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rent sink. A logic one at the transmii data input must cause thebus and bus"-" drivers to
simultaneously provide a high impedance state.

TRANSMIT-10 ARBTRATION COLISION

Bus +

TERMINATION

BUS-
RECEIVE A 5

- +5V

IDLEDIFFERENTIALIDLE DETECTION TRANSCEIVER

FIGURE2641 Simplified block digram of network iterface

Tle wired OR action of the transmitting section allows mere than one device to transmit
at the same time,thus permitting data collisions.The nonsymmitrical action of the bus drivers
will allow a transmission of a logic "0" from one device to overpower the transmission of a
logic"l"from other devices. In this manner.two or more devics can simultaneously transmit
and contendforthe bus,each using a unique message ID byte.The winner is determined by
thevalue orpriority of the ID byte without losing bus time. A logic "0" bit in one message ID
bytehaspriority overalogic "bit in aother message ID by .

The busshall depend on external resistor and other components for bias and termination.
Clamping diodes may be added to provide a high level of transient protection.

In addition to the transmission of data.the differential transceiver receives data at its bus
'+"andbus"-" terminals. The receiveddata is translated back into the standard digital logic
levels by a differential amplifier. The microcomputer always receives the actual transmitted
data and in this manner can test for loss of arbitration.

Bit Encoding. The bit encoding chosen is standard 10-bit NRZan asynchronous serialI O.
A start bit and astop bit is added to provide data byte synchron.ation.Figure 26.42 illustrates
this 10-bit NRZ waveform.The interface makes use of the available hardware that has this
asynchronous1/0.e.., the serial communications interface (SC1) available on many micro-
computers.

START DATA STOP

FIGURE26,42 10-bitNRZ waveformM(SBfirs).

Network Access. The network access method of resolving contention is by nondestructive
bit-by-bit arbitration.

Message Format. The message format shown in Fig.26.43 will support a number of higher
level protocols. Take note that idle periods, ie , interbyte searations (BS), are allowed
between each byte of data.This permits the use of firmware control and direct connection to
the host microcomputers asynchronous serial1/O port.
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(8OM),(id 1),(id 2),(data 1),(data 2) .. (data n),(EOM)

1. SOM, defines start of message
2. id 1, 8 bit firmware addressing scheme
3. id 2, optional identifier
4. Data, may take any form, i.e., data value, CRC, checksum, number of

bytes in message, acknowledgment, etc.
5. EOM, defines end of message (10 bits of Idle bus)

FIGURE 26.43 frait formal

Handshaking. The IC utilizes a low-cost seral universal inttrface to most rnocComputers
by three modes of operation that are supported in one device SCI, SPI, and bufferedS PI

The urcuits of the interae IC used when connected to the microcomputer SCI are basic
to the operation of all the other modes of serial communicates hereforethismode will be
explained first. The components of the device (SeeFig. 26.41) include theoll ving: a con-
tention permitting dilfferentialtrinsceier a colli detector an arbtration detector a digi-
tal filter, A busidle detectorand a timing andsynhronizing circuit

For a contention permitting differential ranscciver.see the Physcal Interface"section
for details. With a collision detector, data collisin detecion occurs because [he transceiver
output is reflected back intoits input.The data collision detectr samples the transittled sig-
nal and the recelved signal.The timing of thi amp Iis eerminedby the imin circuit
When the ollision detector determines that alogic1'bitisbingtransmitted butalogic0"
bit is being eitved, the collision detector blocks the transmited signal. In this way,(he data
collision detector will permit only the interface with the highest priority to continue transmit-
ting. Te collision detector action of blocking transmission is also reset by detection of bus
idle (10consecutive idle hits).

The arbitration detector works in conjunction with the timing and synchronizing circuit to
arbitrate between the start of data to be transmitted with the start of a received message from
the bus. The arbitration detector blocks a transmission that could corrupt a message that is
already in progress.11 also allows the device that starts transmission first, after a bus idle, to
pass its data through the interface and out onto the bus. In all other nontransmitting devices,
the arbitration detector blocks transmission of data until the detection of a bus idle condition,
When more than one device wants to transmit at about the same time,greater than ! bit time,
the arbitration detector will allow transmission on a first-come first-served basis.If data trans-
mission from more than one device on the bus is attempted n near synchronism-i.e., less
than or equal / bit time-the arbitration detector will allow the transmission. However, the
data collision detector will permit only the one with the highest priority to continue transmis-
sion.The arbitration detector is also reset by the detection of a bus idle.

A low-pass digital filter is placed between the transceiver and the received data output.
This circuit functions to filter out any received EMI from the desired digital data signal before
beingprocessed by the other circuits of the interface.

The function of the bus idle detector circuit is to detect when the bus is idle (not active) or
busy (active) and then feed this information back to the microomputer.It accomplishes idle
detection by sensing a received stop bit followed by 10 bits 01 continuous idle or logic '1s.
Normally,an active or busy period follows an idle period.The sensing of an active or busy bus
is accomplished by detecting a start bit.During unusual condiiions such as node startup.any
transition from a logic "l" to a logic -O" that is maintained for aperiod longer than bit time
sets the active or busy flag.

The timing and synchronizing circuit uses an external clock and establishes the synchro-
nizing and Baud rate timing signal. This generator circuit first synchronizes on the negative
edge ofa start bit and thengnerates a timing signal at the cene(bit time) of each bit.This
timing signal is used by thearbitration and collision detector circuit for sampling received
data.This timing signalis also used by the idle detection circuit to determine an idle bus.
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Error Detection Management. The normal method used to dtect message data error is a
firmware checksum scheme. Also, the correct number of bytes in a frameis vlidated by the
microcomputer firmware and, in some applications,data byte overrun flags are utilized by the
microcomputer hardware.

Fault Tolerance. There is continued network operation when a node loses power or is dis-
connected from the bus.

Data Rate. A 7812.5 Baud rate is recommended.

Framing Overhead The typical frame length is four bytes log. Framing consists of 4 start
bits, 4 stop bits. 8 id bits, S checksum bits, and 10 end of message bits = 34 bits total framing,
not including 1BS. Data= 16 bits.

OVERHEAD FRAMING
MESSAGE -FRAMING + DATA)

OVERHEAD 34 Z 68% not includmg IBS
MESSAGE (34+16)

Latency. In a nondestructive bit-by-bit arbitration scheme, a node will experience varying
amounts of latency based on the priority of the message to be transmitted When more than
one device wants to transmit at the same time-i.e., less than / bit time-thearbitration
detector will allow transmission on a priority basis.It more than one device wants to transmit
at about the sane time-i.e.,greater than' Wbit timec-the arbitrtion detector will allow trans-
mission on a first-come first-served basis.

Power Reduction Mode. This supports a "sleep state" under microcomputer control by a
<10 source or sink from bus "+"or bus "-" of input leakage shutdown current.

26.3.5 Class B Data Communication Network Interface, SAE J1850 PWM

The SAE J1850 Standard" defines two versions of vehicle multiplex networks.This section
coversthe PWM encoded at41.6 Kbps and the following section (26.3.6) discusses theVPWM
data encoded at 10.4 Kbps version.

Application/Affiiation. The Societyof Automotive Enginees (SAE) developed a vehicle
data network for Class B data communications.The latest revision, MAY94.is in publication.

Transmission Media. The physical layer approach is a dual-wire voltage drive. The media
for dual-wire is either a twisted or parallel wire pair.

Physical Interface. A representative circuit diagram for the receiver/transmitter isshown in
Fig. 26.44.

Bit Encoding

Pulse-WidthModulon. A "I" bit and "0" bit are shown in Fig. 26.45. All bits are
encoded in this manner except for a few unique symbols differentiated by the pulse timing.
Some of the symbols include start of frame (SOF), end of daia (EOD), and end of frame
(EF).

Network Access. Nondestructive prioritized bit-by-bit arbitration,
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FIGUREZ6.45 SAEFIIS"5DPWMhbitrepresenltation.

Aessage Format. The maximum length for a frame is 101 bit timesThe error detection byte
is included in the data field at the discretion of the designer. Another possible use of the data
field could be a message/address identifier. The response byte is explained more fully in the
handshaking section following. Interframe spacing is nominally 2 bit times The message
fRame is shown in Fig 26h.

Handshaking. Acknow edgmentis povided the message ame usmg the response bytes
The response he appearsate the EOD. Ifan acknowdgment is not expectedarespnse
byte will notbhe Sent and the bus will remain inthe passive state sigitying an EOF If the in-
message acknowledgeresponse feature is active, then the response byte is an 8-bit acknowl-
edge identifier or one or more response bytes followed by an ERR byte. One or more nodes
may attempt to respond to the requesting node and arbitration will occur during the response
timeperiod.
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2 0-64 8 1 0 ORMORE 1 2 IDLE

IIMS
END OF FRAME

RESPONSE BYTES
END OF DATA

ERROR DETECTION BYTE (ERR)
DATA BYTES (DATA)

START OF FRAME (SOF)

FIGURE2646 SAE J1850 PWM version message frame.

Error Detection Management. Inclides detection of invalid bit value and invalid message
structureAn invalid bit or an invalid message will cause the receive process to be terminated
until the next SOF The in-message error detection field (ERR) uses an 8-bit CRC based on
thepolynomialX+x +x +x- +1

Fault Tolerance. Communications may be interrupted to/from a node when a nodeloses
power, there is a bus short to ground, a bus short to battery,or a transceiver failure, but there
shall be no damage to any other node. The remaining nodes are capable of communications
when a node loses power, there is a transceiver failure, and for a loss of connection to net-
work.

Data Rate. The hit rate specified is 41,6 Kbps.

Framing Overhead The total length for the frame is 101 bit times and, for the overhead cal-
culation, add two bits for IIS. The total length for the calculation becomes 103. The total
allowed data is 80 bits for a one-byte form of header, a ressace identifier, and 64 bits for a
three-byte formof header.The percentage of overhead is therefore 23(80 23)= 223% and
39/(64 + 39)= 37.9%.

Latency. In a nondestructive bit-by-bit arbitration scheme, the highestprioritymessage
address will gain access to the bus. In a message priority scheme,a node will experience vary-
ingamountsof latency based on the average priorityof messages tohe transmitted.A node in
an address prioritysystm will experience a delay proportional to the priority level of its
address and the activity on the bus An example of such a delay is a low-priority node. which
will experience higher than average latency during periods of figh bus loading

PowerReduction Mode. Anode should enter a "sleep state"if the bus is idle for more than
500 is,."Wake-up"occurs with any activity on the bus.

26.3.6 Class B Data Communication Network Interface, SAE J1850 VPWM

The SAE J1850 Standard"'defines two versions of vehicle multiplex networks. This section
covers the VPWM encoded data at 10.4 Kbps and the previous section (26.3.5) discussesthe
PWM encoded data at 41.6 Kbps version.

Application/Affiliation. The Society of Automotive Engineers (SAE) developed a vehicle
data network for communications.The latestrevision. MAY94,is in publication.

Transmission Media. The physical layerof the VPWM version defines a single-wire voltage
drive. The media for single-wire is a single random lay wire.
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Physical Interface. The representative circuit diagram for the VPWM receivertransmi[ter
15 ilhD 1 21 lb47

isshowni~ig.26u2
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FIGURE26.47 Representative diagramof a VPWM physical interface.

Bit Encoding. Each bit or symbol in variable pulse-width encoding (except break) is
defined by the time between two consecutive transitions and the level of the bus, dominant or
passive, Therefore, there is one symbol per transition and one transition per symbol-The end
of the previous symbol starts the current symbol.

The "1"and "0" Bits A"I"bit is either a long 1 28-ps passive pulse or a short,64-s dom-
inant pulse. Conversely, a "(" bit is either a short passive pulse or a long dominant pulse (see
Fig. 26.48). The pulse widths change between passive and dorinant bus states in order to
accommodate the arbitration and priority requirements

Dominant

Long
Passive

Dominant

Passive
Short

OR Short

"1" Bit

OR J Long
"0' Bit

FIGURE26.48 Oneand crobitdefinitions,

The start of frame (SOF) is a dominant pulse, 200 ps in duration (see Fig.26.49)

The end of data (EOD) is a passive pulse,200

Dominant ksin duration (see Fig. 26.50).
200 The end of frame (EOF) is a passive pulse,

Passive 280 ks in duration (see Fig.26.51).
"SOF"

The In-Frame Response Byte(s)/Normaiza-
FiGURE 26.49 Startofframe(SOF)symbol tion Bit. The in-frame response is transmit-

ted by the responder and begins after the

Dominant Dominant

200 pS 280 pS
Passive Passive

"EOD" "EOF"

FIGURE 2651 End of frame (EOF) symbolHGURE26-50 End ofdata (EOD)svmbol

X
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Normalization iit
Dominant Last

Data EOD Short or Long First Response Bit
Passive Bit

FIGURE26.52 Normalization bit pulse-wdth modulation,

passive EOD symbol For variable pulse-width modulation, the First bit of the in-frame
response data is also passive.Itisnecessaryto generaite a normalizationbittofollowthe EOD
symbolTheresponding device generates the normalization h1 prior to sending the IFR data.
This normalizationbit defines thestart of the in-frame responseand can take two forms.The
first type is adominant short period.The second type is a dominant long period and may be
used to define an in-frame response with a CRC. Figure 26P52 illustrates the in-frame
response using the nonnalization bit.

NetworkAccess. Networkaccessislbynondestructiveprioritized bit-by-bit arbitration.

MessageFornal. The maximum length for a frame is 101 bit times.The error detection byte
is included in the data field at the discretion of thedesigner Another possible use of the data
field could be a message/address identifierThe response byte is explained more fully in the
handshaking section that follows.Interfame spacing is nominally 300 ps in duration bit times.
The message frame is shown in Fig 26.53

O- 6-4 8 RORMORE IDLE

IMS
END OF FRAME

RESPONSE BYTES
NORMALIZATION BIT

END OF DATA
ERROR DETECTION BYTE (ERR)

DATA BYTES (DATA)
START OF FRAME (SO)

FIGURE2653 SALE1150 VPWM message frame

Handshaking. Acknowledgment isprovided inthe message frame usingthe response bytes
The response byte appears after the EOD.If an acknowledgment is not expectedaresponse
byte wilt not be sent and the bus will remain in the passive state signifying an OE. If the in-
messageacknowledge/response feature is active, then the respnse byte is an 8-bit acknowli-
edge identifier orone or more response bytes followed by an ERR byte. One or more nodes
may attempt torespond to the requesting node and arbitration will occur during the response
time period.

Error Detection Alanagement. Includes detection of bus out-of-range,invald bit value, and
invalid messagestructure.An invalid bit or an invalidmessage will cause the receive process
to be terminateduntil the next SOFThe error detection field (ERR) usesan 8-bit CRC based
onthepolynomisal.+ +x'tx-+1.

Fault Tolerance. Communications may be interrupted tolfrom a node when a node loses
power, there is a bus short to grounda busshort to battery,or atransceiver Failure.but there
shall be no damage to any other node. The remaining nodes are capable of communications
when a node loses power, there is a transceiver failure, and for a.0ss of connection to network.
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Data Rate. The bit rate specified is 10.4 Kbps.

Framing Overhead The total length for the frame is 101 bit times. For the overhead calcu-
lation,add 2 bits for IMS.The totlength for the calculation becomes 1013The total allowed
data is 80 bits for a one-byte form oft eader (message identifier) and 64 bits for a three-byte
form of header.The percentage of overhead is therefore 23/(80 +23)= 22.3% and 39(64+ 39)
= 37.9%.

Latency. In a nondestructive bit-by-bit arbitration scheme, the highest priority message/
address will gain access to the bus In amessage priority scheme,a node will experience vary-
ing amounts of latency based on the average priority of messages to be transmitted. A node in
an address priority system will experience a delay proportional to the priority level of its
address and the activity on the bus. For example, a low-priority node will experience higher
than average latency during periods of high bus loading.

Power Reduction Mode. A node should enter a sleepstate I the hus i idle for more than
500ms. Wake-up occurs with any activity on the bus

26.3.7 Chrysler Sensor and Control iCSC, SAE J2058

Application/Affiliation. A proprietary multiplexing technique," the Chrysler Sensor and
Control (CSC) bus,yields the flexibility in expansion to meet the future demands of automo-
tive customers. The CSC bus components weredeveloped to providesimple, yetrliable
communication betweena host-master module and its sensorsand cutors.Theschemecho-
sen provides the ability to communicate in bothpoling mode and direct addressing modes.
This form of multiplexing will permit smaller module connectors and reduce the number of
wires crowding through the congested areas without introducing more modules, The (CSC)
bus is a style of multiplexing that meets these objectives and allows the design of the base
vehicle while attaching the complete cost of optional features to the option.

Two CSC components are available as of this publication: (1) CSC bus two-pin, CSC Bus
Hall Effect Sensors, Allegro P/N A3054U,and (2) Driver/Receiver Master Interface, Cherry
Semiconductor. Automotive IC Data Boo, /NCS-85 Hall-Effect Sensor.

Transmission Afedia. The CSC network utilizes a single-wirerandomla

Physical Interface. The output waveform of the driver/recever master interface must be
wave-shaped to limit the rise and fall time, Empirical vehicle testing has confirmed acceptable
EMI levels if the waveform transients exceed 20 gs at data rates of I Kbps.The susceptibility
to EMI is of greater concern.(See Fig.26 54).

The preferred solution is to reference the CSC sensor at the driver/receiver master inter-
face ground.This solution virtually eliminatesthis longitudinal noise current andat the same
time,significantly reduces the effects of ground offset voltage.In a production vehicle.return-
ing the CSC sensor references to the master module usually does not add a wire circuit
because these sensors originally had an independent ground wire return to the body or chas-
sis. Further improvement to EMI susceptibility can be achieved by placing a small bypass
capacitor across the CSC bus at the sensor.

Bit Encoding Continuous Polling Mode Sensor Multiplexing. Figure 26.55 contains the
typical voltage waveform used to communicate with multiplexed sensors. As illustrated, the
sensors use current to respond back to the master that generates the voltage waveform.In this
scheme, each sensor has an internal preprogrammed addressThe voltge begins at a reset
(zero volt) level and climbs to 6V.This initial 6-V level provides power to the sensors. During
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CSB
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US

!UX ACTUATOR

MUX SENSOR I

FIGURE2634 Represenativediagram ofaCSCsensoractuatorbus.

this time, the master readsi teiamount ofcurrent required to keep the sensors powered.This
current is called the sensor power current. At each change fron 6 V to 9 V a counter con-
tained in the sensor is increentedThe sensors are addressed consecutively so this mode of
CSC bus communication is called the coninuous polling mode.

Example
z1 MlS

9V

6V
I I

II I
Address Address Address Address Address

1 2 3 4 N

CSC Bus Sensor Polling Mode Voltage Waveform

4V [T

v l

Voltage Representing Current Drawn by the CSC Sensors

Sensor Power Current
Switch Open
Switch Closed
Switch Open
Switch Open

B: Sensor Presence Current
D: Sensor Presence Current
F: Sensor Presence Current
H: Sensor Presence Current
J: No Sensor Present

FIGURE26.55 CSC bus sensor polling mode waveform-

While the voltage isatapproximately 9 V the sensors compare the value in theircounter
to their preprogrammed address If a sensor detects a match between these two values, the
sensor will increase the current drain on the CSC bus.This reNponse current informs the mas-

A:
C;
E:

I:
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ter that a sensor has recognized its address This condition remains until the voltage falls to
about 6 V.

When the sensor being addressed detects that the voltage iL below its threshold of about
T5 V, it will determine the status of the sensing element, i.e. magntic field detecting Hall
effect sensor,opticalsensoror mechanical switch to groundIf the sening element is active-
i.e., a magnetic field is detected-light is detected, or a mechanical switch o ground is closed,
the sensor continues to draw the response current so that the master can sense the sensor's
status, If the sensing element is not active, response current will cease and only the sensor
power current willh e drawn.

Acuutor PollingMliplexing. This effort to control actuators utilizes the CSC bus ml-
tiplexing technique used as an extension of the sensor polling mode. A particular actuator is
ssignedanaddressjutas the sensor is assigned an address.Each actuator monitorsthe('SC

bus to count the 6- to 9-V transitions in the same way as the sensor does When the value in
the counter of the actuator matches the actuator's address during the 6-V portion of the
address, the actuator draws current to tell the master that the actuator is recognizing its
address.

To activate an actuator output, the status must first be monitored by checking the current
drawn during the second half of the address cycle. In contrast to the sensor polling scheme,
which uses 6-V and 9-V levels only, the actuator multiplexing scheme adds a third 3-V level
(see Fig. 26.56). During the second half of the address cycle, the level is driven to 3 V by the
master when the output of (he actuator is to be toggled.The actuator monitors the CSC bus
during its address, If the actuator detects the 3-V level, a latch is set. The actuator does not
change its output, because of noise considerations,after the first 3-V level is detected.

9V

6V-

ov-

CSC Bus Actuator Polling Mode Voltage Waveform

4V

IVI

0 A B C D E F

Voltage Representing Current Drawn by Sensors and Actuators

A: Sensor Power Current B: Sensor Present, Not Active
C: Actuator Toggled, High D: Actuator Statis Presently High
E: Actuator Toggled, Low F: Sensor Present, Active

FIGURE26-56 Continucus poling actialor nultiplexing waveform.

The actuatormonitors the following polling cycle. If the second half of the actuators ,
address period in the very next polling cycle is 3 V then the actuator will toggle its output.
Everysubsequent polling cycle must contain the 6-V level during theactuator'saddressperiod
for the output to remain constant.'The current drawn by the actuator during this second half
indicates the status of the output. When the output is to chang state agai two consecutive
polling cycles must contain 3-V levels during the second half of he actuator's address period.

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



26.42 SAFETY.CONVENIENCE.ENTERTAINMEUNTAND TEHERSYSTEMS

Actuator Conuandl IOde Mutiplexing. In order to increase the flexibility of the com-
munication scheme, the system designer has as an optional complementary actuator multi-
pIexing capability. In orderto provide all polling addresses to sensors and permit direct
addressing of a particular actuator.a scheme was devised hat compLeentsthe pollingmode
Thisscheme has beencalled the command mode,directaddressing, or control mode of the
CSC bus.

Instead of sequentially addressing the actuators as in the pcled method, the master sends
a 6-ms voltage signal to the actuators (Fig. 2657). This waveform consists of transitions
between 6 V and 3 V.The example 6-ms waveform is divided into six 1-s bits and is called a
6-bit word. A 75%25% pulse-width modulation technique is used to define the bit value
Each bit beginswith a transition to 6 V. For example, a "1"'bit s defined as 750 ps at 6 V and
250 ps at 3 V. A "O"bit is defined as 250 L at 6 V and 750 s at 3 V

6V-
ONE ONE ZERO ONE ZERO ONE

OV Address Data

CBC Bus Command Mode Actuator ultiplexing Voltage Waveform

4V

CV A B C D F F G H

A, B, C, D, E, and G: Sensor Power Current
F: Actuator Response Current
H: Actuator output Status High

Voltage Representing Current Drawn by Sensors and Actuators

FIGURE26.57 CSC bus command mode actuator multiplexing waeform.

The first five bits of the 6-bit word are used to address the particular actuator and the sixth
bit is used to control the stateof the actuator's output. The master provides the voltage wave-
form.The CSC bus is initially at reset (=0 V). From reset the voltage waveform is driven to 6
V. The waveform stays at 6 V for either 750 or 250 p, depending on whether the bit is a "I" or
a0",respectively.The CSCbus then falls to3V for the remainder of the 1-ms bit period.Dur-
ing the 6-V portion of the first bit,themaster monitors the current drawn by the components
on the CSC bus.The master will use this current later as a reference to determine if an actua-
tor s recognizedits address.

All six bits are transmitted the same as just described. During the 3-V portion of the fifth
and final address bit, the master can determine that an actuator has recognized its address by
measuring the amount of current being drawn.

NetworkAccess. The CSC bus utilizes a master-slave protocol This protocol is appropriate
because the master is usually the present major feature module and its associated sensors and
actuators arethe slavesThe feature module microcomputer is the host to the driver/receiver
interface IC.

The CSC bus driver/receiver master interface integrated circuit contains the circuitry
required to provide a DC offset square wave outputThis output is controlled by two digital
CMOS inputs: A and B. These two inputs are provided by a host microcomputer acting as the
"brains"of the master control module.The IC is able to sense the CSC bus current and con-
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vert It to an analog voltage. This voltage is provided by the IC output for use by the micro-
computer analog input.

Message Format The network method for this communication system is a master-slave
polling and/or direct address mcthod.The master usesa voltage waveform to communicate to
the sensors and actuators. A sensor is addressed through successive and ordered polling of
each address (time slot or period) in ascending order.

<SOM>, ak-lip Pericd, Addr 1, Addr 2, .... Addr 32

An actuator may be controlled by either the polling mode shown or the direct address,
command mode message below, The start of message (SOM) is defined as the rising edge
from 0 to 6 V in the voltage waveform of Fig.26.55

<SOM>, <Five-Bit address>, <1 to N data bits>, <parity Lim

Handshaking. Both sensors and actuators respond to the master node when polled or
directly addressed, with a response current informing the master that an address has been rec-
ognized.

Error Detection Management. Actuator data can be protected from unwanted actuation by
aparity bit in the command message.The normal solution foreliminating EMI susceptibility
that caused false sensor data is to software filter the data in the master control module.

In order to validate the proper addressing of a sensor or actuatorin a noisy vehicle envi-
ronment, the followingprocedure is suggested.If this current is not above the erernce cur-
rent measured, the sensor is not present or no actuator is listening. If two or more sensors or
actuators are listening (determined by double the expected response current), the master can
reset (output zero volts) the CSC bus, If the master detects that the sensor or actuator output
is not in the correct state, the command can be repolled or resent.

Fault Tolerance. Handshaking between the master node and sensors allows operation and
detection when sensors or actuators are removed from the networkThe driver/receiver has a
current limit that protects it from a bus short.

Data Rate. The data rate is determined by the master module software and need not be
fixed, A rate of I Kbpsissuggested

Framing Overhead. The framing required time is equal to the data time therefore

OVERHEAD FRAMING
MESSAGE (FRAMING + DATA)

OVERHEAD_ 1
MESSAGE 2

Latency. The master node is in control and can interrupt sensor oractuator polling to com-
mand an output to an actuator within a few milliseconds and'32 sensors can be polled within
32 ns, or a 1-Kbps rate.

Power Reduction Mode. The master node can control the power by not polling or address-
ing the network.The current draw will then be the sensor actua-or standby power.
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26.3.8 Token Slot Protocol, SAE J2106

Application/Ajfiliation. General Motors developed protocol" for high-performance vehi-
cle control and general information sharing.

Transmission Media. Not specified. Electrical twisted pair or fiber optic media are recom-
mended. Fiber optic token slot networs operating at 1 Mbps have been demonstrated

Physical Interface. Notspecified. Multiple access to a logical common bus is required.

Bit Encoding. NRZ (nonreturn to zero) with opposite logic level bit insertion (stuffing)
after five contiguous bits of the same state. Receiving nodes detect and remove inserted bits

NetworkAccess. The token passingbus network is open, peer-oriented, and multimaster I
is noncontention and uses a time slot token passing technique.See Fig.26.58,26.59, and 2660.

token SLt i5 rLea so nSu2L3SN4SLNb5Sr6SLN 7

enpaity

SNI R 6.l5o TrNode A Node Node CNodee fd

SLN8de LN SIN10StA11 Stak12iSsN 3fSIkN h4eSrS

Nuode A[ Nsder FJ Rii D RodeJ

5N6fSLN 17SL18SLN 1 SN20LN 21fSL7722FJN23

Node A~ Node eJ JNode CNc~deHdef

i I I

L Node A Node F J Nde jN.d, 1

FIGURE 26.58 A typical token slot node asswgranuuand slotsequetie Csyclenpaiein.

Token Sltswith relative slot nrrshown

p stot1(Sn) 01 In sn+2 nkTsn r ,,

even parity

FIGURE.26.59Tonpsesgerm.

Token jSIN511 'SL SL SN o1goe

pas d, a 1 idle idle ps
SA115 SLN 1

node takestroken here-

FIGURE26.60 Tpicalt oken passsequence.
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The intent of this bus access protocol is to guarantee perioce oppounitiesormessage
transmission b each node on the bus. It is to also ensure that the bus remains opeaional
when devices are dynamially added or deleted andi t must provide for quick recovery from
error conditions.

Aftera nodeai co ltelise ning 1its agetaffiLceqJiunced scan of shortequal
timeintiervassl ots) offebus1rn sitprivleg eto the nod slatow U[ners as follow (see ig
26.59) Atoken pas messageorabujun7 instructs all nodes to begin the token slotimmg
mode. Each node is asinedoneormore spectime slots and will activate its ransniterto
send a meage during its slot onlyi f t is operational and has messaget raffic to send Other-
wisethe token slot interval is allowed to pass. When the transmitter is actvated all other
nodes recognie that the token has been taken and theyentertheecemode

The new token ownc next proceeds to send its meage traficseFg 6 00).Token hold
times are indlvidualy assined to each node and are sti lmitedtos sure a sstemnai-
mum mesagelatenc limi, Individual messagetansmit prioities ar determinedi each
node's applcation and are noesincted by the data communictions network.

Anodeconcludesatransmitsessinysendingthe token pssmessage that contains the
current slot number (see FigL26 0)inthe ensuing token slot equence, the node that owns
the next sequential slot number maytake the token or let it pass. hen the maximum slot
number is reached, the sequence wraps around to slot 0and cortinues until the slot is picked
up or until the original token passer seeits slot, at which time a new token pass message is
generated and the cycle beginsagain.

Message Formal. lere are three basic mesagetypes which re distinguished by the 2 bit
control field which is found in the first byte:

SIoken pass (see Hig& 2b9 and 26-60), This is a single-byte messae which contains the
message controlfield (2 hits),the curnent slot number (5 bits). andasmg parit (even bit).
It isf ollowed by an idle line (8 bits) delmiter.

*Data (see Fgl26.61 and 20,62) This includes the message control field (2 bits),a mewsagu
ID field (14 bits), up to 256 bytes of data. a 16-bit cyclic redundancy heck (CRC field,and
a medagedelimiter bus idl ine ( bits). Ili message control field is used to request an

acknowledgeenmessage response

idleiLine message e essage 2 idle ACK AK
wait

sync bit L 16 bt from idle

FIGURE26,61 Tokensttnetwork general messageframing.

sg controL bits

F sb 
F

idl id2 dta ied crc crc idle

1 + 8 8 + -256 bytes x 8)+ 8 + 8 41 bt overhead

z Data message

0 8roadcast, 1 = ACK request

FIGURE26.62 Tenslotnetworkdatamessaeformat
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idle
FIGURE 26.63 Token slot network acknowledge message format,

* Acknowledge (see Fig.26.63). This is a fixed, single-byte (Hex D5) message plus an 8-bitidle line delimiter (16total bits). Itis initiated by the previous data message control field

H1andshaking. Any data message can be dynamically programmed to command an imne-diate returned acknoledge message from one receiving noe, If after a short wait intervalthe requested acknowledge has not been received, the sender may retry and/or proceed tosend other messages. Note that the responding node does not possess the token.

Error Detection Management. Both the receiving and the transmitting nodes indepen-dently monitor transmissions on the bus. The transmitting node checks messages for a 1:1received to transmitted bit correspondence. All nodes check for correct timing, CRC inter-message gaps, and, if requested, an acknowledge message. Receiving nodes do not acknowl-
edge erroneousmessages.

The 16-bit CRC conforms to the CCITT standard and detects all single-bit errors,all par-ity errors, and all burst errors less than 17 bits long. For burst errors longer than 16 bits, theCRC misses 0 0)15 percent of errors.
A transmitter detected bus time out (BTO) error occurs when the bus is idle for more thana complete token slot sequence period.When a BTO is detected,all nodes start a new tokenpass slot sequence beginning at slot 0.
Bus errors or collisionscause the detecting node to generatea bus jam signal,a dominant inefor 8-bit times, before the end-of-message idle line.This declares the current operation or mes-sage invalid and instructs all nodes to start a new token pass slot sequence beginning at slot 0.

Fault Tolerance. Each transmitting node monitors its own bus performance and fault his-tory.Appropriate degradedmode operationsare controlled by the node.The loss of any nodeor even a separated bus will not affect the continued busoperation by the remaining nodes.

Data Rate. Data rate limit is specified at 2 MHz. However. toe data rate is only limited bybus media bandwidth and future data rate growth is possible.

Framing Overhead The message framing overhead is summarized in Tables 263 and 26.4.Sec Fig,26.64 for total message atency calculation methods.

TABLE 26.4 Token Slot Data Message Overhead t

TABLE26.3 Token Passing Slot Overhead in Bit
Times (bi)*

Slot width (assumet ar ON aqt mid slot = 2 i 2
Token pass mesage 8
Delimiter gap

Token pass overhead per node 18b t

SSee fig,26.59 aid Fi.26.0 0

Synchronizationbit 1
1D 16
Datai system determined Iimit eg..0J-256 bytes) var
CRC 16
Iniermessage dcmiter ga1 8
Acknowledge response (i requested) + gap 16
Per message overhead -with AK 57 bits
or per meisage overhead- without At 41 bits

*Sce ht. 2-1.1,662, and26-63
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Token Slot Message Overhead (in bit times = bt):

Synchronization bit
ID
Data (system determined limit - bytes)
CRC
Intermessage delimiter gap
Acknowledge response (if requested) + gap

16
(0-256 bytes)

16
8

16

Per message overhead - with ACK: 57 bt
or Per message overhead - without ACK: 41 bt

Token Passing Slot Overhead:

Slot width (assume xmtr on at mid slot = 1 bt) 1
Token Pass Message 8
Delimiter gap 8

Token pass overhead per node: 17 bt

Sumary of Loop Time Calculations:

For P nodes sending an N message loop with M
total message data bytes:

Total message overhead (no ACK) 41H
Total token overhead 17F
Total message data time (mx 8 bits) 8M
Unused slots =

slot width x (max #slots - #usedslots) = 1(32-P)

Total Loop Time 41N + 17P + SM + 4(32-P)

Example Token Slot Timing Calculation

For 8 nodes sending a 16 message loop with 32 total
message data bytes (2 mus x 2 bytes per node x 8 nodes):

Total message overhead (no ACK)

Total token overhead

Total message data time (32 x 8 bits)
Unused slot time (1x24 )

41x16 6 556
17x8 + 136

792
+ 256
+ 24

1072Total Loop Time(bt

Data-to-total time overhead efficiency: 256/1072 24.0%

FIGURE26.64 Determination of token slot message latencies,

ill

26.47

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



26AS SAFETY, CONVENIENCE,ENTFRTAINMENTAND OTHER SYSTEMS

Lateney The protocol is noncontention and deterministic. As such, messagelateciesin the
token slot network are both predictable and bounded, which is a requirement for feedback
control systems.

Factors lhat affect message latency times are discussed in the following See Fig.26.64 for
methods of latency calculation and prediction.

The token loop time determines the interval between opportunities to transmit a message.
It is defined as the total elapsed time between token possessions by aparticular node.It
includes all message traffic, token pass slot times.and all token hold times

Token slot lime length is important during the taken pass sequence when each time slot
must provide sufficient time for worst-case signal propagation delays in order to allow nodes
to detect that the token has been taken.

Tokenhold time is the maximum number of bit times that cach node is allowed to hold the
token,. All message IDs, data fields, CRCs, intermessage gaps, message synchronization bits,
NRZ5 bit insertions, acknowledge messages or acknowledge time outs, and token pass mes-
agesmust not exceed this limit. Each node monitors and controls this time to stay within its

assigned limit.

Power Reduction Mode. Not specified.Could beimplemented

263.9 Time Triggered Protocol (TTP)

Knowledge about the future (i.e.,a priori knowledge) behavior of the TTP system is available
to the system designer and is controlled by the progression of time.For example, the point
in time when a node is supposed to send a message can and must be determined by the real-
limecontrolaloritms and programmed into the module before release for production.The
main advantage toITTP is to support high-speed distributedtime-triggered real-time control
of systems.

Application/Affiliaion. TIP was developedbythe Institute for Technical information.
Technical UniversityWienAustriaand is anintegrated comminications protocol for Class C
in-vehicle applications that provides all services required for the implementation of a dis-
tributed fault-tolerant high-speed real-timecontrol system

Transmission Media A twisted pair or fiber optics is suggested for the transmission media,

Physical Interface The basic system 1/O structure consists of nodes connected by two
redundant physical interfaces to dual networks to protect for failures in cabling, contactscon-
nectors, etc.To tolerate a node failure, two nodes are connectd in parale Four configura-
tions are shown in Fig.26.65

Bit Encoding. The bit encoding is not specified.However, modified frequency modulation
(MFM) issuggested as the encoding technique because it has fewer than one transition per bit.

Network Access. The network access is accomplished using r time division multiple access
(TDMA) controlled by a global time base generated by ttriggered protocol (TP). A
TDMA round is defined to be a complete cycle during which eachvehicle module has been
granted at least one sending access.

MessageFormat. All information transmitted on a communicationschannelmust be prop-
erly framedATPframe consists of the followingfieldsstart offrame (SOF),a control field,
data field, and a CRC field. An interframe delimiter (FD) exists between any two TTP
frames. See Fig. 26.66.
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Class I Configuration

Class II and Class III Configuration

Shadow Nodes

Class IV Configuration

FIGURE26.65 Faultoeraniconf uraos

Control Field 8 Byte Data Field

I I
I I

Acknowledgment Bits
Mode Change Bits

Initialization Bit

FIGURE 26.66 Typical frane fonat

StartofFrame(SOF). This identifies the beginning of anew frame.
ControlField The control field has three subfields.
Initialization Bit. This specifies an iniialization frame (1-frame) or a normalfrme (N-

frame).1-frames are required to initialize a nodeThe state of the communications controler
node (i.e., C-state) consists of three fields: a node field, a time field, and a membership field
Typicallyach one of these fields will have a length of two bytesor 16 bits. When a node is ini-
tialized, these three fields are filled from the data field. N-frames are normal data frames con-
taining the application data in the data field,

Mode Change Bits (3 bits). If the initialization bit is unequal to zero, it allows the specifi-
cation of seven successor modes to the current mode.Therefore.the proto'ol supports a rapid
change from one mode to another mode, e.g., startup, normal operation, emergency, etc.

CRC Field

L=_ II i ZZ 1 1

>

<
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AcknowledgmeBits 4 hits). These bits containan acknowledgment for the frames sent
by the preceding vehicle module. The question of whichmodule is the preceding module
depends on the current membershipThe length of the acknowledgment field makes it possi-
ble to acknowledge each one of the four frames sentby a mocule in a classI or Class IV con-
figuration.

Data Field. The dati field consists of the concatenahior of one or more messages con-
taining application data.The length of each messageisstatically definedin the mode defini-
tion It is not necessary to carry a name fieldin the frame sincethe essaename can he
inferred from the mode field and the point in time of sendin.

Cyclic Redoduncy Check (CRC) Field. The CRC field has a length of two bytes For N-
frames.the CRC is calculated over the C-state of the controller concatenated with the control
field and the data field of the frame. A normal frame is only accepted if the sender and
receiver have identical C-states, i.e.if they agree on mode, time,and membership. Since the
receiverknowsa priori thetimeof sendingofeach frameitis notnecessary tocarry thevalue
of the sendtime in the frame.

herframe Delimiter lFDt The interframe delimiter is required for proper bit synchro-
nization of sender and receiver-

Handshaking. As shown inFig.26.65, two nodes are connectedin parallel to tolerate a node
tailure in replicated vehicle communicalions channels These replicated channels perform the
samestate changes at about the same time and are synchronized to within a known precision
by TTP

Error Detection Management. TTP is based on the assumption that the communications
channels have only omission failures and the nodes support the fail-silent abstraction; i.e..
they either delver correct results or noresults at all,which helps to enforce errorconfinement
at the system level. A sender attaches a CRC to each frame and a receiver can detect when a
frame has been mutilated and discard the corrupted frame.

For correct operation, the node must assure, y use ofspace or time redundancy, that all
internal failures of a node are detected and the node is turned off beforean erroneousoutput
messageistransmitted. Moreover,amembership service is required to detect omission fail-
ures of incoming and outgoingcommunicationslinks.This membership service is part ofthe
protocol.

Fault Tolerance. Withdualdupexbusesandredundantnodecommunicationschannels,the
fault tolerance capability is excellentTable 26.5 shows the fault tolerance capabilityachieved
with the four class configurations shown in Fig.26.65The recovery interval for a transient
event depends on the lengthof thetransient blackout period and the time TTP takes to
detect, monitor, and recover fromablackout.This time forTTP is in the millisecond range

TABLE 26.5 Fault Teranc C pability

TOerarwe of CLss I ClI11 Class Il Class IV

Perinanent nodef fiur 0 2
Perianent busaitlore I
Transient nodef talure 0 1 per event Ip cievent I per TDM round
Transient busf alure Iof2 1 (t 2 3 of 3 of 4

Data Rate, The data rate is not specified, but I Mbps is suggested.

FramingOverhead. The length of SOF and IFD depends on the bus propagation delaythe
quality of the clock synchronization.and bit-encoding methodFor transmission speeds below
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i Mbit and a bus length below 20 m, the SOF = i and IFD 3.The framing overhead is given
by the following: OVERHEAD/MESSAGE = FRAMING/FRAMING + DATA)Fora
message transmitting 4 bytes (32 bits) of data, using the formia:28/(28 + 32) = 47%. For a
message of 8 bytes (64 bits) of data, using the formula: 28/(28 + 64) 30%.The total framing
overhead is slightly higher to account for the periodic transmission of initialization frames.

Latency. Given a 1-Mbit channel for eight nodes sending a 16-message loop with 32 total
message data bytes, the TDMA round of TTP is 0.48 Ins in Clas I or Class II configuration.
This is also the worst-case delay for a node switch. If a Class Il1 or Class IV configuration with
four replicated messages is selected, the TDMA round is doubled i.e., just below I ms.

Power Reduction Mode. The power reduction is not specified but could bespecified as a
mode of operation.The change to a power reduction could be done at any time.

26.3.10 Vehicle Area Network (VAN)

Application/Affiliation, VAN (vehicle area network) is a mu tiplex bus protocol proposal
being considered by the ISO Technical Committee 22SC3WGLI

Transmission Media. Twisted pair.

Physical Interface Transmission is on differential pair using current sources. An optional
analog filter is provided to increase noise immunity. See Fig. 26. T

Bus , ANALOG

BUS FILTER TRECEPTION

CONTROL

CURRENT ADJUSTMENT

FIGURE2)67 Faulmterantbusintrfax

Bit Encoding. Two different bit representations are allowed: L-Manchester and E-Manch-
ester. The bit representation is selected by the user. When L-Manchester is selected, all the
bits in [lieframe are.Manchester encoded. E-Manchester will be NRZencoded except for the
last bit of each nibble. With E-Manchester idle.IMS, and SOF are NRZ encoded,andACK is
Manchester encoded. See Fig.26.68 for an example of E-Mancheier encoding.
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CLOCK

Dominant

Passive -

Zit Logic Value 0" "l"

L-MANCHESTER BIT REPRESENTATION

Clock

Bit Logic |
Value "0' 'D .'1"

NRZ NRZ NRZ MAN
Dominant

Passive

E-MANCHESTER BIT REPRESENTATION

FIGURE26.68 VANbiiencodin.

Network Access. Network access is by prioritned nndeotructive bit-by-bit arbitration.
Arbitration is resolved using the unique 12-bit identifier field at the start of the message.The
format of this field is user-defined. VAN allows in-frame access based on a media access rank
R. A node can access the frame, provided the previous R-1 bits of the arbitration field have
been emitted and the previous time.slot was recessive.

Message Format The frame consists of eight fields.The start of frame (SOF) provides a
common time reference that allows receiving nodes to correct their local clock.The start mes-
sagebit initializes the frame. The two-byte frameidentification field includes the unique 12-
bit message identifier followed by three control bits and the remote transmission request bit
(RTR).The RTRspecifies if the frame includes data (0 bit) or if data is requested (1 bit).The
RTR allows in-frame response immediately or later in a separte frame.The message frame is
shown in Fig. 2669.

- 415 111 4 2

~S0F LEGCS

SFRAIME
DATA BYTES

IDENTIFICATION
EOF IFS

ACKNOWLEDGE
ND OF DATA

FIGURE 26.69 Singlei pe fame fonat

Handshaking. Message acknowledgment is achieved in one of two ways: no acknowledge
or positive acknowledge, which means at leastone station has received and accepted the mes-
sage. If the receiving station cannot make an in-frame acknowledge, a separate acknowledge
message must besent later.

Error Detection Management. Methods of error detection iclude level monitoring, CRC,
code violation detectionand frame check. Level monitoring isperformed by the transmitting
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node. The transmitted bit levels are compared with the bit levelsdetected on the bus. Frame
checking is performed through a 15-bit CRC code:

.1 1 < +'13 - 1)

Fault Tolerance. Single-wire operation is possible with the di ferential drive scheme due to
the ac-coupling if the other wire is shorted to ground, shorted t Va,, or open circuited.

Data Rate. The data rate is not specified.

Framing Overhead. The total frame size (including data) is 109 bits. The total frame size
includes start, stop, nd idle bits.The maximum amount of data allowed in a frame is 64 bits.
The percentage of overhead is therefore 45/(45 + 64) = 413%.

Latency. As with all arbitration-basedprotocols, the latency amount varies depending on
the priority of the message.

PowerReduction Mlode. Notspecified.

26.4 SUMMARY AND CONCLUSIONS

Throughout the20th century the auto industry has seen many changes.The electrical compo-
nents in the horseless carriage wereessentila magneto ignition system. In the 1920s, the
electric starter became popular but the first real use of the semiconductor in the auto indus-
try was in the 190s, first in electronic volage regulatorsand then in brakerlessignition sys-
tems.Toward the end of the 1970s, the full engine control computer was in production.Then
bythe 198sconsumersweredemandinelectronicallycontrol ed turbo,electronically driven
instrument clustersantilock brakesystemsand navigationand trip computers.The electronic
content of passenger vehicles had doubled by the 1990s

26.4.1 The Future of Automotive Electronics

In the future, electronics will play an even larger roll. The automotive electronics fieldis
presently goingthrough a number of noteworthychanges.Integrationdiagnostics,design for
manufacturabilityand systemengineering are the buzzwordsofthe 1990s.Thepast add-a-fea-
ture. add-a-module mode of operation is replaced by integration.For example, the common
practice is to package many of the feature items such as intermittent wipers and automatic
door locks into a single module. The manufacturer will have a built-in diagnostics technique
that can computer-verify that the product is functioning properly atthe time of construction.
Also,the dealerswill have the capability of accurately and economically determiningthe failed
module, Integration.diagnostics, and systems engineering promise higher quality, better per-
formance,and lower cost for the manufacturer and the consuner.

26.4.2 The Class B Data Communications Network

The Class B data network is the main enablerand Jrvin force to module integration and ser-
vice diagnosticsThedata network interconnects hese integrated sysems,allows the modules
to communicate with each other and provides for quik service and maintenance These inte-
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grated systems musth e coordinated to make sure that everything functions together properly.
The Class Bdata communications network is applicable beause most of these features will
not requirereal-timecontrol processng.

Electronicsand vehicle multiplexing means more thanjust new innovative gadgets in acar.
Thisrelativelynewfieldofautomotiveengineering is a highly developed technology that has
the potential for enormous benefits to the consumer in that it promotes safetyand provides
convenient and usefulfeatures in the automobile. The data network and electronics should
make ieasier andmore economical to manufacture a car, drive a carand service a car

Even though the electronic content will have doubled, the car of the mid 90s will be signif-
icantly easier to manufacture because there will be half the number of modules,due to feature
content integration. The data network that interconnects these modules will also reduce he
size and number of interconnecting cables and cut the number of circuits by 25 percent

The objective of the industry is to deliver a qualitydefect-free product to the customer.As
previously illustrated, integratioplays amajor role in reducing the number of modules that
can fail, the number of parts that can break and the number of interconnecting circuits that
can fail, thereby substantially improving the reliability. The data network and built-in diag-
nostics also play a key role in verifying that the product is manufactured properly. Proper
diagnosticsisalso accomplished more perfectly by computer during manufacturingand
reduces or eliminatesthe arduous task of manual verification on the assembly line.

The computerized vehicles of the future need logically acute ergonomics for the driver
Safetyreliabilityease of usebuttons that are easy to reachand gages or dials that are easy to
see can all e characterized as "slickness." Our neoteric generationl of customers is rightfully
demanding these innovations and world competition makes it a top priority.

At the heart of these ease-of-driving innovations is the dua network that allows the vari-
ous integrated modules to coordinate ther activity so that the buttons that control the dis-
plays can be placed at the best ergonomic locations.The display is then located for convenient
viewing while operating the vehicle.

With the aid of market research,the integrated module may be chosen to contain just the
mix of features the customer desires. The data network can significanly simplify delivery of
the required data to that module.This gives the customer greater freedom than ever to pick
and choose a personaly designed content in his new vehicle,. thus promoting customer per-
sonalization and satisfaction.

The auto industry designsforreliability, but when things tail, the objective is to economi-
cally fix it right the first time.Vehicle multiplexing again plays a major role in allowing the ser-
vice technician to communicatewith eachof the modules uring a diagnostic tool through a
centrally located diagnostic conector.This method uses th power of the computer in the
vehicleand the diagnostic tool to walk the technicianthrough the diagnostic flowchart to
deliver the solution to the problem in alanguage the service technician can understand.

26.4.3 Class A Multiplexing

With all these benefits why is multiplexing taking so long? Over the last two decades the auto-
motive component manufacturers of electronicequipment have been touting the virtues of
Class A vehicle multiplexing (low-speedbody wiring and control functions).Previously,arti-
cles were illustrated with dramaticpictures of the amount of wire that could be saved by mul-
tiplexing.Other articles projected immense cost savings and technical benefits to be derived
through the utilization of vehicle multiplexing.Now 20 years later, fewifanyof these predic-
tions have becomea reality. Thus, the domestic vehicle mainufacturers have not generally
endorsed these concepts.

For years it was postulated that vehicle multiplexing would be practical once a semicon-
ductor device was developed that would replace the relay and have the capabilty of driving
lightsand electric motors.The recently developed MOS power driver has this multiplexing

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



MULTIPtEX WRI\NGS'SESTS 26.55

potential.Th e semiTonducltorindus tryhopes that thisdevice is the real breakthrough hat will
makeClas s ehicle multiplexing a reality However, with his development, the industry is
Ally c to asolutin Therl siluaion is that la smultiplxing is stil not cst effec-
tive. A closet amination of thproblems of Clas s mulipleingfr m a hile manufac-
turers perspective is waanted Theeffectveness of muiplexing must consider the
following factors:

* The ability to reduce the average vehile system cost

* The ability to allocate the cost of the option to the option

* Wiring reductions such as number of circuits and bundle size

* The support of built-in diagnostics for manufacturing and service

* Bus throughput (capacity) and how well the network architecture handles time-critical
messages,

* Reductions in weight and ease ofassembly

26,4.4 Comparison of Class A and B Data Networks

Is the Class B multiplexing situation any difirent than the Cass A?"A careful system cost
analysis for Class B vehicle multiplexing showsthat the added cost of the multiplexing elec-
tronic components is not offset by the cost savings in vehicle wiring harnesses. The condition
is very similar to Class A data network leading one to adopt the theory that vehicle multi-
plexing byitself is not cost effective. Thehigher thecost of the electronic multiplexer, the
larger theproblem of finding effecive cost offsets.Therefore, fthe Class A data network is
too complex it may not be cost effective

There are other driving forces.such as increased content, packaging,and wire bundle size,
that have the potential of outweighing the cost disadvantage. he situation with the Class B
data network is much different. Class B vehicle multiplexing is the enabler to other cost-off-
setting methods that are not possible with ClassA multiplexing Cost reductions such as mod-
ule integration and diagnostics can be effectively used to more than offset the cost of the
electronic multiplexer.

26.4.5 The SAE J1850 Standard

The SAE .11850 is a standard for a Class B data communications network. The entire
automotive industry will benefit from the development of this data network. In the past,
developmentof proprietary data networks inefficiently used scarce industry resources. Stn-
dardization will save manpower and resources, in both the semiconductor and automotive
industry, and make the resources previously dedicated to proprietary data networks available
for concentration on more competitive electronic developmenrs.

The transition to an industry standard data network will be difficult and will take several
years to accomplish effectively. The first introduction of the full industry standard vehicle
multiplex network will be found on only luxury vehicles andi en only after the system eco-
nomics warrant support. Economics will play a major role in determining when the average
vehicle,manufactured domestically or abroad, will have an industry standard data networkIt
will take the dedication and talent of electronic engineers in both the automotive and the
semiconductor industries to develop the components that will meet the economic require-
mentsihe development of a family of components is required to support the economical use
on more than just the more expensive and luxury type vehicles. The application for data net-
works varies between manufacturers' product lines and there will be a need for different lev-
els of industry standard data network interfaces to meet the full application requirements
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GLOSSARY

This glossary contains generally accepted terminology for automotive electronic application.
The terms may have additional definitions depending on usage in other disciplines,

Arbitration The processof resolvingwhich frame or in-frame response data continues tobe
transmitted when two or more nodes begin transmitting fra ies or in-frame response data
simultaneously.

Arbitration detection Refers to a contention-based arbitrr.tion circuit, whereby the con-
tention created by simultaneous access of multiple nodes on the network is resolved in a bit-
by-bit arbitration circuit by means of collision detection where dominant bits in the
arbitration field survive without destruction and all others discontinue transmission.(See Bit-
by-bit arbitration and Collision detection.)

Architecture The organizational structure of a vehicle multiplex network, mainly referring
to the application structure and communications protocol

Balanced current1/0 An input/output circuit configuration in which signals are transmitted
as currents that travel down one conductor and return on the other, and these currents are
balanced, i.e., of equal magnitude.

Baudrate A measurement or rInfer rate anumber of discrete conditions or signal events
persecond.

Bipolar data Data that is driven both positively and negatively from a common point such
as a reference voltage or ground (0) potential-

Bit-by-bit arbitration A contention-based arbitration, whereby the contention created by
simultaneous access of multiple nodes on the network is resolved bit by bit. Bits may be rep-
resented as dominant or passive on the physical layer with dominant bits overriding passive
ones in case of contention. The message with a dominant bit ii the arbitration field survives
without destruction and all others discontinue transmission This procedure is repeated
through all bits of the arbitration field.

Bitencoding Thesmallest unitof information inthe binarysystem of notation.

Bit rate Bits per time during transmission, independent of bit representation.

Bit-stuf NRZ The insertion of extra bits into an NRZ data stream to avoid the apparce
of unintended control sequences forsynchronization

Bit synchronized Transmission of a frame in which the data bits are transmitted with the
transmitter and receiver bit transitions aligned in time (synchronized)

Broadcast type messages The transmission of information to more than one receiver asdif-
ferentiated from node-to-node communications.
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Bus Topology of a communications network where all nodes are reached by links, which
allow transmission in both directions.

Burstynoise Unwanted electromagnetic disturbancesthat aremanifestedasrelativelyshort
period barrages (bursts) at random or repetitive rates.

Checksum An error-detecting code based on a simple eight-lit summation series of all the
bytes in the frame that are to be checked.

Class A system A multiplex system whereby vehicle wiring is reduced by the transmission
and reception of multiple signals over the same signal bus between nodes that replaces the
conventional wiring in vehicles.The nodes used to accomplish multiplexed body wiring typi-
cally did not exist in the same or similar form in a totally conventionally wired vehicle.

Class Bsystem A multiplex system whereby data (e.g parmetric data values) is trans-
ferred between nodes to eliminate redundant sensors and other system elements. The nodes
in this form of a multiplex system typically already existed as stand-alone modules in a con-
ventionally wired vehicle,

ClassCsystem A multiplex system whereby high data rate signals typically associated with
real-time control systems, such as engine controls and antilock brakes, are sent over the signal
bus to facilitate distributed control and to further reduce vehicle wiring.

Collision detection Collision detection and bit-by-bit arbitration are sometimes used inter-
changeably and they both refer to a contention-based arbitration, in wich the contention
created by simultaneous access of multiple nodes on the network is resolved on a bit-by-bit
arbitration basis utilizing a collision detection means.(See Bit-by-bit arbitration.)

Command mode A mode of operation of a master-slave system in which the master node
takes prompt control of the network to achieve the input and/or output function.

Common mode rejection ratio The ratio of the common moe input voltage to output volt-
age commonly expressed in dBVi e, the extent to which a differential amplifier rejects an
output when the same signal is applied to both inputs.

Contention process A state of the bus in which data from two or more transmitters are
simultaneously attempting to use a single shared network medium. A collision detection or
arbitration process can be used to resolve theconflict.

Contiguoushits A condition where a string of data bits is continuous and without dead time
between bits.

Control field A field in a frame which designates command information

Control mode Control mode and command mode are used nterchangeably and refer to a
mode of operation of a master-slave system in which the master node takes prompt control of
the network to perform the input and/or output function.

Cyclic redundancy check (CRC) An error-detectingcode in which the code is defined to be
the remainder resulting from dividing the bits to be checked in the frame by a predetermined
binary number.

Data collision A state of the bus in which two or more transmitters are turned on simulta-
neously to conflicting states.

Dataconsistency A featureofcommunicationsinsomemult plexwiring systems whereby it
is determined and ensured that all required recipients of a message have received the message
accurately before acting upon it simultaneously. This feature is desirablein, for example,
ensuring that all four lamps are turned on at once or that all four brakes are energized simul-
taneously.

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



26.58 SAFETY.CONvEN[ENCE, ENTERTAINMENTAND OTHER SYSTEMS

Data decoding technique The process of retrieving a signal on the transmission medium that
was encoded (e.g. NRZ, PWM, Manchester) back into the original logical,"l"s and "O"s bits,

Data encoding technique Data bit encoding defines the way in which the logical bits,-l"s
and "O"s, are translated into signals on the transmission medium by the physical interface
(e.g. NRZ, PWM. Manchester),

Data field Data (data field) are bytes between header bytes and error detection byte Data
and data field are sometimes used interchangeably and they both refer to a field within a
frame that may include bytes with parameters pertaining to the message and/or secondary ID
and/or extended addresses and/or test modes, which further define a particular message con-
tent being exchanged over the network.

Decibel volts (dBV) A measure of the relative strength of two signals where the value is20
times the log of the ratio of the voltage of the two signals.

Deterministic A signal is said to be deterministic when the future behavior of the signal can
be predicted precisely

Differentialreceiver The node receiver that contains a differential input.(See Balanced cur-
rent I/O.)

Direct addressing mode Direct addressing. control mode,and command mode are used inter-
changeably and they refer to a mode of operation of a master-swve system in which the master
node takes prompt control of the network to perform the input and/or output function.

Dominant bit A bit which wins arbitration when contending for the bus. For SAEJ1850, a
logic"O is the dominant bit.

Driver A solid state device used to transfer electrical power ta the next stage, which may be
another driver, an electrical toad (power driver), a wire or cable (line driver), a display (dis-
play driver), etc.

Duplex bus A multiplex bus where both transmission and reception occur simultaneously
on the same network media. Also referred to as"full duplex."

Dynamicrange The difference between the overload level and the minimum acceptable sig-
nal level in a multiplex systemsometimes expressed in dBV

Event-based The attribute of transmission of data on a mnually triggered event or on
change of parametric value.

Event-driven The attribute of an event-based network protocol.

Faulttolerance Ability of a system to survive a certain number of failures while performing
its required functions,but possibly with some degraded characteristics.

Frame One complete transmission of informationwhich mayor may not include an in-frame
response. The frame is enclosed by the start of frame and end of frame symbols For Class B
networks,each frame contains of only one message.(See Message and Message frame.)

Framing overhead The framing overhead defines the amouni of nondata overhead associ-
ated with the given protocolie., framing overhead.

Functional addressing Functional addressing allows a message to be addressed or sent to one
or more nodes on the network interestedin that functionFunctional addressing is intended for
messages that may be of interest to more than a single node. For example, a vehicle speed mes-
sage could be sent to all nodes requiringthe vehicle speed using a functional address Func-
tionaladdressingislabelingofmessages based on their operaticn code or data content.
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Functional superset A Class C multiplex network is definedas a functional superset of Class
B and Class A multiplex network, networks that have both physical and functiona properties.
As a functionalsuperset,the network must be capable of communications that would perform
all of the functions of the networks in that set.

Gate A minimum cell composed of transistors which form a circuit to perform a logic func-
tion such as NAND or NOR,and typically is used as a size or complexity measure of a com
ponent.

Gateway A node used to connect networks that use different protocols, as differentiated
froma bridge. A gateway acts as a protocol converter,

Global address The predefined address or ID used as a broadcast to all nodes on the net-
work.

Global time base A clock or timing device relating to, or involving, the entire vehicle net-
work and providing the time base for the time-triggered protocoL

Ground offset Difference in voltage at a ground point as compared to a reference ground
point.(See Longitudinal noise.)

Handshaking Defines the interaction of nodes within a network inorder to effect a transfer
of data.T1his may include such things as negative and positiv acknowledgment and in-mes-
sage acknowledgment.

Headerfield The header or header field,often used interchangeably, is a one- or three-byte
field within a frame which directly or implicitly contains information about the message pri-
only, message source and target addressing, message type, and in-frame response type.

Hexadecimal (Hex) A four-bit digital numbering system using 0, 1..A. B. C D. E.and F
to represent all the possible values of a decimal equivalent 0)1o 15.

Identifier (ID) The primary ID identifies the target for this functional message and is the
primary discriminator used to group functionsinto main categories.

Idledetection The capability of a circuit to detect the condition of a nondata period

In-frame acknowledgment The form of the acknowledgment that is expected within that
frame.

In-frame response (IFR) The form of the response that is expected within that frame. (See
Response.)

Initialization Parameterization and eventual configuration of a system during startup

Interbyte separation (IBS) A condition under which data bytes of an asynchronous serial
transmission within a frame are disjointed or separate with variable amounts of dead time
between bytes

Interframe delimiter (lFD) Interframe delimier (IF) interframe separation (IFS), and
interframe spacing are used interchangeably and refer to a condition under which the frames
of an asynchronous serial transmission on a multiplex network are disjointed or separate with
variable amounts of dead time between messages as a result of system clock tolerances in
order to support synchronization of frames.

Invalid bit A detector system that determines when a data bit has deviated outside the
established requirements.

Invalid message structure A detector system that determines when the message frame com-
position has deviated outside the established requirements.
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Latency The time required to transfer a message from the transmitting node measured from
the moment it is prepared to send the message until it is cor-ectly received by the targeted
receiverIt may include a retry strategy delay if the initial exchange is not successful,

ine driver A solid state device (driver) used to transfer electrical energy to a wire or cable
communications medium (signal bus performing the transmit portion of the transceiver
function.

Local area network (LAN) A local multiplex networkthat can serve a variety of devices.
Typically in automotive systems it is used for collecting data from sensors and controlling
actuators for one host module.

Longitudinal noise Difference in voltage between two ground points as a result of ground
offset electrical noisecurrents. (See Ground offset.)

Manchester (MAN) A digital signaling technique in whicht ere is a transition in the mid-
dIe of each bit time. A "I"is encoded witha high level during the first half of the bit time and
a "O" is encoded with a low level during the second half of th bit time.Therefore, there is a
maximum of two transitions per bit time

Master (node or niodule) The master node and master module are used interchangeably
and are defined as the device which controls the transfer of information on a multiplex net-
work.(See Master-slave.)

Master-slave A type of system whereby one node, a module, acts as a master or central unit
and controls the actions of the other nodes designated as slaves or remote units.

Media access The method used to award the communication network to one of the nodes
for the transmission of a message, e.g. master slave, token passng, CSMACD

Message All of the data bytes contained in a frame.The mcssage is what is left after the
frame symbols have been removed from the frame. As such, the message is the sequence of
bytes contained in the frame,

Message frame A portion of a communication protocol withir the message transfer specify-
ing the arrangement and meaning of bits or bit fields in the sequence of transfer across the
transmission medium.The message frame is what is left after te message has been removed
from the frame.

Message latency The time required by a system to access the medium so as to begin the
delivery of information. Message latency is measured from the time that a node is ready to
send specific information to the time of the start of the transmission of this information,which
will ultimately be successful. Thus, the total time required to successfully senda desiredmes-
sage will be the sum of the message latency and the message transmission time.

Message source An identifier that defines the physical origin of a frame of data.

Message transfer The portion of the protocol dealing With ile organization.meaning, and
timing associated with the bits of data.Message transfer deals with what bits must besent and
when they must be sent to accomplish the transmission of a message

Message type A classification of the different categories or classes of messagessuch as fune-
tionalor physical.

Modified frequency modulation (MFM) An encoding technique that defines twosymmnetri-
call spacedphaes,data and clock, to a synchronizing signal. Modulating data causes transi-
(ionsat these phases depending on the logic level.
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Multiple-byte header protocol A protocol that utilizes a num-er of bytes in the header field
within a frame which directly contains information about ile message priority, message
source and target addressing,messagtype, and in-frame response type

Multiplex bus (signal bus) Multiplex bus and signal bus are sometimes used interchangeably
and refer to the wiring serving allmultiplex system nodes and includes the signal, power,and
ground buses.

Multiplexing The process of combining several messagesfor transmission over the same sig-
nal path, There arc two widely used methods ofmutiplexing time division and frequency
division.

Negative acknowledgment A control character on a communications network transmitted
from a receiving point as a negative response to the reception of the message.7The response
signifies that the message was not received correctly.

Network A system capable of supporting communications by three or more nodes.

Networkaccess Method used to award the communications ntvwork to one of the nodes for
the transmission of a message.

Network topologies The layoutof elements capable of supportingcommunications by three
or more nodes.

Node Any subassembly of a multiplex system which commur icates on the signal bus, i.e.. a
transceiver. In addition to modules, nodes may include other dvices that contain the intelli-
gence necessary to support these communications.

Nonreturn to zero (NRZ) A data bit format in which the volage or current value, which is
typically voltagedetermines the data bit value,i.eoane orzero

Nondestructive bit-by-bit arbitration Nondestructive bit-by-bit arbitration and bit-by-bit
arbitration are used interchangeably and both refer to a contention-based arbitration,
whereby the contention created by simultaneous access of multiple nodes on the network is
resolved bit by bit.(See Bit-by-bitarbitration.)

Normalization bit A VPW modulation bit symbol that follows an end of data symbol used
to initialize an in-frame response with the proper phase.

OSI model The open systeminterconnect (OSI) model defines a seven-layer model for a
data communications network.

Parametricdata values A parameter is the variable quantity included in some messages.The
parameter value, scaling, offset units, transfer function, etc., are unique to each particular
message.

Parity (odd or even) The parity check bit is said to be odd or even when the simple sum of all
the binary bits in the frame.including the check bitis always odd or always even.(See Parity bit.)

Paritybit A check bit appended to a framecomposed ofbinary bits to make the simple sum
of all the binary bits, including the check bit, always odd or always even.

Parity error An error is determined when the locally calculated parity check bit disagrees
with the parity check bit received in the frame.

Physical addressing Labeling of messages for the physical address location of their source
andor destination(s). This is independent of their geographic location, connector pin.and/or
wire identification assignments, The information in these messages are only of relevance to
particular nodes,so the other nodes on the bus should ignore the message
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Physical layer The properties of the communications med-um (signal bus) which can be
determined by electrical measurements, such as voltages, currents, impedancesrise times. etc.

Poll The process by which a master device invites a slave device,such as a sensor or actua-
tor, one at a time, to transmit data or to act on command.

Positive acknowledgment A control character on a comm.nications network transmitted
from a receiving point as a positive response to the reception of the message. The response
signifies that the message was received correctly.

Priority Attribute of a message controlling its ranking during arbitration. A high priority
increases the probability that a message wins the arbitration process.

Propagation delay The worst-case or maximum propagation time through a medium such as
the circuits of an ICor a multiplex network.

Protocol A formal set of conventions or rules for the exchange of information betwcen
nodes, including the procedures for establishing and controlling transmissions on the multi-
plex signal bus (message administration) and the organization, meaning, and timing associ-
ated with the bits of data (message transfer).

Pulse-width variability The variations in pulse-width tolerances associatedwith variable
pulse-width modulation caused by such things as ground offset and the bus driver.

Response A message or portion of a message initiated by a receiving node as a result of a
message transmitted by a different node. A response can be an acknowledgment or response
data,and it can be appended to the original message (immediate response) or a unique mes-
sage (separate response).

Response current A system that utilizes change in current signal which is used to indicate
whether a message has beenreceived properly.

Response data A responseto a message which provides the data or information requested
in the message.This may be an in-ftme response or a repurl to requested data.

Serial communications interface (SCI) A common microcomputer interface that provides a
standard mark/ispace (NRZ) which produces one start bit, eight data bits.and one stop bit in
a serial data format.

Shadow nodes A node ina time triggered protocol architec ure which receives input mes-
sages but does not produce any output as longasthe other two nodes of the networkare oper-
ational. As soon as one of these other two nodesfails, the shadow node takes the time division
multiple access (TDtIA) slot from the failed node and produces output.

Single-byte header protocol A protocol that utilzes a single byte in the header field within
a frame which implicitly contains information about the message priority,message source and
target addressing, message typeand in-frame response type.

Single-wire random lay Refers to a transmission medium of a multiplex network that con-
sists of a single conductor and a common return that is randoly placed in the wiring harness
with all of the other vehicle circuits. The return conductor could be the vehicle chassis or a
common ground conductor,

Sleep state (sleep mode) Sleep state and sleep mode are sometimes used mterchangeably
and refer to the behavior whereby a node is on a low-power consumption standby state wait-
ing to be switched on by a frame or other activity. This is distinct from an off mode where
there is no power consumption and it is disconnected from the power supply.

Start bit The bit encoded within an asynchronous transmission that synchronizes the
receiver clock to terminate the end of that block or byte of data.
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Stop bit The bit encoded within an asynchronous t anssionthat synchronizes the
receiver clock to the start of that block or byte of data

Symbol The individual elements that compose the message frame such as star t of frame
(SOF),end of data (EOD).end of frame (EOF), and CRC

Synchronization Procedure to ensure a desired timing for interrelated actions and/or processes

System architecture The organization of a multiplex system including, but notnecessarily
limited to, the location and rankm of logic or decision-makingelements and thetypes and
methods of communications between these elements.

T-tap connection A splice in a wiring harness forming a "T" .onnection. This configuration
is associated with an automated insulation displacement type connection at a connector.

Target address The address of the node for which the message is intended. This address is
usually the physical address of aparticular node.

10-bit NRZ A common microcomputerinterface that provides a standard markspace
(NRZ) which produces a total of 1bits, I start bit, 8 data bits, and 1 stop bit in a serial data
format. [See Serial communications interface (SCI)j

Tightly looped distributed processing A control strategy that acts within the actual time the
physical events take place and whereby control elements are pysically located in severaldif-
ferent places.

Time-criticalmessage 11e attributes of amessage that require action in very short period
of time borderingon real-time control requirements.

'lime division multiple access (DMA) Ageneral claiicai 1 ofmultiplxing that utilizes
time division multiplex protocols.

Time division multiplex protocol A protocolin which the meining of a piece of information
on the signal bus is determined by its relationship, i.e., first, second, third, etc., to the start of
the message or bitstream.In a time division multiplex protocol, data can be interleaved on a
bit-by-bit, byte-by-byte, or block-by-block basis.

Time triggered media access Bus access is controlled by a global time base which opens slots
to data depending on the network protocol.

Time triggered protocol (TP) A real-time control system architecture where all system
activities are triggered by the progression of real time.This ditributed time triggered archi-
tecture requires clock synchronization by a global time base

Token The symbol of authority passed between nodes in a tken-passing protocol Posses-
sion of this symbol identifies the node currently in control of the medium.

Token-passing protocol A node that has communicated passes the control of the bus,
including the right to communicate to another node, at the end of the message via a token.

Token slot protocol A protocol where bus access is controlled by a time base which opens a
time slot to a number of nodes that, in turn, take control of the network when there is data to
communicate to another node.

Transceiver An electrical circuit which both transmits (line driver portion) and receives
(line receiver portion).

Transitions (bit) The process of changing from one voltage lvel to another voltage level.

Translated The conversion from one binar number to another binary number in order to
achievecorrectbit-by-bit arbilration,
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Trapezoidal waveforms A sawtooth waveorm superimposed onto a square wave.

Twisted pair A transmissionine consisting of two similar conductors that areinsulated
from each other and are twisted around each other to form a comn unication channeliThe
purpose for twisting th conductorsaround each other is to reduce the electric and magnetic
field interaction with other conductors.

Variable pulse-width (VPW) modulation (VPWM) A method of using both bus state and
pulse width to encode bit informationThis encoding technique is used to reduce the number
ofbus transitionsFora given hitrate.One embodiment would define al"asadominant short
pulse or a passive long pulse while a)"would be defined as a longdominant pulse or a short
passive pulse. Since a messageiscomposed of random "1"s and"O"s,general byte or message
times cannot be predicted in advance.

Wake-up The process of activating a node that is in the sleep state.

Wave-shaped A technique of rounding the corners of a trapzoidal waveform in order to
significantly minimize the EML.
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CHAPTER 27
ELECTROMAGNETIC STANDARDS
AND INTERFERENCE

James R Muccioli
I 11CConsulam,A1STECH

27.1 SAE AUTOMOTIVE EMC STANDARDS

27.1.1 Overview

11ieSocietyofAutomotiveEngineers(SAE) has been involved in writing electromagnetic
compatibility standards since 1957 with SAE-J551. In its original form, SAE-J551 was
intended to protect "roadside receivers. particularly televisio1 from vehicle ignition noise
There have been several revisions toSAE-J551 and new electromagnetic compatibilitystan-
dards due to the evolution of digital electronics With the implenentation of digital electronic
systems on vehicles, a new set of radio noise problems prompted a newstandard to be written
in1987,

This chapter will review the Society of Automotive EngiTeers (SAE) Electromagnetic
Compatibility (EMC) Lstandards on both vehicle system level and component-level test meth-
ods.The Electromagnetic Radiation (EMR) and Electromagnetic interference (EMI) Stan-
dards Committees are working together to coverall aspects of the EMC field and to develop
test methodsand limits relating to vehicle and other motorized equipment Each of the com-
mittees has representation from automotive corporations, truck and bus corporations, suppli-
ers, consumers, test housesand government.

Presently, the Society ofAutomotiveEngineers EMC Stancards Committees arerevising
SAEI1113 and SAEJ5 Itocreate documents made up of muhiple partsAcoveringallaspects
of component and vehicle testing. SAE EMC standards are being harmonized with those of
the International Standards Organization (150)The vehicle-level EMCstandard.SAEJ551,
is dividedinto emissions test parts numbered 2 through 10 (Table 27.1) and immunitytest
parts numberedi 11 hrough20 (Table22)Thecomponent-levelEMCstandardSAEJ1113
is divided into immunitytest parts numbered 2 through 40 (Table 27.3) and emissions test
parts numbered above 40(Table 274).Part 1 of both documenti contains an introduction and
definitions.'The SAE standards are structured to be living documents to accept changes and
additions without the need to revise or renumber parts.

273
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27.4 ELECTROMAGNETIC INTERFERENCE AND COMPATIBLITY

TABLE27.1 EMC EmssionsTests for Vehicles-SAEi155

SAE .551 part Bandwidth Frequency range Test dstance ComparaNe standard

2 Broadband 30 M z-- Giz 10 rn CISPR 12
3 Narrowband I) k1iz- l GHz 3 m CISPRTBD
4 Narrow & broad 150 kHz-I OHz Itm CISPR TBD
5 Narrow & broad 20 kHz-1 GHz 10rm CISPR TBD

TABLE27.2 EMC Immunit Tests for ehicles-SAE1551

SAE 1551 part Test type Frequency range Comparable standard
II OffvehIclesource 500Hz- 18 Gz ISO1145112
12 On vehicle source 1,8 MIZ-l-2 OCTz ISO 1145113
13 Bulk currentinjection 1-400) M ISO 1145114
14 Reverberaion chamber 200M Hz-[8C (z0 None
15 Electrosttic discharge N/A ISO 10615
16 Tanslerits N/A None
17 Power line magnetic field 60 Hz-30 kHz None

TABLE27.3 EMC Immunity Tests for Components--SAE 1i113

SAE.11113 park Test type Frequency rance Comparable standard

2 Conducted immunity 10 H-250 kHz None
3 Conducted immunity 100 kHz-400 M1i ISO 11452)7
4 Bulk current injection 1-400M SO 011452/4

11 Transients N/A 150 7637 -1
12 Coupled transients N/A ISO7637-3
13 Fleetrostatic discharge N/A ISO 10605
21 Serni-anechoic chamber 30 MHz--18 GHS ISO 11452/2
22 Power lire magnetic 60 Hlz-30kHz None
23 RF stripline 10 kHz---I GHz ISO 11452/5
24 IEMcell 1kHz-200 MHz ISO11452/3
25 Triplate 10 kiz-1 GHz None
26 Power line E-field 60 Hz-30 kHz None
27 Reverberation chamber 500 MHz-2 GZi None

TABLE27.4 EMC Emissions Tests for Components-SAE 1113

SAE11113part Test tpe Frequency range Comparalc standard
41 Narrowhand 10 kHz-1 GHz CISPRTBD
42 Transient N/A ISO7637-1
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271.2 SAE J5S51

Note: This section contains portions reprinted with permission from Draft SAE J551 1993
Society of Automotive Engineers, Inc

SAE J551 comibines all of the vehicl-level automotive-related EMC test methods for
emissions and immunity tests into one documenitThe contentsof the SAE551are as follows.

SAEJ551/1 JGeneralandDefinitions
Absorber lined chamber A shielded room with absorbing material on its internal reflective
surfaces (floor absorber material optional).

Amplitude modulation (AM) The process by which the amplitude of a carrier wave is var-
ied following a specific law.The result of that process is an AM signal.

Antenna correction factor The factor that is applied to the voltage measured at the input
connector of the measuring receiver to give the field strength at the antenna

Antenna matching unit A unit for matching the impedance of an antenna to that of the 50-
ohm measuring receiverover the antenna measuring frequency range,

Artificialnetwork(AN) A network inserted in the supply leadsof an apparatus tobe tested
which provides, in a given frequency range, a specified load imedance for the measurement
of disturbance voltages and which isolates the apparatus from the power supply in that fre-
quency range.

Bandwidth The width of the frequency band over which a given characteristic of an equip-
ment does not differ from its reference by more than a specified amount orratio

Broadband artificial network (BAN) A network that preserts a controlled impedance to
the device under lest over a specified frequency range while allowing the device under test to
be interfaced to its support systemIt is used in power,signal, and control lines

Broadband emission An emission which has a bandwidth greater thn that of a particular
measuring apparatus or receiver,

Bulkcurrent Total amount of common mode current ina haress.

Bulk current injection probe A device for injecting current inaconductorwithout interrupt-
ing the conductor and without introducing significant impedanc into the associated circuits

Characteristic level The controlling (or dominant) emission level experienced in each fre-
quency subband. The characteristic level is the maximum measurement obtained for both
antenna polarizations and for all the specified measurement positions of the vehicle or device
Known ambilent signals shall not be considered part of the characteristic level.

Class An arbitrary performance level agreed upon by the purchaserand the suppher and
documented in the test plan

Component continuous conducted emissions The noise voltages/currents of a continuous
nature existing on the supply or other wires of a componentmdule which may cause inter-
ference to reception in an on-board receiver.

Compression point The input signal level at whichthe gai of the measuring system
becomes nonlinear such that the indicated output deviates Trom an ideal receiving system's
output by the specified increment I dB.

Coupling A means or a device transferring power between systems

Current (measuring) probe A device for measuring the current in a conductor without inter-
rupting the conductor and without troducingsignificantimpedance into the associated circuits
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Degradation (of perforniance) An undesired departure In tie operational performance of
any device, quipment.or t from1Its1intendedperformance.
Device A machine equipped with an internal combustion gine but not slf-proplled
Devices Uicu, but are not limited to.chain saws rigatil lpadarcompesos

Directional coupler A three- or four-port device consising two transmissionlneeou-
pled together in such amanner that asnle travelng wave inaone tra missionlne will
induce a single traveling ave in the other, the direction of propagation of the latter wave
being dependent upon that of the former,

Disturbance suppression Action which reduces or eliminates electrical disturbance.

Disturbance oltage; interference voltage Vo1age produced between twopoints on sepa-
rate conductors by an electromagne J(idisturbance, measuredtnderspec ied conditions.

Electromagnetic compatibility ([MC) The abilty of an equipmentor system to function
stiatilyin itse lectromagneti envilonmll withoutintroducing 1ntolerable electromag-
neticdisturbance toanything in that environment.

Electromagnetic disturbance Any electioiagnetic phenoimnon which may degrade the
perfor manceofadeieequipmentorsystenmoradversely affectliving oi nert matler

Electromagnetic immunity (to a disturbance) The ability of a Jev equipment, orsstem
to perform without degradation in the presence ofan eleromanetic disturbance.

Electromagnetic interference (ENI) Degradationof the performance of an equipment,
transmission channel osystem ausedyan electromagnetic disturbance.

Electromagnetic radiation Th phenomena bywhich energy in the form oCletrAmagnetic
wvese na 1tes from source into paeeIergy transferred hrough spacei n the form of
electromagnetic waves.

Forward power Power supplied b the output of an ampiliier (or enerltor) traveling
towards the load

Ground (reference) plane A flat conductive surface whme potential is usedas a common
reference.

Ignition noise suppressor That part of a high-voltage Ignition circuit intended to imit the
emission of impulsive ignition noise.

Immunity level The maximum level of a given electromagne ic disturbance incident on a
particular devie, equipment, or sytm for which it remains capable of operating at a
required egree of performance

Impulse electric field strength The root-mean-square value of he sinusoidally varying radi-
ated electric field producig the same peak response in ahandpass system, antenna, and
bandpassfititer,producedbhy the unknown impulse electricfield.

Impulse noise Noise characterized b\transient disturbancesseparaited in timebyqouescent
interials. The frequency spectrum of these Jturbances must be substantially unifolm niover
the useful pass band of thetransmission sIstem Te same source may produce impulse noise
in onesstemindr andom noise in a different sstm iom ANSIFE Sid 100)
Impulsive ignition noise The unwanted emission of eleronmagneticener gi predominantly
impulsive incontenitlarisingfro (lie ignition system witbin a \thileo revi.

Interference suppression Action which reduces oreliminates electrical interference.

Measuring instrument impulse andwidth 11e maximumvalue of the output response
envelope dlided by(he spectrum anplitude ofin applied impu se,
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Narrowband emission An emission which has abandwidth less than that of a particular
measuring apparatus or receiver.

Net power Forward power minus reflected power.

Peakdetector A detector, the output voltage of which is the peak value of the applied signal.

Polarization (of a wave or field vector) The property of a sinusoidal electromagnetic wave
or field vector defined at a fixed point in space by the direction of the electric field strength
vector or of any field vector: when the direction varies with time, the property may be char-
acterized by the locus described by the extremity of the considered field vector,

Quasi-peak detector A detector having specified electrical tie constants which, when reg-
ularly repeated identical pulses are applied to it.delivers an ou:put voltage which is a fraction
of the peak value of the pulses, the fraction increasing toward unity as the pulse repetition
rate is increased,

Receiver terminal voltage (antenna voltage) The voltage generated bya source of radio dis-
turbance and measured in dB (jV) by aradio interference measuring receiver conforming to
the requirements of CISPR Publications 16 or ANSI C612.

Reflected power Power traveling toward the generator reflected by the load due to im-
pedance mismatch between the transmission line and the lo-d

Resistive distributor brush The resistive pick-up brush in an gition distributor cap.

RF ambient (electromagnetic environment) The totality of electromagnetic phenomena
existing at a given location.

Shall Used to express a command.i.e,. conformance with the specific recommendation is
mandatory and deviation is not permitted. The use of shall is not qualified by the fact that
compliance with the standard is considered voluntary.

Shielded enclosure A mesh or sheet metallichousing designed for the purpose of separating
the internal from external electromagneti environment.

Standing wave ratio (SWR); voltage standing wave ratio (VSWR) The ratio, along a trans-
mission ine, of a maximum to an adjacent minimum magnitude of a particular field compo-
nent of a standing wave.

Tracking generator A narrowband radio frequency source synchronized to the intanta-
neous receive frequency of a scanning receiver or spectrum analyzer

bansmission line system (TLS) A transmission line system s -a stripline or parallel plate or
similar device to generate an E-field.

Vehicle A self-propelled machine (excluding aircraft, rail vehicles, and boats over 10 m in
length). Vehicles may be propelled by aninternal combustion engine, electrical means, or
both. Vehicles include, but are not limited to, mopeds, automobiles, trucks, agricultural trac-
tors,snowmobiles,and small motorboats.

SAE1551/2 Performance Levels and Methods of Measurement of Electromagneric Radia-
tion from Vehicles and Devices, Broadband 30 to 1000 M&. This document provides test
procedures and recommended levels to assist engineers in the measurement of broadband
electromagnetic raditionand control of radio interference.

SAE 1551/3 Performance Levels and Methods of Measurement of Electromagnetic Radia-
tionfrom Vehicles and Devices, Narrowband, 10 kHz to 1000 MHz. This document covers
methods of measuring incidental narrowband radiation from vehicles and devices and estab-
lishes performance levels intended toprotect nearby communication and broadcast receivers.
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SAE 1551/4 Tst Limits and Methods of Measurement of Radio Disturbance Characteris-
tics from Vehicles and Devices, Narrowband, 150 H: to 1000MHz. Thisdocumentpro-
vides measurement techniques and test limits intended to protect radio receiverS installed in
a vehicle from disturbances produced by components/modules in the same vehicle.

SAE 1551/5 Performance Levels and Methods of Measurement of Electromagnetic Radia-
tionfrom Electric Ihicles, Broadband and Narrowband, 9 ki to 1000 MHz. Thisdocu-
ment provides electric vehicle test procedures and performance levels for the measurement
of both radiated magnetic and electric field strengths.

SAE 1551/11 iehicle Electromagnetic [mmunity- ff-Vehicle Source. This document
adopts ISO CDH1451-2: Road Vehicles-Electrical Disturbances by NarrowbandRadiated
Electromagnetic Energy -Vehicle Test Methods-Part 2: Off-vhicle Radiation Source.

SAE 1551/12 ehicle Electromagnetic Immunity-On-board Transmitter Simulation
This document adopts ISO CD11451-3: Road Vehicles-Electr cal Disturbances by Narrow-
band Radiated Electromagnetic Energy-VehicleTest Methods-Part 3:On-board Transmit-
ter Simulation.

SAE J551/13 Vehicle Electromagnetic Immunity-Bulk Current injection (BCI). This
document adopts ISO C011451-4: Road Vehicles-Electrical Disturbances by Narrowband
Radiated Electromagnetic Energy-Vehicle Test Methods-Parl r Bulk Current Injection

SAE 1551/15 Vehicle Electromagnetic Immunity-Electrosttic Discharge (ESD), This
document adopts the portions of ISO TR10605 which pertain to ESD calibration and vehicle
LSDtesting.

27.1.3 SAEJ1113

Note This section contains portions reprinted with permis.ion from Draft SAE 11113
01993 Society of Automotive Engineers, Inc

SAJ11L3 combincs all of the module-level automotive-related EMC test methods for
emissions and immunity tests into one document.The contents of the SAE Ji113are as follows.

SAE 11113/1 General and Definitions
Ambient Level Those levels of'radiated and conducted signal and noise existing at a speci-
fied test location and time when the test sample is not in operaion. Atmospherics, interfer-
ence from other sources, and circuit noise or other interference generated within the
measuring set compose the ambient level.

Conducted emission Desired or undesired electromagnetic energy which is propagated
along a conductor.

Device under test (DUT) The device whose immunity is being checked.

Electromagnetic compatibility (EMC) The condition that enables equipment, subsystems,
and systems (electronic, chemical .biologicaletc.) to function without degradation from elec-
tromagnetic sources and without degrading the electromagnetic environment: i.e.. it is the
condition which allows the coexistence of different electromagnetic sources without signifi-
cant change in performance ofany one in the presence ofany or al the other.

Emission Electromagnetic energy propagated from a source b radiation orconduction

Equipment under test (EUT) The device or system whose immunity is being checked Syn-
onymous with DUT
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Field decay (voltage) The exponentially decaing negative voltage transient such as devel-
oped by an automotve alternator when thef eld exc.itation isaddenly removedas when the
ignition switch i turned off

Field strength The termfidstengdhshall he applied to either the electric or the magnetic
component of the field, and may be expressedas Vim or Aim. When measurements are made
in the far field and in free space, the power density in W/cm may be obtained from field
strengths approximately as (VIn)/377 or (A/m) x 377. When measurements are made in the
near field and in free space,both the complex electric and magnetic vector components of the
field must be fully defined.Power density may then beobtaine by use of the Pnming vector.

Groundplane A metal sheet or plate used as a common unipotential reference point for cir-
cult returns and electrical or signal potential.

Immunity A measure ofelectronic module or system tolerance to external electronmagnetic
fields. decaying posit

Load dump (voltge) The exponentially live voltage transient developed by an automotive
alternator, when disconnected suddenly from its load, while operating without a storage ba-
tery or with a discharged storage battery. Removal of the load, the resulting transient, or both
in combination are commonly referred to as alternator load dump.

Radiated emission Radiation- and induction-field componentsin space.(Forthe purpose of
this document,induction fields are classed together with radiation fields.)

Spurious emission Any unintentional electromagnetic emission from adevice.

Susceptibility The characteristic ofan object that results in undesirable responses when sub-
jected to electromagneticenergy.

Test plan The specific document that details all tests and limits for the particular device in
question.

SAC 1113/2 Conducted immunit (30 11 to 250 kifl). This document provides the
requirements for detrmining the immunity characteristicsof automotive electronic equip-
ment.subsysteirsand systems to EM energy injectedo nto all leads over the frequency range
of 30 HZ to 250 kliz.The method is applicable to all inpuloutput.and power leads

SAE J113/3 Conducted Immunity (100 kHz to 400 1il. This document provides the
requirements for determining the immunity characteristics of automotive electronic equip-
ment, subsystems, and systems to electromagnetic energyinjected onto all leads, including
signal and power,over the frequency range 100 kHz to400 Nilz.

SAEIi113/4 Immunity to Radiated Electric Fields-Bulk Current Infection Method (I to
400MHt). This document provides a test method for evaluating the immunity ofautomo-
tive electrical/lectronic devices to radiated electromagnetic fields coupled to the vehicle
wiring harness, Bulk current injection (BC1) usesa current probe toinject RFecurrent from I
to400MHz into the wiring harness of automotive devices.

SAE J1113/11 Immunity to Conducted Transients on Power Leads. This document pro-
vides the methods and apparatus to evaluate electronic devices for immunity to potential
interference from conducted transients along battery feed or switched ignition inputs.The test
apparatus specifications outlined in this procedure were developed for 12-V passenger cars
and light trucks, 12-V heavy-duty trucks,and vehicles with 24-V systems

SE11/12 Electrical Interference by Conduction and Coupling-Coupling Clamp. This
document provids a common basis for the aluation of de'ices and equipment in 'chicls
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against transient transmission by coupling via lines other than the power supply lines.The test
demonstrates the immunity of the instrument, device, or equipment to coupled fast transient
disturbances, such as those caused by switching of inductive loads, relay contact bouncing, etc.

SAE J1113113 Immunity to Electrostatic Discharge (ESD). This document provides the
test methods and procedures necessary to evaluate electrical components intended for auto-
motive use to the threat of electrostaticdischarges.

SAE 11113/21 Radiated Immunity Using an Absorber Lined Chamber-Far Field This
document provides the test methods and procedures for testing electromagnetic immunity
(off vehicle radiation sources) of electronic components for passengertcars and commercial
vehicles. To perform this test method, the electronic module, along ithth wiring harness
(prototype or standard test harness) and peripheral devices, will be subjected to the electro-
magnetic disturbance generated inside an absorber-lined chamber.

SAE11113/22 Immunity to Radiated Magnetic Fieldsfrom Power Lines, Thisdocument
provides the testing technique for determining the imnimunity of automotive electronic devices
to magnetic fields generated by power transmission lines and generating stations.

SAE 11113/23 Radiated Immunity-Stripline Method, Tis document provides recom-
mended testing techniques for the determination of electric field immunity of an automotive
electronic device when the device equipment harness is exposed to an interference RF field
This technique uses a stripline coupler from 10 kHz to 1 GHz and is limited to harnesses
(and/or samples) which he a maximum height of equal to or less than one-third the stripline
height.

SAC 11113/24 Radiated Immunity-Transverse Electromagneticlode (TE1M) Cell. This
SAE document adopts ISO CDI14-Road Vehicles-Eletical Disturbances by Narrow-
band Electromagnetic Energy-Component Test Methods-Part 3:TEM Cell.It provides test
methods and procedures for testing electromagnetic imunity of electronic components for
passengercars and commercial vehicles. The electromagnetic disturbance, considered in this
part of ISO CD11452,will be limited to continuous narrowband electromagnetic fields

SAE1113/25 Radiated Immunity-Triplate Line Method. Thisdocument provides test-
ing techniques for the determination of electric field immunity of an automotive electronic
device when thi deice equipment harness is exposed to an interference RF field. This tech-
nique usesa Tri-Plate Line (TL) from 10 ktz to I GHz and is limited to components which
have a maximum height of equal to or less than one-third the height between the driven ele-
ment and the outergrounded plates.

SAE 11113/26 Radiated Immunity-60 Hz E-field. This document provides testing tech-
niques using a parallel plate antenna and a low-current,high-voltage generator for the deter-
mmiation of electric field immunity of an automotive electronic device when the device and its
equipnent harness atexposed to a 60-Hz electric field.

SAE 1113/27 Immunity to Radiated Electromagnetic Fields (Reverberation) Method
This document provides the reverberation test method to evalurte the immunity of electronic
devices in the frequency range of 500 MIlz to 2.0 GHz.The reverberation test datacorrelates
with vehicle-level radiated immunity test data in the anechoicchamber and mobile transmit-
ter sites.

SAE1113/41 Test Limits and Methods of Measurement of Radio Disturbance Character-
isticsfrom Vehicle Components and Modules, Narrowban4 150 kHz to 1000 MHz. This
document provides test limitsand procedures for the measurement of radio disturbances pro-
duced by components/modules in the same vehicle.
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SAE 11113/42 Conducted Transient Emissions. This document provides a component-
level test procedure to evaluate the automotive electrical and elctronic components for con-
ducted emissions of transients.and for other electromagnetic disturbances.The test apparatus
specifications in this procedure were developed for components installed in 12-V passenger
cars and light trucks.

27.2 IEEE STANDARDS RELATED TO EMC

Although some of the following standards were not developed in the EMC Society (EMCS),
they were developed vith EMCS input and coordination. (Following each item.the letters in
parentheses are the initials of the developing society, and the nmbers in square brackets are
IEEE order numbers.)

27.2.1 IEEE Standard 139-1988

IEEE Recommended Practice for the Measurement of Radio Frequency Emission from
Industrial, Scientific. and Medical (ISM) Equipment Installed on User's Premises. (EMCS)
[SH12377

27.2.2 IEEE Standard 140-1990

IEEE Recommended Practicef or Minimization of Interfernce from Radio-Frequency
Heating Equipment (EMCS) [SH13581]

27.2.3 IEEE Standard 187-1990

IEEE Standard of Radio Receivers:Open Field Method of Measurement of Spurious Radia-
tion from FM and Television Broadcast Receivers.(EMCS) [SHI369S)

27,2.4 ANSI/IEEE Standard 211-1990

IEEE Standard Definitions ofTerms for Radio Wave Propagation (APS) fSH3904]

27.2.5 ANSI/IEEE Standard 213-1987

IEEE Standard Procedure for Measuring Conducted Emissions in the Range of300 kHz to
25 MH7 from Television and FM Broadcast Receivers to Power Lines.(EMCS) (SH12047]

27.2.6 IEEE Standard 291-1969 (Reaff 1981)

IEEE Standards Report on Measuring Field Strength in Radio Wave Propagation. (APS)
[SH01800)

27.2.7 IEEE Standard 299-1991

IEEE Standard Method for Measuring the Effectiveness of Electromagnetic Shielding Enclo-
sures.(EMCS) [SH14134
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27.2.8 IEEE Standard 368-1977

IEEE Recommended Practice for Measurement of Electrical Noise and Harmonic Filter Per-
formance of High-Voltage Direct-Current Systems,(COMSOC) [SH07021]

27.2.9 ANSI/IEEE Standard 376-1975 (Reaff 1980)

IEEE Standard for the Measurement of Impulse Strength and Impulse Bandwidth. (EMCS)
[SRF03764]

27.2.10 ANSi/IEEE Standard 377-1980 (Reaff 1986)

IEEE Recommended Practice for Measurement of Spuriow; Emission from Land-Mobile
Communication Transmitters. (BICS) [SH07898

27.2.11 ANSI/IEEE Standard 430-1986

IEEE Standard Procedures for the Measurement of Radio Noise from Overhead Power
Lines and Substations.(PES) SHIOOI]

27.2.12 ANSI/IEEE Standard 469-1988

IEEE Recommended Practice for Voice-Frequency Electricl-Noise Tests of Distribution
Transformers (COMSOC) [SH123281

27.2.13 ANSI/EEE Standard 473-1985

IEEE Recommended Practice for an Electromagnetic Site Survey (10 kHz to 10 GHz).
(EMCS) [SH09134]

27.2.14 ANSIIIEEE Standard 475-1983

IEFE Measurment Procedure for Field Disturbance Sensors (RF Intrusion Alarm).
(EMCS) 1SH084331)

27.2.15 ANSI/IEEE Standard 518-1982 (Reaff 1990)

IEEE Guide for the Installation of Electrical Equipment to Minimize Noise Inputs to Con-
trollers from External Sources. (IAS) [511088131]

27.2.16 ANSI/IEEE Standard 539-1979

IEEE Standard Definitions and Terms Relating to Overhead Power Lines Corona and Radio
Noise.(PES) [SHO6882]

27.2.17 ANSI/IEEE Standard 539a-1984

Supplement to IEEE Standard 539-199.(PES) [SH9530]
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27.2.18 ANSI/IEEE Standard 644-1987

IEEE Standard Procedures for Measureme Power FrequencyElectric and Magnetic
Fields from AC Power Lines.(PES) [SH108921

27.2.19 ANSIlIEEE Standard 776-1987

IEEE Guide for Inductive Coordination of Elctric Supply and CommunicationLines
(COMSOC) [SHI1239]

27.2.20 IEEE Standard 1027-1984

DraftTrial-Use Standard Method for Measuring the Magnetic Ield Intensity Around adTele-
phone Receiver.(COMSOC) [SH09497J

27.3 THE ELECTROMAGNETIC ENVIRONMENT
OFAN AUTOMOBILE ELECTRONIC SYSTEM

Note: Parts of this section were taken from the article of the sa e name by J.P Muccioli and
S. S.Awad published in the IEEE Transactioson Electromagtic Compatibdiiy, Aug. 1987

This work was performed to study the electromagnetic environmental conditions in a typi-
cal midsize automobile with ahigh powerfrequency modulation (FM) transmitter installed
inside the vehicle.Different antenna locations were used to radiate the electromagnetic waves
thatwere studied, The data obtained from theexperimental results is presented and discussed.

27.3.1 Test Methodology

The levels of the electric field strength inside the vehicle depend on a number of factors. One
basic factor is the size of the automobile. In this case, a midsize automobile was used for
experimentation The electromagnetic source was selected to be a 100-W FM transmitter
operating on five frequencies: 25.04, 35.04, 39.04.520, and 14450 MHz. The transmitting
antenna was placed at four different locations on the outer surface of the vehicle as shown in
Fig.27.1.The transmitter was placed on the passenger seat andw\Nas connected to the radiating
antenna through a coaxial cable, Theelectromagnetic environment was mapped inside the
vehicle with both doors closed, enginerunning at idle,and the driverseated in the left front
seatThe electric field strength measurements were taken at 15 different locations inside the
vehicle, as shown in Fig.27.2. At eachlocation, the electric field strength was measured once
in a direction parallel to the transmitting antenna and once orthogonal to it.

An important factor that can influence the magnitude of the electric field strength is that of
ground plane. For this test, the vehicle was placed outside in the open,on dry ground,and away
from any other building or vehicles which could affect the electromagnetic environment inside,

27.3.2 Test Instrumentation

1. Field strength meter-FI ElFS-1, frequency range 10 kHz to 220 MHz
2. Motoroaliansmitter9tlil-W power amplifier

a. Frequency 25,04MHi 100 W

b. Frequency 35.04 MHz @a 100 W
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Antenna

Transmitte

Antenna Located
Left Front Fendc

Antenna

Transitt r

Antenna Located on
Right Front Fender

on
r

Transm

Antenna loated on roof

Transmitte

Antenna located on the center
of rear deck lid

FIGURE27.1 Antenna locations and coaxial cable routing.

c. Frequency 39.04 MHz @100 W
d. Frequency 5120 Mhz c 100 W

3. Drake UV3 FM transceiver.160 W RF power arnplifier.frequency 14450 MHz q 100 W

27.3.3 Summary

The results of the electric field measurements are shown in Tbe 27.5. For each of the four
antenna locations, the electric field strength components (parallel and orthogonal to the
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1. LEFT 0OR TRIM PANEL AT DOR ANOLE 5. PASSEhGER HEAD
2. LOWER LEFT SIDE or DASH PANEL 10. LEFT INSIDE RS
1 STEERING WHEEL 11I CETER INSIDE
4, CENTER OF DASH PANEL 12. RIBT IPIDE R,
S. LOWER CNTER OF SA PANEL 11 LEFT SIDE OF P
S. GLOVE COMPARTMEKT ]4 CENTER OF PA
7, R.13 D00R TRIM PANEL AT OR WMIE 1S REF SIDE OF
5B DRIVER HEAD SPACE

I

SPACE
I F LINE BEHIND S1N ROO0

EMF LINE BEIND SUN T
T OF LINE BEHIND S1N O 0E

1E O E TRY

E E E TRAY
ACAQE TRAY

DASH

Q EAD SPACE

NSIDE ROOF LINE
10 A E I

PAKAE RA

* NOTE: DOOR MEASUREIENTS WERE MADE AT ARM REST BOVE DOOR HANDLE

FIGURE27.2 Fifteen metered locations inside the vehicle.

antenna) are listed for the 15 different meter locations at various transmitting frequencies.
From Table 27.5, the electric field environment inside the vehicl could be divided into three
different groups:

1. Locations of electric field Strengths greater than 150 V/m
a. Left door trnm panel at door handle
b. Left inside roof line behind sunroof
c. Right inside roof line behind sunroof
d. Steering wheel

1 !

I
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TABLE27.5 Field Strength Data at Various Meter Locations

Antenna location on vehicle:left front fender (driver side i

Frequene of Frequetc Pof Frequency of Frequency of Frequenc of
transmitter transmitter transmitter transmitter Iransitlter

25 04 MHz @ 100 W 35 04 MHz@100 W 39Q04 Mze @1 00 W 51-2 MHz @100 W 144 5f RV100W

Field Field Field Field Field Field Field Field Field Field
strength strenth strength strength strength strength strength strength strength strength

Meter parallelto orthogonal parallelto orthogonal parallelto orthogonal parallelto orthogonal parallelto orthogonal
location antenna toantenna antenna toantenna antenna toantenna antenna toanienna antenna toantenna

130 WIM 8 V/M
35 V/M 8 VM

"0 V/M 13 V/M
29V/M 30V/m
24 VM 28 V/M
20 VM 48 VM

260 VM 20 v/m
13 VM 8 ViM
29 V/M 0 V/N
17 VNI 28 VIM
15 WM 3 VM
14 V/M 10 V/NI
0 V/M ,VM
0 VIM MV/M
0 V/M 0 ViM

29 VM 5 VM 95 V/M I0V/M 100 V/I 0 VIM 0 V/M
30 V/M IS VLM 25 VM 45 ViM 70 ViM 27 V/M 21 VIM
58 V/M 19 V/IM 1O ViM 24 IM 175 V/NI 13 VIM 15 V/M
60 VIM 17 VM 29 ViM 31 V/M 30 VM 10V/Nm l0VIM
i V/i 18 V/M 13 WM 25 V/M 10 VM 11 V/IM 10 VM
60 V/NI 7 ViM 14 VM 20 V/M 35 ViM 21 ViM 28 V/M

130V/NI 30 ViM 100 V/M 26 V/M 1I VIM 11 VIM 40 VM
12 V/N I 30 VM 20 V/M 35 V/I 50 V/M 10 V/M 19V/N

5 V/Ml 30 ViM 35 VIM 30 V/M 12 IM 10 VM li ViM
5 V/N 120 ViM 35 V/M 85V/M 22V/Nt 12 WN 0 V/M
5 VI 110I VM V I VM 1ViM 27V/M 9 VM 0 V/M
2VM 9Q0 V/M 30 VIM $1V/NI 25 V/M 15 WM ViM
0 ViM 4 VM 5 V/M 17 V/I 24 V/M 27 V/M 3 Vmi
0 VIM 5 V/M 2 VM 20 VIM 8 V/M 30 V/M 3 VIM
0 tM 5 V/M 2 VIM 21 VM 13 V/M 20 V/M 3 VM

Antenna location on vehicle:right front fender

Frequerty of Frequency of Requency of Freotncy of Frequencyof
transmitter transmitter transmitter tratsmitter transmitter

25.04 MHz@l100PW 35.04 MHz @ 10l W 39.04 MHz C100 W 51.2 M:Az 100 W 144. MHLz @ 100 W

Field Field Field Field Field Field Field Field Field Field
strength strength strength strength strength strength strength strength strength strengtht

Meter parallel to orthogonal parallel to orthogoul parallel to orthogonal parallel to orthogonal parallel to orthogonat
location antenna o antenna antenna to antenna antenna to antenna antenna to antenna antenna to antenna

5V/NI 70 ViM IViM
2 2VM 5 VN 1 IV/M
3 0 /N I NV/M 5 VM
4 10 V/M IV/M 5 VIM
5 5VM 5 V/M 19 WM
6 13V/N 3 V/M 52VM
7 12 V/I 18 tVim 14 V/MN
8 2 V/M 0 V/M 11 VIM
9 I V/iM 10 V/M 16 v/m

10 14 V/m Vi 110 V/
11 17 VM 2 v/m 10 VIM
12 8 V/IM 8 V/m 100 ViM
13 8 VM 8 ViM 5 %WM
14 8 VIM 8 VIM 5 V/I
15 10 VIM 35 V/M 5 /m

0 V/m 2 VM 32 ViM 12 VM 58 V/M 0 VIM 5 vM
19 VM 14 V/M 17 V/M 90 ViM 85 V/M ViM 10 VNt
70 V/NI 15 VIM 90V M 55 VIM 115 VM 5 VN 2 VIM
28 VIM 14 V/M 40 V/N 8 V/M 73 V/IM 15 V/I 52 V/M
ISV/M 16 V/M 13V M VIIM / 10 12/ M 12 IM
55 VM 30WN 35V/M 11 V/Nm t5 VN 1 VI 1$ V/I

140 V/I 5/ M 50 V/MI IWM 220 VIM 5 VI 11VIm
11V /M 35 VM 13 VM 20 V/IM 8 VM 20 V/M 5 VM
20 Vim 30/ I 24 VIM 35 /IM 8 ViM 11 V/M 11 ViM
27 VM 80 V/NM 26 ViM 48 ViM 16 ViM 20/ NM 5 V/i
16V/N 80V/N 30 ViM 53 VIM I IV/M 1 V/M 5 V/m
23VN 75VN W 23 ViM 62 VIM [3V/M 17V / t VM

5 VNI 3 VM 3 V/M 10 VM 8 ViM 24 VM 10 VNI
5 VN 5 Vim IV m 10 V/M 3 VI/M 3uV/M 3 VM

V/m 3 V/M 2 v/m 8 V/IM 5 V/M 14 V/i 5 VM

2. Locations of electric field strengths between 50 and 150 V/m
a. Center of dash panel

b. Center of package tray

c. Driver head space

d. Glove compartment

e. Lower center of dash panel

2
3
4

6
7
i-
VI

10

12
13
14
15

30 VIM
20 VIM
22 V/M
28 VIM
27 V/M
2 V/M
55 V/M
29 V/M
17 ViM
40tV/IM
40 VitA

35 V/M
0 VIM
0V/M
0ViM
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ELEETRMAONEICSTADARDSANDINTERFERENCE 27.17

TABLE27.5 Field Strength Data atVarious Meter Locations (Cominuedl

Antenna location onvehicle: roof

Frequency of Frequency of Frequency of Frequency of Frequency of
trans[iter transmitter transmitter transmitter transmitter

25.04 MHz @100 W 35.04 MHz @1 [W 39,04 MHz @ 100 W 51.2 MHz i100 W 144.5 MHz @100 W

Field Field ld Fd Field Field Field Field Field Field Field
strengh sItrength strengeth strength stre strength trh strength strengTh strength

Meter paralllto orthogonal parallelto orthogonal parallelto orthogonal parallelto orthogonal parallelo ortgonal
oCation antenna tontenna antenna tantenna antenna toantenna antenna toantenna antenna toantenna

3
4
5
6
7

9
10

12
13
14
15

lI WM 55V/M 2VIM 200 V/M 8 IM 80 VIM 15 V/M 170 V/M 0 VM 2 ViM
II VM 17 VIM lI VIM 26 V/M 2 VIM 16 VIM 35 V/M 99V/M 17 V/M 19V/M
16 VIM 50 VIM 25 VIM 20 ViM 13 ViM 60 VIM 21 VIM 125 VIM 0VIM 13VM
13 VNI 17 VIM 17 VIM 14 ViM I1 VIM 21 VIM 4 1V/M 35 VIM 2 V/M 30 V/M
14 ViMA l VIM IV/M 14 V/M 12V/M 12 ViM 38V/M 31 VIM 12 V/M 5 vM
31V/M 28VIM 26V/M 30 VIM 55VWM 27V/M 31VM 80 ViM 5 V/M 13 VM
70 ViM 280ViM 30 WM 290 viM 11 V/M 52 ViM 60 V/M 280 VIM 2 VIM 28 VM
48 WMV IMVIM 92VIM 71 VIM 100WM 55 VIM 75 ViM 40 ViM 20 ViM 10 VIM

2 VIM 25VIM 43V/M 32 VM 42VIM 45 VIM 90VIM 25 VIM 17 VM 26 VIM
210 VIM -0V/M 210V/M 145 VIM 270 V/M 48 VIM 210 VIM 65 VM 30 ViM 5 VIM
230 VM 3 V/M 240 VMN 48 ViM 220V/NI 52 VIM 210ViM 30 VM 35 VM 2 VM
170 V/M 31V M 205 VM 65 VIM 180 V/M 35VIM 230 ViM 3S VIM 18VIM 5 V/M
5V M 2 WM 10 VIM 5 ViM 14 VIM [U VIM 28 ViM 13 VIM 17 VIM 5 VIM
0 VIM ilVIM I VIM 2 VIM 14 ViM 8 ViM 30 VIM 10 ViM 28 VM W WM
0VM 0 WM 10 IM 3VIM 10 ViM 8 VIM 30 ViM 15 vM 17 V/M 10 VIM

Antenna location on vehicle: center of rear deck id

Frequency of Frequency of Frequency of Frequency of Frequency of
transmitter transmitter transmitter Iransmeitter transmitter

25,04Miz-I@f101W 3504MHza)100W 39.04MHz@fiW 51L2MHz@100W 144.5MI-zla 100W

Field Field Field Field Field Field Field Field Field Field
strength strength strength strength orength strength strength strength strength strength

Meter parallel to orthogonal parallel to orthogonal parallel to orthogonal parallel to orthogonal parallel to orthogonal
location antenna toantenna antenna tateinca antenna toantenna antenna toantenna antenna toantenna

2 VIM 31 V/M lo M
2 VIM 5 VIM 24 VIM
5 ViM 45 V/M 22 VIM
2 viM 5 VM 4V WM
2VIM ( ViM 30 VIM

20VM 30 V/M SViM
21V M 200 (IM 55 ViM
22VM 11 V/M 0 ViM
14 ViM 6V /M 22 VIM
00VIM 21 VIM 5 ViM

110 ViM iVIM 5 ViM
140 VIM 24 VIM 10 ViM
12 VIM 5 V/M 27 V1M
23 VIM 8 VM 40 VIM
10 VM 5 VM 24 V/M

45 VM 15VIM 100 VIM 0 VIM 180 V/IM 0 ViM 2 VM
40 V/M 30V/M 75V /W 4S VIM 55 V/M 0 ViM 13 VIM

110 ViM 14 VIM 150V/I 20 VM 280 VIM 2 VIM 18 VIM
40 VM 10V/M 24V/N 30I M 15 VIM 5 V/M 30 V/M
30V/M 5 VM 16 VIM 50I M 30ViM 2VM 2 VIM

I V/M 10oViM 78VI 10 V/M 12V/M 1VIM 1 ViM
300 V/M 150 VIM >0 V/I 2$ VM >300 V/M 5 ViM 35 VIM

11 V/M 50 VIM 18ViM 58 WVM 27 VM 2 VM I VM
2 vM 92 ViM 52 VM 68 V/M 52 V/M 2 VIM 10 VIM

13 V/M 150VIM 20 V/M 150 V/M 45 VIM 40 VIM 13 VIM
1 ,V/M 180 IM 27 VM 130 VM 30 V/M 38 VIM 8 viM
16 V/M 175 VIM 26 V/I [60 VIM 30 VIM 28 V/M 10 vim
2V/N 23 V/M 5 V/I 35 VIM 11 V/M 45 VIM 9 ViM
3 WM 40 V/M 5 V/M 45 VIM 12ViM 60 ViM 20 VIM
0 V/M 25 VIM 5 VIM 25 V/IM 18 VIM 30 vM 28 VIM

f. Lower left side of dash panel

g. Passenger head space

3. Locations of electric field strengths less than 50 Vlm

a. Left side of package tray

b. Right side of package tray

The author acknowledges the editing assistance of Sandra Mue ioli
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CHAPTER 28

ELECTROMAGNETIC
COMPATIBILITY

James P Muccioli
EMC Consultant, JASTECH

28.1 NOISE PROPAGATION MODES

28.1.1 Introduction

Before an engineer can design for EMC, he must first understand the paths where electro-
magnetic interference can affect electronic modules and how electromagnetic emissions from
his module will affect other electronic modules. Noise propagation can he defined as con-
ducted mode propagation and/or radiated emissions propagation.

28.1.2 Conducted Mode Propagation

Conducted mode propagation occurs when electromagnetic inteference travels on the wiring
harness connecting the noise source to the device affected, as shown in Fig 28-1.

DEVICE
[MSDURCE AFFECTED

BY EMI

1 ClI1CTED UDE INTERFERENCE

FIGURE 28.1 Conducted mode propagation

28.1.3 Radiated Emissions Propagation

Radiated emissions propagation occurs when the electromignelic interference travels
through free space (air) from a noise source to the device affected,as shown in Fig.28.2.

28.1
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28.2 ELECTROMAGNETICINTERIFREMEAND COMPATIBILITY

'~ I t BEI

B)EM

FIGURE28.2 Radiatedemissionsprupagalion.

28.1.4 Conducted and Radiated Propagation

Conducted and radiated propagation occurs when the electromagnetic interference travels on
and radiates from the wiring harness connecting the noise source to the device affected, as
shown in Fig.283.

K

k

EMI SC/jEF

/1'

P

DEVICE

AFFECTED

1 CENDUCTED MDE INTERFERENCE

2 RADIATED EMISSIONS

FIGURE2&3 Conducted and radiated propagation

28.1.5 Radiated and Conducted Propagation

Radiated and conducted propagation occurs when the electromagnetic interference travels
through free space (air) from a noise source to the wiring harness of the device affected, as
shown in Figure 28.4.

28.2 CABLING

28.2.1 Introduction

The use of wiring harnesses(transmission lines) in the presence of electromagnetic fields can
cause unwanted noise energy to be induced onto signal-carrying conductors. Typical wiring
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ELECTROMAGNETICCOMPATIBILITY 28.3

L~t YRCE/xA~ I NFECTED

'7 ~~ RADIUATEDEISri

2 CONDIJTED MOE INTEFERENCE

~ +

FIGURE28.4 Radiadandconductedpropagation.

harnesses in today's automobiles are made up of singletwisted pair, and coaxial type con-
ductors. One of the biggestproblems associated with using twited pair and coaxial cables is
an inappropriate method of termination. A test was performed o determine how termination
affects themand iw they reject radiated interference,

28.2.2 Test Methodology

Using a stripline antennaan E-field intensity of50Vm wasmaintained throughout the entire
frequency range of the test. Figure 28.5 shows the test setup of the stripline antenna with rela-
tion to the cable undertest and the ground plane. All cables used were 2 m in length and ter-
mirnted withthesmeresistances. The cables were swept through a frequency range of 10
Kz 1to 100 MHz. Data points were selected at multiple decades of frequcy

Ground planeL 0 ..-....

-3 Power
Amplifier

Signal
Note: Cable Is spaced 4 inches from the top of groundpa Source

SIDE VIEW

re Electromagnetic field

50 0 load

FIGURE 28.5 Stripline test setup.

Gound plane
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28.4 ELECTROMAGNETIC INTERFERENCE AND COMPATIBILITY

28.2.3 Summary

Figure 28.6 shows the various cable configurations. Configuralions A through F have both
ends grounded, while configurations throughKhave only on: end grounded.The attenua-
lion values for each cable configuration are shown in Table 28. 1Overall, cables with single-
ended grounding offered more attenuation than cables with dual-ended groundingThisdata
should be used to get a feel for the different types of cable configurations.When the cable ter-
mination and load resistors are known,a test shoudih e performed to verify the attenuation
expected

TABLE 28.1 Attenuation in dBof CableConfigurations

Letter

A

B
C
D
E
F

G
H
1

K

10 kHz

0
15
11

8
8

40
20

15
15

50 kHz

0

15
8

12

44
15
36
30
35

100 kHz

0

0
30
15

7
15

46
15
41
30
42

I1vHz

0

0
40
17
13
27

15
46
35
45

10 MH/ 110 MHz

0
38
15
10
28

38
10
30
32
30

-20
10

-10
20)
20

51
-10

18
0

28.3 COMPONENTS

28.3.1 Capacitor

Capacitor Model, A high-frequencycapacitor model is needed for analyzing the effects due to
electromagnetic compatibility. Figure 87shows one way to model a high-frequency capacitor.

Capacitor EMC Guidelines. Consider the frequency range, voltage rating, stability, tem-
perature o efficient,and tolerance when choosing the dielectric type for the capacitance.The
type of dielectric used in the capacitor will dictate the frequenc range ovr which the capac-
itor will be most effective for filtering. Table 28.2 includes the relative losses (leakage) of
dielectric types.

TABLE 28.2 Relative Losses of DielectricTypes

Dielectrictype Frequency range Relative losses

Aluminum electrolytic 1 H2-10 KHz High
Tantalum electrolytic 1 Hz-tOKHz High
Paper/mylar 100 H7- Mzit Medium
Hih K-ceramic 1 Kl-100N MHz Low
Plastic films I KHz-90 Hz Low
Mica/glass/low-lossceramic 5 kH-10 GHz Low
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A.

C

D

E

G

H

K

F -

FIGURE 28.6 Cable configurations,

Ls Rs Ca

Rp

Cs - Series capacitance

Ls = inductance due to lead length and capacitor structure

Rs - Effective series resistance and dissipation factor

Rp - Parallel leakage and volume resistivity of dielectric

FIGURE28.7 Equivalent circuit for a capacitor.
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28.6 ELECTROMAGNETIC INTERFERENCE ANDCI NPTIBILI1'Y

Capacitor Quality Q Factor Quality factor Q of a capacitor is the ratio of the resonant fre-
quency to the bandwidth hetween the frequencies on opposite sides of the resonanceTheQ
of a simple resonant circuit composed of a capacitance and inductances is given by the fol-
lowing equation:

(Q+Q,)
where Q,= the magnitude of the ratio of the capacitor susceptance to its effective shunt con-
ductance at a specified frequency, .and Q = the magnitudeof he ratio of the inductor reac-
tance to its effective series resistance at a specifiedfrquenc

When Q is greater than 1.the capacitor impedance-versus-frequency model is as shown in
Fig.28.8. When Q is less than 1, the capacitor impedance-versw-frequency model is as shown
in Fig. 289.

a
t~i
Lu
C)

0
Lu
&

REGION

LOGARITHMIC SCALES

A BC

FREQUENCY, Hz-

Rp

-R,

A Capadtoimpedanceis pristilydetrmined byparalaleakage and vaunm resalotyftthe defectric (Rp)

B Cepaedance (CO becomes the dominant wit he impedence decreasing at - dBclave

* Series resonance developm between Csaand L.

C Seis induloce(L.5becomes deninenL

FIGURE28.8 CapaCaor impedanceversusfrequencywhenQ>

z
LC
D.
2r

4 AI _

1 -_____I

Ix A~

Rp

LOGARITHMIC SCALES

FREQUENCY, Hz -

REGION

A Capactor Impedance Is pdmarty determined by pilel leakage and volume resisivity of the dieteric (Rp).

B Capecitnco (C) becomes fe domint with the impedance decreasing at da/ocave.

C Series resistance (Rs) causesthe resaively hat dwaracer e tcbetween 2and 13.

0 Seies inductance (LI becomes dominant

FIGURE28.9 Capacitor impedanceversus frequency when Q<1.

_. Q
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ELECTROMAGNETIC COMPATIBILITY 28.7

Thecapacitor will self-resonate at sone frequency dependent mainly upon the capacitive
and inductive vAcues of the capacitor itself. as shown in Figs. .28.8 and 28.9. Lead length is
mainly responsibe for the inductive element as depicted in the models. Excess length can
reduce the ronantfrequency significantlyhence reducing the operating frequency range.

Using a network analyzer, data in Table 283 was gathered on ceramic capacitors. The
lower the value of the capacitor. the greater the effect the leac length will have on the sel-
resonate frequency,

TABLE 28.3 Capacitors Measured at Self-Resonate Frequencies

Self-resonate frequency at Self-resonate
Capacitance A"leads frequency at V"leads

1000 pF 35 MHz 32 MHz
500 pF 70.MHz 6 MHz
100 pF 150 MHz 120 MIz

50 pF 220 MHz 200 MHz
l)pF 500 MHz 350 MHz

28.3.2 Inductor

Inductor Model A high-frequency inductor model is needed for analyzing the effects due to
electromagneticcompatibility.Figure 28.10 shows one way to model a high-frequency inductor.

Rs Ls

Rp

Ls - Series inductance

Rs Series resistance from wire used in winding

Op - Distributed capacitance between the windings

Rp = Core and winding resistance losses (including kin effect)
at the resonant frequency

FIGURE28.10 Equivalent circuit for an inductor.

Inductor EMC Guidelines. EMC considerations for inductors include magnetic losses,
mechanical stability, temperature coefficients, flux leakage, and dielectric losses. The shapeof
an inductor will determine some of its properties An open core inductor, such as a cylinder,
will have a large external magnetic field. A closed core inductor will confine most of the mag-
netic field.The toroid-shaped inductor has the maximum inductance per unit volume and low
flux leakage.This is due to the fact that the toroid provides a closed circular path for magnetic
flux, hence the external flux levels are very low. Figure 28.11 shows air core versus magnetic
core inductors.

Inductor Quality Q Factor. Quality factor Q of an inductor is the ratio of the resonant fre-
quency to the bandwidth between the frequencies on opposite sides of the resonance. The Q
of a simple resonant circuit composed of a capacitance and inductances is given by the fol-
lowing equation:

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,557,540
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-AIR CORE (OPEN MAGNETIC CORE)

Air core inductors will cause intederence due
to their flux lines extending consderably
beyond the inductor.

* MAGNETIC CORE

Magnte core lnductors have smaiexternal
rnagnec filds, sine the flux emains
Insde the magnetc core,

AIR CORE

TOROIDAL

FIGURE28.11 Air core versus magnetic core inductors.

(11 X Qc)
( QL+ QC)

where QL= the magnitude of the ratio of the inductor reactance to its effective series resis-
tance at a specified frequency

= the magnitude of the ratio of the capacitor susceptance to its effective shunt con-
ductance at a specified frequency

Figure 28.12shows the inductor impedance versus frequency.An inductor has capacitance
between each turn of the windings and leads At some frequency, the inductor will become
selfresonantas shown inFig. 28,12, due to its winding capacitance.

LOGARITHMIC SCALES

I
Cl

2

0
w

8f - Pc

f2 Nt8L.r

FREQUENCY, Hz -

REGION

A Inductor Impedance I sprrmadly determined by the winding do resistance (Rs),

B Inductance (Ls) becomes the domhant wit tie impedance increasng at +6 dBfotve

* Parallel resonance develops between La and Op.

C Parallel capacitance (Cp) becomes dominant

FICURE 28.12 Inductor impedance versus frequency.
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ELECTROMAGNETIC COMPATIBILITY 28.9

28.3.3 Resistor

Resistor Model. A high-frequency resistor model is needed for analyzing the effects due to
electromagnetic compaibili InFig. 28.13, one way to model a high-frequency resistor is
shown,

C

R L

C = SHIUNT CAPACITANCE WHIC" IS rVPICALLY 01 - O.Srp

L = LEAD INDUCTANCE. EXCEPT FOR WiREWOUND RESISTORS

FIGURE28.13 Equivaleni circuit for a resistor.

Resistor EMC Guidelines Consider the construction of the rsistor before determining the
transient handling capability and frequency characteristicsTheresistor construction types are
defined s carbon composition, chip (surface mount and leaded), film (thin and thick), and
wirewound

Transient Dissipation. Carbon composition resistors are capable of handling large tran-
sients without degradation to the resistor value. Chip-type resistors are capable of handling
moderate (less than 40 V) transients, making them suitable for most printed circuit board
applications.Film-type resistors should be avoided for lines which encounter transients of sig-
nificant power, since the film degrades after many transients and the resistor value will
become lower. Wirewound resistors can dissipate repetitive, high-power.and high-peak tran-
sients without failure. The larger the diameter of the wire windings, the more effectively the
transient can be dissipated

ResistorNoise. In generalcomposition-type resistors producc the most electrical noise and
wirewound resistors produce the least. Electrical noise in resistors manifests due to the ther-
mal properties present in their construction. If a high-power and a low-power composition-
type resistor are put in identical circuit conditions, the higher pwer resistor will produce less
electrical noise. Because the noise produced by film-type resistors is less than that of compo-
sition types, they are used in small-signal or high-gain applications.

28.4 PRINTED CIRCUIT BOARD EMC CHECKLIST

1. Reduce radiated emissions and susceptibilty by selecting tle slowest possible switching
speed (bandwidth) for the electronic devices

2. Partition the PC-board.
a. Bypass ground plane at 1/O connector.
b. Group regulators/power supplies near 1/0 connector.
c. Place crystls/RC clock circuit directly next to ICs.
d. Groupsame family of electronic devices together (interface,analog,low/medium/high-

speed loic circuitry).
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28.10 ELEC1ROMAGNETIC INTERFERENCE AND COMPAIBILITY

3. Single point the different types of ground circuits to I/O ground.
4. Bypass all lines at 1/O connector.

a. Reduce RF entering the PC-board by filtering at entrance.
b. Reduce RF leaving the PC-board bv filtering at exit.

5. Lay out the power distribution system.
a. Low impedance power distribution system limits EML
b. Power feed and return lines must be as close as possibl to mininmize impedance and

loop sizes.

6. Decouple active components and power supply lines.
a. Minimize instantaneous current draw on the power bus by placing acapacitor from the

IC power to the IC ground,
b. Calculate the size of capacitor required.
c. Bulk decoupling capacitor (electrolytic typical 10-100 p.F) is required at power

entrance point.
7 Ground all unused IC input pins where possible,

a. Reduce IC noise by lowering the ground impedance aid eliminate unused IC pins
from acting like antennas.

8. Design reverse voltage protection where needed.
a. Diodes can be used to protect against reverse voltage damage

9. Design clock line routing.
a. Minimize clock line loop size.
b. Clock line return path must be next to clock line.

10. Design PC-board jumper cables to minimize loop area by having return paths for all
types of signal and power lines.

11. Autoroute the PC-board one partition group at a time with signal lines last.
12. Design metal housings to act as shields,

28.5 INTEGRATED CIRCUIT DECOUPLING-A KEYAUTOMOTIVE
EMICONCERN

Note: Parts of this section were taken from the paper of the same name presened by James
P Muccioli at the EMC/ESD International Conference in April I1

28.5.1 Abstract

Since the development of the first solid state engine control 1r automobiles, microcircuit
technology has evolved with greater complexity, faster clock speeds, andsmaller package size.
Electromagnetic compatibility (EMC) has become a high priority in the design of electronic
automotive modules. At the same time, the die size of CMOS technology has decreased from
9-micron process size (50-ns rise/fall time) to 0.-micron processsize (L5-ns riselfall time) in
high-speedCMOS integrated circuits. To minimize the effect of EMC due to the faster
risefalltime, the design engineer must analyze the integrated circuit (IC) package and asso-
ciated decouplingcapacitor.This section will concentrate on hew to analyze the decoupling
capacitor requirements.
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ELECTROMAGNETIC COMPATIBILITY 28.11

28.5.2 Introduction

Automotie electromnene cemissions requirements and eitreme cost constraints require
the design enginceerto beve ri innovtive in addressing his EM concerns.All componentson
ihe pinted ircuit board must be analyzed for efts and missionscon(buted to the total
radiated emissions from the electronic module One source of noise on the printed circuit
board isthe integrated crcuit.Choosing the inght ecoup igcapacitorw ill limit the amount
of electiomainitic emsslors radiated from the integrated circuits on the printed circuit
board.Te decoupling apacitor,l fnot properly chosen foreah integrated circuit.will con-
aminate the inputoutput lines in the formof ngingoershongandorundershooting

28.5.3 Decoupling Capacitor Value

The decoupling capacitor supplies the instantaneous power required to the integrated circuit
when switching from one of its transition states to anotherWhen calculating the value for the
decoupling capacitor, the following items must be considered:

1. Transient current of integrated circuit

2. Switching ime of transition state

3. Allowable transient voltage drop in the supply voltage

4. Decoupling capacitor inductance due to lead length and capacitor structure

5 Printed circuit board trace inductance

Beforelthedecoupling capacitor value can be dctrmined, the Jesign engineer must measure
the ris all times of theitoustypes of integrated circuits used on the printed circut board.
If the printed circuit board is using dual-sourceintegrated circuits for production the second
source integratedcircuits must also be measured and taken into account. After gatheng this
data, the witIching frequency generated by the integrated circuit rise/fall time can be calcu-
lated by thef ormula:

f x t' Hz (28.1)

where t,= rise timelfall time in seconds

The value of the decoupling capacitor must satisfy two requirements:

. The value of the decoupling capacitor must equal or exced the minimum decoupling
capacitor value required to supply enoughpower to meet the allowable transient voltage
drop on the supply voltage.

2. The decoupling capacitor at this value must avoid self-rsonance when instantaneous
power is required for the integrated circuit.

The minimum value of the decoupling capacitor referred to in the first requirement (preced-

ing) can be calculated by the formula:

( = d (28.2)

where dl= current of transient (amps)
dt= switching time of transient (seconds)

dV= the transient voltage drop in the supply voltage (volts)
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28.12 ELFTRONIAGNETIC INTERFERENCE AND COMPATIBILITY

The self-resonant circuit referred to in the second requirement (see Fig 28.14) is the com-
bination of the capacitance and inductance between the decoupling capacitor and integrated
circuit, resonating at the switching frequency generated by the integrated circuitThe induc-
tance in the self-resonant circuit is the combination of inductances of the capacitor (L,), the
printed circuit board trace (Lees),anid the integrated circuit lead frame (Ljc).The capacilance
used for calculating the self-resonant circuit is the value of the capacitor C oniy (the capaci-
tance value for the printed circuit board trace and the integra:ed circuit lead frame can be
neglected beciuse their values are negligible when compared to the decoupling capacitor
value).The frequencyof the self-resonant circuit can be calculaied by the following formula:

tf= - Hz (28.3)
27t(Lpca+Li0+Lc)(C)

where LpeB= inductance of printed circuit board trace (enrys)
Lic = inductance of integrated circuit lead frame (henrys)
Lc = inductance of capacitor (henrys)
C capacitance value (farads)

R Pce L rm

BOND WR C
AND PIN

R Pe L Pce

L _T I

FIGURE28.14 Self-resonant circuit.

If the second requirement is not met (the circuit becomes self-resonant), there will not be
enough power to maintain the desired transient voltage drop.

When the design engineer analyzes the data from the three formulas and tries to meet the
two requirements for a decoupling capacitor, the data will not aIways yield a solution.

The design engineer must alo look at the decoupling capacitor placement (Fig.28.15) and
the various integratedcircuit packages to determine if there are any differences in power and
ground lead frame inductances.

POOR PLACEMENT

VI MY 4ioH INDUCTANCE~

CAPACITOR AND IC

GNO

BETTER 3EST

rnnnPvcc flnnnl irr~

TE OECREASCD LOOP ARC A T L 3SRFACC CU.T CBACEEER

CAPACITOR .ND IC DECRAFE3Cs E rUlevaur PROVIDE OTIMU A.NCAD LENT"

FIGURE 2&15 Decouplng capacitor placement,
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The longest copper lead frame trace inductance values of various integrated circuits are
not easily available. With the help of Mike Catherwood from Motorola, the following chart
was created:

Package type L(nit

14 leadS50C 1.81
16lead SOIC 1.69
14 lead PDIP 3,93
1t lead PDP 4,33
28 lead PDIP 8.72
20 lead PLCC 1.79
2-4ead PLCC 245
44 lead PLCC 3,94
52 lead PLCC 4.06
68lead P1CC 658
32 lead R-PLCC 1.89

This information is necessary for picking the lowest lead frame inductance for a specific IC
package.

Sample Problem. Find the decoupling capacitor value for a 74HCO4 14 lead PDIP hex
inverter when assuming the following:

1. Supply voltage drop= 250 mV

2. Current of transient =50mA

3. Switching time of transient = rise/fall time of IC= 10 ns

Note: The smaller value ofTLH or tTL, taken from the IC specication sheet, can be used for t,

4. Printed circuit board trace= 5 nH/cm

5. Printed circuit board trace length = 2 cm

6. Capacitor inductance = I nH

Solution. The switching frequency generated by the IC rise/fall time can e calculated
using Eq. (28.1).

f= [t x ,i Hz

= 1/[r x (10 x I0V)] Hz

= 31 830 989 iz

= 31.8 Mhz

The minimum value of the decoupling capacitor referred to in the first requirement canb e
calculated using Eq. (28.2)

C (dl x d)
dV

= [(5.0 x 10:'A) x (1.0 x I0 s)]/2.5 x HY'V

= 2.10 10"F

- 2000 pF
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The frequency of the self-resonant circuit referred to in the second requirement can be calcu-
lated using Eq. (283):

I it ¶( Lp(',j (iL 4 Lc)(C)11'2

2n[(2.0cm)(50xl-H/cm) -(21(3.93x10H) -(10- 1H(20x0F)]

= 25,9[3,990 Hz

= 25.9 MHz

The second requirement is not met because the self-resonance of the capacitor combination
(25.9 MHz) is lower in frequency than the integrated circuit switching frequency (31.8MHz),
It'we change to a 14 lead SOIC package, the integrated circuilt lead inductance is reduced to
1.81 nH per lead. Alsosince the package is smaller, the printed circuil board trace length is
reduced to I cm.The frequency of the self-resonant circuit is recalculated as shown:

=2irVn,M, + ic +Lc(C)

2r((UIcm)(5.0x1lfl-l/cm)+(2)(1.81x10'H)(1 'iwhH))(2.0x10' F)

=36.3 MHz

Thereforeby changing the IC agefrom PDIPto SOIC, we an meet both requirements.

28,5.4 Summary and Discussion

Decoupling capacitor values calculated using the formulas in ths paper will not be optimal
for every application due to lead frame and printed circuit beard trace inductance Inte-
grated circuit manufacturers need to continue their search for ways to minimize the induc-
tances in the power and ground leadsThey should investigate supplying integrated circuits
with decoupling capacitors internal to lead frame packages. Unt-I the integrated circuit man-
ufacturers can help the design engineer, the followingitems should beconsidered before a
decoupling capacitor is chosen:

1. The larger the decoupling capacitor value, the lower the self-resonant frequency.
2. Too small a decoupling capacitor will not have sufficient charge storage for transient cur-

rent needd by the integrated circuit
3. Different integrated circuit package configurations will change the integrated circuit lead

frame inductance.

28.6 IC PROCESS SIZE AFFECTS EIC

Note: Parts of this section were taken from the artcle of the same name by James P Mucci-
oli published in the June 1993 issue of EMC Te&Desig magazine.
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28.6.1 Abstract

This section focuses on how to measure the near-field radiated emissions generated by an
integrated circuit.Testing was performed in a controlled manner that yields repeatable results
using a miniature skin current probe.Integrated circuits are characterized by process size and
its effect on radiated emissions.

28.6.2 Test Configuration

The devices under test (DUT) are all the same eight-bitmcroprocessor type with internal test
ROM code.The only variable is the process size, which changes from 1.95 micron to 1.50 micron.

The DUT is in a standardized manufacturer IC test setup (Fig. 2816) which is part of a
ground plane to assure test repeatability. The DUT is powered by a low-impedance battery
(alkaline) to assurethat there is no possibility for conducted noise to interfere with or confuse
the test results.The software for the programmable integrated circuit flows in a continuous
loop and is part of the internal ROM.

FIGURE 28.16 Picture of IC teststup with groundpleC and ,m curnent
probe.

28.6.3 Test Methodology

The purpose for using a miniature skin current probe is to make quantitative measurements
of currents (magnetic fields) generated by integrated circuits. The current probe can be used
in a nonshielded room since only the magneticfields relted to1 he electromagnetic radiation
potentialof the integrated circuit affect the probe and it is relatively insitive to stray elec-
tric fields.

The surface of the integrated circuit is mapped by orienting the probe formaximum sensi-
tivity and then repeating the measurement after moving the probe to the next location. The
skin currentprobe (FischerCustom Communications, Inc. F-97) has a transfer impedance of
I ohm±20% from70 MHz to greater than 000MHzasshown inFig.2 17.

The miniature skin current probe is in series with a 20-dB preamplifier (Mini-Circuits
ZFL-1000LN) and is connected to aspectrum analyzer (FRSystems,Inc. A-7550) asshown
in Fig.28.18.The system gain of the measuring equipment should be known with an accuracy
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251 1 11

FIGURE 28.17 F-97 transfer rnpfedance versus frequency (Courtesly(ofFWcher Customn Ctnomun tio)

FCC F-97

ESPEC1RUM ANAYZER PLOTTER
ZFL400thIFR A-7550

FIGURE 28318 Systemi test setup.

of .to 5 dB, If the signals being measured by the skin current prolbe are within 6 dB of the sys-
temn noise floor, then a smaller resolution bandwidth should he used on the spectrum alnalyzer

The first measurement taken in each frequency band of the spectrum analyzer should be
the ambient systemn level to assure that any ambient signals present are at least 6bdB below the
signals of the initegrated circuit.This is accomplished b~y laking the ambient measurement with
the skin currenti proe placed (in top of the integrated circuit in the meas uremenut position
with no pnwiversupply to the DUTlIch DUT should he energized and a complete operational
check of the integrated circuit test code performed to assure proper functioning of the device.

28.6.4 Test Results

Figures 28.19 and 8 0showl the sy stem noise floor with the preamplifier and the F-97 probe.
Thei fre-quecncy range of Fig. 28.1 is from 70 to 250 MEz with tht center at 160 Mhz. The fre-
quenjcy range of IFig. 28.20 Is f-rm 250 to 5Wl MHz with the cente~ir ait 37-5 MHz. The system
noiTse floor from 70 to 500 MHz is below -120 J~Rm when the 20 dB gain is tactored into the
spe ctr-um analyzer plot

Fig-urcb 28l2 and 2 '-2 how the measured magnetic emewt *ons of an eight-but micropro-
cess or with a L11 i moon proces ize '11ie highest peak trequecncy trum thie microprocessor is
at 72 MHz with a levci corrected. 10r preamp gain of -A3.33 dBm

Figures 28,23 and __ -4 show the measured mnet_ cminions of an eight- micropro-
cessor witb a 1 0m'rnpRo eTe hig4het peA irequenic' from the mcores is
at 72 MHz with a corectd of -S0 - JBm-
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FIGURE28.19 Ambientsystemlevelmeasurementfrom70to250MHz
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FIGURE 28,21 Magnetic emissions of 195-micron p-ocess from 70 to
250 MHz.
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FIGUREZ824 Magnetic emistons of 1.5-micron process from 250 to 500
MHz.
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ELECTROMAGNETIC COMPATIBILITY 28.19

28,6.5 Summary and Discussion

When analyzimn thc data from Figs. 28.21,222823, and 28.2.the followig statements can
be made:

1. The 1.95-micron process size magnetic emissions drop off faster than the 1.50-micron pro-
ess size.

2. The 1.50-micron data has a more intense magnetic field between 70 and 115 MHz than the
1.95-micron data.

3. The amplitud of the 1.95-micron data is typically 10 to 15 dBm less than the .50-micron
data after200 1Hz,

From the data analzedthe author demonstrated that integrated circuit process size
changes do have an effect on electromagnetic compatibility The rise time of the integrated
circut isalso affected by the processsize change.The 1 95-micron process size hasa rise time
of 6.4 ns and the 1.50-micron process size has a rise timeof 2.4 msUntil the integrated circuit
manufacturers can supply typical emission-level data with integrated circuit process size
changes, the design engineer must make quantitative measurements of magneticemissions
from the integrated circuit.

The author acknowledges the editing assistance of Sandra Muccioli.
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CHAPTER 29
NAVIGATION AIDS
AND INTELLIGENT
VEHICLE-HIGHWAY SYSTEMS*

Robert L. French
K L French & Associates

Autonomous navigation and route guidance systems with static databases are ofconsiderable
utility on a stand-alone basis. However, future versions will be linked to traffic management
centers (TMC) by mobile data communications for maximum effectiveness. Automobile nav-
igation technologies coupled with data communications also provide a basis for vehicle track-
ing and fleet managementThese in-vehicle systemsare viewed as a major subsetofintellignt
vehicle-highway systems (IVHS), a rapidly expanding worldwide movement to improve the
efficiency, safety, and environmental aspects of road traffic through the application of infor-
mation, communications, positionng,andcontrol technologies.

29.1 BACKGROUND

Sophisticated vehicular navigation system concepts have become widely known only during
thelast decade. However, the historical roots of automobile navigation go much deeperThe
first vehicular navigation system was the "south-pointing chariot' a mechanical direction-
keeping system developed by the Chinese around 200 to 300 A.D, 1m0St 1000 years before
the magnetic compass was invented. Its operation was based mn the differentialodometer
phenomenon that,as a vehicle changes heading, the outer wheels travel further than theinner
wheels by a distance that is amathematical function of the change in heading.

Mechanical route guides for automobiles were introduced in the United States around
1910 to aid the drivers of early automobiles before roads were uniformly marked.These early
devices incorporated the information of route maps in various forms including sequential
instructions printed on a turntable, punched in a rotating disk.and printed on a moving tape,
all driven by an odometer shaft insynchronization with distance traveled along the route.

For example, ihe 1910 Chadwick Road Guide rotated a metal disk in synchronization with
distance traveled.The disk had holes spaced to coincide with decision points along the route

As (his book is Ling to press he nameneligent Vehice-Highwav Syscems"is being hangedlit toiengent
Transportation Systems (ITS1 in the Jniied Staes

29.3
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29A EMERGING TECHNOLOGIES

represented by the disk. An array of spring-loaded pins behindthe slowly rotating disk was
normally depressed.ut when a punched hole traversed a pin, the pin released and raised a
signal arm bearing a color-coded symbol indicating the action to be taken. In addiliona bell
was sounded to draw the driver's attention to the signal.

The early mechanical route guidance systems faded out of the picture as roadside signs were
standardized and became more plentiful by the 1920s.A resurgence of interest in route guid-
ance occurred in the 1960s when ERGS (Electronic Route Guidance System) was researched
by the.S. Bureau of Public Roads. Although ERGS was soon grounded from lack of Con-
gressionalsupport,it was followed in the 1971)s by CACS (Comprehensive Automobile Control
System) in Japan and by Autofabrer Leit-und Information System (ALI) in Germany.

Like ERGSthe CACS and ALI used real-time traffic information to compute best routes
for downloading to on-board display equipment at strategically located proximity heacons.
Thus, these early research and test projects, along with the evolution during the same era of
advanced traffic management concepts for computerized control of area-wide traffic signals
haedon a centralized traffic dtabase.set the stage for the much broader IVHS movements
that started shaping up in EuropeJapan, and the United States in the mid-1980s.

Although comprehensive IVHS products and services includ ng data communication links
between the traffic infrastructure and navigation-equipped vehicles are not yet available,sophis-
treated autonomous navigation systems have been on the market inJapan since being introduced
asa factory option by Toyot in 1987.' Approximately 500,000 had been sold by 1994,the year
that OEM navigation systems were finally introduced in the United States and Europe.

29,2 AUTOMOBILE NAVIGATION TECHNOLOGIES

Positioning technologies are fundamental requirements of bot vehicle navigation systems
and vehicle tracking systems Almost all vehicular navigation systems include dead reckoning
with map matchig as the main positioning technology, but most state-of-the-art systems also
include a GPS (Global Positioning System) receiver now that the GPS satellite constellation
is fully operational.

Map matching as well as route guidance must be supported by digital road maps. Another
important supporting technology is mobile data communications for traffic and other traveler
information.Although vehicle tracking systems may not require digital road maps aboard the
vehicle (as is generally the case for navigation systems), they do require a mobile data com-
munications link between the vehicle and dispatch office unless' hey use infrastructure-based
integrated positioning and communications technologies, However, GPS and other radiopo-
sitioning technologies (e.g. Loran-C) are often used in conjuction with separate mobile
communication systems for vehicle tracking

29.2.1 Radiopositioning

Radiopositioning is the processing of special signals from one or more radio transmitters at
knownlocationstodetermine the positionof the receiving equipmentAlthough anumberof
radiopositioning technologies are potentially applicable, satellite-based GPS is by far the
most popular.

OPS, which is operated by the U.S.Departmentof Defense, includes 24 satellites spaced in
orbits such that a receiver can determine its position by simultneously analyzing the travel
time of signals from at least four satellites. GPS hasthe advantage of giving absolute position
(albeit with an uncertainty of up to 100 m for civil receivers unless corrected by differential
GPS). However,GPS alone is inadequate for automobilenavigaon because signa rception
on roadways is sometimes blocked by buildings, foliage, etc. Nonetheless, GPS is vry effee-
live for automobile navigation when integrated with dead reckoning and map matching.
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Proximity beacons provide another form of radiopositioning which is used in some vehicle
navigation system particularly those that also use proximity beacons for communications
purposes Proximity beacons are devices installed at key intersections and other strategic
roadside locations that communicate their location and/or other information to receivers in
passing vehicles via very short-range radio, microwave, or infrared signals.The receptionof a
proximity beacon signal means that the receiving vehicle is within 50 m or so of the beacon,
and provides an occasional basis for confirming vehicle position.

29.2.2 Dead Reckoning

Dead reckoning, the process of calculating location by integrating measured increments of
distance and direction of travel relative to a known location, is used in virtually all vehicle
navigation systems. Dead reckoning gives a vehicle's coordinaes (X,, Y,,) relative to earlier
coordinates (X, Y):

X,= XVo AX,= X+7 A, sin o

1"= ',,-+t AY= Y A/Cos o

where, is the heading associated with 1,. the h imeasured increment of travel as illustrated
in Fig. 291 Dead reckoning for vehicle navigationthus requires sensors for measuring dis-
tance traveled and heading (or change in heading).

AX$~ n.
Y

xo a

FIGURE29.1 Dead-reckonngom arion

Distance Sensors. Distance measurements for vehicle navigaion systems are usually made
with an electronic version of the odometer. Electronic odmeters provide discrete signals from
a rotating shaft or wheeL and a conversion factor is applied 10 obtain the incremental distance
associated with each signal Automobiles equipped with antilock braking systems (ABS)
already have wheel sensors that may also serve as electronic odometers for navigation systems

Odometers aresubjecttoa number of error sources.some of which are systematic and may
be corrected in the distance conversion processThedifference in the diameter of a new tire
and a well-worn tire. for example, can contribute distance errors as high as 3 percent The
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error in distance measurements increases by approximately )to 0.7 percent whenehicle
speed is increased by 40 km/h due to the effect of centrifugal force on the tires, and a 10 psi
change in ire pressure can induce an error of 025 to 1.1 percent.

Heading Sensors. Vehicle heading may be measured directlv with a magnetic compass, or
indirectly by keepng trackof heading relative to an initial heading by accumulating incremen-
tal changesin heading.A number of alternative means are available for measuring vehicle head-
ingor heading changes.However,most have at leastonedrawck.Asaresult,itisacommon
practice to use two different types of sensors in combination toolfset one another's weaknesses.

The magnetic compass's well-known accuracyproblems de toanomaliesintheearth's
magnetic field are compounded when instalkd in a vehicle by induced fields which depend
upon vehicleheading.Nonetheless,some form of magnetic compass is used In most vehicular
navigationsystems.Compactsolid state flux-ga compasseswith software processesfor com-
pensating errors resulting from both permanent and mduced magnetismof the vehicleare
popular in currentsystems.

In many applicationsboth a tlux-gate compass and a differential odometer or a gyroscopic
device are used along with a software fitering process that combines the outputs. Higher

ql
" <e

11GURE29,2 Diffetrentialodonew-frnncipe

relative weight is placed on the differential
odometer or gyro output for short-term
changes in heading and on the compass output
[or longer-term trends in absolute heading.

A differential odometer consists of a pair of
odometers, one each for the wheels on oppo-
site ends of anale. When a vehiclechanges
heading by an amount as illustrated in Fig.
292, the outer wheel travels farther than the
inner wheel by AD, which may be expressed in
lerms of heading changeand vehicle width:

AD= DR - DL= 8t(R - R,)= 0W

Thus0= AD/W
Several other types of heading-change

sensors use son form of the gyroscopic prin-
ID   ciple. These range from traditional spinning

devices and gas-jet sensors to vibrating bars
and fiber optic gyros Although more expen-
sive than differential odometer sensors, they
are much simpler to insllThe fiber optic
gyro started appearingin production auto-
mobile navigatinsytems in 1991. Finally,
the more advanced forms of GPS receivers
also support derivation of vehicle heading.

29.2.3 Digital Road Maps

Although a few route guidance systems use centrally locatedgital road map databasesIhe
Vast majority require an on-board database.The two asiapproaches to digtinmaps are
matrix encodin and vector encoding. A matrix-encoded map is essentiallya dgitized image
in which chimage element or pixel,as determined by an X-Yg rid with arbitrary spacingis
defined by digitaldata gvg chacierstics such ass hador color. In addition to requiring
more data storagethan ctor encodingmatrix encodedmap are ill-suited for nalytical
treatment such at map matching or route iding.

The vector encoding approach applies mathematical moling concepts to represent geo-
metrical features such a roadway and boundaries in abstract form with a minimum of data,
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By considering each road orstreet as a series of straight linesmideach intersection asa node,
a mapmaybe viewed as aset ofinterrelated nodes,ines,and enclosed areas as illustrated by
Fig 29.3.

Nodes maty be identified by their coordinates (e.g., Latitudeandlongitude).Additional
nodes "shape points"are positioned along curves where the link between two intersections is
not a straight line. Curves are thus approximated by a series of vectors conncting shape
points,whereas a single vector directly connects the node points representing successive inter-
sectionsif there are nocurves in the connecting road segment.

The X-Y coordinatesof nodepoints may be encoded from maps or aerial photographs.
The classic approach usesspecialwork stations which record th coordinates of a given point
when thecross hair of an instrument is placed over the point and a button pressed.This pro-
cess has been automated in varying degrees. In some cases, the printed map is scanned to
obtain a matrix image, which is then converted to vector form 1y software.

Various combinations of attributes associated with the encoded road network are included
in digital mapdatabases. Of particular importance are roadwa classifications, street names,
and address ranges between nodes. Map databases used with systems that give turn-by-turn
route guidance also require traffic attributes such as turn restrictions by time of day and
delineation of one-way streets.Directory and yellowpages information for selectine attrac-
tions, parkingrestaurantshotels, emergency facilities. etc..are commonly included.

29.2.4 Map Matching

Map matching is a type ofartificial intelligence process used in virtually all vehicle navigation
and route guidance systems that recognize a vehicle's location by matching the pattern of its
apparent path (as approximated by dead reckoning and/or radiopositioning) with the road
patterns of digital maps stored in computer memory Mostn mp-matching software may be
classified as either semideterninistic or probabilistic
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Semideterministic. This approach assumes that the equipped chicle is esseniIally confined
to a defined route or road network, and is designed to deter mine where the vehice is along a
route or within the road nelwork. The concept may he illustrate J by tracking the location of a
vehicle over the imple route shown in Fig. 294a which defines a route from node A through
nodes B. C,D, Fand thence back to A inrIcrms of instantaneous direction () of travelversus
cumulative distance (L) rom the beginning as shown in FigN 24, Locations of nodes where
direction changes occur (or could occur) are thusdefined in terrs of distance L. The solid line
gites heading yersus distance corresponding to the simple route. Alternai routes emanat-
ing from each node are indicated by dashed lines.

AC

00

+180.

(b)

FIGURE29.4 Simplified roue ad vector modc-

Figure 29.5 shows thei nel of a semideterministic aIgorithm in highly simplified form.
Once initialized at a tating location 90 and L = 0 at Node A in the example), the algo-
rithm, in effect, repeatedly asks"Is the hie still on the route?" and "What is the present
location along the routeThe vehicle isc tnirmed on the route if certain tests are satisfied.
The location along theroe itated by odometryand error in the estimate is automati-
cally removed at each nodewhere it is determined that an expected change in heading acto-
ally occurs,
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FIGURE 29.5 Simplified map-maching algorithm

The map-matching algorithm is driven by Interrupts from differential odometer sensors
installed on left and right wheels. The distance L from the beginning of a route sement is
updated by adding an incremnt AL for each left wheel interruptand the vehicle heading 0 is
updated by adding an increment A9 calculated from the difference in travel by the left and
right wheels since the count N was last set to 0. As explained below, the N counter controls
monitoring for unexpected heading changes occurring over relatively short distances.

Unless the turn flag is set to denote that the vehicle is approaching a distance L where a
heading change should occur, count N is checked after each interrupt to determine if it has
reached a limit C corresponding to an arbitrary amount of travel on the order of several
meters. When the count limit C is reached, a test is made to determine if 0 is within arbitrary
limits (say .5 degrees to allow for lane changes.slight road curiatureetc.).If so is reset to
0c (the direction of the vector being traveled) and N is set to 0 to start another cycle of moni-
toring for unexpected heading changes.

In addition to verifying that the vehicle stays on the routc between nodes, this process
removes error in measured vehicle heading that accumulates while 0<N<C If the preceding
test finds 0 to be outside the limits, the vehicle is presumed to have turned off the route (per-
haps into an unmapped driveway or parking lot) and other rouLtines are called into play. For
example.route recovery instructions could be issued.

When the vehicle approaches within an arbitrary distance (e.g.,75 m) of a node where a
change in vehicle heading should occur, the turn flag is setand a route guidance instruction is
issued,giving the direction of the turn andifappropriatethe name of the next road.Thc algo-
rithm then monitors for changes in 0 to confirm that hemidpoint of the expected turn is
reached within an arbitrary limit (e.g.,10 m) of thevalueofLspecifiedforthenodeandafter-
wards to confirm that the turn is completed.
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Upon reachin the midpoint, the current value of L is adusted to that specified. thus
removing any rror in the measured distance accumulated since the last turn. If the expected
turn is not confimed within the allowed limits on distance L, tee vehicle is asumed to have
missed the tum orto have taken an alternate turn see dashed lines i Fig 294h) and other
routines may be called to identify the alternate route taken from the node.

The semideterministic algorithm concept outlined here may be extLended to tracking a
vehicle's location asIt moves over arbitrary routes within a road network rather than follow-
ing a preplanned route.As long as the vehicle stayson roadway defined by a vector-encoded
digital map. the vehicle must exit each nodev ia some vectorThu. amap-matchin algorithm
can identisuccessivevectors traivled by measuring the direction of vehicle travel as it
leaveseach node andcomparingthe vehicle Jirection with thatf variousvectors emanating
from the node.

Probabilistic An enhanced type of map-matching algorithm is required for trackingvehi-
cles not presumed to be constrained to the roads. When the vehicle departs from the defined
route or road network (e.g., into a parking lot),or appears to depart as a result of dead-reck-
oning error, the routine repeatedly compares the vehicle's dead-reckoned coordinates with
those of the links surrounding the off-road area which encompasses the vehicle location in
order to recognize where the vehicle returns to the road network. Unlike while traveling on
defined road ways, map-matching adjustments do not prevent zccumulation of dead-reckon-
ing error.Thus,depending upon the distance traveled off road and the accuracy of the dead-
reckoning sensorsthere may be considerable uncertainty in vehicle coordinates, which could
produce misleading conclusions when tested against the surrounding links.

Probabilisticmap-matching algorithms minimize the potential of off-road errors by main-
taining a running estimate of uncertainty in dead-reckoned location. which is considered in
determining whether the vehicle is on a street.The estimate of location uncertainty is reduced
each time it is deemed that the vehicle is on a streetbut the uncertainty resumes growth in pro-
portion to further vehicle travel until the next match occursThus, a probabilistic algorithm
repeatedly asks, "Where is the vehicle?," with no a priori presumption that it is on a road.

29.3 EXAMPLES OF NAVIGATION SYSTEMS

Figure 29 6 is a block diagram showing the major elements of a iypical automobile navigation
system. Distance and heading (or heading change) sensors are almost invariably included for
dead-reoningcalculations which, in combination with map matching, form the basic plat-
form for keeping track of vehicle location. However, dead reckoning with map matching has
the drawback of occasionally failing due to dead-reckoning aiomalies, extensive travel off
mapped roads,ferry crossings,etc

The location sensor indicated by dashed lines in Fig.29.6 is an optional means of providing
absolute location to avoid occasional manual reinitialization when dead reckoning with map
matchingfails.Although proximity beacons serve to update vehicle location in a few systems
(particularly those that also use proximity beacons for data communication.).most state-of-
the-art systems use GPS receivers instead.

The recent evolution and present trends of automobile navigation and route guidance sys-
tems are illustrated by the following examples.

29.3.1 Etak NavigatorM lBosch TravelpilotM

The Etak,1nc.NavigatorT introduced in California in the mid-h180s was the first commercially
available automobile navigation system to include digitized road maps, dead reckoning with
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FIGURE2.6 Typical components and subsystems of vehicle navigation system.

map ntchingand an electronic map display. It used a flux-gate compass and differential
odometer for dead reckoning, The equivalent of two printed city street maps wervector
encoded and stored on 3.5-Mb digital cassettes for map matching and display purposes.
Although sales were modest, the highly publicized Etak Navigator drew widespread attention
to the concept of an electronic map display with icons showing ctrrent location and destination.

The'Travelpilot. which is essentially a second generation of the Navigator, was jointly
designedby Etak, Inc. and Bosch GmbIIv 11 was introduced in Germany in 1989 and in the
United States twoyears later. One of the most conspicuous enhancements was the use of CD-
ROM storage for digitized maps.The 640-Mb capacity permits the entire map of some coun-
tries to be stored on a single CD-ROM.

Like its predecessor, the Travelpilot displays a road map of the area around the vehicle,as
illustrated by Fig.29.7.The vehicle location and heading is indicated by the arrowhead icon
below th center of ihe screen.The vertical barat the right edg of the map indicates the dis-

Destination Destination North B'3tween Two Stars

' Main Menu Zoom Out

Map Top North
Map Scale

Deslination Info 1/8 -30 ml.
Other St. Names r1ile

shiown

Shift Cursor
Left or Right Zoom In

Current Location Curreni
and Direction Destination

of Travel Bghtness
No access when vehicle is moving Control

FIGURE297 Bosch Travelpilot displav and contros Bash literature)
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play scale which can e zoomed in to mile lor complete st cet detailo r out to 3 Imiles to
show only major highways.The map is normaly oiented such that the direction in which the
vehl is heading pointsaight up on the displai, thusallowin the driver toal relate the
map dlsplay to the Viewi outside.

When parkeda menu accessblethrough the \EN utton permits use of soft-labeld but-
toni n1 ai lrollng schemetoe ner1 tinlatinsbyr e. e s ddrsitemrsection.etc 1aelpilot
usesa process called geocoding tolo c al 11iputdes intin nd ilplay It as a flashil gtar
on the map As illustrated in FiR 297. a desin at eocodedystr utaddress is bracketed
by twO fLhflh i sarshe theml p lsoonedi I I his case the sri mark 1the block whose
addrsIraTnge i Iludesthes r 1u (hm ber o th ilon, inA 11 l ineoo r acrossthe
top of the map isplay indicates the crow-flight distance and points the drection from the
vehicle's currellt location to thedestination Up to10 0input destinationsimay be stored for
future use.

A submenu providesseveral methods for the driver to rs he vehicle's positionon the map
i1 the Travelpilot cts off track. The fruency with which the sysen requiresremialzing
depends upon dead-reckoning anomalies and the completeneaand accuracy of the map data
for the area bein driven For xample map matching typcay als once in a thousand mies
when operaling in an environment like greater Los Angeles or North eixas. As for location
accurac the rest of the time ( .,with map-matching operativ)Travelpilots claimed to have
infiitesimalrror relative to th map.The map-matching performancei scompared to that of a
servo-ampifier in w\hich map-matching failurec orresponds to loosingsero-lock to the map.

The fravelpilot hardware includes a \'50 processor, X-Mb DRAML64-Kb EPROM,and 8
Kbof nonvilatile RAM for storing vehile location while th:i gnition isoff calibration lac-
tois. up to 10 saved dstmationseeThe Travelpilot mai interact with other devices through
an RS-' serial port adan epansioncard slot For campl.Traielpilots in 400 Los Ange-
les lire trucks and ambulances areconnectedd i agital packt mradio In thecity semergency
control center.The emergency operalors can monitor each vehicle slocation and status and
can send destinations drcictly to a vehicle'sTItavelpilot for energn dispatch.

29.3.2 Toyota Electro-Multivision

The Toyota Electro-Multivision has undergone numerous refiementssince it was introduced
in 1987 as the first sophisticated navigation system available asa factory option on automo-
biles sold in Japan. Except for a few featuresit is representativeof the more comprehensive
models of navigation systems now available in Japan from almost all of the major automobile
and electronics manufacturers

Many Electro-Multivision features may be summarized with reference to those of the
Travelpilot previously described in more detail Both use dead reckoning and digitized maps
stored on CD-ROM for display on a CRTscreen with an icon representing present position,
and are generally similarin their basic navigation features. However,a raster-scan color CRT
rather than a vector-drawn monochromatic CRT is used ir the Electro-Multivision. Also
unlike Travelpilot, the Electro-Multivision map database includes yellow pages information
such as the locations of facilities likely to beof interest to mo orists.

The Electro-Multivision also serves as a reference atlas. In the original version, for exam-
plea display shows a color map of alliapan with 16 superimposed rectanges.Touching a par-
ticular rectangle causes the map area it encompasses to zoom and fill the entire screen,agin
with grid lines superimposed to form 16 rectangles.Thus, a few touches of the screen takes the
driver from an overview of the entire country down to major roads and landmarks in some
quarter of Tkyo.

However, in spite of Electro-Multivision's sophisticated niap-handling capabilities, map
matching was not used in the first version because the digita. maps then available for Japan
did not contain sufficient detail at the city street level, In addition to detailed digital maps and
map matching,subsequent versions of Electro-Multivision include a GPS receiver and a color
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LCD rather han CR1 displaiy' In 1991. a routn feature was added to calculate a suggested
route to speciedetJinaions and highlight the trace on the LCD map display. The most
rcentversion adds syntheized voice route guidance Instructions

As ist 1h1es c for most other state-of-the-art navigations stemsoffered as factory-
Installed equlpiment in Japan, the Electro-Multivistoi navigationeatures are integrated with
a full suite ofentertainment features (e.g.AM-FM tadio tapecassetteaudio (D playercolor
TVetc.). In addition.the Electro-Multivision includes a CCD camera for rears ision on the
LCD screen.

29.3.3 Oldsmobile Navigation/Information System

In January 1994, Oldsmobile announced its Navigation/Information System, the first naviga-
tion and route guidance systen to be offered asadealer-installed option from an automobile
manufacturer in the United States. Initially sold only in California, the system was expected
to be offered nationwide as digital map databases for other a eas becomeavailable during
t994-1995.

The Oldsmobile system integrates a GPS receiver with dead reckoning and map matching.
The dead-reckoning process uses gyroscopic and odometer inputs A PCMCIA card is used
for storing a map database which includes the locations of points of interest such as emer-
gency services,restaurants.major retail storesschools,office buildings, tourist attractionsetc.
The major hardware modul es ofthe system are shownin Fig.21.8.

Destinations may be entered as specific street addresses or road intersectionsor by select-
ing categories andscrolling throiughthe points of interest included in the database. Routing cri-
teria (e.g.,avoiding expressways) may also be specified. Thenavigation computer then
calculatestheroute and highlightsitona4-inactivematrixcolor LCD.Once underwaythe dis
tance to and direction ofeach turn isdisplayed on the screen aid a voice promptadvises the
driver aseach turn isapproachedA representative route guidance screen is shown in Fig.299.

The OldsmobileNvigationnformation system issupplied by Zexel USA Corp.and is an
adaptation of Zexels NAVMATE system which has been under development for several
years specifically for the US. market.

29.3.4 TravTek Driver Information System

Whereas these examples of automobile navigation systemsar already available in certain
markets, TravTek was afunctional prototype of a navigation-bised in-vehi'e traveler infor-
mation system developed specifically for the TravThkIViIS operational field trial conducted
for a one-year period ending in 1993 in Orlando, Florida.The field trial was a joint public se-
tor-private sCetor projectwith the primary objective of obtaining field data on the acceptance
and use bY drivers of navigation and other information provided by comprehensive in-vehicle
systems linked with traffic operations and other data centers

The TravTek project used 10 General Motors automobiles equipped with the system
shownschematicallyinFig 29.1 to provide navigation. route selection and guidance, real-
time traffic information, local yellow pages and tourist informaition, and cellular phone ser-
vice, Most ofthe automobiles were made available to Orlando visitors through Avis Rent A
Car for short-term trials and the rest were assigned to local drivers for extended periods.The
American Automobile Association selected the test subjects aid operated a TravTek Infor-
mation and Services Center which could be accessed via cellular telephone.

TravTek navigation is based on a combination of dead reckoning and map matching, with
atGPS receiver playing a -watchdog"role.TravTek's navigation function superiposesvehi-
cle location on a map display screen, highlights suggested routes on the color CRT nap dis-
play. and issues route guidance instructions via synthesized voice. Alternatively, turn-by-turn
route guidance instructions may be displayed in the form of simplified graphics
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Although functionallyrealistic, the TravTek in-vehicle system design used some features
thatwouldnortypically appearinaproduction system.For examplerather than consolidated
databasesstoredon asingle CD-ROM or other data storage device.TravTek used separate
mapdatabasesstoredon separate hard disk drivesfor navigation processingand route guid-
anceprocessmg.

However, compared to these examples of commerciallyavailable navigation and route
guidance systems,TravTek's most distinct difference was the capability to superimpose infor-
mation on currenttraffic conditions onthe map display and to take traffic congestion levels
into account in calculating recommended routes.The traffic intormation was received over a
radio link from a specialTraffic Management Center (TMC) operated by the City of Orlando
in conjunction with the Federal Highway Administration and the Florida Department of
Transportation.The TMC consolidated traffic data from various sources including "probe"
data consisting of roadsegment travtl times received via mobile radio from the TravTek vehi-
clesthemselves

29.4 OTHER lVHS SYSTEMS AND SERVICES

A central aspect of IVHS(Intelligent Vehicle-Highway Systems) is the operation of advanced
traffic management systems (e.g the TravTek TMC outlined here) in conjunction with auto-
mobile navigation and route guidance systems.This requires be use of mobile data commu-
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nication links between the infrastructure and in-vehiclesystems Although the United States,
Europe.Japan, and olier developed countries are now systematically pursuing IVHS devel-
opment,selection of mobile data communication approaches remains under consideration as
this handbook is prepared.However, it is generally expectedthat one or more of the
approaches characterized in Table 29.I will be selected for most geographical areas

TABLE29.1 CharacteristicsotAlternaiiveMobileData
Communication Approaches

Approach Characteristics

FMsideband One-was
Low daarates
Extendedareacoverage

Proximity beacon One-way or two-Way
High datartes
Spot area coverage

inductive loop One-way or two-wa
Low datarate;
Spot area coverage

Land mobile Two-way
Local area coverage

Specialized mobile radio Two-way
Extended area coverage

Cellular radio Tvo-way
LocaWextended area coverage

Maih l itellite Oc-wo i-wa
Wide area covcrae

Meteor burst Tvo-way
Wide area covrage
Involves time delays

The vast scope of IVHS is made acsr to comprehend by subdivision into several interre-
lated and overlapping categories ha havebeen used to structure the IVHS program in the
United States:Advanced Traffic Managemen Systems (ATMS).Advanced Traveler Informa-
tion Systems (ATIS), Advanced Vehicle Control Systems (AWS).Commercial Vehicle Oper-
ations (CVO), Advanced Public Transportation Systems (APTS), and Advanced Rural
Transportation Systems (ARTS).

29.4.1 Advanced Traffic Management Systems (ATMS)

AIMS includes freeway surveillance and incident detection. changeable message signs,elec-
tronic oll collection, and coordination of traffic sinaltimingover wide areas in response to
real-time traffic conditionsMajor elements ofATMS have been around for decades.The first
computerized traffic signal control systems were developed in the 9610s, and approximately
200 computerized traffic signal control systems were in use in North America by the end of
the 1980s. About 25 major freeway surveilance and comrol systems were in use, including
many dating from the 1960sand 1970s.Electronic toll collection lid notstart experiencing sig-
nificant implementation until the 1990s.

An additional ATMS function is to supplyreal-tiie traffic information (eg.. link travel
times) over mobile data communication links toATIS.The final selectionof one or morecom-
munication links is unsettled because.among other things.their requirements (e.g.,data rates)
are highly dependent upon system architecture and the divisio of functions between infra-
structure and in-vehicle equipment.
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2942 Advanced Traveler Information Systems ATIS)

ATIS systems acquire~analyze, communicate, and present information to assist surface trans-
portation travelers in moving from one location to another.InitiallycalledADIS(Advanced
Driver InformationSystems) by Mobility 2000 and essentially limited to navigation, route
guidance, and trafic information presentedby in-vehicle systems. ATIS concepts now also
encompass the provision of transit schedules and connections to home,officekiosk and hand-
held PPATIS (Portable ATIS) units as well as in-vehicle units.Vision enhancement devices for
driversilso fall under the ATIS category.

Although PPATIS concepts are proliferatingmostearlyATISmarketactivityisexpected
to be what was orignally called ADIS and will be centered on in-vehicle navigation and route
guidance systemsA 1991 Delphi study by the University of Michiian forecasts some formof
navigation incorporating GPS will be used in 5 percent of all ehicles sold annually by 200
and in 50 percent by 2012. IVHS strategic planning assumes that manufacturers will sell 2.5
million vehicles annually with factory-installed ATIS by theyear 200

The potentialof the ATIS market isalso illustrated by the fact that approximately 00,000
sophisticated automobile navigationsystems had already been sold (mostly as factory
options) in Japan by the end of 1991even though they must oerate autonomously because
mobile communication links to ATMS traffic operations centers for enabling dynamic route
adjustment according to traffic conditions have thus far been linited to developmentaltests

29.4.3 Advanced Vehicle Control Systems AVCS)

Whereas ATIlS assists drivers by providing information to facilitate efficient and safe opera-
tion, AVCS provides direct assistance with vehicle control. An existing example is ABS
(antilock braking system). Other early forms ofAVCS include obstacle detection and warn-
ing systems and intelligent cruise control. Intelligent cruise -ontrol automatically adjusts
speed according to distance and speed of the vehiclebeing followed, and enables platooning
concepts wherein closelyspaced vehicles travel in groups to inc-ease lane capacity and safety.
AVCS may ultimately lead to fully automated chauffeuring.

Most of the more advanced forms of AVCS such as automalic lane keeping (lateral steer-
ing control) are still in the laboratory stage.Although driver warning, perception enhance-
ment, and assistancecontrolsystems are under active research and testing in the United
States, Europe, and Japan, the most comprehensive demonstrations to date have been accom-
plished under Europe's PROMETHEUS program.

29.4.4 Commercial Vehicle Operations (CVO)

In addition to benefiting from ATMS, AIlS, and AVCS functions. commercial vehicle opera-
tions may he made more productive through additional IVHS 'unctions.These include auto-
matic vehicle location monitoring, computerized dispatch and fleet managementsystems for
dynamic schedulingand routing, weigh-in-motion (WIM), automatcvehicleclassification
(AVC),automaticvehicle identification (AVI),on-board data acquisition computersetc.

The earliestCVO applications were for managing critical urban flets eg.,police vehicles
startingin the7s).Howeverextensive application of communication and location report-
ing schemes to long-distancetrucking fleets got underway in the 1980s. Much of the present
CVO activities (e.g.,AVI, AVC, WIM) focus on this application with the objective of elimi-
nating stops and regulatory paperwork now requiredwhen traveling from state to state.

29.4.5 Advanced Public Transportation Systems (APTS)

APTS encompasses some forms of CVO (e.g.,automatic vehicle location reporting), as well
as additional functions such as schedule monitoring for transit buses. APTS also includes
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I4OV (high-occupancy vehicle) lanes and instant car-pooling services. Although AVIL imple-
mentation for transit buses was limited until the present generation of GPS-bascJ systems
startedbecoming available, extensive research and trials were conducted during the 1970s
under auspices of the Urban Mass Transit Administration (recentlyrenamed Federal Transit
Administration)The use of AVL and communications technoagies to monitorcontrl, and
manage public transit contiues toh ea ceniral thrust of APTS.

New APIS thrusts include makingt mely and accurate infermation on traic conditions
and on transit and ride-sharingalternativesreadily available to talers(especially com-
muters who normally drive alone) for pretrip planning. Another is to improve the customer
interfacethrough the use of integratedelectronicare systemssuch as smartcardsal forall
transportation modes, and throught he provision ofreal-tine ransit service information at
homes, offices, and public places as well as at stops, aboard vehicles.etc. APTS also includes
systems for controlling HOV access and enforcing proper usage.

29.4.6 Advanced Rural Transportation Systems (ARTS)

ARTS has the greatest ovlapwith other segmentsof the IVHS industry in that few if any,
additional functionor chnoloiesare required Instead, safe tydominates rural [VHS plan-
ning with emphas ion in-vhicle safeyadvioryand warningsystems, prevention of single-
vehicle off-road accdentspreention of pasing accidents warnings ofanimals on or near the
roadway,v ision enhancemenItand Ma callsf rm stranded vehicles Although virtually all
of these may evolie unde other IVHS segmentsARTS communications considerations dif-
fer significally frim those of urban arsbecause lower poulation densities and fewer
roads combined with grate distances among ilities requi' egeater dependence upon
wide-area communications.
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30.1 INTRODUCTION

Electric vehicle (EV) technology is under rapid development. Several different types of
experimental vehicles are in operation in the United States and elsewhere. Each vehicle uses
different technologiesand systems. Mlost are convertedfromstandard internal combustion
engine vehicles (ICEV Because EV technologyis still in its ifancy, trends and future devel-
opment cannot be assessed. Only the present status and a possible outlook can be identified.

This chapter will present a description of the current tecl-nology available in EVs today
and identify the areas where technological breakthroughs w 11be required to produce EVs
that can successfully compete with the ICEV.

30.1.1 History of the EV

Electric vehicle development preceded the development of cars with internal combustion
engines (ICE).Thomas Davenport built thefirst battery-powred car in the United States in
1835'Easycontrol andstating of electric motors and a lack gas stationspromoted the use
of battery-powered cars. Howeverast development of the iternal combustion engine and
discovery of the electric starter motor halted development of EV technologyThe useofl ec-
tric vehicles was restricted to a small number of local deliven trucks and cars. An example is
the U.S.PostalService which used battery-powered trucks for maildelivery in New YorkCity
for several decades.

Increasing air pollution in the late 190s prompted the development of experimental elec-
tric vehicles, But the automobile industry significantly reduced vehicular emissions, which
again halted EV development. In the early 1970s, a gasoline shortage following the Arab oil
embargos renewed interest in electric vehicles,but generated only a few inadequate vehicles.

30.1
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The major problem with these EVs was their relativelysmall operating radius (traditional
fuels have about a 20 times greater energy densitythanbatteries)

Increased industry interest occurred recently when the California Air Resource Board
(CARB) mandated that in California two percent of all new velicles lighter than 1700 kg must
produce zero tailpipe emissions by 1998The proportion of zero-emission vehicles must increase
to five percent by 2001 and 10 percent by 2003.Other states in the Northeast are considering
adopting similar regulations to improve air qualityPresentlyelectric vehicles are the only com-
mercially feasiblezero-emission vehicles Thismandatory reduction of air pollution has pro-
moted vigorousresearch programs in both the United States and abroad'All majorautomobile
manufacturersstarted programs in the late 1980s to manufacture viable electric vehiclesby 199.

30.1.2 Electric Vehicle Performance

The main focus of EV developmental programs is to produce cars that are competitive with
present-day ICEVs. In order to demonstrate the present state-of-the-art technology, Table 30.1
shows the performance of the Solectria E-10 pickup trucks The United States-made Solectria
E-10 (Solectria Co. Arlington. Mass.) is commercially available and is typical of EVs on the
market todaywhich allows for a direct comparison to ICE-powred pickup truck

TABLE 30.1 Performance Rating
of the ulectri bi IickuplTuck

Performance parametcr Rating

System power 42 kV
Horepuwer 56 UP
Torque 73 ft- b
(iradc isthit 18%
Accecranlon01kmh b9 s
lop speed 100 k -nh
Effiienc at 75 kmh 240 Whlm
Curbweoht 1680kg
Ran eat a mkin 130 kn
Payload(2passengers+ 90kg

The Solectria E-10 Is powered by an ac induction motor with a direct-drive automatic trans-
mission and a regenerative braking system. It has power-assisted brakes, power steering, an
electric heater, and an on-board 2-kW4 NI1-V hattery charger. Typical ICEV pickup trucks
have a range of 5500to 750 km and a top speed of 150+ km/h.lie Solectria E-10 is a well-
designed EV but with a top speed of 100 km/h and arange of 130 km, it does not compare very
well to the 1CEV pickup trucks.

A review of different electric vehicles has led to the assessment that present day EV per-
formance is less t that of'ICEVs. To demonstrate the status of EVs, major performance
parameters are compared.

Range. The major limitation of E performance is the small operating range. An average
ICEV travels 751) to 1100 km on a tank full of gas and refueling requires 5 to 10 minutes.The
range of present-day electric vehicles is ssthan 150 km and th "refueling" (battery-charg-
ing) time is measured in hours. Statistical surveys indicate that the average car travels less
than 50 km a day, which is well within the operating range of present-day EVs.The short range
is due to the low energy density in the batteiesThe specific energy density in a lead-acid bat-
tery varies between 30 and 35 Wh/kg.which is significantly less than the 12,000 Wh/kg energy
density of standard automotive fuel The praciical operating range depends on the speed,
driving pattern, weather (temperature), and battery condition (age)
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Weight. Because of the low energy density, electric cars are cavier than similar gas-pow-
ered vehicleThespecific weight of a small electric car is around 2W/kg.

Speed. The operating speed and acteleration of the E is somewhat loer than today's
ICEVs, is is particularlyvald for hghlasdriving. Alhough electric racing cars can run
over 200 km/h for a shor lengthof time.manufacturers normal limit the maxmum speed of
the electricvehicle to around 120 km In eneral, the EV is well suited for cit diving.

Acceleration. Starting acceleration of today's EVs is comparableto thatofICEV How-
ever, acceleration ofthe EV at high speeds (from 110 km/h) and hill-climbing abi ity issigni-
icantly less than tie present-day [CEVs.i A lack of high-end aeleration may produce safety
problems during highway driving.

Cost. Because i the low energy density in the batteries lightweight cnstruction and high
effliency ill be requied by the EV To acluei high e ency.the EV must have a low
rolling resistance,low oefficient ot drag aerodynamic),and have a high eficiency air condi-
tioning'heating unit. Simulaneousl,the vhicle must be crashworthy \lost EVs use a large
number of expensiv er electronic components and micrcprocssors. Consequently. the
initial cost of an EV issigificantly higher than that of a gas-powered vehicl.

Expected operational costs of an E should be less than a comparable ICEV General
flotors Corporation'sStorm ICEVwith manual transmission drives approimately 50 kn on
$1 worth of gasolhne.The comparahl GeneralMOtors Impact EV drives approximately 120
ki on $1 worth of eletricity.assuming the cost of electricity to he 012kWh!

Vaintenance and Lfetine. Wear a fthe ELVs electric components is significantlylJess t n
the wear on the ICEV that is operating at high temperatures, liquid cooledand has many
more moving parts. Therfre, maintenance requirments for tic EV are significantly les and
the useful lifetimeof an electicvehicle issignifiantly longer han the ICEV The only com-
ponent that requeshigh maintenance and has ashort lfe span is the battery. Currenty, the
litlmeoflead-acidbatteies is only a f wears 1his led to the proposal that the batteries
shouldbecon-ideedasapat the operangexpenses. Roadside sevice may charge the
battery pack instead quick charging.

in order to essthe status and eabilitofcommercial se of electrical vehicles,Table
30.2gives typical performanceand technical data for eletric vehicles currently under devel-
opment.

30.1.3 Motivation to Use Electric Vehicles

Zero emissions of the LV is the main motivation for considering its use. Air pollutionpro-
duced by ICEVs in aecities have reached critical levels. These levelscan be decreased by
reduction of emissions from internal combustion engines.Switching to electric-powered vehi-
cles will reduce pollution levelsbut will increase the consumption of electricity, thereby
incresing the air pollution produced by electric power generation.Considering only vehicle
and power plant pollution, a switch to electric vehicles would practically eliminate carbon
monoxide, ozone, and volatile organic compounds from the air. Carbon dioxide levels would
be halved and nitrogen oxide levels would be cut by 20 to 25 percentbut sulfur dioxide levels
would increase.Sulfurdioxide isa byproduct of coal-fired powcr plants. It is hoped that by the
late 1990s. power plants will install equipment to reduce nitrogen oxide and sulfur dioxide
emissions, which will reduce acid rain.

A second motivation for EV use would he in a reduction of dependency on imported oil.
Only four percent of the electric energy generated in the United States uses petroleum-based
fuels, while fuels for ICEVs are exclusively based on petroleum. A third advantage is that
mostelectriccarswillhchargedatnight during off-peak hours.This increases utilization of

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



30.4 EMERGING TECHNOLOGIES

TABLE30.2 Selected Technical Data for Electric Vehicles.

Type SauIs

Range. Top speed,
Batery In km; h

4-passenger Car Concepti to
produteiont
plans
announced

Frd MottorCo. Miniivantbased
(U.Sj on Fords5

European
Escort

Fiatrlanda

Eleltra

94-l1s1 wre

produced in
1993 andleased
fr 30 Mn its

Fiat SpA (Italy) P Fssengr car Prrloution run Laid:tcid

of MR1plaitned Nickel k
cadmnium

todumsulur 240 120) () El iuses a 32-
kW perma-
neft magnet
decmotor

Sttdiumnkiilf'r 1IM 120) Uses adchre-
(goiveired) phase,5(kW

ac inducin
motor inte-
grated into
front

transa]sL

8i
lo4)(city

drising)

113 Uscs a 9.2-k W
seriesde
mOlOr

GMImpact GI.Aero-
Vtroamet Inc.
(U.S.)

G-Van

LA 301

EPRI, General
Motors Corp.

Conceplor
Indusiries Inc.
(Canada)

LADWP.SCE,
Clean Ac1
Tratnport UI!S.)

2-seatersuib-

compact sports
car

Passe-ngericargo

Van based on
GM landura

glider

2-patsienrer,
series hybrid
catr

COTinirrmreCral
producion tn
mid-I19t0s

sieriti
comnmeretal

teeis-nuitoslt-
utilites

Commercial

production
proectied for
NOi3

Lead/acid I at 120 Uss iwo43-
knet (goverNed) kW ac inde

Io(inmttors

Lead/acid % ctt y
diving)

Leadiad
Sodium/sllfur

Mercdes-Bicna Mercedes-Benr 3-pissenger. Research car Sodiiuminickel
ltIFV AG (Geimany) 4-dopecar ahloride

Nsa it L1V Nissatin Motor

Co (Japan)

Renault Zoom RenaiIt (France);
Maira SA
(rmce I

Passenger Car Concpt; no
ptoduaciiort
plant
announced

2passenger car Uonice;l
production
versIon tunder

dcevelopment

Nickell
cadmium

Nickel!
cadrtim

1,3 I/ses a 43-kW
dA motor

%1?7 Hhr version
154 with somIUt

sulfur battery
battery and
auiliaty ICE
has range of

240 kt

150 12t Ises two
exiernal-rotor
de motors

Iw at
72 Lmti

120 Can accep a
40%, charge
in 6 min mhas
solcalr es in
roof to aug-
mntt allery

9 120 Wieelbasc
shorients

frorr 1845-
1245 mm for
parking

4-pasenier ar Concept car Nickel 50 at
Only ore built cadmiun 40 km/h

P'atsenecricargo

minivan bascdl
on Chloer
minivan glider

AbotLIu50were
produced in
1993

76 Has 25-kw
hiushkss de
muotortinside

each wheel

Nickel/iron 180) los5 Usesa46W
de motor

Volkswagen Volkswagen AG
CityStromer (Germany)

Passenger Car 70 vchiles using
drtiiacid

battery built
and sold

Leadiacid 140
Sodium/sulfur 12 1

104 Based on etta
producton
velice

EPREE=Electric Power Research Istlre; ICE m internal combusion erge:LADWP = Los Angelet Drparrmen of Water and Power:SCE= Southern California Edin Co,

BMWI E/E2 BMWAG
(Gtenrany);
Unique
Mobilily (U.S.)

Comments

Tupco la

FEVan

Tokyo Eleciric
ltower Co
(JLapan )

FPRI,Chryser
Corp., SCE
(U.S.)
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ELECTRIC AND HYBRID VEHICLES 30.5

existing power plants and reduces energy costs. Utilities intend to offer lower rates to charge
vehicles during off-peak hours and penalties to thos chargingduring peakhoursThe 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 svstem has been used in almost every transportation application that ItEV
has used.includin light cars and vans to large city huses.MostEVsuethebodandmechan-
ical parts of commercially ailable ICEVs. Two examplesare Ford Motor Company's
Ecostar van and the Mercedes-Benot 1)E sedanGeneral iMtars'Impact sports coupe i one
of the few EVs that has been spcaly designed as an EV Figure 30.1 shows a block dianram
and the major components of a tpical EV

Motor Mechanical

FIGURE3.1 System-blockdiagramoatypicalelecricvcleclE\'J

heVmajorcomponentsare:

1. Charger It 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. Alotor controller This systemcontrols the drive motor sped 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 energyfor the vehide propulsion.
8. Climatecontrolsystem, This system includes efficient air conditioning and healing systems

9. Auxiliary power It supplies the headlights, instrumentation, door opener, auxiliary
motors (e.g., for the sunroof), power steering, etc.
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The location of ie 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 iare com-
bined.Some of the components.such as the protection system ard auxiliary supply system.are
similar to those used on standard ICEVs.

30.3 CHARGER AND PROTECTION SYSTEM

EVs can he charged overnight during off-peak hoursorata roads destationTheovernight slow
charging takes 8 to 10 hours using a 240-V, 30-A connection. Quick charginrequires several
hundred amperes and takes 15 to 130 minutes.Today's FT sare 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 de level required for charging. In most cases, this rectifier is mounted on the vehicle.
However, it was proposed that the rectifier be installed in th? charging station, where an
advanced computer control would determine the chargingvoltage and thebattery charge
level. Subsequentlythe computer will adjust the charging vohLae to assure efficient and fast
chargine of the batteries.

The most simpletechnical solution is to use phase controllel rectlfiers which control the
haring rateby the delay of the deviceturnon ,Figure 312 shows the connection diagram

and ypicaltolage and current waveforms of a single-phas thyristor-contoled battery
chargerVaranceofthedelayangle hanges the average dc voltage and the charging current.

In some vehicles the attery-charging circuit performs a dul role and is used to conutral
motor current whil ne hicle is being drivenilie Ford costarmi 1in uses thisconcept of
a combined charger arddrive controller. It can be built withi gh-power transistosMOS-
FETs,or Insulated gate bipolar transistors (IGBTs). Tbe circuits hown inFig .02 can he used
as an inverter to drive ac motors or as a chopper to drive dc motors switching circuit is
required to change from the charging mode to the dve (dischargin) mde

The connection between thee hicle and the charging staion is currently under develop-
nient.Two diff.rnt sstems havibeen proposdhe firs ivou d use the transtormerpinci
ple in which thee s Istem isconnected to the hlecharger iroughin inductie couprlng,
a trnsformer with two isolaed coils. coils are coupI V ith aninn core The mapor
advantage of this wtemis thatthe vehicle is not connected glvanically to the electrical nl-
work.This reduces the dange oftouchingenerged parts or electricalaiunsc aused by
ground fuls.Te separation ofthe vhick rom the network permis suppino theindu-
live couplingf rom a highervoage (40V)tree-phase systm This allowslaoer loads and
suggests the use of the inductive ouling forTuick-chargingstations

The econd system connects the char gng station to theve hi.lec harger through a metal
plug similar to that used in outdoor appliancesSIaldTieentplug conigualions are
under deveopment The major Lequiemens are hat theplug his to he waterproof and
touchproo, it has to withstand abuse and resist vandalim, it hasto bee nerizedonly afterlit
isconnectedtothevehicle chargeranddamageof lthe plug shouldactivate a priotection 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 dischargesthe battery.During a fault. the energy stored
in the battery is converted to heat which canm relt wires in the vhicle'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 andpassengers. Another problem is that the
battery voltage in most EVs is between 100 and 200V 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-

lation fault between the electric system and
Eletri cithe body will not produce battery discharge

Eloetaricc cui t current. However, the second fault will short
circuit the battery and endanger the opera-

First fault Second fault tor. A possible fault scenariois a leakage
path created by the conducting deposits pro-

Body duced by ciddiscarge from the battery.
This conducting path can connect one termi-
nal of the ballery to the body, which is the
first fault. Cable friction against body parts

Tire could cut the insulation, which may connect
the conductor to the body of the vehicleand

CAR produces the second fault.This second fault
Battery will generate a short circuit. Figure 30.3

shows a schematic of the electric circuit and
FIGURE30.3 Effectof insulation faults in anEv the current paths produced by the faults.

1,
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Detetionof 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 operationof EVs in adverse conditions-snow,mud.and longic lines-may produce
merloading of the electrical drive circuit and overheatlthe battery, motor, or cables. Over-
heating also reduces the life span of the insulation.1te electronic drives have built-in over-
load protection but backup protection in the form ofcircuit breakers or fuses will prevent
costly amagefrom fault conditions.

The electrical circuit backup protection used in most EVs consists of devices which are
similar to thoseused in standard ICEVs.In addition to the breakers and fuses.microproces-
sor-based vehicle controllers are equipped with protection circuits, which provide primary
protectionby turning off systemns 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:

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

*Heater/air conditionerinterlock. Disables the climate contvol system or switches it to the
charger while the vehicle is beingcharged.

30.4 MOTOR DRIVE SYSTEM

The first electric vehicles used standard ac or dc motors but the 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 characteristicsmaintenance-free operation,and insensitivity tooverload 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 ;hort-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 percent less than the speed of the
magnetic field because the voltage induced in the rotor becomes zero if the motor and mag-
notic 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, 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
delia-connected when the vehile is at highway speed. The connection isswitched to wye
when a largeamount of torque is needed for hill climbing or cceleration.The commercially
availablemechanical delta-wye switch can operate as a high-to-low gear shift.

DC Alotors. [Vs which have dcd rive sysens use seriesd J motors that have excellent
speed-torque characteristics Motor speed isproportional to the supply voltage,which simpli-
fis the control circuit. The de motors are less fflicieni thaninduction motors and the de
motor construction is more complicatedbecause oft e commnutato It equires regular main-
tenanceand issensitive iospeedingand overloadsThe d1110.ormaximum speed is lessthan
the similarly rated induction motor. DC motors i an electric vehicle require a multispeed
mechanical transmssion,

The statorof a dc molor has poles with field windings. in a simpl case, the rotor coils are
connected m icies and the end of each coil isconncted it a commuLator segmentTherotor
winding issuppliedb de current through brushes connected i the commulaior.Tie dc sup-
pldlivescurrent through the field and the rotor windings both of which generate amagnetic
fie 111interactionb etween these two fields generatesa torque whichtriest o alilnt le two
fids u .01ure1Continuousrotation, the commutatorc hianes the direction of the coil current
whenit passesthrouch thneutral zone

osd iotors areqiipped withauxliIV poles supplied by ther tr current,locl ed
closeto the brushes The poles reduce the magnetic field aroundthe brushes to improl comr-
mutation.

The mostn uitable motor for electric vehicles is the series motor, where thefield coil has
low resistance and is connected in series with the rotorThis motor has alarge staring torque
but it decreases with increasing speed.This characteristic is suitable for urban drivingbut 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 replicing the current excited stator
poles with permanent magnets.The expensive rare earth permsnent magnets produce a higher
magnetic field than the current excited coils. which leads to smaller and more efficient motors

Brushless DC oor. The brushlessde 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 penmanent magnet and the nag-
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 permanentmagnets
field stops the rotation.To avoid this, before the field alignment occurs. the next coil is ener-
gized to maintain Ihe 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
sequenceto 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 arcingThe brushless de motor ias 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-speeddriving. Most electric racing vehicles are built with
brushless de motors and drives.

Most vehicles's motors are mounted on the 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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Fixed

I-Coil
Rotor
frame

Figure 30.4 showsthe Tokyo Electric
Company's in-wheel brushless de motor.The
rotating wheels with the tiers are equipped
with an array of samarium-cobalt permanent
magnets. The stator coils are installed on a
stationary rin which is attached to the body
of the car. Four motors have been usedto
drive an experimental car.The lack of gears
makes the control of the four motors very
difficult.

30.4.2 Motor Controller

The motor controller regulates the speed and
torque of the electric motor, which drives the

Rotating car. The motor controller also limits the
permanent motors' maximum current. Both ac and de

drie sstes ae used. T-he electre vehiclemagnet
drive technology is changing continuously
with the development ofnewelectronic
devices. Manufacturers areexperimenting
with different tyles 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

FIGURE30.4 in-whedbrushlessdtelricmoor. possible efficiency. Controllers should also
(Cortesyof7IkEYriCPower Co) have the capability of regenerative braking,

forward-neutral-reverse control, overload!
overheating protection, and production of a
high starting torie.

Most de drives use the traditional series dc motors with mechanical commutators. This
well-tested motor is controlled by a simple electronic chopper (dcdc 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 into an EV is the electronically
commutated brushliessdc 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 inveters and three-phase induc-
tion motors.This technology is frequently used in tie power industry.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 higi-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 vNltaeThe
system consists of two transistors or IGBT switches Each switch i shunted by a power diode
to permit the circulation of inductive current and avoid high reverse voltages across the switch-
ing devicesTihe diode provides a path for the armature current when the switch is A 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 irives current through the

Rotating
permanent-

magnet

iron core
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IGURE 30.5 Concept of a comma itor-type series dc
motordrivc,

motor. WhenTI is off the motor current circulates through the diode D The motor is driven
only when the switch is on.The average armature dc voltage is roportional to the switch duty
cycle, which is the rao of the switch ON time and total switching period (ON time + OFF
time).The motorspeed isproportional to the armature voltage andconsequenthlyto thechop-
per duty cycle.

In the regenerative braking model'1 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 tEe battery The rate of recharg-
ing and braking action can be regulated by the duty cycle of switch T

A more sophisticaieddouble chopper circuit for compound de motors is shown i Fig.30.6.
This circuit has been used in the Fiat Daily E2 van The illustratien shows the motor controlcir-

L
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TO PICK-UP
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FIGURE3(.6 Doub chopper forseparately excited dccommutator moor.
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cuit and the concept of the vehicle control.This vehicle uses a compound dc motor with a low
resistance series and separate high-resistance field excitation windings. The former is con-
nected in series with the armature while the field winding is separately excitedThe armature
voltage and current are controlled by a thyristor chopper, which is, in this case, a forced com-
mutated thyristor bridge.ThyristorT, is turned on and off to regulate the motor armature cur-
rent in drive mode.ThyristorT, is turned on and off to regulatehe motor armature current in
the regenerative braking mode.These thyristors are commulated by thedisecharge of the LC
circuit through the auxiliary thyristorsTo andT,.The diodesconnected in parallel with thyris-
tors Tt andT2 provide a path for the inductive motor current and eliminate the high reverse
voltage. This circuit can be simplified by replacing the thyristors with high-current IGBTs.

The current of theseparate 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
speedand 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
signalandthe accelerator pedal position activate thespeedregu atorThespeed regulatorsig-
nal is compared with the motor current and the resulting signil activates the motor current
regulatorThe output signal of the regulator isconverted to imp.dses that control the firingof
the thyrisotrs. A second control circuit is formed to regulate the field current.The motor cur-
rent. motor current regulatoroutput signal. and actual field currents are compared and the
resulting signal coitrols the field current.

Brushless DC Drives. Brushless de drives are the product of the latest developments in
power electronishe brushessdmotor"has permanent magnets on the rotor and coils in the
stator. The elimination of th commutator from this dc motor made necessary the sensing of
rotor position and sequentialswitchingof 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 wave pulse-
width modulation (PWM) voltage control.The motor speed is regulated by the variation of
the supply voltagefrequencyThechange in voltageregulatesthemagneticfluxinthemotor,
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 voltageamplitude is controlled by pulse-width modulation (PWM).

The concept of ac motor regulation is shown in Fig.30,.The voltage source inverter con-
sists ofthree parallel connectedswitching units. Each unit contaiis two switches connected in
series. Each 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 currentiandlini-
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
exampleswitches O.C 0, and Q, can be turned on simultaneously. This connects the neative
battery terminals to phase "c"and the positive terminals to phase; "a"and "b"The simultane-
ous turn-on of switches O! Q4. and Q is a prohibited combination because the simultaneous
turn-on of 01 and 04 short circuits the battery.The turn-on of the switches is shifted from each
other by 60 degrees and each switch conducts for10 degrees. The turn-on gating signals are
shown in ig.30.8In each cycle, theswitches are turned on in the ollowing order: 123,234.345,
456,561, and 612. It can be seen in Fig.30.8 that this circuit producas square shape voltages and
dres not prmit the regulation of the motor currentIt 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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The on and off time of the switch is determined by the companson of a sinusoidalinput 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 sinusoidalcurrent through the motor The widths of the
output voltage pulses and the motor current are regulated by variation of the input sine wave
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 200 Vand 250 A and for cars with fixed-ratio transmission, 400 to
600 V 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 thegeneration ofrfdisturbances. Thetimeofthe
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 leads and using filters or snubber circuits. The
desired switching time is less than one microsecond

Thyristor or Silicon Con(rolled Rectifier (SCR). SCRs have been used by the power indus-
try for years in variable-speed drive. They have a large current-carrying capacityand high
voltage ratings and relatively low voltage dropbut the current flow cannot be controlled after
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firing. The turn-off requires cumbersome auxiliary circuits. In spite of these disadvantages.
sone EVs use SCRs

Gate Turn-OffThyristor (GTO). The gate turn-off thyrislor can be turned off by a power-
ful gate signal The problem is that the device can only operate at low frequencies(I to 5 kHz)
and the voltage drop is significantly higher than the SCR's voltage. drop. Also. the firing and
turn-off require large currentswhich increase losses in the device.

30,14 FPNIERGING TECHNOLOGI1ES
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PowerTransistors. Both the voltagedropand thegainofpowertransistorsarelow.The low
gain requires expensive gatedrive systems.The transistors can operate in the required audio
frequency range.The performancecan be improved by conneting two transistors in a Dar-
linglon pair configuration.In thisconnection. the first transistorserves as an ampliierwhich
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 urrent-con-
trolled (thyristor/ransistr)andisdesigned forhigh-frequency operation.However,thesatura-
(ion voltage drop and its temperature sensiiv iy limit tlie MOSFET application inpowercircuits,

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

MOS-Conrolled Thyristor MCT). The MCT has a low voltage drop and can he 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 betterand more powerful semiconductor
switches which have potential for EV applications.The typical ratings of the mosi 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 mitigatedby the useof
mechanical gears, similar to those used in today's ICEVs. Theefficiency of an EV drive
depends on the speed. Typically, ac drives operate at better tha 80 percent efficiency in the
rangeof 2000 to 12,000 rpm and the series dc drives in the 2000 pm 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 torque
more or less constant, in the 0 to 4000-5000 rpm range. However, at higher speeds, the lorque
beginsto decline. This means that acceleration in the 65 to 105 im/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 requirs hightorque. In spite of the
advancement in electronic drive technology,efficient EV operatin requiesmechanical gears
to reduce motor speedTypically.a gear ratio is between 4:1 and 8:1.

TABLE30.3 Comparison of Power Switching Devices

Darlingto BJT Power MOSFET IGT MCT

Power capability 1201 V.80 A 500 V,50 A 1210 V,400 A 600 V 60 A
Gatiing Current Voltage H ts Voltage
Conduction drop, V 19 .2 12!1.7* Ll
Switching frequency, kz 10 100 2 4P1 20

Reapplied dr/dt, V/ps Limit for device lossand SOA Limited by Miller effect Lunit for device loss 500
Turn-on dildt, A/ps 100 Very high Very htoh 1000
Turn-on time 13s 90ous 09 9ps 1.0 ts
Turn-off time 5 ps 014 4s L4 psJ200 nW 2.1 ps

Second 2eneration.
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Multiratio Variable Drives. The multiratio variabledrive utilizes present automotive
techologywhere moto 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-
cesthe internal combustion engine is replaced by an electric rotor 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-speedtransmissionplus reverse gear.Themultiratiovaiable-
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
moreaccurate matching of the electric drive characteristics with different operating condi-
tions.

Single-Ratio Drives. Some of the electric driveslike variable-frequency ac driveshave a
broad range of efficient operation.A single-ratio reduction gear can match the drive charac-
teristics with road conditions. lost vehiclesdesigned for electric operation uethistechnie.
The motor is mounted on the axle and the reduction gear is integratedwith the motor.A typ-
ical example is the Ford Ecostar. In this vehiclea 75-kW induction motor is mounted directly
on the front transaxe.

An example of theintegration of the motor and reduction gear is the transaxe-niounted
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 motordrives the wheels with
a reduced speed.This transaxle arrangement matches the motor with road conditions,

FLUX RETURN
PATH MOTOR LEADS

STATOR F~GGA

PERMANENT PLANET GEARS
MAGNETS

-- PLANETARY
DIFFERENTIAL

OIFFERENTIAL

OUTPUT L)
OIFFERENTL
WNPUT

FIGURE30.9 Inregrated transaxe molorgear.and differential arrangement!

DirectDrives. The direct drivingof the wheels by in-line motorsis a desirable concept for
EVs. An in-wheel drive eliminatesgearsand simplifies the mechanical construction of the
vehicle butit 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 wheeLhThe 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
witndings.
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30.5 BATTERY

For the EV to become a viable option for transportationth primary technological issue
which must be improved upon is energy storage. Short range and long charging times have
daunted Vdesign efforts since the early 1990s. The lead-acid battery, which has not
improved much since the early EVsis 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.

30.51 EV Battery Requirements

EV batteries have the following requirements:high specific energy, 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 allof
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
drivingrange of the battery pack.To derivethe specific energy. he 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 FR heating from internal resistance and contact resistances)
and chemical energy losses represent energy which is stored in 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 maximum 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 technologies currently available and
those under development.

TABLE30.4 Comparson of BattenTechnologies (Relative to Lead-Acid)

Battery Pb-acid Ni-Fe Ni-Cd Ni-MH Zn-Br Na-S Li-FeS2 Li-Poly

Relative energy density I L5 1.6 1.7 2.2 2.5 4 4
Relative peak power density 10 12 1,9 21 06 1.1 4 15
Relative rane 1. .0 1 2 2 21 3 4 4 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 EVstoday.Efforts
are underway for the development of advanced lead-battery concepts for the short-term
requirementsof 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 Whkg and specific power of 93 W/kg

Ni-Fe Batter. Another metal plate in liquid electrolyte battery is the Ni-Fe battery which
has a much longer cycle life than thelead-acid battery.The Ni-Fe battery is very robust buthas
a relatively small specific energy and specific power.It requires water to beadded 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 EVnThe Ni-Fe
battery is also expensive and has a specific energy of about 50 Wh/kg and a specific power of
about100V W/kg. Since the Ni-Fe battern has beenextensively developed, it seems less likely
that there will bea major breakthrough for its technology than or other newer technologies.

Ni-MIL The nickel metal hydride batteries show promise for EV application.They use one
nickel hydroxide electrode and one metalalloy electrode which has the property ofbeingable
to store hydrogen in the solid state. Typically the Ni-MH battery has specific energyand spe-
cific power of 54 Wh/kg and 174 W/kg, respectively. It also has a relatively long cycle life.The
specific energy of one experimental Ni-NIH battery is 81 Wh/kgi

Zn-Br. The Zn-Br battery uses carbon electrodes and pumps the electrolytes (zinc bro-
mide/zinc bromide + bromine) to separate sides of the cell. Pumping of the electrolytes pro-
videscooling and uniform plating of the electrode, T1e Zn-Br battery has a high energy
density (72 Whkg),but a relatively low power density (53 W/kgi.Because of the high energy
density, the research will probably continue on the Zn-Br battery. but problems with low
power density, highercost (pumps,reservoirs, and lines),and the corrosive nature of the male-
rials used will make it unlikely that this battery will be the long-ierm solution for EV use.

Na-S. The sodium-sulphur battery does not have solid electrades- It uses molten sodium
(heated to300 'C) as the clectrode.The Na-S battery has a specific energy of80Wh/kganda
specific power of 100 Wikg. A distinct advantage of the Na-S technology is its long self-dis-
charge time, which can be vears.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 iolerated without arecharge.
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 afteraperiodofnonoperation.The addition of heaters forthe battery will alsoadd
additional cost. And continual solidifying and reheating of the electrode will eventually dam-
age the battery.

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

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

TABLE 30.5 Midterm and Long-Term Objectives of the USABC

Criteria

Primary craiteria
Power densityWL
Specific power, Wikg (S0% DOD.30s)
Enrgy densityWhikg (C/3discharge rate)
Specific energy,Whkg (C/3 discharge rate)
C life,cycles
Ultimate price, LJS$/kWh
Operating environment,oC
Recharge time, h
Continuous dishare,% of rated energy capacity (no failure)

Secondaryvcriteria
Efficiency, (C/3 discharge 6 hharge
Self-discharge
Maflinienance

Long-Term

250
150 (2I0 desired)
135
SP Q10/ldesired)
600 (5 vvars)
<150

-30 to -45
<6
75

75
<15, in 48 h
Zero

400
3001
200
1000 U(0 years)
<100
-40 to+85
3 to6
75

80
<15% per month
Zero

30.6 VEHICLE CONTROL AND AUXILIARY SYSTEMS

30.6.1 Vehicle Controller

In addition to the motor drive, the EV has several other system which must be monitored
and controlled.Figure 30.10 shows the block diagramof a vehiclecontrolsystem. It is divided
into four major parts: motor controllerpedals, hand controls, and dashboards. The advanced
svstem uses amicroprocessor 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.'ie signalsarethendigitized
and supplied to the microprocessor. It evaluates the subsystem signals and sends out control
signals. The microprocessor 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 storedin
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 considerablc 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 that the same vehicle requires
about 8 kW of power when driven in accordance with the Federal Urban Driving Schedule.
The use of the airconditioner or heater significantly reduces the vehicle range.

EVAir Condiioner. A car's air conditioning system is designed to operate, typically, at out-
side temperature of 44 'C and a relative humidity of 40 percentTie air conditioner cools the
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FIGURE 30.10 An electric vehicle control systen

inside of the vehicle to27 C and a relative humidity of 50 percentThe interior of the vehicle
must be ventilated and this increases the air conditioningsystem heat load. Th
ANSI/ASHRAE 62-1981kR Ventilation for Acceptable Indoor Air Quality Code"requires 15
ft'/min ventition air per passenger.The finished car interior provides sufficient heat insulation,
but EV side windows must he tinted and doors must be properly sealed to reduce heat loss.

A typical air conditioning system has relatively low efficiency, which reduces vehicle range
considerably.Several reserch projects have dealt with the development of more efficientsvs-
tems.The most promising concept is shown in Fig.30.1 1This system is built with avariable-
speed compressor driven by a brushless de 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 asmaller 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 vehicleis not desirableAn alternative heating method is the use
of the air conditioner as a heat pump, together with vehicle waste beat. 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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30S6.3 Auxiliary Power

Proper operation of the vehicle requires an electric supply for power steering, power brakes,
theheadlights,turnindicators etc.Allthesesystems arewelleeloped andoptimizedfor
ICEVs Supply of the auxiliary equipment with more than1010-V batteries jeopardizes electric
safety.Higher voltage requires better insulation and increases csts. Consequently, most elec-
tricvehicleshavea12Vauxiliarypowersupplyanddistributonsystem.Onesolutionisa
chopper, which charges anormal 12-V battery.Another solution is aconstant voltage switch-
ing power supply like those used in the electronics industry

30.7 INFRASTRUCTURE

The incasing use of ICEVs initialed the development of ahighway system, the network of
gasstations,thegasdistributionsystem,andtheincreasedprouction ofhigh-qua ity grades
of gasoline. Most of these facilities, except the gas supply and distribution, willbe used by
ELsThe electrical network is well developed, but the refueing of large numbers of vehicles
may require an increase in network capacity.

30.7.1 Electric Network Reinforcement

TheEV can becharged slowly overnight at the owners hone oTit canhbetcargd atcharging
stations at amuch faster rate. The method of charging has amajor effect on the electric sys-
tem requirements.

SlowCharging. EVsare chargd from the local electricdistributionsystem.Thepresnt
convepcis thatV will be charged attheowners home durin off-peak hours(overnight).
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This requires5 to 10 hours from a 240-V,30-Aoutlet. Alsocredt Icard orcoin-operatedcharg-
ing facilities will be installed in public parking lois and garagesIese facilities will charge the
vehicles with 30 to 50 A to provide a partial recharging whilethe 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 eeation and distribution system imprvement.The utilities will use
time-of-day pricing, in which the night rate is significantly lowerthan the day rate.The use of
interruptable tiffs may be considered.This would allow the utility to interrupt the vehile
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-chargingstations 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 loadson
the localdistributionsstem.To reduce these loads, the use of energy storage devices is being
considered.Theseinclude batteris,flywheels,and superconducting magnetic storage systems.
Quick-chargingstations will not be designed to fully charge a discharged battery,but will pro-
vide an additional 110 to 160 km ofdriving range with a 10- to30-m charge.

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

30.7.2 Harmonics and Power Factor

EV chargers aeelectronic devices that generaie harmoncs and consume reactive power.
Expected operating cndilons in a future slochging ation can he estimated from the
measurementspefomed during the APS Electric 5100Race n Phoenix Arizon in 1994. g-
ureI312 shms the supply ca4lecurrent when 30differentv ehicles were charging' "The max-
nium charging current pervehicle was limited by a circuit breaker to 5()A at 240VTle figure

showssevere harmonic distortion.
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FIGURE30.12 Chrgingcurrentwveonalasow-chargingstation."

The measured power factor for the different chargers varied between 0.75 to [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.

The measured harmonic distortion factor was between 5 and 50 percent. The cumulative
distribution of the harmonic distortion factor at the supply cable hows that 80 percent of the
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chargers operated with a distortion factor less than 30 percenl!' 1emeasured values are
alarming and indicate the need for improvement

Reactive power consumption can he reduced by the useof a volage 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 phaseo errection capacitors.

The harmonic content of current in a chargingstation can be sinificant but it can be
reduced by the use of pulse-width modulation (PWM) at the chargers. This method also
requires transistors and asignificantly more complicated conirol circuit. The currenthar-
moniccontent in a chargingstation decreases as the number ofvehicles being charged simul-
taneously increases.This isdue to the phase shift between the harmonics being generated by
thedifferenttypesofchargers.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 anV ,canbe a f hundred amperes It poduces manetic filds both inside
and outside the El Themagnetic field generaedb the dedriveshas bothdcJ andacompo-
nents. The ac component is superimposed on the much higher dc component The ac drive
produces magnetic filds, which are distorted sine waves Thef undamental component is
determined by the speed of the vehicle.The higher-frequencycomponents up to the tenth har-
monic are notneghiible

The highest magneticfield as measured during acelerationand reenerative braking. In
thiscondiinthe maimum field in the engine compartment w as about 120 mG the magnetic
field in the passenger compartment was neglighbledue to the shieldingefect t he car body

The magnetic field ina future charging stationcanbeesimldfrmthemeasu<.ments
perforned duin the 1994 APSElectric 500 Race The results indicate that the highestfield
around 50 Uin as measured near the charging ables.The field 50 cm from the vehicles was
beween 20 and 30 mG.' Numbers suggest that the future charging sttond esign has to con-
sider the use of shielded cables and cablc arrangements with low field emssion

30.8 HYBRID VEHICLES

The inherent low operating range of EVs suggests thebuilding 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 usedT operation can be improved
by recharging the battery at night.

The two basic configurations for hybrid vehicles are seriesand 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 constantspeed with maximum efficiency.The vehicle is controlled electricallyhe
electric control simplifies the mechanical gears and differential, The disadvantageofthis
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FIGURE 3013 Two concepual arrangements for hybrid vehi cles:aseries
bybrid drive. () 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,electroniccontrol, and battery.The mechan-
ical gear drivesthe wheels through a differential In highway driving, the ICE propels the
vehicl and charges the battery.The electric motor operatesas zgenerator.In citydrivingthe
battery and the electric motor drive the vehicle.During hill climbing orotherconditions when
the maximum power is neededl both engine and motor drive he vehicle. This arrangement
results in better efficiency, less weightand lowercost.

Hybrid vehicle technology is under development wiih several other arrangements which
have been proposed and are being evaluated.Volkswagenbuilt 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-cntained electrochemical cell/cells or system abch converts chemical energy
to electrical energy Ina 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-FeS2(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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Chargeldischarge proile Different charging/discharging schemes used for evaluation of a
battery.

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

Depth of discharge (DOD) Percentage of capactI (ampere-hours) hich has been
removed from the battery,

Electric drive system The motor, motor controller, and cabling used lo drive anelectric
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 togetherdifferent ratios of

Cears.

Inductive coupling The association of two or more circuits b, 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 tie semiconductor
elements.

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

Regenerative braking Capability of an clectri drive to return the kinetic energ siored in
the velocity of the EV body.to the battery durin braking

Specific energy (energy density) Abattersenerg storagecapabiltyperuntwight(Hkg)

Specific power (power density) Power deliry capabili( per unit weight of a hattery Wlhkg)

Squirrel-cage rotor Arotorwindingconstingofconductinharseonncctcdbymetalrings
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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CHAPTER 31

NOISE CANCELLATION'SYSTEMS

Jeffrey N. Denenberg
Vice President of Engineering
NoiseCancellaton Technoloies, Inc.

Active noise cancellation is not a new idea. Creating a copy of the noise and using it to cancel
the original datesback o the early part of this century.The first systems used a simple "delay
and invert"approach and showed some promise.but the variabilty of real-world components
limited theirefectiveness.

In the mid-1970s.amajorstep forward took place with the s-pplication of adaptive filtersto
generate the antinoise. This greatly enhanced the effectiveness of the systems, because they
could continuously adapt to changes in their external world aswll as changesin their own
components. A second breakthrough in the mid-1970s was te recognition that many noise
sources, particularly those produced by man-made machines,:xhibit 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 t1e electronic technology avail-
able at that time was not sufficent 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 I noise
cancellation.This advance has made it feasible to apply active noise cancellation at reason-
able cost to previously difficult problems in low-frequency aulomotive noise and vibration.

31.1 NOISESOURCES

Sources of noise and vibration exist throughout an automobile. One type of noise is due to
turbulence and is, thereforetotally random and impossible to predict.This makes it a difficult
noise to cancelunlessthe source of the noise is wel understood.

Engineers like to look at signals, noise included, in the frequency domain. That is,"How is
the noise enrgy 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..

A large number of noises are differentThese narrowband noises concentrate most of their
noiseenergy at specific frequencis. When the source of the noise is a rotating or repetitive
machine such as an automobile engine, the noise frequenciesare all multiples of a basic noise

31.1
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FIGURE31.1 A typical lroadband noise specrum.

cycle and the noise is approximately periodic.1The 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.312.
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FIGURE 31.2 A typical narrowband noise speclrum

Examples of sources of narrowband noise in automobiles incLde 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 iflow; and tire noise,with a regular tread 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 earperceives it as the musical note"A"above middle"C."The in ten-
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 (ie square of the SPL.

Noise is usually measured in decibels and is defined as:

Noise 5 = 20*log4[SPL/SPL,,(

or equivalently

Noisee= 10*logio(noise power)/(noise povere)i
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NOISE CANCELLATION SYSTEMS 31.3

where the reference (0 dB) is set as the softest 3-kFIz tone that in average human can hearin
a perfectly quiet environment.

An overallmeasure. commonly used in specifications, is A-weited noise(dBA). It is
adjusted to compensate for the fact that the average human ear has lower sensitivity at low
and high frequenciesat 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 significanty reduce vibration and noise.
Turbulence can be reduced by good aerodynamics.High-Q- resonancesin structures and gas
flows should be avoided.

The second line of defenseis to absorb noise and vibration energy and control its propa-
gation using passive materials.The use ofsound-absorbingand rigid materials to reduce noise
levels is an effective approach at high frequencies. Below 500 lz, 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

Anhinoise. The idea to create a copy of the
NOISE noise and use it as antinoise to cancel the

original dates back to the early part of this
century Figure 31.3shows the relationshipin

-- RESIOUAL time, of a noise signal, an antinoise signal,
and the residual noise that results when they
meet. Note tat active noise cancellation
does not mask the noise; it removes a signifi-

ANTINOISE tportionofthenoise fromthe

environment,

Digital Feed Forward Digital feed if-
ward is shown in Fig. 31.4 as used to reduce

FIGURE 31.3 Relationship in iime among noise. the noise in an air duct. This is the classic
antinoiseand residual noise- example application for active noise cancel-

lation and is w:dely discussed in the technical
literature. It is also the method tn 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 model 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 operation.

Systems that cancel broadband nise require causality (the reference signal must give a
sufficiently advanced indication of the approaching noise). Nose that correlates with the ref-
erence will be canceled. Digital feed forward systerns 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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FIGURE31.4 Feed forwardcancellation 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
withthe objectivebeinconvergence to an operation that minimizes the average power in the
error signal.

In real-world sstems, 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 producs a well-behavedsystem.

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 tIachomter signal is used to provide
information on the rate of the noise.Since all of the repetitive noise energy is at harnionics (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 applid to reduce engine exhaust
noise. Its basic operation is described in the applications contexi in the next section,

PASSIVE SPEAKER
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ENGINE -

ANTINOISEA
TACHOMETER SYNC 1 -- 

1 RESDUAL
I AMP MIKE
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GENERATOR   FILTER

- ADAPTER -- ---
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FIGURE31.5 Narrowband noise cancellation (an active muffler)

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



NOIS.CANCELLATION SYSTEMS 31.5

31.2 APPLICATIONS

31.2.1 Canceling Exhaust Noise

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

AbsorptiveMufflers, These are the straight-through or "glass pack" mufflersthat were
used in the hoi rods of the 50s.They consist ofa length of pipe with hokcs wrapped by fiber-
glass (or other sound-absorbent material) w ich isthen enclosed by a larger diameter pipe.
Absorptive mulliers are very effective at high frequencies.reduce turbulence in theexhaust,
and produce little or no back pressure.They have little effect, iwever.on the low-frequency
tonal noise fromthe engine unless the muffler is made impractically large.

DisprsieMuft7ers These mufflers work by creating a toituous path forthe exhaust.dis-
sipating some noise energy while spreading the remaiing noise energy across frequencies
through turbulent flow.Asignificant amountofexhaust gas pressureis created in this process.
The backpressure decreasesengine efficiency.Gas ilege isreduced (typically5 percent in
city driingandpercent in highway driving) and peak horsepoweriswasted(up to 10 per-
cent) pushing th exhaugassesagainstthe back pressure.Dispersive mufflers can be effec-
tive in noise reduction at low requencies at a reasonable size but only at the cost of high
backpressuc.Th'canhavelessba'kpressurebut then can be impractically large and heavy

ReactiveOMfflers Reactive mufflers use acoustical resonances to relect noise enrgy
back to thei ource.T1his technique is often used to handle a strong noise at a particular fre-
quency.Itisagood technique for fixed rpm engine noise,butdoesnot deal effectively in auto-
mobiles where engine rpm (or temperature, sincethe speed of sound, nominally 11(0 ft/s
changes with temperature) varies. Reactivem rufflers 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 MufflerSystem. Figure 31.5 shows an active mufflersystem as it would be applied
to an automotive engine exhaust. The passive element is a simple straight-through glass pack
muffler (absorptive) that controls noise above 500 Hz.The activem ruffler is a speaker cabinet
that is concentic to the exhaust pipe and outputs the antinoise in a ring around the end of the
exhausl. The symmetry of the noise and antinolse sources in this arrangement providesfor
global cancellation ofthe low-frequency noise (at very low frequencie.ide-y-sidearrange-
rnent 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
adiust the cancellation to drive the residual noise toward zero at the noise frequenciesThe
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 engtne).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-cm2

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 audit poweramplifier (100W for a typical auto-
mobile exhaust system) to generate the required antinoise power Since the antinoise is at low
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frequencies, a Class D switching amplifier should be used to furher enhance energy effi-
ciency.The totalelectronics package for a single-cannelcontrol 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 b reduced by more than 25 dB
with only a slight decreas- in the attenuation level dunrapid 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 numberor 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 enhancennts it provides in automotive
designs.

31.2.2 Controlling Engine Vibration

Passive 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 a smooth-running car. It is dif-
ficult to balance the vibrational forces in anengine-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 generatedby theextra shaft can be designed to cancel the undesired vibration. The
drawback to this approach is that it uses a significant percentage of the engine power (up to
10 percent has beenc stimated) by adding weight and friction losses.

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 mountsis 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,economyand 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 electronicsis much smaller than
the energy that would be lost using the passive solution. A mcre energy-efficient car is the
result

Figure 316 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 cycleNo vibration forces are
then passed through the mount from the engine and thesupporing frame is vibration free.

System Performance. An active mount system can reduce peak vibrational components up
to25 dB.When applied to the major engine-mounting sites,activ mounts significantly reduce
vibration in the passenger compartment. They can also reduc secondary acoustical noise
generated by vibrating surfaces in the passenger compartment-the major source of boom
noise in cars,
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FIGURE31,6 An active ergine mount,

Current Status. Active mounting systems have been demonstratcd on several production
vehicles and are under development for aircraft engines.The systemscan also solve vibration
and mounting problemsin commercial and industrial rotatingr achines.The remaining techni-
cal hurdle beforethey are ready for the automotive market is to makecertain that the mounts
and their actuators can stand up to the harsh shock environmint in the engine compartment
Active mounts should be ready for automotive production in the latter half of this decade.

31.2.3 Passenger Cab Quieting

The primary cabin noisehoise cancellationtechnologycan deal with isdue to the
engine. Many car designs are completed only tofind that at some speeds there isadisturbing
low-frequency boom noise in the cabin This noise is causedb ha resonance in the structure of
the cabin and is difficult to deal with using sound-absorbent materials. The boom usualy
occurs between 90 and 150 iz 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 passingthrough the
mounts, vibrating cabin panels, and creating seondary noise in the cabin. The :xhaust noise
can be easily dealt with through the use of a good muffler and isolation of ihe exhaust pipes
from the car body and frame. Engine vibration control is the oh of the engine design and/or
the mounting system butas described earlier, it involves man tradeoffs.

Most of theother noisesin the cabin are broadband noise They include road nose, wind
noise, and blower noise.The technology to deal with zonal control of broadband noise is still
in the researchstage.

Passive Control Passive control of cabinnoise is best done with sound and vibration
absorbing materials. Fibr batting in door and ceilingpanels 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 'hicle.

At low frequencies, car cabin dimensions are comparable to 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. Ifa set of residual microphones is placed around the volume to he
silenced.spaced less than / wavelength apart, a mltichannel noise cancellation control sys-
tem can synthesizethe required antinoise field. Figure 317 hows a general configuration and
the resulting quiet zone.
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FIGURE31.7 Zonalnciseconirv taranautomobile

Thealgorithmismorecomplexthaninsingle-channel applications since each residual
microphone now "hears" antinoise from each of the antinoise speakers, and the electronic
equipment is more expensive.Thisalso occurs to a lesserextent furdual exhaust and multiple
mount systems.

System Description. Figure 318 shows a zonal noise control system adapted for use as an
automotive cabin-quietingsystem.The four to six residual microphones are placed near nor-
mal passenger head positions in the roof liners, seat backs, andor 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.
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Four antinoise speakers are placed at convenient locations in the cabinThe 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. Thiswill usually
require an upgrade in speaker quality, and separate low-frequency subwoofer speakers are
desirable.

Proper designof 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 excessiveprecision.

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.

31.2.4 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 tronest factor I controlling turhulence. Larger duct cross see-
tions and larger output portsshould be used wherever possible.

*D uct liners mide of sound-absorbng material can attenuate the higher-frequency noise

* Discontinuities in the air flows hould be eliminated. All turns should be smooth as any
change in ar tow direction or obstructions will generate addionahlurbulence and noise.

Passive controls can give 6 to 10 JB of improvement in the noise level and the successful
use of aictiv noise controlf or further reducnon requires that attention be paid to passive on-
trols firt.

An Active DuctSilencer. 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 cancellationsystemrequiresaclose interaction with the physical design oftheairdistri-
bution system in the car. A successful system will result only after several design iterations
between the group doing the cancelation system and the deign 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 I kHz.This results in a typical noise reduction ii the IBAnoise meaurement
of 4 to 6 dB.

Duct cancellaion systems for commercial applications have been available for several
years. Thecost-effective (less than $5 systemcost) 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.

31.2.5 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 suspensionssee Chap17
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