraulic units, 16.8-16.10
ABS/ASR system with brake intervention using
electric energy, 16.8
Absolute optical encoders, 3.5
Absolute position sensors, 3.2
Acceleration sensor applications, 7.18-7.22,
17.12-17.13,23.8
air bag deployment, 7.18-7.20
antilock brakes, 7.21
ride control, 7.20-7.21
vibration control, 7.21
Acceleration sensors (accelerometers), 7.4, 7.8-7.22
capacitive, 7.12-7.18
closed-loop sensing 7.15-7.17
Delta sigma modulator, 7.17,7.19
mechanical, 7.8-7.10
micromachined structures, 7.12-7.13,23.8
mounting requirements, 7.19
open-loop sensing, 7.13-7.15
piezoceramic, 8.7
piezoelectric, 7.10-7.11,8.6,23.8
piezoresistive, 7.11
silicon, 8.7
single vs. multichip control circuits, 7.17-7.18
technologies chart,7.28
Accelerometers (see Acceleration sensors)
Accumulators, 17.9-17.10
Active reaction power steering, 18,15
Active suspensions (see Suspensions, active)
Actuators, 10.1-10.34
for air bags, 10.24-10.25
for antilock braking, 10,19-10.22
basic design, 10.1
continuous operating, 13.7-13.8
de motors, design and operation, 10.12-10.15
de solenoids, 10.2
electrical, 10.16-10.17
electrohydraulic, 13.7
electromagnetic step motors, 10,9-10.11
for electronic transmission control, 10.25-10.26

Index

Actuators (Cont. )
electrorheological fluids, 10.17
electrostatic, 10.17
expansion zlements, 10.18
{riction drives, positive engagement, 10.28-10.30
for fuel injuction, diesel engines, 10.22-10.24
for fuel injection, spark-ignition engines, 10.22
for headlight aiming control, 10.27
hydraulic power cylinders, 17.11-17.12
magnetic principles of, 10.2-10.8
magnetostrictive, 10,15
memory alloys, 10,18
micromechanical valves, 10.27-10.28
maoving coils, 10.11-10.12
for passenger safety, 10.24-10.25
piezoelectric, 10.16-10.17,17.1,17.5
pressure, 15.4
pressure, electrohydraulic, 12.26
servo, 14.4
for shock asorber damping control, 17.2
solenoids, cn-off, 10.25-10.26
solenoids, pulse-width-modulated, 10.26
solenoids, variable pressure, 10.25-10.26
steering, 18 21,18.25-18.27,18.29
switching, 13.8
thermal, 10.17-10.18
torque motors, 10.8-10.9
for traction control, 10,19-10.22
ultrasonic motors, 10.28-10.30

Air bag sensors, 23.3-23.9

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

Air conditioning/heater controls, 2.14,

513-5.1419.15-19.20

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

Air flow sensors, 6.8-6.11

Air/fuel ratio ‘A),6.1
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INDEX

Air mass sensors, 12.18-12.19
Air pressure sensors, 2.14
Air suspensions, 17.6-17.7
Air temperature measurement, 5.7
Alternate engines, 2.12
Analog pressure control solenoids, 13.3
Analog-to-digital converters, 3.7, 11,3, 11.45-11.49
Anemometers, hot-wire, 5.6
Aneroid diaphragms, 2.17
Angle position sensors, 3.1-3.18
Anticollision systems (see Collision avoidance
systems)
Antilock braking system components, 15.9-15.11
electric motor/pumps, 15.10
electronic control units, 15.11
hydraulic modulators, 15.10
wheel speed sensors, 15.9-15.10
Antilock braking systems, 2.9,7.21,15.8-15.14
Antitheft systems, 14.1-14.8,32.13
alarm and immobilization, 24.5
antitheft regulations, 24.2-24 3
arming and disarming methods, 24.8
basic system, 24.3-24.4
immobilizers, 24.6-24.7
typical system examples, 24.5-24.6,24.8
unauthorized entry detection, 24.5
vehicle theft circumstances, 24.1-24.2
ASR (see Traction control)
Automotive temperature measurements, 5.5-5.12

Ball-in-tube sensors, 23.4-23.5
Batteries, 5.5-5.7,5.12, 18.9,30.17-30,19
Battery sensors, 18.9
Battery lemperature measurements, 5.5-3.7
Bellows (pressure) capsule, 2.15
Bimetallic switches, 5.16
Bourdon tubes, 2.15
Brake moisture sensing, 5.14
Brake system components, 15.5-15.8
boosters and master cylinders, 15.6-15.7
disc brakes, 15.5-15.6
drum brakes, 15.6
proportioning valves, 15.7-15.8
Brake torque control, 16.7-16.10
with stored energy, 16.7-16.8
without stored energy, 16.9-16.10
Braking controls, 15.1-15.16, 16.2
antilock control logic, 15.12-15.14
antilock systems, 15.8-15.14
antilock testing, 15.14
block diagram, 15.11
fundamentals, 15.1-15.8
future trends, 15.14-15.15
safety considerations, 15.11~15.12

Braking controls (Cont.):

tire-to-road interfaces, 15.1-15.3

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

Calorimetric flow sensors, 4.5-4.6
Capacitive sensors, 2.15,2.17,5.21,7.12-7.18
humidity, 5.21
pressure, 2.17
Catalyst temperature measurement, 5.7-5.8
Catalytic converters, 5,7,6.1-6.2
Catalytic process in exhaust gas, 6.6
Ceramic pressure sensors, 2.18
CMOS inverters, 11.23
Collision avoidance systems, 3.16,7.2,7.6,78.
7.23-726,32.13
Collision warning (see Collision avoidance
systems)
Combustion pressure sensors, 2.21-2.22
Conduction, 5.1
Contact sensors, 3 2
Controls (see specific types, e.g., Engine controls)
Convection, 5.1
Convergence confzrence, 1.3
Crankshaft position sensors, 9,10
Cruise controls, 14.1-14.9
adaptive programming, 14.6
automalic cruise systems, 14.6-14.7
design, 14.6-14.7
functional elements, 14.1
future concepls, 14.7-14.8
fuzzy logic, 14.4-14,6
integration with IVHS, 14.8
microcontroller ~equirements, 14.3-14.4
noise problems (EMI and RF1), 14,7
performance expectations, 14.1-14.2
safety considerations, 14.2, 14.6
software, 14.4-14.6
Current sensors, 18.9
Cylinder pressure sensors, 9.8

Deadweight testers, 2.15
Delta-P measurements, 2.12
Diagnosable switch, 3.3
Diagnostics, 2.11, 6.4, 9.6, 12.5, 12,18-12,20,
22.1-22.20
CARB,EPA, OBDII, 22.8-22.10
catalyst monitoriag, 22,9
connector installation, 22.2-22.3,22.17
data correlation, 22.5
data exchange (150),22.10-22.15
EGR system monitoring, 22.9
engine, 9.6
evaporative system monitoring, 22.9
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Diagunostics (Cont.):
external diagnostic access, 22.5
fault localization and storage, 22.5
fuel system monitoring, 22.9
future concepts, 22.15
history, 22.1-22.2
international standardizations, 22.10~22.15
1SO documents, 22.16
legislation and standardization, 22.8-22.15
mislire detection, 22.9
off-board, 22.7-22.8
on-board, 2.11, 6.4, 22.6-22.7
0xygen sensor monitoring, 22,9
parameter distribution, 22.5
reasons for, 22.3-22.4
SAE documents, 22.16-22.17
secondary air system monitoring, 22.9
tasks in vehicles, 22.4-22.6
test equipment, 22.2
Diaphragms, 2.15,2.17
Differential Hall sensors, 3.10-3.11
Differential pressure sensors, 4.6-4.7
Differential slip modulation, 16.10-16.11
Digital period analysis (DPA),9.8-9.13
for diagnostics, 9.11
Digital roughness controls, 9.12
timing control by, 9.8-9.10
Digital signal processing (DSP), 32.2
Display (see Instrument panel displays)
Doppler effect, 72

EGR flow, 4.2

Electric and hybrid vehicles, 15.15,30,1-30,26
ac drives, 30.12-30.13
acceleration, 30.3
auxiliary power, 30.21
batteries, 30.17-30.19
chargers, 30.6
climate control systems, 30.19-30.21
costs, 30.3
de drives, 30.10-30.12
history, 30.1-30.2
hybrid vehicles, 30.23-30.24
mfrastructures, 30.21-30.23
insulated gate bipolar transistors (IGBTs), 32.15
maintenance lifetime, 30.3
mechanical drives, 30.15-30.16
MOSFETs, power, 30.15
motivation to use, 30.3-30.5
motor controllers, 30,10
motor drive systems, 30,8-30.16
motors, 30.8-30.10
performance, 30.2-30,3
protection systems, 30.6-30.8

INDEX 1.3

Electric and hybrid vehicles (Cont.):
range, 30.
silicon controlled rectifiers (SCRs), 30.13-30.15
speed, 30,3
switching devices, 30.13
system descriptions, 30.5-30.6
technical data chart,30.4
thyristors, 30.13-30.14
transistors, power, 30.15
vehicle controllers, 30,19
weight, 30 3
Electromagretic compatibility, 28.1-28,19
cabling, 26 2-28.4
capacitor models, 28.4-28.7
components, 28.4-28.9
inductor models, 28.7-28.8
integrated circuit decoupling, 28.10-28.14
integrated circuit process size effects, 28.14-28,19
noise propagation modes, 28.1-28.2
printed circuit board EMC checklist, 28.9-28.10
resistor models, 28.9
Electromagnetic sensors, 3.8-3.16
Electromagnetic standards and interference
(EMI),14.7,273-27.18
electromagnetic environment, automobile elec-
tronic system, 27.13-27.17
field strength data at various vehicle locations
(tables), 27.16-27.17
IEEE standards related to EMC, 27.11-27.13
SAE autornotive EMC standards, 27.3-27.11
Emission levels for spark-ignition engines, 6.4
Energy additive flow sensors, 4.3
Energy extractive flow sensors, 4.3
Engine controls, 12.1-12.36
camshaft, 12.14
catalytic cenverter monitoring, 12.19
compressicn ignition engines, 12.32-12.36
crank and start, 12.15-12.16
diagnostics, 12.5,12,18-12.20
driveability, 12.5
dwell angle, 12.10
engine/veh.cle speed, 12.14
evaporative emissions, 12.5, 12.11, 12.20
exhaust emissions, 12.1-12.4
exhaust gas recirculation (EGR), 12,14, 1220,
12.35
fuel consumption, 12.4,12,5-12.15
fuel delivery, 12.35-12.36
fuel delivery systems, 12.20-12.28
fuel injection, continuous, 12.25-12.28
fuel injection strategies, 12.8
fuel injection systems, multipoint, 12.22-12.28
fuel injection systems, pulsed, 12.26
fuel injection systems, single-point, 12.21-12.22
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Engine controls (Cont.):
fuel injector pulse width, 12.7
fuel metering, 12.19, 12.27
full load, 12.17
[unctions, 12.32-12.33
glow plug, 12.35
idle speed, 12.17-12.18
ignition systems, 12,28-12.32
ignition timing, 12.10
inlet air sensing, 12.26
knock, 12.11
Lambda control, 12.9,12.26, 12.28
Lambda sensor monitoring, 12.19
misfire detection, 12.19
modes, [2.15-12.18
objectives, 12.1
spark-ignition engines, 12.5-12.32
speed, 12.35
transient compensation, 12.17
turbocharger boost pressure, 12.12-12.14,
12.35
variable intake manifold, 12.14
warm-up, 12.16
Engine dynamometer, 9.3
Engine knock phenomenon, 8.1-8.4
CFR engine, 8.2
definition, 8.2
Draper's equation, 8.3
engine compression ratio lowering, raising,
83-84
gasoline octane rating, 8.2
ignition retardation, 8.4
laboratory measurements, 8.2
measurement control systems consideration, 8.4
on-board knock control, 8.3-8.4
Engine knock sensors, 8.1-8.9
accelerometers, 8.6-8.7
hydrophone, 8.8
instantaneous cylinder pressure sensor, 8.7-8.8
Jerk sensors, 8.5-8.6
technologies for, 8.4-8.5
Engine time scale, 9.1
Engine torque modulation, 16.6
Entertainment products, 25.1-25.19
audio system considerations, 25.10-25.12
audio systems, contemporary, 25.5-25.12
compressors, 25.10
digital audio broadcasting, 25.12
digital compact cassette, 25.13-25.15
fundamentals of audio systems, 25.1-25.4
future trends, 25.12-25.17
graphic equalizers, 25.9-25.10
history of automotive entertainment, 25.4-25.5
limiters, 25.10

Entertainment products (Cont.):
media (AM, FM, analog cassette, compact disc),
25.6-25.9
MiniDisc, 25.15
radio broadcast daa system, 25.12
recordable media, 25.13-15.15
signal distributicn, 25.10-15.11
signal processing, 25.9-25.10, 25.16-25.17
tone controls, 25.9
vehicle acoustics, 25.11-25.12
Exhaust emissions controls, 1.4,2.12
standards for, 1.4
Exhaust gas recirculation (EGR) flow, 4.2
Exhaust gas sensor applications, 6.18-6.20
environmental fiictors, 6,18-6.19
installation location, 6.18
mechanical stress, 6.19
sealing, 6.19
thermal shock, 6.18
thermal stress, 6.18-6.19
Exhaust gas sensors
catalytic gas, 6.2
ceramic, 6.11-6.14
emission certification, 6.19-6.20
for Lambda conirol, 6.5-6.11
Lambda = 1 sensors, 6.3-6.8
lean A/F sensors, 6.8-6.9
Limiting current type, 6.8-6.9
mixed potential, 6.21
Nernst type, 6.8
semiconductor gas, 6.21
stress factors, 6,19
wide-range sensors, 6.9-6.11

Fault detection for electronic components, 5.8-5.10
FETS for temperature measurement, 5.19-5.20
Fiber optic combustion pressure sensors, 2.21-2.22
Fiber optic temperature sensors, 5.20
Flow-sensing measurements 2.12
Flow sensors, 4.1-4.9
Fluid level sensing, 2.13, 3.16,
Four-wheel steering systems, 18.15-18.32
active control technology, 18.30-18.32
active reaction control, block diagram, 18.16
basic principles, 18.17-18.18
classification of types, 18.18-18.21
electronic-electric control systems, 18.28-18,30
electronic-hydraalic control systems, 18.22-18.24
electronic-hydraulic mechanical systems, 18.25
mechanical systems, 18.20-18.22
trends in R&D, 18.30-18.32
Fuel cells, 2.12
Fuel economy, 1.4,8.3-84
Fuel flow for fuel-air ratio feedback control, 4.3
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Fuel flow for gas mileage measurement, 4.2

Fuel-injection controls, 16,5

Fuel injection systems, 2.11

Fuel injectors, 4.2-4.3

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

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

Hall effect sensors, 3.9-3.11,7.2-7.4,7.24-7.25,
231
Heat battery, 5.12
Heat sensors, 5.1-5.24
Heat sources in vehicles, 5.2-5.3
Heater controls (see Air conditioning/heater
controls)
Hooke’s law shaft, 9.6
Hot-wire air flow sensors, 4.4-4.6, 5.6
Humidity effects on cars and drivers, 5.3,5.13
Humidity effects on engine performance, 5.1
Humidity measuring techniques, 5.22
Humidity sensing, 5.12-5,14
Humidity sensors, 5.21-5.22
capacitive, 5.21
oxidized porous silicon, 5.22
resistive, 5.22
HVAC systems, 2.14, 5.13-5.14
Hydraulic modulators, 15.10

Ignition systems, 1.4, 12.28-12.32, 16.5
capacitor discharge, 12.31
coil, 12.30
electronic, with distributor, 12.31
electronic, distributorless, 12.31-12.32
Hall pulse generator, 12.31
MISAR, 14
spark ignition, 12,29-12.30
timing, 12.28-12.29
types, 12.30-12.32
Incremental angle encoders, 3.3-3.5
Incremental optical encoder specifications, 3.4
Incremental sensors, 3.2
Inductive angle transducers, 3.11-3.13
Inductive linear displacement sensors, 3.13-3.15
Inertial sensors, 7.24-7.25
Infrared temperature sensing, 5.20
Instrument panel displays, 20.3-20.9
cathode-ray tubes, 20.6
electronic analog displays, 20.6-20.8
head-up displays, 20.6-20.8
liquid crystals, 20.4-20.6
reconfigurable displays, 20.9
vacuum fluorescents, 20.3-20.4, 20.7
Intake air mass flow. 4.1-4.2

INDEX |5

Integrated silicon pressure sensors, 2.18-2.20
Intelligent transportation systems (see Intelligent
vehicle-highway systems (IVHS))
Intelligent vehicle-highway systems (IVHS),
14.18,29.15-29.18,32.12
Advanced Public Transportation Systems
(APTS),29.17-29.18
Advanced Rural Transportation Systems
(ARTS),29.18
Advanced Traffic Management Systems
(ATMS),29.16
Advanced Traveler Information Systems
(AT1S),29.17
Advanced Vehicle Control Systems (AVCS),29.17
Commercial Vehicle Operations (CV0),29.17

Jones, Trevor, 1.3

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

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

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

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

Linear posttion sensors, 3.1-3.18

Linear variable differential transformers,

(LVDTs),2.15-2.16,3.14-3.15

Liquid flow sensors, 4.7-4.8

Liquid level measurements, 2.5,2.13

Liquid level sensing, 2.13

Liguid temperature measurement, 5.5

Load controls, miscellaneous, 19.20-19.25
current-s2nsing power FETs, 19.20-19.21
fully intezrated power devices, 19.26
future load control concepts, 19.25-19.26
microcomputer I/0 line protection, 19.23-19.25
overvoltage, “load dump,” reverse battery,

19.21-19.23

LVDT-to-digital converter, 3.15

LVDTs, 2.15-2.16,3.14-3.15,

Magnetic diodes, 7.22

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

Manometers, 2.15

MAP sensors, 2.7

Mass air flow controls, 2.7

Mass air flow sensors, 4.2, 5.10-5.12

Mass flow measurement, 4.3

McCarter, Oliver, 1.3

Mechanical sensors, 7.8-7.10

Mechanical switches, 7.9

MESFETs, 32.9

Microcomputers (see Microcontrollers)

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

16.11,17.8,17.12,19.7-19.8

analog-to-digital converters, 11.45-11.49
architecture, 11.3,11.8-11.9
arithmetic logic unit (ALU), 11.7
assembly language programming, 11.15
bidirectional ports, 11.34-11.36
block diagram, 11.4
bus controller, 11.11
central processing unit (CPU), 11.6-11.10
CMOS inverters, 11.23
communications, serial, 11.41-11.45
demultiplexed address/data buses, 11.31
EEPROM, 11.28-11.29
EPROM, 11.27-11.28
failsafe methodologies, 11.49-11.51
flash memories, 11.28
frequencies of operation, 11.12
future trends, 11.51-11.54
high-level language programming, 11.16
input capture, 11.39-11.40
input/output ports, high-speed, 11.36-11.41
input/autput ports, low-speed, 11,31-11,36
input port pin configurations, 11,33
instruction sets, 11.12-11,14
interrupt structure, 11.17-11.21
machine instructions, 11.16
memories, 11.24-11.31
multiplexed address/data buses, 11.29-11.31
NMOS inverters, 11.23
off-chip memories, 11.29-11.31
on-chip memories, 11.25-11.29
open-drain port pin configurations, 11,33
output compare, [1.40
pin-out diagram, 11.4
program counter, 11.9
program status word and flags, 11,10
programming languages, 11.13
pulse-width modulation, 11.40-11.41
push-pull port pin configurations, 11.32
RAM, 1125

Tegister-direct vs. accumulator-based architec-

ture, 11.8-119
register file, 117

Microcontrollers, (Cont. ):
registers, special function, 11.7
ROM, 11.26-11.27
stack and stack pointer, 11,9-11.10
lemperature ranges, 11.23-11.24
timer/counter structures, 11.37-11.39
Micromachined sensors, 7.12-7.13
Microprocessors (see Microcantrollers)
Microswitches, 3.2-3.3
Microwave sensors, 7.23-7.24
MISAR, 1.4
Misfire detectors, .5,22.9
MOSFETs, 5.17,32.7-32.8
Motor controllers, 30.10
Motor drive systems, 30.6-30.8
Motors, 15.10, 18.8-18.14, 30.8-30.10
MRE sensors, 7.3-1.5,7.7
Multiplex wiring systems, 11.29-11.31, 26.1-26.64
automotive bit-szrial universal interface system
(A-BUS), 20.25-26.27
bit-stuf NRZ, 26 16-26.18
Chrysler collision detection (C*D), 26.31-26.34
Chrysler sensor and control (CSC), SAE J
2058,26.39-26.43
Class A, 26,1-26.8
Class B, 26.1-26.3
Class B data communication network interface,
SAE J 1850 PWM, 26.34-26.36
Class B data communication network interface,
SAE ] 1850 VPWM, 26.36-26.39
Class C,26.1,26.9
conclusions, 26.53-26.55
controller area natwork (CAN), 26.27-26,29
digital data bus (D2B), 26.29-26.31
E-Manchester, 26.19-26.20
encoding techniques, 26.9-26.23
L-Manchester, 26.18-26,19
local area networks (LANs), 26.7-26.8
modified frequency modulation, 26.20
network architec:ures, background, 26.2-26.8
nodes, 26.7
protocols, 26.23-26.53
protocols, table comparing different types, 26.24
pulse-width modulation, 26.13-26.14
standard 10-bit NRZ, 26.15-26.16
time triggered protocol, 26.48-26.51
token slot protocol, SAE J 2106, 26.44-26 48
variable pulse width modulation, 26.14-26.15
vehicle area network, 26,51

Navigation aids, 29.3-29.15
background, 29.3-20.4
dead reckoning, 29,5-29.6
digital road maps, 29.6-29.7
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Navigation aids (Cont.):

Etak Navigator/Bosch Travelpilot, 29.10-29.12

map matching, 29.7-29.10

navigation technologies, 29.4-29.10

Oldsmobile Navigation/Information System,
29.13-29.14

radiopositioning, 29.4-29.5 ks

system examples, 29,10-29.15

Toyota Electro-Multivision, 29.12-29.13

TravTek driver information system, 29.13-29.15

Neural networks, 2.23

NMOS inserters, 11,23

Noise cancellation systems, 31.1-31.11
antinoise, 31.3
cancelling exhaust noise, 31.6-31.7
controlling blower noise, 31.9
controlling engine vibration, 31,6-31.7
digital feed forward, 31.3-31.4
noise cancellation technologies, 31.3-31.4
noise measurements, 31.2-31.3
noise sources, 31,1-31.2
passenger cab quieting, 31.7-31.9
passive noise control, 31.3
synchronous feedback, 31.4

Object detection (see Collision avoidance systems)

Optical angle encoders, 3,3-3.5
Optical phase shift sensors, 2.15
Optical sensors, 2.15,3.3-3.5, 7.5-7.6
Oxidized porous silicon sensors, 5.22
Oxygen sensors, 5.8

Passenger compartment comfort, 5.13-5,14
Passenger safety and convenience, 23.3-23.14
accelerometers, 23.8
air bag monitoring, 23.5-23.6
air bag, seat belt tensioner sensor systems,
23.3-239
air bag systems, central, 23,6
air bag systems, distributed, 23.4-23.6
control modules, 23.8-23,9
emergency light flasher, 23.12
locking systems control, 23.12
reverse parking warner, 23.12
rollover sensors, 23.9-23.10
seat, steering wheel adjustment, 23.12
sensing algorithms, 23.8
sunroof drives, 23,11
lire pressure control systems, 23.10
window drives, 23.11
Piezoceramic sensors, 8.7
Piezoelectric pressure sensors, 2.2-2.4
Piezoelectric sensors, 2.2-2.4, 2.13, 2.15, 2.18,
220-221,7.10-7.11,8.6,17.1-173,175

INDEX

Piezoelectric strain gage, 2.18
Piezoresistar.ce sensors, 2.18,7.11
Piston gage, .15
Pitot tube flow sensors, 4.7
Plastic track sensor potentiometers, 3.7
Position sensors, 3.1-3.18
Potentiometer pressure sensors, 2,15
Potentiometer specifications, 3.65
Potentiometer temperature sensors, 5.16
Potentiometers, 3.5-3.8
Potentiometric sensors, 2.13-2.16,3.6-3.7,5.16
Powell’s Magic Angle, 9.2
Power measurements, large engines, 9.5
Pressure measurements, 2.3-2,14,8.7-8.8
absolute, 2.3-2.4
accumulator, 2.14
air, 2.14
air bag, 2.14
barometric, 2.7
brake,2.9
combustion, 2.13
compressor discharge, 2.14
cylinder, 8,7-8.8
differential, 2.3-2.4,4.6-4.7
EGR,2.10
fuel rail, 2.1
page,2.3
manifold, 2.7
oil, 2.8-2.9
overpressure occurrences, 2.11
partial, 2.14-1.15
tire, 2.10
transmissio oil, 2.9
turbo boost, 2.7
unit conversion constants, 2.4
vapor,2.11
Pressure reguiators, 2.22
Pressure sensing requirements for vehicle
systems, 2.6
Pressure sensors, 2.3-2.25,3.2,4.6-4.7
applications, 2.5-2.15,23.10
bellows capsules, 2.15
bonded and unbonded, 2,18
Bourdon tuhes, 2.15
capacitive, 2.15,2.17-2.18
deadweight testers, 2.15
diaphragms, 2.15,2.17
differential pressure, 4.6-4.7
fiber optic combustion, 2.21-2.22
fluidic transistors, 2.22-2.23
integrated silicon, 2.18-2.20
manometers, 2.15
piezoelectric, 2.20-2.21
piezoresistive, 2.18
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1.8 INDEX

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

Pressure switch, 2.5

Pressure valves, 2.22-2.23

Proximity sensors, 3.2

Pumps, electric-motor-driven, 15.10

Pumps, hydraulic, 18.6-18.7

Pumps, oil, 17.8

Rack-and-pinion steering, 18.9

Radar braking (see Collision avoidance systems)

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

Radiation, 5.1

Radio-frequency interference (RFI), 14.7

Ratiometricity, 3.6

Reliability of electronic components, 5.3-5.5

Resistive humidity sensors, 5.22

Resistive temperature detectors (RTDs),5.17

Resolver-to-digital converters,3.13

Resolvers, 3.11-3.13

Rf sensors, 7.5-7.6

Ride control, 7.20-7.21

Rivard, Jerry, 1.3

Road-surface sensors, 17.2-17.3

Rolamite sensors, 23.4

Rollover sensors, 23.9-23.10

Rotary variable transformers, 3.13

RTDs,5.17

Safety, 32.12-32.13

Saunders, William, 1.3

Schaller, Ted, 1.3

Seat-belt sensors, 23.3-23 4

Secondary air pump flow, 4.2

Semiconductor failure rates, 5.3-5.5

Semiconductor temperature sensors, 5.17-5.20

Semiconductors, high-frequency, 32.9

Sensor classifications, 3.1-3.2

Sensor interfaces, 3.16-3.17

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

Shock absorber damping control, 17.1-17.4

Silicon capacitive absolute pressure sensors, 2.17

Silicon controlled rectifiers (SCRs), 30.13-30.15

Silicon mass air flow sensors, 5.10-3.12

Silicon microvalves, 2.22-2.23

Silicon pressure sensors, 2.18-2.20

Silicon strain gages, 2.18-2,19

Snubbing, 2.12

Solenoid valves, 15.10, 16.8, 18.2-18.4,
18.23-18.24
Speed density, 4.1
Speed-sensing devices, 7.2-7.6
comparison of tvpes, 7.5
Hall effect, 7.2-74
magnetic diode, 7.22
magnetic transistor, 7.22-7,23
magnetoresistive, 7.3-7.5
MRE,7.3-7.5
optical, 7.5-7.6
if,7.5-7.6
solid-state gyroscope, 7.24-7.25
technologies chart, 7,28
ultrasonic, 7.5
variable reluctance, 7.2
Weigand effect, 7.22
Speed sensor (linear) applications:
air bags, 7.26
chart of, 7.27
collision avoidance, 7.8, 7.25-7.26
inertial navigation, 7.26
ride control, 7.8
Speed sensor (rotational) applications:
ABS,78
chart of, 7.27
continuously variable transmissions, 7.24
crank angle, 7.7
cruise control, 7.8
engine speed, 7.7
four-wheel steering, 7.8,7.25
radiator cooling fan, 7.8
top dead center (TDC), 7.7
Speed sensors, 7.1-7.8,7.25-7.27,14.3.
15.9-15.10,16.11,17.1,17.5,18.2, 18.6-18.9,
18.27,18.29
Steering controls, 16.1, 18.1-18,33
(See also Four-wheel steering systems and
Variable-assist steering)
Steering sensors, 17.1,17.5-17.6, 18.6-18.10, 18.12,
18.27-18.30
Strain gages, 2.18
Surface-mount devices, 13.4
Suspension contra:s, 17.1-17.19
active suspensions, 17.8-17,17
electronic leveling, 17.5-17.7
hydropneumatic suspensions, 17.4-17.5
shock absorbers, 17.1-17.4
Suspensions, active, 17.8-17.17
basic configurations, 17.8
bounce control, 17.14-17.15,17.20
components, 17.8-17.13
controls, 17.10
pitch controls, 17.13-17.16
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Suspensions, active (Cont.):
pressure controls, 17.10-17.13
roll controls, 17.13-17.17

Switches:
bimetallic, 5.14-5.16
diagnosable, 3.3
mechanical, 7.8-7.10
micro, 3.2-3.3
pressure, 2.5-3.2-33

Synchro resolvers, 3.11-3.13

Temperature, effects of; 5.1
Temperature sensing requirements for vehicle
systems, 5.6
Temperature sensors, 4.4-4.6,5.14-5.21
himetallic switches, 5.14-5.16
fiber optics, 5.14, 5.20
infrared, 5.14,5.20-5.21
integrated power MOSFETS, 5.15-5.20
liquid thermometers, 5.14
potentiometers, 5.14,5.16
RTDs, 5.14,5.17-5.18
semiconductors, 5.17-5.20
temperature indicating materials, 5,14, 5.20
thermal actuators, 5.21
thermal cooling, 5.21
thermistors, 5.14-5.15
thermocouples, 5.14,5.16
thermostats, 5.14,5.20
Thermal actuators, 5.21
Thermal cooling, 5.21
Thermal sensors, 4.4-4.6
Thermistors, 5.7, 5.14-5.15
Thermo accumulators, 5.12
Thermocouples, 5.14, 5.16
Thermometers, 5.14
Thermostats, 5.20
Throttle-position sensors, 17,6
Throttle-valve controls, 16.5
Thyristors, 30.13-30.14
Timing control, 9.5-9.6
Tire pressure control systems, 23.10
Tire pressure sensors, 2.10
Tire temperature sensors, 5.8-5.9
Torque, inferred measurement, 9.8
Torque, instantaneous, 9.2
Torque, mean best, 9.10
Torque, quasi-steady-state, 9.2
Torque feedback control, 9.5
Torque sensors, 9.1-9.14, 18.9-18.12
ac strain gage, 9.3
capacitive twist,9.7-9.8
dc, 93
Hooke's law, 9.3

INDEX 19

Torque senscrs (Cont. ):
magnetic vector, 9.6-9,7
optical torque meter, 9.7
transformers, rotational, 9.4
Traction conirols (ASR), 16.1-16.15
applications on heavy commercial vehicles,
16.13-16.14
components, 16.11-16.13
control medes, 16,6-16.11
controlled variables, 16,5-16.6
electronic zontrol units, 16.12
forces affecting wheel traction, 16.3-16.5
future trends, 16.7
optimizing stability, 16.1
optimizing stability and traction, 16.2-16.3
optimizing traction, 16,1-16.2
Transducers /see Chaps. 3-9 and specific types of
sensors, £.g., Pressure, Resolvers)
Transistor temperature measurements, 5.17-5.20
Transistors
for high-side lamp switching, 19.2,19.4-19.7
for low-side lamp switching, 19.2-19.3,19.6
powered, 20.15
Transmission control, 13.1-13.21
adaptation to drivers, traffic, 13.16-13.17
communication with other control units,
13.17-1.18
communication protocols, 13.6
continuously variable, 13.1
diagnostics, 13.6,13.13-13.16
electronic control unit, 13.3
engine forque control during shifting, 13.10-13.12
future devalopments, 13.19-13.20
hardware, 13.3-13.5
lockup cortrol, 13.14-13.15
optimization of drivetrain, 13.18-13.19
pressure control, 13.12-13.13,13.15
safety functions, 13.13-13.16
self-learning strategies, 13.16-13.17
shift control improvement, 13.14-13.16
shift point control, 13.9-13.16
software, 13.5-13.7
system coraponents, 13.2-13.7
system functions, 13.7-13,17
torque converter lockup clutch, 13.2-13.4
Transmissions, continuously variable, 7.24-7.25
Trip computers, 21.1-21.6
basic system configurations, 21.1-21.3
Ford example, 21.4-21.5
General Motors example, 21.2-213
Turbine liquid flow sensor, 4.8
Turbochargers, 2.7

Ultrasonic sensors, 7.5,23.12
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Valves, 17,11,15.10,16.8, 18.2-18.5,18.23-18.24
Vane sensors, 4.4
Variable-assist steering, 18.1-18.15
electric power steering, 18.8-18.14
electronic control unit, 18,10
electronic controls, fundamentals, 18.1
electronically controlled types, 18.1-18.2
hybrid systems, 18,6
hydraulic systems, 18.2-18.6
motor control methods, 18.11-18.14
power-saving effectiveness, 18,14
power unit, 18,10
trends in R&D, 18.15
Variable reluctance sensors, 3.8-3.9,7.2
Vehicle electronics, future, 32.1-32.23
antitheft security, 32.13
architectures of the future, 32.19-32.20
consumer demands, 32.14
CPU architectures, 32.3-32.4
design methodologies (CAD), 32.3
digital signal processing, 32.2
electronics in modern automobile control
systems, 32.2
high-frequency semiconductors, 32.9
high-temperature operation, 32.8-32.9
1C technology, 32.1-32.4
IVHS,32.12
memories, 32.4-32.5
MESFETs, 32.9
micromachining and microelectronics, 32.5-32.6
MOSFETs, 32.7-32.8
power control, 32.6-32.8

Vehicle electronics, future (Cont,);
role of automobile electronics designers, 32.18
safety, 32.12-32.13
semiconductor packaging, 32.9-32.10
software, 32.14-32,15
system evoluticn paths, 32.15-32.18
system-level integration, 32,10-32,11

Vehicle theft alarm systems, 26.4-26.5
Vibration control, 7.21

Voltage dividers, 3.6

Volume flow measurement, 4.3
Vortex shedding flow sensor, 4.8

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

Wiegand effect sensors, 7.22

Windshield wiper controls, 19.9-19.15
MCU motor controls, 19.15
motor current, 19,13
motor inductance clamping, 19.11-19.13
permanent magnet motor speed contral,

19.10-19.15

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

Ziomek, Joseph, 1.3
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AUTOMATIVE ELECTRONIC
HANDBUOK

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

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

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

w Each of the individual sensors and actuators that make a cars major
control systems possible
New technologies being utilized in electric cars, intelligent-vehicle high-
way systems. and noise cancellation

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

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

ISBN 0-07-033189-8

||‘ .l “Il Il
9780070331891
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