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PATENT NO. PATENTEE
LIST OF DOCUMENTS CITED BY THIRD | 5,954,781 Harvey SLEPIAN et al.
PARTY REQUESTER IN EX PARTE
REEXAMINATION PATENT DATE
September 21, 1999
U. S. PATENT DOCUMENTS
EXAM. PATENT/ NAME PATENT/ CLASS | SUBCLASS FILING
INITIAL PUBLICATION PUBLICATION DATE
NUMBER DATE
4,901,701 Chasteen February 20, 1990
4,631,515 Blee et al. December 23, 1986
5,708,584 Doi et al. January 13, 1998
5,477,452 Milunas et al. December 19, 1995
4,559,599 Habu et al. December 17, 1985
5,357,438 Davidian October 18, 1994
4,061,055 lizuka et al. December 6, 1977
5,121,324 Rini et al. June 9, 1992
FOREIGN PATENT DOCUMENTS
EXAMINER DOCUMENT COUNTRY DATE NAME SUBCLASS TRANSLATION
INITIAL NUMBER
YES NO
2926 070 DE January 15, 1981 X
96/02853 WO February 1, 1996
* - Certified English-language translation is provided.
OTHER DOCUMENTS
EXAMINER
INITIAL Name
“First Amended Complaint for Patent Infringement” filed on January 30, 2014 in VELOCITY PATENT LLC v. AUDI OF AMERICA, INC., Case No.
1:13-cv-08418-JGB (N.D. Ill.)
Velocity Patent LLC’s Initial Infringement Contentions Pursuant to Local Patent Rule 2.2 to Audi
Velocity Patent LLC’s Initial Infringement Contentions Pursuant to Local Patent Rule 2.2 to Mercedes-Benz
Velocity Patent LLC’s Initial Infringement Contentions Pursuant to Local Patent Rule 2.2 to Chrysler
Velocity Patent LLC’s Initial Infringement Contentions Pursuant to Local Patent Rule 2.2 to Jaguar Land Rover
EXAMINER DATE CONSIDERED

EXAMINER: Initial if citation considered, whether or not citation is in conformance with M.P.E.P. 609; draw line through citation if
not in conformance and not considered. Include copy of this form with next communication to applicant.
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PATENT NO. PATENTEE
LIST OF DOCUMENTS CITED BY THIRD | 5,954,781 Harvey SLEPIAN et al.
PARTY REQUESTER IN EX PARTE
REEXAMINATION PATENT DATE
September 21, 1999
U. S. PATENT DOCUMENTS
EXAM. PATENT/ NAME PATENT/ CLASS | SUBCLASS FILING
INITIAL PUBLICATION PUBLICATION DATE
NUMBER DATE
3,925,753 Auman et al. December 9, 1975
FOREIGN PATENT DOCUMENTS
EXAMINER DOCUMENT COUNTRY DATE NAME SUBCLASS TRANSLATION
INITIAL NUMBER
YES NO
OTHER DOCUMENTS
EXAMINER
INITIAL Name
“Automotive Electronics Handbook,” pgs. 2.5-2.9, 3.16, 7.6-7.8, 7.21-7.26, 11.3-11.4, 11.24-11.31, 11.55, 12.1-12.36, 13.1-13.21, 14.1-14.9, and
22.1-22.20, published in 1995, by Ronald Jurgen
Certified English-language translation of German Patent Application Publication No. 29 26 070
EXAMINER DATE CONSIDERED

EXAMINER: Initial if citation considered, whether or not citation is in conformance with M.P.E.P. 609; draw line through citation if
not in conformance and not considered. Include copy of this form with next communication to applicant.
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Libraryof ‘Congress C a'ta:lb‘gi:n_g-‘in,-Pliliﬂiciiﬁdn Data

Automotive elecironics handbook 7 Ronald-Jurgen; editor in chief.
p. om. " e

Inchides index:

ISBN 0-07-033189-8 :

1. ‘Automobiles—Electronic equipment. L Jurgen, Ronald K.
TL272.5.A982. 1994 ) y
1629.25'49—de v 194-39724

- : , cIp

Copyright © 1995 by McGraw-Hill, Inc. All rights reserved: Printed in the
United States of America, BExcept as permitted under the: Umnited States

'2C0pyr1ght Act 0f 1976, no partof this pubhcatlon may bereproduced ordis=
tributed in any form or by-any ,means, or stored in a-data base or retrieval
system, without the:prior written permission of the pubhsher

234567890 AGM/AGM 9098765

TSBN 0-07:033189-8

The sponsormg edifor-for this book was Stephen S. Chapman, the editing
supervisor was Virginia Carroll, and the production supervisor was:
Suzanne W, B. Rapcavage: If was set in Times Roman by North Market
Street- Graphics.

Printed-and botind by Arcata Graphics/Martinsburg,

MeGraw-Hill books are available at: 'spe'cra'l quantity discounts to'use as pre-
‘mlums and sales promotlons_; or for Gse int corporate training programs For

_Hlll Inc 11 West 19th. Street New York NY 10011 Or contact your Iocal.

‘bookstore,

Informauon contamed in thls work has been obtamed by. McGraw~
Hill; Ine; from sources believed: to be relfable. However; neither.
chGraw-Hﬂl nor its authors guarantee the accuracy or.complete-
ness of any information’ published herein, and neither McGraw- -
Hill norits authors shall be responsible for any errors, omissions;
or .damages arising out of use of this. information. This 'work is
‘publistied with the, understandmg that McGraw-Hill and its authors
are supplymg information, but are not attempting to render engi-
neering or other professional services. If such services are: |
required,the-assistance of an appropitiate: ‘profesmonal,should be
Sought. : ]

This book is printed on acid-free paper:
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"PREFACE _

Automotive gléétionics as

“we know it tcday encompasses awide: varxe.ty 'vxces and sys'i

tems; Keytoﬂmmall,an' X : )
automotwe parameters. qually nnportant,at ‘the output iS s the abili ;
i€ wids, In othe , sensots and ctuators are the,

’]fhe“rmportance of sensors and acmators 'cannet'be overemphasxz;ﬁd Thefitdre growth.of
; dependent o ufﬁcmnﬂy rate and & 5
i .

‘ 53 sy in-depth chapter deals with aummotw“ Microcon:
trollers.;Withou‘_ them, all; of th contro described in the chapters that follow that- sece

Wx;jers, t conditioner/heater—would riof be possible
nd they have made CAIS OV

information about the Gar’s operation and anticipated trip time; 2 :
have of necessity become; lnghly mphmtmated to keep up with bighlyisopmst:cated ectroni
, anmheft de ices add: much, e fe

reducmg e cm;ubErsamé ; mng hamesses p:esent]y usé‘
The section on electromagnetic mtcrf nce and

w Nav:ga Hon: aldsi and intelligent v hicl -I:ughway 'systems are! ‘of.
1d promise to alleviate many of vehicle-caused pmbl

= While it may be arpuied that electric vehicles ‘emerging tech
have been cmnd forn any, ears; it certamly is true that'they have yet'i‘o coms into their:
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“Thefirial ‘chapter on futuze vehicle electronic

;gamut of trends in futire: automotive clectronics hardware and software. Jt identifies P fenis
tialtech 2 ts and trc:nds r futiire systems:

-specific manner—ifi’ it context of-the subje :
‘that, there has been noattemptin this handbook cover,f:xcept
wd have restrictéd the number of pages

‘Ronald K. Tirgen
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_PRESSURE SENSORS' 2.5 =

Typically, the pressure. differential is only a small percentage of the total line pressure and a
system fault can expose one side of the sensor to the full line pressure, This must be taken into
account when choosing the sensor and determining the rated pressure range that will be
requrred Differential pressure is frequently indicated by psid.

‘214 Liquid Level Measurements

The height of a column of liquid'can be measured by a pressure sensor. The ferm head is fre-
quently used in hydraulics to denote pressure. Measurements of inches or feet of water and
centimeters of ‘mercury are direct indications of the effect of pressure on liquid level. Other
liquid levels are. dependent on their specific weight and can be calculated by A= (P; — Pr)lw,
where (7 -Py)is the pressure differential caused by the hei ght of the fluid column and w is.
the specific weight of the liqirid. The yapor pressure in a sealed enclosure will have an effect
on the measurement of liquid helght Returning the reference side of a differential pressure
sensor to'the top of the enclosure wﬂleempensate for vapor pressiire..

215 Pressure Switch:

A pressure; switch is typically achieved by mounting an electric contact oni a d1aphragm (rub=
ber or any eldstm materral) The applrcatlen of sufﬁcxent pressure (or vacuum) on one. srde of

A pressure switch. can also be. achreVed by any of the prevrously descnbed techmques
merely by establishing a reference threshold voltage that is calibrated to indicate the poirt
that the pressure. changes from an'acceptable to unacceptable (or low to hrgh) level. Once the
threshold voltage is achieved, additional electroni¢ circuits can be used to produce an elec-
tronic switch ‘that can control loadssuch as'an indicator lamp,

2.2 AUTDMOTiVE APPLICATIONS FOR PRESSURE SENSGRS

the SOphISUCatﬂd—alr )
tion elaborates on theva :

aboratory, or prlot pha s,ef the vehrcle to aetual volume productron Table 22
lists a nurnber of potenua] pressure measurements versus vehicle systems and prewdes an
indication of the pressure range- and type of measuremenit,

Automotive specification and tes ng uidelines have been developed and pubhshed by the:
Society of Autometive Engineers (SAE) specifically for manifold absolute pressure. (MAP)‘
sensors, These documents are intended to assist in establishing test methods and specifications
forother: Sensors, Other SAE doeumerits that may apply to sensors ate summarized in Table 2.3,

‘The packaging and testing requiremen for: automotive sensors can Tepresent 50to 80 per-
cent of the sensor cost and over 90 percent of the warranty and in-servi problems. The pres-
sure-sensing applications that are presented in the- followmg sections will fniclude packagmg
réquirements ﬂldt are of particular concern..

221 Existing Appliéatidns'forPressureSenSOrs‘

A late twentieth century production vehicle is hkely to have a number of | pressure sensors for
measurements such as manifold pressure and engine oil pressure and has the potennal for
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26 SENSORS AND ACTUATORS

TABLE 22 ‘Pressure Sensing Requlrements for Various: Vehxcle Systems

System Parameter "Pressure range: Type
Engine confrol Manifold absolute. pressure 100 kPa. Absolute
Turbo boost pressure 200 kPa, Absolute
Baromelric pressure (altitude) 100 kPa Absolute
EGR pressure T5psi. - Gage-
Fuel pressure 15 psi—450 kPa Gage:
Fuel vapor pressure - 15 m H,0 ‘Gage:
Mass air flow ' ‘Differential
Combustion pressure: 100 Bar, 16,7 Mpa Differential
Exhaust gas pressure. 100 kPa ‘Gage:
Secondary air pressure 100 kPa Gage.
Elect transmission. ‘Transmission oil pressure 80 psi. Gage.
(continuousty variable Vacuum:modulation’: 100 kPa Absolute
__transmission) . . . o
Idlespeed control AE clutch sensor/switch 300-500 psi Absolute*
' Power steering pressure 500 ps1 ' Absolute*
‘Elect power steerinig Hydraulic pressure 500 psi Absolute*
(also elect assisted) v _ o
Antiskid brakes/ Brake pressure 500-psi Absolute*
traction control’ Fluid level | 12 in H,O Gage:
Airbags Bag pressure 7.5psi Gage.
Suspension Pneumatic spring pressure: 1MPa ‘Absolute*
»Secunty/keyless entry Passenger compartment pressure: 1100 kPa Absolute
HVAC (climate contml), Air flow (PC) Compressor pressure ~.300-35Q0 psi. Absolute*
Drwer information Oil pressure: ‘80 psi Gage.
‘Fuel level . ‘15 in H,0 Gage-
Oillevel : Gage.
Coolant pressure 200 Gage.
“Coolant level » 24 m H,0 Gage.
‘Windshield washer level ' 12 in H,0 Gage.
Transmission oil level 12 in H;O Gage..
Tire pressure 50 psi Gape/absolute
, Battery fluid level 1-2in‘below: Optical
Memory seat Liimbar pressure. “7.5pst Gage
:Mulnplex/dxagnosucs e ”‘,ultlple usage of se
ok (Gage mcasurcment but absoluie sensors: used for fa1lsafe
TABLE 2.3 SAE Spemﬁcanons That Effect Pressure Sensors
Recommended enwronmental practices for &lectonic equlpment demgn SAE J1211
Performance levels andmethods of méasurement.of electromagnetic radiation from.
‘vehicles and devices ‘SAEJ551
Performantce levels and niethods of measurement of EMR from vehicles and devices ‘
(narrowband RF). SAEJ1816:
Electromagnetic susceptibility procedures for vehicle components (except aircraft) SAEJ1113
Vehicle electromagnetic radiated susceptibility testing using a large TEM cell SAE 11407
Open-field whole-vehicle radiated susceptibility 10 kHz-18 GHz, electric field SAE J1338
Class B data comiriunication network interface SAE J1850
Diagnastic acronyms, terms, and definitions for electrical/electronic components. SAE J1930:
Failure mode severity classification SAE Ji181Z
Guide to manifold absolute pressure fransducer represeniative test method SAE J1346

SAE 11347

Gu:de o mamfold abaolute pressure transducer representatwe apecxﬁcatlon :
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PRESSURESENSQRS . 2.7

several other pressure measurements, Tlghter emissions control and unproved efficiency may

,necesm ite further sensor use-in future sys’cems

(MAF) control"beeeuse 1t’s 1ess expensrve but stricter emission standards are causmg fmore
: manufacturers tohuse mass:a ﬂow for future models

i"crol of fuel mjectors and sparkplugs and [addrtronal and/or more accurate sensors and control‘
‘algorrthms o :

Analog Signal

! ,
1 +
H * 3

2 + Y
i i !
i | i
& b
A [ ! Lok
¥ i e

Using:8bit CPU " Using New 16bit CPU

FIGURE 2:2: Effect:of A-D on pressuré meastréments,

The MAP error band 1s also bemg trghtened with a goal of 1 per_cent accuracy over the

The need for barometrlc press"
1nformat10n to the efigine contro
60 to. 115 kpA ‘with accuracy on theg’

' barometnc pressure rangers typrcally from
percent over the operatmg pressure range.
2% d

modules makmg the . mountmg techmque a key consrderatron for manufacturablhty The,l
increased: usage of surface mount technology,a _
featurescanbe mcluded in control modu es are factors that w1,_ af ect nextjgenerat1on sensorj
designs. o

A typical turbocharger can provrde)boost pressure i hie range '218() kPa over the natu-
rally aspirated internal combustio ngine. This increases the maximumni ratmg for the séngor

to: 200 kPa absolute, but other requirements are scaled approprxately
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MPX4100 « MPX4101 SERIES

[~ Transfer Function ~———— e

Nomlnal Transfcr Value: Vot = Vs (0. 01059 X P 0. 1518}
" +/= (Pressure Error x Temp; Mult x001059 X Vs)
Vg=51Vx5% PmkPa o

‘—— Temperature ErrqrMU]ﬁpliller}‘*"i’j«"fﬂ e — f ————
S o o MPX4100 Serles ;

49 =

B‘reakfoinlb‘ : : : S i ; |
_Temp  Mukiplier '

s
)

1‘0;&_

400 0 2 40 60 80 100 1200 130 . 140 150

~—— Pressure Error Band —————— —

30 Ermer:Limits for Pressiire

 Prossurein kPa,

i " Break Points:
R _Uimit (kPa)

L30=——

ErorinkPa. -

FIGURE23 Ex_for’bahd for MAP sensor.

Oil Pressure.  Oil pressure on antomobiles has Iradmonally been measured by the deflec-
tion of a rubber diaphragm which closes a set of contacts (switch) providing a lamp indication
with low oil pressure or moves a potentiometer to provide an analog signal for a gage.

A replacement for the conventional eléctromechanical oil pressure sending unit is an elec-
tronic device such as the one designed by Chrysler 5 Acustar Division. In addition toa silicon
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PRESSURE SENSORS 2.9

i plezoremstwe pressure: sensor, the unit contains transient protection’ cucmtry, 51gnal amphfl—-
cation for the sensor output, and.output drivers for both an electromagnétic gauge and a fuel
pump. ‘The FET output drivers are capable of handlmg 10 A based on. the heat dlsmpated“
though a heatsink that is integral to the sensor package.

‘ The unit utilizes a supply voltage from 9 to 16 V and operates over a medxa temperature

range of —40 to +150 °C. The overall accuracy is #3.25 percent with linearity < £0.25 percent‘
over the entire operatmg pressure range of 200 psi. The switch pomt for the 1ow pressure indi-
cation is 4 psi £ 1.5 psi.

The:sensor package was spec1ally de&gned for gasy assembly The housmg mterfaces to the
sensor with-an extremely reliable O-ring seal that can withstand a burst pressure over 400 psi.
Special materials were used for both the ‘package and the protective gel that covers the sen-
sor, which allow it to'survive quahfxcatlon tests with over 1 million -pressure cycles, including

‘portions conducted at high temperatures. This. exceeds the number of cycles that can be
achieved with traditional diaphragm-driven potentiometers that have been used for provid-
ing the indication of oil pressure, The sensor has been designed for a 10—year/100 000-mile life
that could be. requlred fof future vehicle warranties.

Media Compatszlzty in Automanve Measurements. . Pressure sensors frequently have to
interface with an environment that is more demandmg than other electronic components. For
example; the measurement of éngine oil pressure, transmission oil pressure, fuel pressure, and
50 01,01 fluid level (oil, gas, coolant, etc.) requires the sensor package to be exposed toone or
more fluids that are. detnmental to the operation of semiconductor circuitry, Bach of these
media interface problems is addressed separately, dependmg on the application, Automotive
cost requirements usually limit the usage of stainless steel as the-isolation technique. Instead,

more cost-effective protective polymers and chemically tolerant plastlc and rubber materials

have been developed for sensor packages

2.22 New Apphcatmns for Pressure Sensmg

The list of potentlal apphcanons for sensmg pressure in the automobﬂe mcludes Several new

-applications. These meastiréments are. frequently made during the development of néw vehi-
cle! systems. Their actual use on the vehicle is determined by factors suck ost; leglslated
requirements; need: for dlagnostxcs and value added to the system. Apphcatlo inthissection
‘will identify areas of concern, range of pressure measurement, and factors that affect the
usage of a pressure sensor.. ;

Transmission Oil Pressure and Brake Pressure Transmlssxon pressure is required as an
input in: computer-controlled transmission shift points. This pressure can be measured with
sensors sirilar to those developed:: for engine ‘oil pressure. ..
- Pressure in a hydraulic system, such as the master cylinder of an antﬂock brake system.
(ABS),is much hlgher than transmission oil pressure typically. Tequiring a sensor with minimum
rating of 500 psig. Pressures in other locations in the ABS system can be lower; The dynamic
pressures in brake: tubmg can be of interest during the. development phase of passenger vehicles
-and may be.of interest in heavy duty commercial vehicles. These- pressures can be below 150 psig,

The ABS system controls front and rear tire slip, Tradeotfs that exist in developing an ABS
_system for a particular vehicle include stopping deceleration 1o achieve the shortest. p0331b1e
stopping distance vetsus more steering control. Increased yaw stability can be obtained by
reducmg the deceleration rate of the rear wheels. The addition of traction control to the sys-
tem improves stability during acceleration and provides independent control of each wheel
during a variety of driving maneuvers for improved vehicle performance.

Passenger vehicles ‘may have a single pressure: sensor {0 monitor the pressure in the
hydrauhc syatem, One aystem, General Motors ABS VI prevxdes mformatlon on. the brake
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stripes of aluntinum at 45° to the long axis. Two serjes-connected elements, which are mirror

images of each other (reflected about the long axis), form a potential divider. Magnetoresis-

tive sensors generally exhibit high sensitivity, but this leaves thenr prome to interference from
unwanted ficlds and, therefore, they are unsuitable for some applications. -

Magnetostrictive. - Magnetostriction is a property of materials that respond to a change of
magnetic flux by developing an elastic deformation of their crystal structure. Magnetostrictive
linear displacement sensors utilize this phenomenon by launching a compression wave down
a cylindrical waveguide using electromagnetic means, usually a current pulse, The waveguide
passes through a movable permanent magget ring at some distaiice from a receiver site. The
‘compression wave generated at the magnet position travels to the receiver site at approxi-
_mately 2800 m/s where it causes a change of flux and generates a voltage pulse in a sense coil.
“The time of flight of the pulse can be measured to determiine the distance of the movable ring
‘magnet down the wire. Transducers with stroke lengths in ¢xcess of 7.5 m are available that
-use this technique. ' I ' ’ ’ N

3.35 Other Technologies

A number of other technologies can be applied to position-sensing problems, limited only by
engineering ingenuity. Some, like capacitive-sensing techiniques, dre not toleraiit of the auto-
motive envitonment -due to sensitivity to humidity, vibration, or temperature: or pressure
extremes; Others, like resolvers of traditional construction; are sufficiently rugged but pro-
‘hibitively expensive unless low-cost manufacturing techniques can be found. Occasionally; a
nonebvious method finds a niche. An example is a fuel-level sensor disclosed by workers at
Bosch.! which, in principle, could be applied as a position sensor: The device operates by

_exciting a metal rod with acousfic waves suchithat it resonates, One end of the rod is immersed
in the fuel. The resonant frequency is a function of the depth of immersion and the fuel level
can be determined by suitable electronics. =~ o o
A significant influence in the selection of technologies for automotive use is the manda-

‘tory inclusion of safety systems. Microwave or laser-ranging techniques.can be applied to anti-

collision systems to anticipate obstacles at nighttime or in poor-visibility driving conditions:

* These will be a ubiquitous component of automobiles in years to come.

3.4 _INTERFACING SENSORS TO CONTROL SYSTEMS

All sensors, whether they have digital or analog outputs, provide measurement of real-world
_phenomena that are then interpreted by another system to either indicatea value, a warning,
or close 4 control loop. Itis vitally important that the integrity of the data is maintained by the
properchoice of interface. - = e .
Cost and reliability in automotive systems are primary drivers in the choice of interface.
For a given perfarmance, the sensor that requires the fewer connections will always be
selected, In some cases, such as LVDTs where the basic sensor requires 5 or 6 wires, it inay be
advantageous to locate the signal-conditioning electronics with the senisor and commupicate
the processed data to a remote controller via a simple serfal interface. Interfacing incremen-
_tal or serial binary data to a microcontroller is straightforward. In the case of incremental
data, typically the mechanical system being monitored is moved until some limit or index is
detected. Knowledge of the absolute position of the mechanical component is then known. A
counter or register can be set to-an initial nonzero value or reset to zero. As the motion s
detected, pulses from the ifncremental sensor can be counted and stored as a measure of posi-
tion, The indexing cycle miust be performed each time power is applied, Binary serial data can.
be read into a register and used directly with no further processing.
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PHOTODIODE
ABRAY =

L LOGIC: |

PHOTODIODE ~ SENSE
ARRAY AMPS:

DIG!TAL
OUTPUT

FIGURE.75 Dp‘ticalv’sensor,:

Optlcal and. radlo frequency (RF) devices are used for ob]ect detection, linear approach.
“speed, and distance measurements in crash avoidance systems where distances greater than:
about 10'm are involved. These devices use the same pr1n01p1es as the ultrasonic devices. Opti-
cal devices normally use lasers or infr ‘ed devices fot the transmitting source and 0pi1cal set- -
sors for the receivers. RF devices use gallium arsenide or Gunn-devices.to obtain the power '
and high frequency’ (about 100 GHz) requited in the transmitter. The high operating fre- ' ‘
quency is set to a large extent by the need for a small anterina. 'Ihese applications are under
development and aré discussed in Sec.7.7.2.

7 3 AUTOMOTIVE APPL [ “ATIONS FOR SPEEB : NSING :

There are several apphcatlons for rotatical speed sensmg FlI‘St it is necessary to momtor
engine speed This information is Used for transmissi »
.and p0531b1y for a tachometer: Electronics and electromc sensmg in the automoblle werev
: a ythe need for hlgher—effmency engmesbetter fuel economy, mcreased power;

mlss1ons cru1se control speedometers antﬂock srake systems (ABS) tractlon control
ASR mheel steermg, and p0351 m 1nert1a1 nav1- i
gatlon and air bag deployment apphcatlons - -l

Linearspeed sensmg can be used to measure the ground speed This measurement also has
the possibly of use in ‘ABS, ASR, and inertial navigation. Similar types of sensors can be used
in ¢rash avoidance; pro;amﬁy, and obstacle détection applications.

7.3.1 Rotational Applications

The high timing accuracy that.can be obtained with fuel mJectmn systems and'replacement of
points’ by sensors h made cost-effective engine control and: low maintenance a reahty

Adlustment of the stoichiometricratio of air to fuel, accurate ighition timing, and oxygen sen-
sors in, the exhaust system have vastly improved engme performance and greatly Teduced
gmissionis over widely varyiig opera‘ung conchtlons The two unportant factors n englne con-
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trol are the en gine speed inTpm and the crank angle These 51gnals are: used by the engine con—
“trol MCU for determination of fuel injection and ignition timing. The engme rpm measure-
ment range is from 50 to {say) 8000 rpm. A, resolution of about 10 rpm is. requlred for an
- accuracy of about 0.2 percent. For i inj jection and 1gmt10n control in a six-cylinder engine, the
interval between combustion at maximum rpm is 2.5 ms, so- that this time sets the mjecuon
period. In practice, a crank angle accuracy of between 1 and 2 degrees per revolution is
required. Newer systems with sequential fuel injection, may also require information onTDC:
(top dead center) for each cylinder to determine the timing. With: the low frequenc1es
involved in this application; either Hall effect or MRE devices can be used for monitoring
both the engine rpm and crank angle. - -
. Vehicle speed measuréments are in the range 0'to 180 km/h (120 mph) and digital displays
must have an acctiracy of 1 km/h. Some systems have a mechanical pickoff from the drive
shaft, which can then use optical sensors for the measurement of road speed. Howevet, newer -
-systems have a pxckoff located directly on the drive shaft, which makes ephcal devices less
practical. It is preferred to eliminate the remote sensing via mechanical coupling to save the
cost of the associated mechanical components, seals, maintenance, and so on. One method of
pickoff is a ring magnet with between 4 and 20° ‘magnetic poles (depending on the requlred
resolution). Figure 7.6 shows such a system using an MRE sensing device. The magnetic flux
changes are sensed by an MRE brldge sensor when the magnet disc is rotating: The brldge is
supplied froma voltage reference circuit, and its output is amphﬁed and shaped to give a fre-
quency output that is proportional to shaft rotation speed. A ferrous toothed wheel plckoff
‘with magnet and flux concentrator:can also be used (see Fig. 7.2). Vehicle speed sensing can
be performed with Hall effect, MRE, or VR devices. The number of pulses P per second from
the detector are counted to measure speed S, from the folIowmg relatlonshlp

pP= NxSxK = 72)

where N the number of rnagnetlc poleson ring magnet or wheel teeth
K =aconstant determined by axle ratio and wheel size

SUPPLY

AMPLIFIER >

~1 SHAPER

| GROUND
FIGURE 7.6 ' MRE speed-sensing module;
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‘The resolution in vehicle speed js then: .
‘ v . P xK | | a3

The typleal system reqmrements are an eperatmg temperature of —40 10120 °C rotanonal
speed detection of 5 to 3000 rpm (1000 p/s), and & duty cycle ratio of 50 +10%.
. In applications such ds ABS, ASR, and four-wheel steering, additionial speed sensors are
attached to all four wheels so that the slip differential between the wheels can be measured. VR.
devices have been used and are very cost effective in this apphcatlonl But the cost of other
devices is dropping and as they become cost effective, they are being, des,lgned into new systems.
" In electronic transmission apphcatxons, information from the road and engine speed: Sensors, as
well as torque data and throttle position are reqmred for the MCU to select the optimum gear
ratio. Electronic control can ensure smooth transition between gear ratios. Transmissions using
electronic control are also smaller than conventional automatic transmissions, ‘thus enabling
more gear ratios for better perfonnance higher torque, eff1c1e11cy, and acceleration. .
. Cruisecontrol systems require information from the road and engine speed s sensors o con—i
-~ trol the throttle position, and possxbly the optlmum selection of transmission ratios. Variable
ratio assisted power steenng also requires information from the wheel speed sensors for
nt.of the steering ratios:for ease of turning at low speeds and good road control at
eeds. If automatic tire. pressure adjustment becomes a reality, this system may also
. requlre 1nfermat10n from the wheel speed sensors. .
.. Another apphcatlon for rotational speed sensing is to control the speed of the radiator
coohng fan '[he' peed of the fan ig determmedh' the cool’ temperature Hall effect devmes

the coohng fan motor The motor controller uses his: mformatlon to modulate the power te
_the motor through a three-phase bndge driving eirenit for the control of the fan motor speed

7.32 LmearAppllcatlons ’

Under linear appheatlons are the detection of obstacles close to the vehiclg; crash avoidance,
dlstance of the chassis relative to the ground for ride. control measurement of ground speed for
‘ABS, ASR, and inertial navigation. Ultrasonic: devices are normally used for short
measurements (<10 m)and RF devices for long distance measurements (seeSec.7.6.2). For the

. measurement of objects from 0.5 to 2 m using ultrasonics,a pulse repetition rate of about 15 Hz
is used. The reflected pulses take from 3:to 12 ms to return. The return time T'is given by

L=Cx= (m) (14

= dlstance to target
1¢ transmission speed [gwen by C=331+06t (m/see)]
T= temperature {at15°C), the speed of ultrasoric waves is 340 ni/s.

" where L'

In the- case of chassis-fo-ground measurements for ride control and ground speed mea-
surements; the distance to be measured is from 15 to 50 cmand a higher pulse repetition rate
can be used (up to 50 Hz). In this case, the reflected pulse takes from 0.9 to 3 ms to return. For
ride confrol applications;. an accelerometer has an advantage over distance measurement, in
that it is unaffected by varying distance measurements over rough terrain.

7 4 ACCELERATION 3ENSING DEV!CES

Acceleration sensors vary w1dely in their construction and operation. In apphcatmns such as
crash sensors for air bag deployment, mechanical devices (simple mechanical switches) have
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Afterthe: oblect hag been traversed, oil is;pumped back:

active : ‘xs the adapﬁve suspension sysiem. Ir; thxs ¢ase,,

iniformation fromi the front wheels is gathered and used to prechcl road conditions for. the con-

trol of ¢ rear. whaels,’ 'ﬂm dvantage overthe: fully acuvesuspenswn is onezof cost, as;the;
b S :

owmg sp L mnp
0 10 Hz,:and cross-axis sensfcmty <3 percent. The acceleratmn informat.
‘ isused to provzde;the mformatxon necessary | for ;

: ary i
that 1t can ad;ust ‘the inj jected fue hmom andi xgmtmn, nmmg for stabmty over. Widely varymg:‘
conchtmn&

s, can be used in this application, as zefo Spéed‘ in
o be' cost. effechvem thls apphcatx" B

pr sure; an
afiges in the vehicular speed.
reqmred for ontroLAH of thi

slippery surfaces:4n : Ldrvevehicle
ABS systems is: reqmred by the MCU far ASR apphca 0 ns such as

hecessary o
A mere. cast»eﬁecﬁve but less accurate; system for ABS and ASR is ] 3
systern in which accelerométers are normally used to measire déceleration when brakmg, and
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perature to 130 °C to ensuré Jong life of the dévices; This
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7.6.2 N‘ew:Li’near‘Speed-Seﬁsing Devices

A number of different sensmg technologles can be used for distance; object detection;and
approach speed measurements. Shown in Fig. 7.22 are the areas covered by blind- -spot, rear,
and- forward—lookmg sensors. Ultrasonics, infrared, laser, and microwaves (radar) can be used
in the detection of objects behind vehicles and in the bhnd areas, From a practlcal standpoitit,
no technology has come to the forefront; However, with new innovations in technology the
situation may change very rapidly. Ultrasonics and infrared sensors are cost effective but
degrade with inclement weather conditions such as ice, rain, snow, and the accumulation. ot
road gnme. Infrared devices are also color:sensitive, in that the Sensitivity to shiny black
objects is very low compared to other colors: Microwave devices appear-to have the edge

CoLLISION

AVOIDANCE _ ’ s

FIGURE 722 Collision-avoidance patterns.
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whern considermg environmental condxtwns,9 but are expenslve, and radar can be affected by
false return sigmals and clutter; - ,

For the detection of obstacles and vehlcles in front of a vehicle, the choice is between laser
and-microwaves due to the distances ifivolved (up to 90 m). Microwaves have the disadvan-
tage of high cost and large antenna size ‘when considering available devices in the 60 GHz
range. Frequencies: greater than 100 GHz are preferred for acceptable antenna size. However,
collision avoidance radar in the 76/77-GHz band has been cheloped in Europe. Collision
avoidance radarin the 77,94, and 144 GHz is being considered in the United States. A typical
systent uses a 38.5-GHz VCO: (voltage controlled oscillator) ‘with frequency-doubling to
obtain about 40 mW of poweriat 77 GHz. A frequency-moduiat&d continuous wave or pulse-
'modulated system. can be used. The system uses GaAs devices to meet the frequency and
powet requirements. Lasers can be cost effective in this application, but also have their draw-
backs: degradation of performance by fog, reﬂectaons from other light sources (sun; etc.),
“build-up of road grime on sensor surfaces, and poot reflecting surfaces at laser ﬁ*equencles'
such as gnmy and shiny black surfaces .

7.6.3 New Inertial andAcce'[efa'tioﬁ-Sehsihg D‘evic'és""

Recent-developments i m sohd state technology have made possible very: small cost-effective
~devices, 10 sense angular rotatlon The 1mp1ementat1on of one such gyroscoplc devme 1s:shown

;nfques, nfthis case, three layers of polysili 156
fixed and the second layer free to vibrate about jts ce
four spring arms attached to. four’ moiunting posts i

about the X and ‘axesand sense acee i

ates abotit the Z axis, These 'fOlCBS ara pro-
mb fingers and the comb fingers of the second
hown are formed between the first and third polysﬂmon on
the X and Y axes and the second layer of polvsxhcon Differential capac:ltf e sensing tech:
niques can then” be used to serise. any dlsplacement of the v1b;at1ng dISC causedfby angular’ :
‘rotation, For example if angulas takes

a deflection of the disc abo
“on the X axis. The sensing
cuit that alternatively senses
‘designed to have-a resolution of
acceleration resohmon of 0.5 mg

commcmssensmg ¢ir-
ition. The ovroscope is

UTU ’EAPPLICATIONS

New applications toincrease creature comfort and safety are: constantly being developed, but
their rate of introduction will depend on the costeffectiveness of the technology, demand, and.
government mandates. Other concerns of automotive manufacturers are size, weight, power
reqmrements and adverse effects on styling: and appearance Many of the new sensor tech-
nologies are in their infancy; and thus are not yet cost effective on medium- -and low-priced

automobiles, but are bemg made available as optlons on luxury cars.
7.7.1 Future Rotational Speed-Sensing Applications.

A future application for speed sensmg devices will be in contlnuously variable transmissions
In this application, engine and wheel speed, as well as torque, ’wxll be’ mcasured”'and the infor-
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FIGURE 723 Solid state gyroscope. |

‘mation processed by an MCU to optimize transmission ratios for engine performance and effi-
ciency. All-wheel steering is also under development, and requires speed-sensing information,
in addition to steering, front-, and rear-wheel angle position-data for processing and control.

7.7.2 Future Linear Speed-Sensing Applications

Another application that has been developed is the use of speed- and distance-measuring
devices for collision avoidance. These devices fall into three categories; near-obstacle detec-
tion (fear), blind-spot detection, and semiautomatic frontal object detection and control’
(seeFig722). | N |

Near-obstacle detection is used to prevent accidents during reversing Blind-spot detection
is used to prevent accidents due to careless lane changing, and when backing out of a drive-
way, garage, or alley into traffic. The semiautomatic frontal detection is a long-range system.
The distance and closing speed between vehicles, ot between a vehicle and a fixed object, can
be measured and the speed adjusted as nécessary to avoid a collision;'® or the driver can be
warned of impending danger. An addition to this is to monitor road surface conditions for
friction—for example, dry roads compared to wet or icy roads—and also to use. this informa-
tion to adjust approach speeds and distance, Without collision ayoidance, road condition mon-
itoring can be used to caution vehicle operators. Collision avoidance systems can be used to
‘minimize collisions, or can be used to operate protection systems before an unavoidable col-
lision happens to protect the automobile passengers. In this case, vehicles closing at ot
approaching an obstacle at 80 km/h will be less than 7 m apart before a collision-is-imminent
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TR

determmatxon can be made ‘Ihls glves 200 ms decxsxon—makmg tune for the system MCU Thls
: makmg tlme after the e’srenta In the future, an 1deallst1c system may be a cembmatlon of the
two systems :

717 3 Future Aceeleratlon Appllcations

One ef the future appllcatlons belng conmdered is the expansmn of the air bag system to
include side impact protection. The sensor used. for crash sensing is unidirectional; so that it
can only detect forward impact. A similat sensor, mounted perpendicular to the air bag sen-
'sor, can be added to the. system to detect side: unpact and to deploy protection for the passen-
gers, This device will typically require a. 250-g accelerometer. Anether application for
‘accelerometers is to detect slippage during cornering in advanced steenng systems. These sys—f
tems will empley a iow -8 acceiemmeter(l—-Z g)

774 Inertial Navigation Applications:

A rumber of inértial nawgatlon systems are being developed for short- and long-range travel.

Long—rangemertml navigation systems normally ‘obtain their’ location by using a trlangulatlon
method This method references three ‘navigation sateIhtes with known locations in fixed.
' all three satellites is

lost 'I]ns oceurs when the vehlcle is in the. shadow of tall bmldmgs orhigh ‘hills, and triangula-

tion is not possible, Under these conditions, the gmdance system has to rely on such devices as’ |
gyroscopes,. ‘which sense angular rota’uon orchange in dl;rectmn and/or momtor vehicular

motion relati

to,ﬂfhei fOHd;" ‘
Short-range 1

ial navigation systems or inertial measurerent units (IMU) rely to a

large éxtent on high~accurac accelerometers and’ gyroscopes A typical accelerometer speci-.
fication for this application is: 12-g full-scale output, accuracy 0.5 percent over temperature ;
bandwidth d¢ to 20 Hz, and a cross-axis sens1t1V1ty <05 percent A centrally. located IMU ¢ can
be expanded to cover other apphcatmns such as suspensmn ABS ASR, ‘and workmg w1th-

crash avoidance sensors, This may be the w. yste

future. The IMU can also be desig ne prowde:locatlon data tor mtelhgent vehicle hlghway '
systems, These systems (Pmmetheus Amﬁcs“) improve travel efﬁaency and reduce fuel
consumption and ‘pollution by selecting the optimum rotite to a given destination. The route
is chosen to avoid traffic congestion, road constructlon and acmdents (see Chap 29)

7,3 SUMMARY

In this chapter; a number of speed—sensmg devmes both rotary and linear; have been
described, together with: potentlal applications. VR, MRE, Hall effect, and opto.devices.(pos-
51ny magnetic transistor in future applications) can be used in rotational applications for
engine control, transmission, and wheel speed sensing. Of these devices; Hall efféct, VR, and.
0pto have been widely used. With the tendency for direct pickoff, optical dev1ces may become
al, MRE devices are being designed in and will become a serious contender to the:
:Hall effect ‘device, In linear applications for crash avoidance, microwave devices have the
,edge -over performance and optical devices in terms of cost. However, as the: cost ‘of
‘microwave devices declines, they couild become cost effective, For blind-area alert and revers-
‘ing ‘obstacle detection, ultrasonics and 1nfrared dewees are cost effectlve but performance:
degrades during inclement weather, v
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CHAPTER 11

AUTOMOTIVE
MICROCONTROLLERS

" David S. Boehmer

Senior Applications Engineer
Intel Corporation

A microcontroller can be found at the heart of almost any automotive electronic control mod-
ule or ECU in production today. Automotive systems such as antilock braking control (ABS),
engine control, navigation, and vehicle dynamics all incorporate at least one microcontroller
within their ECU to perform necessary control functions. Understanding the various features
and offerings of microcontrollers that are available on the market today is important when
making a selection for an application. This chapter is intended to provide a look at various
microcontroller features and provide some insight into their characteristics from an automo-
tive application point of view.

11.1 MICROCONTROLLER ARCHITECTURE AND PERFORMANCE
CHARACTERISTICS

A microcontroller can essentially be thought of as a single-chip computer system and is often
referred to as a single-chip microcomputer. It detects and processes input signals, and
responds by asserting output signals to the rest of the ECU, Fabricated upon this highly inte-
grated, single piece of silicon are all of the features necessary to perform embedded control
- functions. Microcontrollers are fabricated by many manufacturers and are offered in just
about any imaginable mix of memory, I/O, and peripheral sets. The user customizes the oper-
ation of the microcontroller by programming it with his or her own unique program. The pro-
gram configures the microcontroller to detect external events, manipulate the collected data,
‘and respond with appropriate output. The user’s program is commonly referred to as code
and typically resides on-chip in either ROM or EPROM. In some cases where an excessive
amount of code space is required, memory may exist off-chip on a separate piece of siticon.
- -After power-up, a microcontroller executes the user’s code and performs the desired embed-
ded control function.
Microcontrollers differ from microprocessors in several ways, Microcontrollers can be
thought of as a complete microcomputer on a chip that integrates a CPU with memory and
various peripherals such as analog-to-digital converters (A/D), serial communication units

(SIO, SSIO), high-speed input and output units (HSIO, EPA, PWM), timer/counter units,and
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standard low-speed input/output ports (LSIO). Microcontrollers are designed to be embed-
ded within event-driven control applications and generally have all necessary peripherals
integrated onto the same piece of silicon. Microcontrollers are utilized in applications ranging
from automotive ABS to household appliances in which the microcontroller’s function is pre-
defined and limited user interface is required.

Microprocessors, on the other hand, typically require external peripheral devices to per-
form their intended function and are not suited to be utilized in single-chip designs. Micro-
processors basically consist of a CPU with register arrays and interrupt handlers. Peripherals
such as A/D and HSIO are rarely integrated onto microprocessor silicon. Microprocessors are
designed to process large quantities of data and have the capability to handle large amounts
of external memory. Although microprocessors are typically utilized in applications which are
much more human-interface and I/O intensive such as personal computers and office work-
stations, they are beginning to find their way into embedded applications.

Choosing a microcontroller for an application is a process that takes careful investigation
and thought. Items such as memory size, frequency, bus size, /'O requirements, and tempera-
ture range are all basic requirements that must be considered when choosing a microcon-
troller. The microcontroller family must possess the performance capability necessary to
successfully accomplish the intended task. The family should also provide a memory, 1/0,and
frequency growth path that allows easy upgradability to meet market demands. Additionally,
the microcontroller must meet the application’s thermal requirements in order to guarantee
functionality over the intended operating temperature range. Ttems such as these must all be
considered when choosing a microcontroller for an automotive application.

11.1.1 Block Diagram

Usﬁally the first item a designer will see when opening a microcontroller data book or data
sheet is a block diagram. A block diagram provides 2 high-level pictorial representation of a

microcontroller and depicts the various peripherals, I/O, and memory functions the micro-

controller has to offer. The block diagram gives the designer a quick indication if the particu-

lar microcontroller will meet the basic memory, /O, and peripheral needs of their application.
Figure 11.1 shows a block diagram for a state-of-the-art microcontroller. It depicts 32 Kbytes
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r————— JU S, A —————————— ———— et e e
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1 [~ Clock Generator | 32 Kbytes i
o st e Y 512 bytes on-chip —V,
: : coda RAM EPRON FOWER |4 vcc
1l ! anp [ vss
1] pererera byt H GND vz:
HIR R | e N PR :
H (P15) RAM ! 16 controlter 14 mbeefp CONTROL SIGNALS
u y 3 H P v/Prefatch Queve [ Je=> ADDR/OATA BUS
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H S b t b “» ~ i
H A 4 ~ )
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FIGURE 11.1 Microcontroller block diagram.
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Ambient temperature under bias (TA) refers to the temperature range that the microcon-
troller is gnaranteed to operate at within a given application. While powered-up or operating,
a microcontroller must not be subjected to temperatures that exceed its specified ambient
temperature range. The most common ambient temperature ranges in industry are:

Commercial 0to+70°C
Extended —40 to +85 °C '
Automotive —40 to +125 °C

11.2 MEMORY

Microcontrollers execute customized programs that are written by the user. These programs
are stored in either on-chip or off-chip memory and are often referred to as the user’s code. On-
chip memory is actually integrated onto the same piece of silicon as the microcontroller and is
accessed over the internal data bus. Off-chip memory exists on a separately packaged piece of
silicon and is typically accessed by the microcontroller over an external address/data bus

A memory map shows how memory addresses are arranged in a particular microcon-
troller. Figure 11.19 shows a typical microcontroller memory map.

Address ‘ Memory Function

External Memory

! Intemal ROM/EPROM or External Memory
2000h (interrupt vectors, CCE's, Security Key, Reserved locations, etc.)

Intemnal Speclal Function Reglsters (SFR's
_____ trogn | "o SpecklFuncton Roglser BT
1EFFh
Extemal Memory
0600h )
o osﬁFh """"""""""""""""

03FFh A
Register RAM :%:elr:greeg: ﬁrlrfg:x(::dm
- -91.0(_”1. ............. 'pqd@ 9rﬂ]r?u9b !”!nqus)- Reglster
______ 18h | .. .|indirectorindexed
0017h | cpy SFRs modes.)
0000h :

FIGURE 11.19 Microcontroller memory map.
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Memory is commonly referred to in terms of Kbytes of memory. One Kbyte is defined as
1024 bytes of data. Memory is most commonly arranged in bytes which consist of 8 bits of
data. For instance, a common automotive EPROM is referred to as a “256k x 8 EPROM?”. This
EPROM contains 256-Kbytes 8-bit memory locations or 2,097,152 bits of information.

11.2.1 On-Chip Memory

On-chip microcontroller memory consists of some mix of five basic types:random access mem-
ory (RAM), read-only memory (ROM), erasable ROM (EPROM), electrically erasable ROM
(EPROM), and flash memory. RAM is typically utilized for run-time variable storage and
SFRs. The various types of ROM are generally used for code storage and fixed data tables,
The advantages of on-chip memory are numerous, especially for automotive applications,
which are very size and cost conscious. Utilizing on-chip memory eliminates the need for
external memory and the “glue” logic necessary to implement an address/data bus system.
External memory systems are also notorious generators of switching noise and RFI due to

their high clock rates and fast switching times. Providing sufficient on-chip memory helps to

greatly reduce these concerns,

RAM. RAM may be defined as memory that has both read and write capabilities so that the
stored information can be retrieved (read) and changed by applying new information to the
cell (write). RAM found on microcontrollers is that of the static type that uses transistor cells
connected as flip-flops. A typical six-transistor CMOS RAM cell is shown in Fig. 11.20. It con-
sists of two cross-coupled CMOS inverters to store the data and two transmission gates, which
prov1de the data path into or out of the cell. The most significant characteristic of static mem-
ory is that it loses its memory contents once power is removed. After power is removed, and
once it is reapplied, static microcontroller RAM locations will revert to their default state of
a logic “0”. Because of the number of transistors used to construct a single cell, RAM mem-
ory is typically larger per bit than EPROM or ROM memory.

Although code typically cannot be executed from register RAM, a special type of RAM
often referred to as code RAM is useful for downloading small segments of executable code.
The difference between code and register RAM is that code RAM can be accessed via the

Veo i Vee

to all celis . to all cells
tn column - < ™ in column
Transmission Gate [_) —4 - Transmission Gate
" o RW="0" to RW ="0",
Vss ‘ Vss

FIGURE 11.20 CMOS RAM memory cell.




11.26 CONTROL SYSTEMS

memory controller, thus allowing code to be executed from it. Code RAM is especially useful
for end-of-line testing during ECU manufacturing by allowing test code to be downloaded via
the serial port peripheral. ‘

ROM. Read-only memory (ROM), as the name implies, is memory that can be read but not
written to. ROM is used for storage of user code or data that does not change since it is anon-
volatile memory that fetains its contents after power is removed. Code or data is either
entered during the manufacturing process (masked ROM, or MROM) or by later program-
ming (programmable ROM, or PROM); either way, once entered it is unalterable.

A ROM cell by itself (Fig. 11.21) is nothing more than a transistor. ROM cells must be used
in a matrix of word and bit lines (as shown in Fig. 11.22) in order to store information. The
word lines are connected to the address decoder and the bit lines are connected to output
| buffers. The user’s code is permanently stored by including or omitting individual cells at word
! and bit line junctions within the ROM artay. For MROMs, this is done during wafer fabrica-
I tion. For PROMs, this is done by blowing a fuse in the source/drain connection of each cell. To
E" read an address within the array, the address decoder applies the address to the memory
matrix. For any given intersection of a word and bit linie, the absence of a cell transistor allows
1o current to flow and causes the transistor to be off. This indicates an unprogrammed ROM
- cell. The presence of a complete cell conducts and is sensed as a logical “07, indicating a pro-
i grammed cell. The stored data on the bit lines is then driven to the output buffers.

1 ” MROMs are typically used for applications whose code is stable and in volume produc-
tion. After the development process is complete and the user’s program has been verified, the
user submits the ROM code to the microcontroller manufacturer. The microcontroller manu-
facturer then produces a mask that is used during manufacturing to permanently embed the
program within the microcontroller. This mask layer either enables ‘or disables individual
ROM cells at the junctions of the word and bit lines. An advantage of MROM microcon-
trollers is that they come with user code embedded, which saves time and money since post-
production programming is not necessary. A disadvantage of MROM devices is that, since the
mask with the user code has to be supplied early in the manufacturinig process, throughput
time (TPT) is longer. ' .

~ Some versions of ROM (such as Intel’s Quick-ROM) are actually not ROMs, but rather
EPROMs, which are programmed at the factory. These devices are packaged in plastic
devices, which prevents them from being erased since ultraviolet light cannot be applied to
the actual EPROM array. Throughput time fof QROMs is faster since the user code isn’t
required until after the actual manufacturing of the microcontroller is complete. As with

Diagram Electrical Symbol

FIGURE 1121 ROM memory cell.
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FIGURE 11.22 Simplified ROM memory matrix.

MROMs, the user supplies the ROM code to the microcontroller manufacturer. Instead of
creating a mask with the ROM code, the manufacturer programs it into the device just prior
to final test. i

EPROM. EPROM devices are typically used during application development since this is
when user code is changed often. EPROMs are delivered to the user unprogrammed. This
allows the user to program the code into memory just prior to installation into an ECU mod-
ule. Many EPROM microcontrollers actually provide a mechanism for in-module program-
ming. This feature allows the user to program the device via the serial port while it is installed
in the module. EPROM devices come assembled in packages either with or without a trans-

parent window. Windowed devices are true EPROM devices that allow the user to erase the

memory contents by exposing the EPROM array to ultraviolet light. These devices may be
reprogrammed over and over again and thus are ideally suited for system development and
debug during which code is changed often. EPROM devices assembled in a package without a
window are commonly referred to as one-time programmable devices or OTPs. OTPs may only
be programmed once, since the absence of a transparent window prevents UV erasure. OTPs
are suited for limited production validation (PV) builds in which the code will not be erased.
A typical EPROM cell is shown in Fig. 11.23. It is basically an N-channel transistor that has
an added polyl floating gate to store charge. This floating gate is not connected and is sur-
rounded by insulating oxide that prevents electron flow. The mechanism used to program an
EPROM cell is known as hot electron injection. Hot electron injection occurs when very high
drain (9-V) and select gate (12-V) voltages are applied. This gives the negatively charged elec-
trons enough energy to surmount the oxide barrier and allows them to be stored on the gate.

{
i
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This has the same effect as a negative applied gate voltage and turns the transistor off. When
the cell is unprogrammed, it can be turned on like a normal transistor by applying 5V to the
poly?2 select gate. ‘When it js programmed, the 5V will not turn on the cell. The state of the cell
is determined by attempting to turn on the cell and detecting if it turns on. Brasure is per-
formed through the application of ultraviolet (UV) light, which gives just the right amount of
energy necessary for negatively charged electrons to surmount the oxide barrier and leave the

floating gate.
Diagram ' Electrical Symbol
' (QATE)
POLY 2 DRAIN

QATE OXID|
POLY 1

QATE OXIDE

o | &E,{HU‘\

FIGURE 1123 EPROM memory cell.

Flash. Flash memory is the newest nonvolatile memory technology and is very similar to
EPROM. The key difference is that flash memory can be electrically erased. Once programmed,
flash memory contents remain intact until an erase cycle is initiated via software. Like EEPROM,
flash memory requires a programming and erase voltage of approximately 12.0'V. Since a clean,
regulated 12-V reference is not readily available in automotive environments, this need is often
provided for through the incorporation of an on-chip charge pump. The charge pump produces
the voltage and current necessary for programming and erasure from the standard 5-V supply
voltage. The advantage of flash is in its capability to be programmed and erased in-module with-
out having to be removed. Tn-module reprogrammability is desirable since in-vehicle validation
testing doesn’t always allow for easy access to the microcontroller. Flash also allows for last-
minute code changes, data table upgrades, and general code customization during ECU assem-

arly identical in size to that of an EPROM cell, the high reliability and
high device density capable with EPROM is retained. The main disadvantage of flash is the need
for an on-chip charge pump and special program and erase circuitry, which adds cost.

A flash memory cell is essentially the same as an EPROM cell, with the exception of the
floating gate. The difference is a thin oxide layer which allows the cell to be electrically erased.-
The mechanism used to erase data is known as Fowler-Nordheim tunneling, which allows the
charge to be transferred from the floating gate when a large enough field is created. Hot elec-
tron injection is the mechanism used to program a cell, exactly as is done with EPROM cells..
When the floating gate is positively charged, the cell will read a “1”, when negatively charge
the cell will read a “0”.

EEPROM. EEPROM (electrically erasable and programmable ROM, commonly referred
as FZROM) is a ROM that can be electrically erased and programmed. Once pro grammed, EE
ROM contents remain intact until an erase cycle isinitiated via software. Like ﬂash,programmin
and erase voltages of approximately 12V are required. Since a clean, regulated 12-V reference
not readily available in automotive environments, this requirement is satisfied using an on-chip
charge pump as is done for flash memory arrays. Like flash, the advantage of EEPROM
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capability to be programmed and erased in-module. This allows the user to erase and program the
device in the module without having to remove it. EEPROM’s most significant disadvantage is .
the need for an on-chip charge pump. Special program and erase circuitry also adds cost. "

An EEPROM cell is essentially the same as an EPROM cell with the exception of the v
floating gate being isolated by a thin oxide layer. The main difference from flash is that
Fowler-Nordheim electron tunneling is used for both programming and erasure. This mecha-
nism allows charge to be transferred to or from the floating gate (depending upon the polat- o
ity of the field) when a large enough field is created. When the floating gate is positively
charged, the cell will read a “17; when negatively charged, the cell will read a “0”.

11.2.2 Off-Chip Memory . s,_]‘

Off-chip memory offers the most flexibility to the system designer, but at a price; it takes up :
additional PCB real estate as well as additional I/O pins. In cost- and size-conscience applica- il
tions, such as automotive ABS, system designers almost exclusively use on-chip memory. :
However, when memory requirements grow to sizes in excess of what is offered on-chip (such H
as is common in electronic engine control), the system designer must implement an off-chip ‘
memory system. Off-chip memory is flexible because the user can implement various memory !
devices in the configuration of his choice. Most microcontrollers on the market today offer a '
wide variety of control pins and timing modes to allow the system designer flexibility when
interfacing to a wide range of external memory systems.

Accessing External Memory. 1f circuit designers must use external memory in their appli- 5 I:
cations, the type of external address/data bus incorporated onto the microcontroller should be 1}[' :
considered. If external memory is not used, this will have, if any, impact upon the application. o
There are two basic types of interfaces used in external memory systems. Both of these are
parallel interfaces in which bits of data are moved in a parallel fashion and are referred to as
multiplexed and demultiplexed address/data buses.

Multiplexed Address/Data Buses. As the name implies, multiplexed address/data buses
allow the address as well as the data to be passed over the same microcontroller pins by mul-
tiplexing the two in time. Figure 11.24 illustrates a typical multiplexed 16-bit address/data bus
system as is implemented with Intel’s 8XC196Kx family of microcontrollers.

% = e
T4AC |
ADG5 s HIGH ADDRESS HIGH ADDRESS
EPROM , |
DATA (Low) i
ALE/ ADV DATA e
EPROM !
(High)
' 74AC
ADO-7 a73 LOW ADDRESS jmsmmwmmd  { OW ADDRESS
i
vio-
8XC196Kx b
OE OE
5 | ]

FIGURE 11.24 Multiplexed address/data bus system. CE
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During a multiplexed bus cycle (refer to Fig. 11.25), the address is placed on the bus dur-
ing the first half of the bus cycle and then latched by an external address data latch. The sig-
nal to latch the address comes from a signal generated by the microcontroller, called address
latch enable (ALE). The address must be present on the bus for a specified amount of time
prior to ALE being asserted. After the address is latched, the microcontroller asserts either a
read (RD#) or a write (WR#) signal to the external memory device.

XTALY

CLOCKOUT

4— ToULH —>

ALE/ADV _/f N, \

l— TLHLL —

T
L —— TLLAL ——>}¢— TRLRH _,r- AHLH -]
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[— TAVLL —P] :Huz — Tz
€ TUAX i TRy
BUS ADDRESS OUT DATAIN ))))))
le— Tavov — '
le— TLwL —>fe— TWLWH — P} TwrLH >
WA \
[ TQUWH —P 4 TWHOX-M
BUS
(16-81t Mode) ADDRESS OUT DATA OUT ADDRESS OUT
—’l TWHBX o TRHBX
i mst < VALID :
' "’l TWHAX or TRHAX
(efa;?,qe;sf) ADDRESS OUT -
ALE | ae I pl
11 EnE
WR#¥ or RD#¥
WR¥ or RD¥ L L

ADO-7 —{ADDRLOW! DATA —

ADO-15 —[ADDRESS | DATA

AD8-15 —{__ ADDRESSHIGH

18-bit bus cycle
8-bit bus cycle

FIGURE 11.25 Multiplexed bus cycle and timing diagram.

For a read cycle, the microcontroller will pull its RD# output pin low and float the bus t
allow the memory device to output the data located at the address latched on its address pin;
The data returned from external memory must be on the bus and stable for a specified se
time before the rising edge or RD#, which is when the microcontroller latches the data.

For a write cycle, the microcontroller will pull its WR# pin low and then output data on th
bus to be written to the external memory. After a specified setup time, the microcontroller




AUTOMOTIVE MICROCONTROLLERS 11.31

release its WR# signal, which signals to the memory device to latch the data on the bus into
the address location present on its address pins.

Advantages of multiplexed address/data bus systems are that fewer microcontroller pins
are required since address and data share the same pins. For a true 16-bit system, this trans-
lates into a multiplexed system requiring 16 fewer pins (for address and data) than would be g
required by a demultiplexed system. A disadvantage is that an external latch is required to E :
hold the address during the second half of the bus cycle; this adds to the component count. -

Demultiplexed Address/Data Buses. Microcontrollers with demultiplexed address/data i
buses implement separate, dedicated address and data buses as shown in Fig, 11.26. i

L |
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DATA '

s — EPROM
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Microcontroller l
OF OE i

A l ’

FIGURE 11.26 Typical demultiplexed address/data bus system. L‘ ]

The operation of a demultiplexed address/data bus is basically the sarne as the multiplexed

type with the exception of not having an ALE signal to latch the address for the second half
" of the bus cycle. The operation of the RD#,WR#, address, and data lines is essentially the same
as for that of a multiplexed system. W

During a demultiplexed bus cycle, the microcontroller places the address on the address ?
bus and holds it there for the entire bus cycle. For a read of external memory, the microcon-
troller asserts the RD# signal (or WR# for a write signal) just as would be done for a multi-
plexed bus cycle. The memory device will respond accordingly by either placing the data to be
read on the data bus or by latching the data to be written off of the data bus. Figure 11.27 illus-
trates a simplified demultiplexed bus cycle. :

An advantage of multiplexed address/data bus systems is that external data latches are
niot hecessary, which saves on system component count. A disadvantage, as mentioned earlier,
is that more microcontroller pins must be allocated for the interface, which leaves fewer pins
for other I/O purposes. '

11.3 LOW-SPEED INPUT/OUTPUT PORTS

Low-speed input/output (I.SIO) ports allow the microcontroller to read input signals as well as
provide output signals to and from other electronic components such as sensors, power drivers,
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Program status word (PSW) A microcontroller register that contains a set of boolean flags
which are used to retain information regarding the state of the user’s program.

Pulse-width modulation (PWM) The precise and timely creation of negative and positive
waveform edges to achieve a waveform with a specific frequency and duty cycle.

Random #ccess memory (RAM) A memory device which has both read and write capabili-
ties so that the stored information (write) can be retrieved (reread) and be changed by apply-
ing new inforination to the inputs.

Read-only memiory (ROM) A memory that can only be read and not written to. Data is
either entered during the manufacturing process or by later programming; once entered, it is
unalterable.

Reglsterlanthmetlc Jogic unit (RALU) A component of register-direct microcontroller
architectures that allows the ALU to operate directly upon the entire register file.

Serial input/output (SI0) A method of dlgxtal communication in which a group of data bits
is transferred one at a time, sequentially over a single data hne

Special function register (SFR) A microcontroller RAM register which has a specific, dedi- i
cated function assigned to it. :
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‘The electronic engine control system conslsts of ¢ sensmg devices which contmuously measure
the operating conditions of the engine, an electronic control unit (ECU) which evaluates the
‘sensor inputs using data tables and calculations and. determines the output to the: ac:’ﬂmtlllg‘,-;i
devices, and actuatmgr devices which are conunandcd by the ECU to perform an action in.
tesponse to the sensor inputs. -

The motive for using an electronicengine. control system isto provxde the needed accuracy
and adaptablhty in order to minimize exhaust emissions and fuel consumptxon provide thl—.,
mal-driveability for all operating conditions, minimize evaporative emissions, and provide syqu

tem diagnosis when malfunctions-oceur. .~ . .
‘In order for the control system fo meet these. objectlves consxderable developmient time. 1s
, reqmred for each engine and vehicle apphcatlon A substantial amount of development must:

occur with an engine installed on an engine dynamometer under controlled conditions. Infor-:
‘mation gathered is used to develop the ECU data tables. A considerable amount of develop—@
ment effort is also required with the engine installed in the vehicle Fmal determmatlon of the
daia tables ‘oceurs during veh1cle testmg

The various fuel compounds are accmbmatien Of hydroﬁen and carb‘j .
bustion conditions, the hydrocarbons would combine in a thermal reactlon
the air to form carbon dmxrde (CO;_) and water (H,0). Unfortunatelyr fect combustion
does not occur and in-addition to CO, and H,0, carbon monoxide (CO) -oxides of nitrogen
(NO ), and hydrocarbons (HC) occnr in the exhaust as a result of the combustion reaction,
Additives and impurities in the fuel also-contribute minute quantmes of pollutants stuch. as
lead oxides, lead halogenides, and sulfur oxides. In compression ignition (diesel) engines,
thereisalso an a}}premable amountof soot (partlculates) created. Federal statues regulate the
-allowable amount of HC, NO,, and CO emitted in a vehlcle S, exhaust On dxesel engmes the:
‘ammmt of partlculates emitted is also regulated. .

12,1
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Spark Ignition Engines

Air/fuel Rafio. The greatest effect on the combustion process, and. therefore on the
exhaust emissions, is the mass ratio of air to fuel. The air/ffuel mixture ratio must lie within a
certain range for. opt;mahgm‘mn and combustion. For a spark ignition engine; the mass ratio
for complete fuel combustion is 14.7:1; 1.¢., 14.7 kg of air to 1 kg of fuel. This ratio is known as
the stoichiometric ratio. In terms of vcﬂume approximately 10,000 liters of air would be
requxred for 1 liter of fuel, The air/fuel ratio is often described in terms of the excess-air fac-
tor known as lambda (). Lambda indicates the deviation of the actual air/fuel ratio from the
theoretically required ratio:

?‘far gasclme)

thcufc.

Atstoichiometry: A =1
For a mixfure with excess air (lean’ A>1
“For a mixture with deficient air (rich): A< 1.

Eﬁ”ect of Air/Fuel Ratio on Emissions

CO emissions. ‘In'the rlch operatmg range ()
with an mcreaSmg amount of fuel. In the lean
est, With an engmc operanng at (7‘» :
der dlstrlbutmn
ach1evmg A=, the: average Co.m @hﬂ Wﬂl b&lng,l
ingatA=1 '

H Cemissions. Aswith CO emiS’siGns“ HC emissions increase with an increasing amount
-of fuel The mlmmum HC ﬁnnssmns ocmr at ?& 1L l 212 z At very lean alr/fuel ramos the

g unburned fuel

NO, emissions. The effeet of the ait/fuel ratio on NOy emissions is the oppos1te of HC.
“and CO on the rich side of stotchmmetcy As the air content increases, the oxygen content
‘increases and fhe result is more ‘NO,. On the lean side of st01ch10metry, NO, emissions
decrease with increasing air because the decreasmg density lowers the comhuz.tmn cham-
ber temperature 'Ihe maximum NO emissmns oceur at’ A=105...1.1

C atalync Con verters. 'Toreduce the: exhaust £as emission concentration, a catalytic con-
verter is installed in the exhaust system. Chemlcal reactions occur in the converter that trans-
form the exhaust emissions to less harmful chemical compounds. The most commonly used
converter for a spark ignition engine is the three-way converter (TWC). As the name mphes
it simultaneously reduces the concentration of all three regulated exhaust gases ] Z

- NO: The eatalyst promotes reactions-that oxidize HC and CO; convertmg them into COg and
H,0, whﬂe reduang NO, emissions into Ns. The actual chcnncal reactzon‘: that eccur are:

200 +0,-52C0;
INO +2C0 —>N +2co

verted to less harmful compoun&b 5}7 ihe cataiytlc convertel
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7»~Control Hange
(Calalyﬂc GonvenarWIndow) :

NOy

=-- Priorto Catalyst
— After Catalyst

 Exhaust Emissions

Lambda x

FlGURE a2 Lambda effect ‘on exhaust emissions pnor to
.and after catalyst treatment

. To remain within the: catalytlc converter wmdow, the a_11/fuel 1atro 1sfcontrolled by the
: lambda closed-loop fuel control system, whrch Is part of the 'Iectromc eng e

systcm upstre'a‘ - th
“gas. The oxygen con’cent is'a m & eXCEss air (or deficiency of alr) in the exhaist gases.
A detailed discussion of thelambda closed: oop control system oceurs in Sec 12 2. 1

Ignition Timing. ~The ig il
center (TDC) at which t
“has a decisive influence on the exhaust en 1s31ons,
E]‘fect of ignition nmmg on exhaust emissions.

+ CO emissions are. almost,completely mdependent of the 1gn1tron timing, and are primarilya

function of the air/fuel ratio;

. In general the more the 1gmt1on is advanced the hlgher the emlssrons of HCS Reactrons ;

'—iratlo since he 7 have a combined effect o exhaust efiissions as. well as fuel consumptlon and
drrveablhty gmtlon timing is generally controlled by the ECU Igmtlon tlming control is d1s—
cussed in detailin Sec. 12.2.1.

Exhaust Gas Recirculation { EGR) Exhaust gasremrculatlon (EGR) isa method of reduc-:
A portion of the exhaust gasis recirculated back to the com-

ing emissions of oxidées of nitrogen.;
bustion chamber. Exhaust gas
‘combustion temperature. Dependmg on the amount'of EGR, NO, emissions can be reduced by
up'to 60 percent, although an incredse in HC emissions would occur at such hlgh levels of EGR.

Some internal EGR occurs due to the-overlap of the exhaust and intake valves. Additional .
qguantities aré supplied by a separate system linking the exhaust manifold to the intake mani-.

trol systﬂm ‘

e oxygen content i the‘ exhaustz

eirgrntlon spark occu. The 1gm_1on , uning of the arr/fuel mlxture»;

?1mperat1ve that the 1gn1t10n tlmmg be coordmated wrth the u/fuel'

.an inert gas and, in the combustion chamber it Towers the peak
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fold. The quantity of° EGR flow to the intake system is metéred by a pneuniati¢ or electronic
-valve. The EGR valve is controlled by the ECU. The maximum flow of EGR is limited by an.
icrease in HC emissions, fual consumpt:on and engine roughness. EGR control is discussed
in defail in.Sec. 12.2.1. ,

Compresswn Ignition (Diesel) Engmes There are some. key dlstmcnons between an SI
engineand a Cl engine. The Clengine uses hi ' & s;;mﬁgi
to ignite the combustible air/fuel mixture. To . atiois
in the range of 21:1, as opposed to toughly 1
mlected directly into the cylinder near the to]
and air, therefore, occurs dlrectly inthe cylmder‘

An/fuel ratio.  Diesel engmes always operate with excess air (A > 1), Where:

_ quantity of air supplied
theoretical requirement

The excess ait (A =1.1...51.2) reduces the amount of soot (particiilates), HC,and CO emissions.
Catalytic Converters: An oxidizing catalyst is-used that converts CO and HC to CO,and
H;0. The NO, reduction that occurs for an S engine three-way catalyst (TWC) is not possi-
ble with a diesel because the diese] operates with excess air. The optimal conversion of NO,
requires a stoichiometric ratio (A= 1) ora deﬁmency of, it (A<l
" Injection Timing. . Inacompression ignition engine, the start.of combustion is determined
,by the start of fuel injection. In general retardmg the m]ecnon timing decreases NO, emis-
sions, while overretarding results'in an increase in HC emissions. A 1° (crankshaft angle) devi-
ation in injection timing can increase NOy emissions by 5 percent and HC emissions by as
much as 15 percent. Precise control of m]ec'non timing is critical, Injectmn timing on'some sys-
tems is controlled by the ECU. Feedback ‘on injection timing can be prov;ded by a sensor
installed on the m;ector nozzle. Further discussion on. aneCtIOH timing occurs in Sec. 12.3.1.
 Exhaust Gas Recirculation (EGR), As'with an ST engine, exhaust gas can be recirculated
to the combustion chamber to significantly reduce NO, emissions. The quantity of EGR
allowed to entet ,the intake is metered by the EGR valve. If the quantity.is too high, HC emis-
smm, CO emissions, and soot (partmulates) increase as a result of aninsufficient- quanuty of
ra1r 'I’he EGR valve 1s controlled by the ECU ‘which determines how much EGR is tolerable

12.1.2 Fuel Cunsumptlon

Federal statutes are currently in effect that reqmre each automobile manufacturet to ach1eve
a certain average fuel economy for all their models pr oduced in one model year. The require-
ment is known as corporate average fuel economy-or CAFE. The fuel economy for each vehi-
cle type is determined during the federal test procedure, the same as for exhaust emissions
determination, conducted on a chassis dynamometer. Because of the CAFE requirement, it is
critical that fuel consumpnon be minimized for every vehicle type produced.

“The electronic engine control. system provides the fuel metering and ignition timing preci-
siofl reqmred to minimize fuel consumpfion Optimum fuel economy oceurs near A =1.1.
However, as dxscussed preweusly, lean engine operation affects exhaust emissions and NO, is
at its maximum at A=1.L

~ .During coastmg and braking, fuel consumptlon can be further reduced by shutting off the fuel
until the engine speed decreases to slightly higher than the set idle speed The ECU determines
when fuel shutoff can occur by evaluating the throttle posmon, engine RPM, and vehicle speed.
* The influence of ignition timing on fuel consumption is the opposite of its influence on
exhaust emissions, As the ‘air/fuel mixture becomes leaner, the ignition timing must be
advanced to Compensate for a: slower combustlon speed. However, as discussed prevmusly,
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advancing the ignition t1m1ng increases the emissions of FHIC and NO,. A sophlstlcatedlgmnon,
¢oritrol strategy permlttmg optmnzatlon of‘the. 1gn1t10n ateach operatmg pomt is:necessary to
reach the compromlse betWeen fuel censumphon and exhauet emissions. The electronic

1213 .;DriVééb'illiV

Another 1equ1rement of the electrome engme contml system s to provlde aceeptable drive-
ability under all operating onts, or-other objectionable roughness
should occur during vehicle 0perert10n Drweabﬂlty 1s mﬂuenced by almost every operatmn of
the engme control system " e

and exhaust emlsswns 1t is nnpoftant to evaluate the dnveablhty Other factors lhat ‘ﬂuence
driveability are the idle speed_ control, EGR control, and evaporativé emissions control.

121 A »iEy,aporaﬁve E‘missions
Hydrocaxbon {H) vehicle are closely
, ited el tank. Diie to
:e, fuel vapor 1s.

) zemlsswns in'the form of fuel vapefs escapmg from‘t"

EECS and, ‘th «y
to the mtake ma

trolled: by the EC
system oecurs in. Sec 12 2. 1

1215 ,ZSYS'tem l)iagnOSliC’s

tem: determmeq amalfunc’uon of 4 CO .
in 1dent1fy1ng and cotrecting the f flme (see Chap 22) To the drlver the engme may appear
to be operatmg correctly, but exceeswe amounts of pollutants may Vbe em ,tted 'Ih ,ECU

operatlons such as
subst1tute value may

mformauon on the faﬂure from the ECU and correct the problem Detaled examples of sys-
tem diagnostics are discussed in Sec. 12.2.3.

1221 Engine Control Functions

Fuel Control. Eor the pur POSE ¢ "d1scussmg fuel control strategies, a multlpomt pulsed fuel
injection systein is assumed. Additional discussions of fuel cotitrol for different’ types of fuel
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A}i{—

requested air-fue] ratio

where F, = - fuel mass: ﬂow rate:
A,,,v— air’ mass flow rate

The air mass flow rate can be calculated from:
Am A Ad

where A, = volune flow rate of intake air
Ay = air density

peed.density, air
the alr charge Is

There are thrée methods commonly used for dete
flow measurement, and air mass measurement, In th
calculated by the engine electronic control unit bas _
perature, intake man'fold pressure, and en RPM, The tempcl ature'and’prcssure are used
to determine: the air density and the RPM is used to determine the volume flow rate. The

-engine-acts as an air pump during the intake stroke. The calculated volume flow rate can be
, detcrmmed as follows: .

RPM . D .
A= 6o 7 XVE

thre RPM = = engine speed
D =engine displacement
Ve=volumetric efﬁmency

Inan cngme usmg exh aust gas recirculation (EGR), the volume flow rate of EGR must be
subtr actcd from the calculated volume flow rate. ‘

Av - ARPM —AEGR

_The volume ﬁow rate of EGR: can be determined empirically bascd on the EGR valve flow
rate and the EGR control strategy being used.

In the air low measurement method, the air flowis measuted usmg a vane type meterand

a1r dcn31ty changes are compensated for by dl’l at mlct tcmperature sensor. Thc vane meter

ment is comerted by a potentmmeter toa voltage ratzo. Because only Ihe fresh air charge is
measured; no compensation istequired for EGR.

In thc air mass measurcmcnt mcthod Lhe a

.wh,xch occur under cert i
determined and applied.
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Calculalzon of Injector Pulse Width, The base pulse width is determined from the re-
¢ te (F,) and an empmcal mjector constant The mjector constant 1s
determmed by the de ion -of the a: ‘
'ﬂow voluime, This const

thei 1n3 jector (from fuel rail to mtake mamfold) “When the fsressure across thei 1nJ ector does not'

qremam constant (1 e there is no pressure regnlator 1ntake mamfold vacuum reference) an

example a battery voltage correctlon is quulred to compensate for the electromechamcal
characteristics of the fuel injectors, Injector opening and closing rates differ dependmg on thef

opetatlon correctlons Flgure 12. 2‘13:3 ﬂowchart ofa typlcal mjector effective poiseewxdth cal-
rculatlon method

PULSE-WIDTH; DUHING OHANKING X

1

 GORRECTION FOR
NG LOAD - LOAD
_.__TRANSITION

TRANSIENT COMP

FIGURE 122 Determination of effective injector pulse width,

'voltage apphed to the mjectm' Wh]Ch affects the amount of fuel mjected for a gwen pulse‘ ,
ecti : wand tre
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Injection Stmtegzes. There are three commonly used fuel injection strategies for ‘multj-
point fuel mete*mg systemS‘ simultaneocus injection, group m;ecﬂen and sequeﬁtlal mjectlon
Figure 12.3 is a diagram of the different strategies. Some engines use simultaneous injection
during crank and switch over to sequential affer 16 : ‘_,j'unmng This allows for shorter

_starting times since no synchromzatmn; with the camshaft is necessary before fuel injection
3begms A descnptmn of each- strategy follows. :

Crankshaft Angle
-360°> . 00 3800

7200 1080°

FIGURE 123 Fuel mfectmn stratepies: (a) simultaneous; mjectlon (b) group jection,
and (&) sequennal mjccuen

Simultaneous injection. In;setlon of fuel oécurs at the same time for all cyhnders every
revolution of the crankshaft. Therefore, fuel is injected twice within edach four-stroke cycle.
The injection timing is fixed with respect to crank/camshaft position;

Group injection. - The injectors are divided into two groups that are controlled separately.
Each group injects once per four-stioke c,ycle The offset between the groups is one crankshaft
reyolution. This arrangement allows for injection timing selection that eliminates spraying
fuel into an open intake valve,

Sequential injection. Bach injector is-controlled separately. Tnjection timing, both with
refelence to crank/camshaft position and pulse wxdth can be optimized for each individual
cylinder.
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Lambda Control. A _subsystem. of the fuel control systenl is lambda closed—loop coritrol.
Lambda, (&) is'defined as the excess-air factor that 1nd1cates thedeﬁahon of the actuaI alr/fuel
ratio from the theoretlcally required tatio;

Iheore 1cal,requ1rcment (\ .7‘ f01 gasolmez)

‘The lambda sensor or exhaust gas oxygen sensor:.is mstalled in ftha eng{ner exhaust stream

gas The 31gna1 fromthe lambda sensor’ serves as feedback to the fuel control ysfem This’ pro— .

“vides the ﬂne-tunmg needed to remain within the hmxted catalytm converter wmdow for Optl-

wm . ow Y For a lean mlxture (?\, > 1) Sensor voltage 15 pprox1mate1y 100 mV 7For ; nch rmxg
' the sensor voltage is approximately 800 ‘

|- Sersor ISUSE to modify the base pulse width to.achieve A=1,
ambda closed-lsop control requires an operatlonally eady lambda sensor; typ1cally one
‘eached an operating temp ature threshold. Sensor output is monitored by the
i ECU to determme when the ‘sensor isi sy plymg usable information. An active sensor signal,
ents, such as engine temperatuxe must be achieved before lathbda
CIOSed loop control w1ll be ,a‘ tlvated

around the lambda wmdow As the lambda ensor sw1tches, the 1;1]
ad]usted by the amount determmed b‘ >

system (o adjust the

', raho 'Ihe corrected mformattoﬁ is. stered i RAM (random access memory) 50 that the next ‘

read only memorjr)

Lambda sensors do not swrtch symmemcally from lean to nch and rlch to lean Because of

ensor switches rapidly between the two vo tages The mput from the lanibda.
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Ignition Timing Control. The goal of the engine control system for 1gn1t10n tlmmg is to pro-
'vide spark advance ‘which optlmlzes engme torque, exhaust emissions, fuel economy, and
driveability, and. which minimizes engine knock. Data. tables with the base ignition timing,
dependmg on enginie load and RPM, are stored in ROM in the electronic ¢ontrol unit, The
values in these tables are! optlmlzed for firel economy, exhaust emissions, and engine torque:,
They are developed through engine experimentation, usually with an engme dynamqmeter
Corrections to the base timing values are needed for temperature effects EGR hot restart
barometric pressure, and enging knock ition, Somé ipnition
the engine torque for nnprovement in ‘automa; FANSMISSIOr ;
control. Figure 12.4 is a flowchart of a typlcal 1gmnon tlmmg calculation method

| BASE JGNITION TIMING FROM |
| LOADANDRPMSIGNAL |

TEMPE TURE CORHECTION

| (aFTEmsTARDAND |
L. WARM-UP CORRECTION ...

COASTING (NO LOAD)

connr CTION F FOB
NO LOAD = LOAD'

TRANSITION
1 JGNFTlON TIMING FQR 1 : : Ir ,IGNITION TlMlNG
1= IDLE CONTROL : F COMTRGL
. eSS T =

IGNITION ANGL LIMIT f

L

b y;

EFF ECTNE IGNITION TIMING

FIGURE 12 4 Determma tion of effective. xgmtaon tlmmg.

Dwell Angle Control. The dwell angle performance map stored in the eléctronic control
unit controls the charging time of the ighition coil, depending on RPM and battery voltage:
The dwell angle is controlled so that the desired primary current is reached at the end of the
charging time just prlor to the ignition point. This assures the necessary primary current, even
with quick transients in RPM. A limit on the charge time i in the' upper RPM ranges allows for
the: necessary spark: duration,
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Knock Control. 'The ignition tmnng for optimization. of torque; fuel economy, and

exhaust emissions 18 in close pmmmxty fo the ignition timing that results in engine kmock.

Engme knock occuts when the ignition timing is advanced too far for the engine operating

conditions and causes uncontrolled combustion that can lead to engine damage, depending on,

the: seventyeand frequency Ifa factor of safety was used when deveiopmg the base timing map
) Ons rib ) 11 omp

kneck sensor (one or more) is:

ock senso‘ ' are usually accelera~

>signal £ 110
ctermines Wthh cylmder of cyI ciers are knockmg Igmtlon
tumng 1s modlﬁed (retarded) for th@ae cylmders untxl the kneck is no lqnger detected The

base tlmmg can be more advanced for Improved fuel ¢ economy and torque.

Ignition Advance Angle

Combustlon Cycles In lndl\nduar Cylinders:

FIGURE 125 Knock cortrol. Control algorithm. for 1gmt10n,
ad]ustments for' a fours mder engine. Ky -5 (Knock in cylinders:

+3); eylinder number four {no knock), (a) (ignition retard), (b)?
(delay before return to omgmsﬂ ‘point; (c) (spark advance).

,Evaporaﬂve Emisszons Control, Hydrocarbon (HC} emissions in the form of fuel vapors
escaping from the vehiele, primarily from. the fuel tank, are closely regulated by federal
statutes. There are two principal causes of fuel vapor in the fuel tank: increasing ambient ten-
perature and return of unused hot fuel from the. en,«rmef In order to. control the release of
‘these ‘emissions to the: atmosphere, the ‘evaporative emissions control system was develepeﬂ

Evapwau ¢ Emissions Control 'Sy tem. A vapor ventilation line exits the fuel tank and
eénters the fuel vapor canister. The canister consists of an active charcoal element which
absorbs the vapor and allows only air to escape to the atmosphere Only 4 certain volume of
fuel vapor can be contained by the ccanister. The vapors in the canister must therefore be
purged front and bufned by the engine so that the canister can continue to store: 'VApors as
they are generated: To' accomphsh ‘this, another line leads from the charcoal canister to the
intake manifold. Included in this line is the canister purge’ ‘solenoid valve FLgure 12,6 shows 4,
Iayeut ofa typ1ca1 evaporauve emissions: contrai system.

Durmg engine operation, vacuum in the intake manifold causes: flow through the charcoal
canister because the canister vent openin g at the charcoal filter- end xs at'atmospheric pres—

mc control unit RAM This allﬁws for quxck access'
to the appropnate “learncd” 1gmt1on timing for ach condition; With this control system, the:_
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Pu

FIGURE 12 6 Evaporatxve emission control gystem: fuel vapor from fuel fank (1), charcoal canister (2), ambient air (3);
canister purge control valve (4); purge line to intake manifold. 4, throitle valve ©),p.is intake mamfold vaguum, and p;
is atmospheric pressure;

sure. The canister purge valve meters the amount of flow trom the canister. 'Iihe amount of
fuel vapor in the canister and, therefore, contained in the flow stréam, is not known. There-
fore, it is critical that the lambda control system is operating and ad]ustmg the fuel require-
ment as the vapors are being purged Purge vapors could otherwise resultin up'toa 30 percent .
increase in air/fuel mixture richness in the engine.

Purge Valve Conzrol Control of the purge valve must allow for two critetias

» There must be enough vapor flow so that the charcoal canister does ot become: saturated
-and leak fuel vapors to the. atmosphere

s Purge flowmust ﬁenerally occur under lambda closed-loop control so that the effect of the
purge vapors on A/F ratio can be detected and the fuel mefering corrected

- When the electronic control unit commands the purge valve to meter vapor from the can-
ister, it requests a duty cycle (ratio of ON time tototal ON and OFF time). This allows the
‘amount of vapor flow to be regulated depending on the engine operating conditions; When
lambda control is not operating, only low duty eycles and, therefore, small amounts ‘of purge
vapors, are allowed. Under deceleration fuel cutoff, the purge valve is closed éntirely to min-
imize the possibility of unburned HCs in the exhaust.

rﬁsc!mrger Boost Pressure Control. 'The exhaust turbocharger consistsof a COmPpressor
and an exhaust turbine arranged on a common shaft. Energy from the exhaust gas is con-
verted to rotational energy by the exhaust turbine, which then drives the compressor. The
compressed air leaves the compressor and passes through the air cooler (optlona}) throttle
valve, intake manifold, and into the ¢ylinders. Ini order to achieve near-constant air charge
pressure over a wide RPM range, the turbocharger uses a circuit that allows for the bypass of
the exhaust gases away from the exhaust turbine. The valve that regulates the bypass.opens: at
a spemﬁed air charge preseure and is known as the wastegate.
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Engmes that have turbochargers benefit mgmﬁcanﬂy from electronic boost pressure con-

trol. If'only a pneumatwmechamcal wastegate is used, only one boost pressure. point for the

entire operating range is used to divert the exhaust gas. This creates a compromise for part- -
ults in increased exhaust backpressure; more turbocharger work,

load «conditions, which
more tesidual exhaust pas in the cylinders, and higher-charge air temperatures.

By centrolhng the wastegate with a pulse-width modulated solenoid valve, different waste-
gate opening pressures can be specified, depending on the engme operating conditions (Fig.

112.7). Therefore, only the level of air charge pressure required is developed. The eleetronic

‘control unit uses information on engineé load from either manifold pressure or the air meter
and RPM and throttle position. From this information, a data table is referenced and the
proper boost pressure (actually a duty cycle of the control valve) is determined; On: systems

using manifold. pressure SEnsors; a clesed-loop control system can be developed to compare

the spemﬁed value wﬂh the measured value.

FIGURE 127 Electronic turhocharger boost control: solénoid |
“valve (1), control signal from ECU (2),boost pressure. (pp); volume
‘Hlow ﬁmmgh turbine {V2), volume flow through wastegate. (VWG)
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The boost pressure control system is usually used in combination with knock control for
turbacharged engines, When the ignition timing is retarded due to knock, an increase in
already hagh exhaust temperatures for turbocharged engines oceurs. To counteract the tem-

perature increase; the boost pressure is reduccd when the igmition t1mmg is retarded past a
predetermined threshold.

Engine/Vehicle Speed Control. Using the inputs of engine RPM and vehicle speed to the
electronic control unit, thresholds can be established for hxmtmg these variables with fuel cut-
‘off. When the maximum speed is achieved, the fuel injectors are shut off. When the speed
decreases below the threshold fuel mjectlon Tesumes.

_EGR Control. By mixing a portion of the exhaust gas with the fresh intake air/fuel mixture,
oxides of mtrogen (NO,) can be reduced by lowering the peak combustion temperatures.
However, the addition of exhaust gas can degrade dnveablhty by causing combustion insta-
bility, especially at idle and low speeds and with a cold engine. The ECU references an engine
RPM/load table of optimal EGR valve opemngs ‘The data table is developed on the engine-

_dynamometer by analyzing the exhaust emissions. With increasing EGR, a point is reached

~where hydrocarbon (HC) emlssmns begln to increase. Thc optimal percent of EGR is just

“priot to-that point. -

The electronic control unit regulates a pneumatlc— or solenoid-type valve to meter a cer-
tain quantity of exhaust gas back to the intake manifold. Typically, an engine coolasit temper-
ature threshold is also: reqmred before EGR-is activated to avoid poor dnveablhty Under-
acceleration and at idle; EGR is deactivated.

Camshaft Control. There are two types of camshaft controls: phasing (1 ¢, overlap: or
_mtake/exhaust valve openinig point) and valve lift arid opening duratiot.

Camshaft Phasing Control. Valve overlap is a function of the rotation of the intake
camshaft with respect to the exhaust camshaft. Overlap can be controlled by an electrohy-
draulic actuator. At idle and at high RPM, it is:desirable to have the intake valves open and
close later, which reduces the. overlap ‘For idle, this reduces the residual exhaust gases that -
return with the fresh charge air and improves idle stability. At high RPM, late closing of the
intake valve, prov1des the best condition for maximum cylinder filling and therefore, maxi-
‘mum output. For par‘ual loads, a large valve overlap,where the intake opens eaﬂy, is desirable.
This allows for an increase in residual exhaust gas for improved exhaust emissions (Fig. 12.8).

Valve Lift. and Opening Duration Control. Control of the valve lift and opening duration
1s accomplished by switching between two camshaft profiles. An initial cam specifies the opfi- .
mal lift and duration for the lJow to middle RPM range. A second cam profxle controlsa higher
valve lift and duration for high-RPM operation, By monitoring engine load and RPM, the
ECU actuates the electrohydrauhc deyice that switches from one cam profile to the other
(Fig.12. 9) a

Variable Intake Manifold Control. The aoal of the engine design is to achieve the hlghast
possible torque at. low engine RPM as we]] as high. output at hlgh engine RPM. The torque
curve of dnengine is proportxonal to the air charge at any given eéngine speed. Therefore, a pn-
mary influence on the torque is the intake manifold geometric design. The simplest type of air
charging uses the dynamics of the drawn-in air. The standard intake manifolds for multipoint
engines consist of several intake runners-and collectors converging at the throttle valve.

In general, short intake runners. result in a high output at high RPM with a simultaneous
Joss of torque at low RPM. Long intake runners have the opposite effect. Due to intake valve
and piston dynamics, pressure waves occur that oscillate within the intake manifold. Proper
selection of runner lengths, and collector sizes can result'in the pressure waves arriving at the
intake valyes just before they are closing. This has a supercharging effect. The limitation of
this method is that, for a given intake ‘manifold conﬁguratlon the tuning peak can only ocour
at one operating point.. '
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TDC o BDC BDC D8 BDC
CrankshaffAngle i . Crankshatt Angle: ’
FIGURE i astingent anple for mtake cam= FIGURE 129 Selectwe camshaft lobe. actuatlon{
shaft: tetard (1), standard (2)_, advance (3).. base cam Jobe (1) auxiliary camlob&:2).

"'e Systems To optnmze the beneﬁts of mtake mamfold chargmg, several
61 ed tha 1 eng  and collector volume

gine. operatmg condltlons ThlS allows for tumng ‘peaks at more than one
nt. One method developed uses electromcally controlled valves to close off
areas of thieintake manifold (Fig. 12.10). Iriputs of englne load, RPM, and throttle: angle deter-
mine the ‘posmon of the: valyes,

12.2.2 Engine Control Modes

Engine Cmnk and‘;S'i“ari Du g engme crank" 8 the goal 1s to get the engme started w1th,;

31 hu red- 1s outs1de the lambda sensor control wmdow
:seq( ences Use a front loadmg strategy for fuehng whereby the‘ quantlty of i

Igni Tming Requzrement Igmtlon tumng is controlled by the ECU during crank and

‘i determined b engine- coolant temperature and crankmg speed. For a'cold engine with low
cranking speeds, ideal timing is mear TDC: For higher cranking speeds, a slightly more

advanced. timing is optlmal Timing advance must be limited during cranking to avoid igniting
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LOW
RPN

MIDRANGE
BPM

HIGH
RPM

FIGURE 1210 Variable configuration intake manifold.

the air/fuel mixture before the crankshaft reaches top’ dead center (TDC) A damagmg torque
reversal could occiir that would damage the startet. After the engine starts, igrition timing is
advanced to improve cold: englne running as well as to reduce the need for fuel enrichment.

Engine Wann-Up During the warm-up’ phase, there are three conﬂlctmg ob]ectlves keep
“the engine operating. smoothly (i.e.,no stalls or'driveability probIems) increase exhaust tem=
-perature to quickly achieve o onal temperature for catalyst (light-off) and lambda sen-
sor so that closed- loop tuel control can begin operating, and keep exhaust emissions .and fuel .
_consumption to a minimum. The best method for achlevmg these objectwes is very ‘dependent
ori the spec1flc engme apphcation g
If the engine is still cold, fuel ennchment will be required to keep the engme running
smoothly due, again, o poor fuel vaporization and wall wetting effects. The amount of enrich-
.ment is dependent on engine temperature-‘and is a correction factor to the injector pulse
width. This enrichment, combined with secondary air mjectlon also helps achieve the desired
increase in catalyst temperdture, To prov1de secondary air 1n3ectxon an external air pump
delivets fresh ait'downstream of the exhaust valves for a short time after start. The excess air
causes oxidation (burmng) of the excess HC and CO from the tich mixture in the exhaust
‘manifold, which rapidly. increases the temperature of the catalytlc converter. The oxidation
~also temoves harmful pollutants from the exhaust stream,
1t is possible to increase, the exhaust temperature by, mcreasmg théidle speed dunng warm-
up. The increased idle speed may also be combined with a slightly retarded ignition timing,
which increases temperatures in the exhaust, thereby promoting rapid warm-up of the catalyst.
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Transient Compensation. Durmg transitions such as acceleration or deceleration, the' objec-
tive of the engine control system is to-provide a smooth transition from one engine 6 perating
condition to another (1 e., 110 hesﬁatmns' talls, bumps, or other objectmn_able driveability con-
cerns), and keep. exhaust emissions and fuel consumptlon to a minimum.

Accelefatton, Enrichment. ‘When an increase in engme lIoad and throttle angle occurs, a

yrrespotids ‘g,incrcase in fuel rmxturc richness is required to-compensate for the ing
W 1 we ng The sudden increasein airresults in aleanim jtur,;that musth corrected swifﬂy
to obtain good transitional response, The rate of change of engine load and throitle angle are
used to determine the quantity of fuel during acceleration enrichment. The amount of fuel
must be enough to provide the desired performance but not e mlich as to degrade exhaust
emissions and fuel economy, -

Durmg acceleration enrichment, the 1gm‘uon t1mmg is set for maxxmum forque without

knockmg _Additionally, when a large change in engine load occurs, some’ systems delay. the
1gn1t10n tlmmg advame bneﬂy fo prevent engme knock, Wthh may arise from a momentary

N Deceleratzon Enieanment. Dunng deccleranon modes; such as coastmg or brakmg, there
is no torque requirement. Therefore, the fuel may be shut off until either an increase in throt-
tle angle is'detected or the engine speeci falls to-a speed sli ghtly abovethe idle RPM. Fuel shut-

»off or. cutoff can decrcase exhaust emlssmns by ehmm ing unburned HC and CO and may

oﬂi; the 1gri1t10n tlmmg is retarded from its current settmg to reduce engme tcnque and to assist
in engme brakm‘g‘ ¢ fuel is then shut off. Durmg the transmon ‘;the throtﬂe bypass valve or.

rémalmng unbumed HC and CO to further reduce exhaust enussmns Durmg development of

the fuel cutoff strategy, the advantage of reduced emission effects and catalyst temperature
dontrol must be balanced agamst dnveablhty requirements. The use of fuel cutoff may change
the perceived amount of engine braking felt by the driver. I addition, care must be taken 1o
avoid a “bump? feel when entering the fuel cutoff mode due to the change in torque.

.‘1t is desn‘-

Full Load.  Under steady state full-load cond1t1ons, such as for ghmbmg a grad
;able to controi th’ ; :

,lambda sensor s1gna1 caﬁnot be used te prowde correctlon to: the axr[fuel mixture because the
nch operatmg pomt lies QutSIde the lambda control w1nd0w

X! nay be se &
engine RPM/load pomt occurs, less knockmg will occur and less COI‘I‘eCtIOII wﬂl be reqmred

Tdle Speed Control,. The Obj ectwesvof the:engmermntrol systam-dumng—‘idle are:

. Prov1de aba]ancc between the enging torque pmduced and the changing engine. loads, thus
] onsistent idle speed even with varjous load changes due to accessories (i.e., air
. DOWer steermg, and- electrical Joads) being turned on and off and durmg
1t of the automatic transmission. In addition, the idle speed control must be able

p ate for long-term changes in engine load, such as the reduction in engme friction
that ocetrs with engine break-in.

# Provide the lowest idle speed that allows Qmoath runming to achieve the: lowest exhaust

‘emissions and fuel consumption (up to 30 percent of a vehicle’s fuel consumption in c1ty
driving occurs duiring. 1dhng)
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To control the idle speed the ECU uses inputs from the throftle position sensor; air condi-
tioning, automatic transmission, power steering, charging system, engine RPM, and vehicle speed.
There ate currently two strategies used to control idle speed:air control and xgmtlon control,

Air Control, - 'The amount of air entéring the intake ‘manifold is cornitrolled. either by a
bypass valve or by an actuator acting directly on the throttle valve, The bypass valve uses, for
example, an electronically controlled motor controlled. by the ECU that opens or closes a
fixed amount; For large throttle valves, it may be desirable o use a bypass valve because a
small change in throttl¢ angle may result in a large change in air flow and, therefore, 1dle
speed may be difficult to-control. Using engine RPM feedback mput; the ECU adjusts the air
flow to increase or decrease theidle speed. A d1sadvantage to air control is that the response
to load changes is relatively siow. To overcome this, air control is often combined with 1gn1t10n
ttiming control to provxde acceptable idle speed control. The fuel quantity’ requu'ed at idle is
determined by engine load and RPM. Durmg closed—loop operation; this value is optlmlzed
by the lambda sensor closed-loop confrol. .

Ignition Timing Control.. . - Engine torque may be. mcrcased or'decreased by advancing or.

iming within an established window. This principle can beemployed to

,help control idle. speed Ignmon timing control is partlculaﬂy desirable for responding to idle

load. changes because engine. torque output changes more rapidly in response to a change in

: 1gnlt10n timing than to a change in air valve posmon Using the same inputs as for air control,
the ECU adjusts the spark advance to either raise or lower the idle speed.

Anaczpatmg Accessory. Loads. Specific electric mputs to the- ECU, such asa pressure
switch located in the power'steering system, are used to anticipate accessory loads so that the
idle control systen can compensate more quickly. This “feed forward” strategy allows better
idle control than a strictly feedback systém which does not respond until the idle speed begins
to fall, When an accessory can be controlled by the ECU, further improvement in idle speed:
control is obtained. By delaymg the load bneﬂy after it is requested; the compensation
sequence can begm before the load is actually applied, Such a load delay strategy is etfectwe,
for controlling air'conditioning compressor loads; for example In thiscase, when the air con--
ditioner is requested, the ECU begins to increase the idle speed first and then activates the:
A/C compressor.

12.2.3 ‘,'Ehginév C’dﬁtrolb biaghor;tibs '

The purpose of system dlagnostlcs isto prowde a warning to the drlver when the ccntrol sys—'
tem determines that a malfunction of a component or system has occurred and to assist the
service technician in 1dent1fymg and cnrrectmg the failure (see C hap. 22) In many cases, to the
driver, the engme may appear to be. Operatmg correctly, but excessive amounts.of pollutants
may be emiitted. The ECU determines that a malfunction has occurred when a sensor signal
received during normal engine operatwn or during & system test indicates there is a problem i
For-crifical operations such as. fuelmetering and 1gn1txon control, if a requnred sensor inputis.
faulty, a substitute value may be used by the ECU so that the engine will contintie to operate,.
but likely not at optimal performance Itis also possible to-apply an emergency measure if the
failure of a component may result in engine or emission ! system damdge For example, if
repeated misfires are detected in one cylinder, perhaps due to an ignition failure, the fuel
injector feeding that cylinder can be shut off to avoid damage to the catalytic converter. When
a failure occurs, the malfunction indicatot light (MIL) visible to the driver, is illuminated.
Information on the failure is stored in the ECU: A service technician can retrieve the infor-
mation on the failure from the ECU and correct the problem,

‘Air Mass Sensor:  For airmass measurement systems, the pulse width-of the fuel injectors is
calculated in the ECU from the air mass sensorinput.As a comparison, the pulse width is also
calculated from the throttle valve sensor and the engine RPM, If the pulse width values devi-
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atebya predétermined amoint, the discrepancy is stored in the ECU. Then, while the vehicle
is being driven, plausibility tests determine which 1nput is incorrect. When ﬂus hasbeemdeter-
‘mined, the appropriate failure: code is'saved in the ECU.

M !sftre Detection, Misfiringis the lack of combustion in the cylmder Mlsfmng can be caused

by several factors meludmg fouled or worn spark plugs, poor fuel metermg, or faulty electrical

connections, BEven a small number of rmsflres mayir ult i in excessive exhaust emissions due to
the inburned mixture, Incr s 3i a ‘convert
To determine if the- engine erier A pe
itored. If a misfire occurs, n torque is created durmg the power stroke of the cylmder(s) that 1S
: rmsfn'mg A small decrease m 'erotatlonal speedof thecrankshaft occurs, Because the. change
v : eqmred In gddltlon,

: d. s was'mentloned prevrously, ifa cyhnder repeateoly mlsflres
- 1t rs possxble te shut off the fuel to that’ cyhnder to prevent damage to the catalytlc converter

'Catalyttc Converter Monitoring. Durmg the useful life of & catalytlc converter, its effi-
ciency decreases. If: subjected to engme ‘misfire, the decreasein efficiency occurs morerapidly:
A loss'in efflclency resu
converter is monitored. / properly‘ operating catalytic converter- transfornis O3, HC, CO, dnid

toring and converting: the incoming

alytrc converter is able to dampen these oseﬂlatlons by st
- diminished. To monitor the catalytlc

- components, As the catalyst ages, this storage effect.

“converter, an additional lambda gensot is installed
‘pates
determines if the catalytrc conyerfer is ‘operating properly. If not, the ECU illuminates the
malfunctlon indicator light (MIL} and stores a failure code.

_:Lambda Sensor Momtormg. To Immmlze .exhaust iemlssmns the engme must operate.

'lSec 12 1 1 for a detaﬂ' d descnp

Ifthe upstreamrlambda sensor operation is determined to bé too slow, which can be detected
by the'system; operation frequency, the ECU tllummates the malfunction indicator light- (MIL)
and a fallure code is: stored Addmonally, the CU compares the output 31gnal of the addttlonal :

Fuel System Momtormg.
‘map with the optimal fuel
: control System (see Sec. 1

qulred for each load and RPM pomt The lambda closed-loop
{ 1o the ECU on'the necessary correctlon to

tlmj.e that operating;p,omt is,ireachied; Iess’c':o_rr‘ecti'o of the-air/fuel ratio will be -,fqulred If the

BCU correction passes a predetermined threshold, it is an indication that some component in
‘the fuel supply systemis o itside of its operating range. Some. examples are defective pressure
‘regulator, defective mamfoldpressure sensor,
age: When the ECU determines a problem exists, the MIL is illuminated and a code is stored
in the ECUL

lfs in an increase in exhaust pollutants. For this reason, the . catalytic

IQ?Hz‘ Q,‘CQQQ and N, The incoming ai /fiiel ratio oscnllates from r1eh to lean due: to the:
H,0, GO cussed in See. 12.2.1. Only a properly functioning cat-

_ wiistream of the: catdlyst The ECU coni=
e signal of the lambda sensor upstream -with the lambda sensor downstream and

intake system leakage, or exhaust system leak="
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Lixhaust Gas Recirculation (EGR) Monitoring. “There are currently two methods used to
monitor EGR operation; One. method confirms that hot exhanst £ases are returlmg t0 the
intake manifold during EGR operation by use of a temperature sensorin the intake manifold.
The second method requires the EGR valve to be fully opened during coast operation, where
high intake manifold vacuum occurs. The exhaust gas. ﬂowmg into the manifold causes a mea-
surable iricrease in pre
system 1s ot operating.

Evaporative Emissions Conirol System (EECS) Monitoring.. In general, a valve: will be
installed af the atmosphenc side of the purge canister. During idle, this valve would close-and

sssure. Thus, if a measured increase in pressure does not occur, the EGR

the purge valve would open. Intakemanifold vacuum would occar. in'the entire EECS. A pres-
sure sensor in the fuel tank would provide a pressure profile durmg this test to the ECU‘

which would then determine if a leak existed in the system.’

12.2.4 Fuel Delivery Systenis

‘Overview. Fuel: management in the spark ignition engine consists of metermg the fuel, for
mation of the ait/fuel mixture, transportation of the air/fuel mixture, and distribution of the
air/fuel mixture: The driver "perate"the throttle valve, which determines the quantity of air
inducted by the engine. The fuel dehvery system must provide the proper quantity of fuel to
create a combustible mixture in the engine cylinder. In general, two fuel delivery system con-
figurations exist: smgle-pomt and multipoint (Fig, 12. 11).

FIGURE 12,11 Air-fuelmixture preparatlon right; smglc—pomt fuel 1nject10n left, multipoint fuel injection with fuel (1), air 2,
throtile valve (3),1ntake mianifold (4) injector(s) (5); and éngine: (6)
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For smgle-pomt systems such as carbiiretors or single-point fuel injection, the fuel is’

metered in the vicinity of the throttle valve. Mixture formation o¢eurs in the intake manifold.
Some of the fuel droplets evaporate to form fuel vapor (desirable) while others condense to

form a film on the intake manifold walls (undesirable). Mixture transport and distribution is
& function of intake manifold design. Uniform distribution under all operatmg conditions is
eveina smgle—pemt system.

: plemented by the evaporation of the fuel on the back of the hot intake valve. Mixture trans-

,,mamfold deélgn on uniform mixture distribution is minimizéd, Since mlxture
dlstnbutmn is niot an issue, the intake rnamfold demgn can be optnmzed for air flows

Smgle-Pamt Injeczmn Systems A smgle—pomt mJectmn system uses one of, in some cases,
two electronic fuel injectors to inject fuel into the intake air stream. The main comp@nent is
, the fuel inj ecnon unit whichis located upstr am of the intake manifold.”

po) ' y , el pump promdes fuel ata medium: pressure (typ—
ically 0.7 to 1. 0 bar) to the electronic fuel Hl]CCilOﬂ unit (Flg' 12.12). The fuel injection unit
“houses the solenoid- operated fuel injector, which is located in the intake air: flow above the
throttle valve. This allows for. homogeneous mixture formation and distribution. The injector
spray pattem is designed to aIlow' fuel to pass between the throttle valve and the throttle bore.

To prevent vapor lock of the injector, fuel flows ﬁlrough the injector at all times. Fuel not used

by the engine is returned to the fuel tank. The injector is activated in relation fo the speed of
the engie, typically once per 1gmt10n event. The length of the pulse W1dth determines the
quantity of 'fuel pmwded

‘FIGURE 12.12 Smgle-pomt m}ectlon unit; pressure regnlator (i injecs:
tor (2); fuel return (3); stepper motor for idle speed control (4) to mtake
manifold (5, throttle valve (6), 2nd fuelinlet (7). v

The electroni m] ecuon unit also houisés the thmttle posmon Sensor. and in'some cases, an

inlet air temipeérature sensor whi h'prov1des opetating condition information to the ECU, The

throttle valve actuator and fuel pryssure regulator are also mounted on the injection unit. In-

addition, somie units contain an air bypass valye for idle speed control. Engine temperature,

battery voltage,and en gine speed via the ignition systemare all inputs to the ECU: The single--

systems, the fuel is injected near the intake valve. Mixture formtation is sup=:

n occurs only in the vicinity of the intake valve. The influence of the intake
nsport and.
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point injection system also uses lambda closed-loop fuel control to aptnmze fuel metering,
within the lambda control window (see Sec. 12.2.1), '

Ad’apmtwn to Opergting Conditions.- For cold-start and engine warm-up, the ECU uses
engine Eemperature information to determine the correct amount of fuel and commands the
fuel m;ector via a pulse width, Due to wall wettmg and poor fuel vaponzatlon when the
engme is cold, an increase in mixture richness is requlred As the engme warms up to-operat-

- ing temperature, the commanded pulse widthis reduced.

“During an acceleration transition; the ECU adds a correction factor (an increase) to the
commanded injector pulse width., The sudder increase in air results in a lean mixture which
must be corrected swiftly to obtain good transitional response. During a deceleration transi-
tlon, the fuel can be shut off by simply not prﬁwdmg a pulse width signal to the injector to
minimize exhaust emissions and fuel consumpﬁon

During full-load operation, the air/fuel mixture can be enriched (Acl)to deliver maxi-
mum ‘forque. The ECU determines full-load operation by the throttle position sensor (at-or
near wide-opert throttle) and adds & correction to: the: injector pulse width fo achieve the
desired air/fuel mixture richness.

The single-point system can control the idlg speed by ECU control of either a throftle
valve actuator ot a bypass valve: Idle speed is ‘a function of engxne operating temperature,
whether the transmission is in drive, and what aceessories are in use: Fuel metering at idle is

- determined by-engine RPM and load aswell as lambda closed- -loop control.,

'Mult:pomt Fuel IﬂjeCfIOH Systems. A mult:pomt fuel m]ecuon system supphes fuel to each
cylinder individually via a mechanical or solenoid-operated fuel injector located just upstream
of the intake valve. Advantages of thissystem’ type compared to SPT systems are numerous:

. Increased fuel economy. Onan SPI engine, due to the intake manifold configuration, mix-
ture formation will differ at eachcylinder. To provide: adequate fuel for the leanest cylinder,
too much fuel must be metered overall. In addition, during engine load changes afilm of fuel
is deposited on the intake manifold walls. This leads to further variations in mixture from
eylinder to cylmden Mu1t1p01nt mjecnon provides the same quantity of fuel to each cyhndm

. Higher power output. With the fuel bemg m;ected neat the intake valve, the rest of the
intake marnifold can be optimized : for maximum air flow, The result is increased torque.

‘~ Improved throttle response, Because the fuel'is injected onto the intake valves, responses
1o mcreases m throttle posmon are sw1ft With an, SPI system the mcreased fuel required

. ,Lower exizaust eMisSIOnS: As was dxscusqed for fuel economy, mlxture Vanatlon in an SPI »
system creates increased exhaust emissions, Metering of the fuel at the intake valve
decreases this variation. In addition, the system transport time is reduced, increasing the
frequency at which the Tambda closed- loop control system can switch air[fuel ratio. Cat:
alytic converterefficiency is increased..

Although there:are nUmerous advantages of the MPI systems over the SPI Systems, there
is still oné important advantage the SPI systems have over the MPI systers. In general, SPI
systems have better fuel preparation, similar to a carburetor.

Mechanically Controlled Continuous Injection System. 'This type of system meters the
fuel as & function of the intake air quantlty and’ m}ects it continuously ontothe intake valves.
This is accomplished. by measuring the air flow as:it passes through the -air flow meter by
means of deflection of a meter plate, The fuel is supplied through a fuel accumulator to the
fuel distributor by an electric fuel pump: A primary-pressure regulator in the fuel distributor
maintains constant fuel pressure. The fuel distributor, through its interface with the air flow
meter and warm-up regulator, meters fuel to the continuously ﬂc;wmg fuel m]ectars

ComponeniDesmptwn
Mixture control unit.. The mixture control it houses the air flow mieter and the fuel dis-
tnbuton In the air ﬂow meter; the measurement of the mtake air serves as thé basis for
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determining the amount of fuel to be metered to the mjectors ‘The air flow meter is located
upstream of the thtottle valve so that it measures all the air entering the engine. It consists
of an ait funnel, in which a sensor plate is free to vaot Intake air flowing through the fun-

nel causes a deflection of the sensorplate. The sensor platé is mechanically linked to a con-

trol. plunger ‘and movenient.of the plate results in movement of the control plunger The
control plunger' movement determines the amount of fuel to be m]ected
In the fuel distributor; the controlplunger OVES Up ar d down ina cyhndmcaﬂy shapedﬁ
device (bdrtreI) with rectangular openings {Inetermg slit), one for each engine eylinde
Increased air flow causes the control plunger to move upward uncovering @ larger area of
: the metermg sht and mcreasmg the fuel metefed .»Downstream of each metermg slitis'a

FIGURE 12,13 Fueél distributor for mixture control unit; dlaphmgm. ;
j(l), to: injector (2), cantrol plunger (3), metering slot {4), differential
pressure regulator (3).

'Warm -up-regulator. ‘The warm~up regulator is used to richen the fuel mlxture under cold
engme conditions, It consists of 4 diaphragm valve and an electrically heated bimetallic
spring; Under cold conditions, the warm-up regulator lowers the control pressure on the
ol plunger, The control pressure acts on the opposue end of the plung rom the air
ﬂow meter plate. A lower control,pressure results in a lower force: required to move the
meter plate. Therefore, the same air flow causes the meter plate and’ contml"plunger to
move a greater distance and additional fiel is metered to the injectors:

Fuel injectors.. The m]ectors open at a pressure of apprommately 3.6-bar. Atomlzatlon of
the fueloceurs: throigh oscillation (audlble chatter) of the valye needle caused by the fuel
ﬂowmg through it. The injectors rémain open as long as fuel is provided above the- open-
ing pressure. Fuel i is injected contmuously mto the intake port. When the intake: valve
opens, the mixture is-drawn into the cylinder,

Auxiliary air valve. The auxiliary air valve prov;des additional air to the engine by

bypassing the throttle valye during cold éngine operaﬂon ‘This creates an increase in the
idle, speed needed: durmg cold operatlona U

Thermo-time switch, The thermo—txrne swn:ch controls the cold startvalve asa function‘of.
time and engine temperature. Fuel enters the intake manifold from the cold startvalve and
further enriches the mixture to 1 unprove: cold- startmg atlow. ambient temperatures When

the engme is warm, the contacts in the thermo- t1me switch open and the-cold-start valye is
-not used in startmg the engine.

Lambda sensor; ' With the addition of a lambda sensor 1in the exhaust stream, a frequencv

valve; a modified fuel distributor, and an electronic control unit, the mechamcally con-

trolled fuel system can operate under lambda closed-loop control. The lambda sensor sig-
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nalis

no longer required and the.
ted start attempts. or long
ector after_a given time, This

unction of temperature by the. warm-up Iegulator AsA
-up regulator commands less and less additional fuel
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that uses intake. manifold pressure is, required. At increased mamfold pressures i€ dunng
wide- “open throttle, the warm-up regulator lowers the control pressure, which results inan
increase in fuel dehvery Deéceleration fuel shutoff i

sensor-plate, the fuel pressure to'the inj ectors is decreased below the: openmg pressure.
Idle speed for thé cold- runmng engme is ‘increased by the auxmary air valve, The

‘amount -of additional air “varies ‘with engine temperature until the auxiliary it valve is

closed and the idle specd is then controlled. only be'the air passmg the throttle valve:

' Electmmcally Cor:frelleé Contintious In]ectzon The basis of the eIectromcaHy controlled
continuous injection is still the mechanical hydraulic injection system discussed prevmusly
Thiis is supplemented by an electronic control unit (ECU ) that-allows for-anincrease i flexi-
bility and thé use of additional functions. This system incorporates. additional sensors for
detectinig the engine temperature, the throttle valve position (load signal), and the air flow
sensor plate deflection; This information is processed by the ECU, which then commands an
electfohydrauhc pressure actuator to adapt the mjected fuel quantlty for fhe present operat-
ing conditions.

In contrast to the mechanical system mentioned prevmusly, the control pressure or-couri-
terpressure on the- controlplun ger is not varied by a warm-up regulator. The control pressure
remains constant:and is the sameas the p primary pressure. The function of the Warm-up regu-
lator isnow handled by the ECU and the electrohydranlic pressure actuator, Figure 12.15isa
schematlc ofa typlcal electromcally controlled contmuous m;ecnon system..

_.FIGURE 1215 Schematlc of an elevtromcal]y comrolled continuots’ fuel m;ecflon systent: fuel tank (1), elec-

tric fuel pump (2), fuel accumulator (3), fuel filter (4), {uel pressure regulator. (5),njector (6),intake plenum (7),
or (10), electrohydraulic pressure actuator (i1),lambda sen-
nresénsor (14); ignition’ distributor {15); auxiliary air valve

sor (12), thermo-time switch (13), coolant tempe

'(16), throttle valve switch (17), EGU (18), ignition: gwitch (19), and battery (20).

,ccomphshed by diverting all mtake:
airthrough an air bypass around the air flow sensor plate, With no air flow past the ¢ air flow
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lator 1S 1o lonuer reqmred Dependmg on ti

draulic pressure actuator varies the pressu
pressure valyes, This changes the amount of fie :
- Lambda closed-loop control. As with the mechamcal system, the lambda sensor signal is
processed by the ECU to determiinie mixture composition. The difference is that the ECU now
cemmands 1he electroh’ drauhc actuator to modlfy the fuel metered, as opposed to the sepa-

by the‘ i thi th ¢
speed is above.idle RPM The ECU 51gnals the electlohydl aulic pressme actuator to interrupt
fuel delivery to the injectors.
~ Idle speed control cai be a closed-loop function with the. addxtlon of the idle actuator
valve, This valve is ECU-controlled and the RPM signal from the ignition, combinied with the
engine temperature sxgnal is used to determine its posmon for the correct tdle speed.
stion S tems. Pulbed fuel injection systems are a ‘further enhancement
& 1y, most continuous anBCtIOIl svstems have bebn

.meter ora mass a1r ﬂow meter ']fhe air ﬂOW meter isava
‘of the iricoming air to:move & flap through a defined aiigle. Th
verted by a potentiometer to a voltage ratlogTha air flow : 1
perature sensor to correct for air density charges. The air mass ow meter measures the air
mass directly by hot-wire or hot-film elemient. As the inlet air flow passes the heated ele-
ment, a bridge circuit keeps the element at a constant tempcrature above the inlet temper-
ature. The: heatmg current required by the bridge circuit to maintain the element at a
constant femperature is measured and converted to an air density value.

The air charge can also be measured indirectly by measurmg the inlet air temperature, intake
manifold pressure, and engine. RPM and then calculatmg the air charge: (see Sec. 12.2.1 for fur-
ther discussion on the calculaimn method which is called speed density air measurement).
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‘EIGURE 12.16 :Schemafic: ofa gulsed fnel m]ectlon Systeri: fuel tank (1),electnc fuel pump (2), fuck ﬁlter 3);
ECU (4) ghiil eclor (5), fuel distributor (6), fuel pressure regulator (7) intake plenum (8); throttle valve switch (9),
hot-wire mass air flow sensor (10),lambda sensor (11), coolant | temperafure sensor (12), ignition distributor (13),
idle: speed actuator {14, battery (15).,and ignition switch (16)

o Fuel metering. “The fuel supply system mcludes an electric fuel pump, fuel filter, fiiel rail,

pressure regulator, and solenoid- operated injectors, The: fuel pump promdcs more fuel than

the maximum required by the: engine. Fuel not used by the engine is returned fo the fuel

tank. The fuel.rail supphes all injectors: ‘with an-equal quantity of fuel and ensures the same'

fuel pressure at all injectors. -
- The pressure regulator keeps the pressure dlfferentlal across the itijectors constant It

contains a diaphragm that has intake manifold pressure on one side and fuel rail pressire:

on the other. Norially, it is mounted at the outlet end of the fuel rail. The diaphragm oper-
ates a valve which opensat a differential pressure between 2.0 and 3 S bar and allows excess
fuel to return to'the fuel tank..

The fuel injectors are selenoid-operatad valyes that ate opened and closed by means of
electric pulses from the ECU. The injectors are mounted in the intake manifold and spray
onto the back of the intake valves. In general, one injector is used for each cylmder _

In addition, some systems also Uise a separate cold-start injector mounted in'the intake
manifold just downstream of the throttle valve, This i injector ensures good fuel Vaponzatxon

during cold-start and supplies the additional entichment needed to start the cold engine.
iCGntrol of the cold-start valve is either by the ECU dxrectly or: 1n conjuncuon with a

'thermo thme sthch
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« Lambda closed-loop control. 'The lambda sensor signal is processed by the ECU. The ECU
determines the required injector pulse width to maintain the air/fuel ratio within the lambda
control window (see Sec. 12.2.1 for further dxscussmn on lambda closed-loop control).

Adaptatzan o operating conditions: For crankmg, the fuel required is determined by a
data table in the ECU with reference to engine temperature. ’Ihe CU then commands a
pulse width for the fuel 1nJactors The air/fuel mixtare is greatly e ;
vaporization and wall wetling, which reduces the ;

mixture remains rich:-due to contmumg poor al
-entichment should be: minimized to obtain good er
lambda (A) =1, '

For acceleration enrichment, the throttle valve: posm(m sensor indicates that the throttle
has nioved: rapldlyk The ECU adds a corréction factor to incréase the pulse width so that a.

“smoofh transition occurs. For deceleration, the ECU uses input from the throttle position sen-
sor and engine RPM to indicate that the throttle has closed and the engine speed is above the -
i’:1dle speed Smce no torque IS lequlred under ﬂ]lS cond1t10n the ECU prowdes no pulse w1dth

'ECU can prov1de an lnjector puIse width that would result in the engmc dchlewng its maxi-
mum torque (roughly A =0.9). Fuel metering during idle is primarily controlled by lambda
closed- -loop control. when the engine has reached operatmg temperature.

12.25 Ignition Systems

sition system in the spark 1gmt{011 engme is to initiate conm-
delivering a spark at precisely the right moment. The spark

j ted across the electrodes of the spark plug. Two important
factors for proper 1gmt1.on are the energy of the spark and the pomt in the Tfoiir-stroke - cycle
-when the spark occurs. (1gn1tmn timing).

Elecrrical Energy. 'The energy reqmred for a spark to ignite an air/fuel mixture at stoi-
‘chlomeiry depends on specific engine Qondmons If there is. insufficient energy available to
ignite the air/fuel mixture, misfiring will occur, Mistiring will result in poor engine operation,
high exhaust emissions, and possible catalytic converter damage Therefore; the amount of
ignition energy available must always exceed the amount necessary fo ensure 1gmt10n even
under adverse conditions.

Some of the conditions that-affect 1gn1tab1hty of the air/fuel mixture are fuel atomization,
access of the mixture fo the spark;, spark duration, and spark physical length. Fuel atomization

“is controlled by the fuel system and the engine. design. Access to the spatk. depends on com-
“bustion chamber and spark plug design. Spark. duration is a function of the ignition system.
Spark physical length is determined by the spark: plug dimensions (gap).
gnition Timming. “The ignition timing must be selected to meet the following ob]ectlves

maximize engme performance, limit fuel consumptmn, minimize engine knock, and minimize
exhaust emissions: Unfortunately, all of these objectives cannot be achieved simultaneously
under all operatmg conditions and compromlses must be made.’

It is desirable in the SI engine to haveignition of the combustible mixture occur prior to the
rplston reaching TDC 'on the compression stroke to- hieve the best engine performance: The
ignition spark must occur early enough to ensure that, the peak cylinder combustion pressure
oceurs at the correct point after top dead center (ADC) under all operating conditions. Figure
12,17 is 4 graph of ignition angle vs. combustion pressure. The Length of the combustion process.
from mitial ignition to final combuistion is approximately 2 ms. This combustion time remains
vreiatweiy constant with respect to engine speed. Therefore, as the engine speed increases, the
ignition spark must oceur, earlier in terms of crankshaft angle to ensure complete combustion:
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FIGURE 1217 Combust:en pressure curve for vari-
‘ous ignition timing. points; correet: ignition. advance Z,
(1), excessive ignition advance Zb (2), aiid excessive igti-
‘tion refard: Z, (3)‘.,

Atlow engme loads the leer air charge and the res1dual gas content, due to valve over
_lap; serve to lengthen the time required for complete combustion, To compensate for this
“effect, the ignition: hmmg is advancedat low loads to ensure that compIete combustion occirs.

_ Igmt:ron tlmmg nfluences exhaust emissions and fuel’ consumption. With more advanced:
timing, the emission of unburned hydrocarbons: (HO) and of oxides of nitrogen (NOy)
‘increases. Carbon monoxide (CO) emissions are not influenced greatly by ignition t1m1ng To _

ey

~achieve improvements in fuel consumption; the air/fuel mixture miist be Iedn To ensure

plete:combustion for a lean mixture, the 1gn1t10n timing must be: advanced. However, as pre~ o

'Vlously stated, adVanced mmng increases emissions of HC and NO,,

Spark Ignition Systems The general configur: ation of an 1gn1tmn system censrsts of the fel— :
lowing compotients; energy storage device, ignition timing meéchanism, 1gmtron triggering”

'_mechamsm spark- distribution system; and spark plugs and high tension wires:

Inductive ignitior systems use an ignition coil as the energy storage device, The coll also

functions as a transformer, boosting the secondary ignition voltage A typmal turns-ratio of
' the pnmary to secondary wmdmg is 1 100 Eleetncal energy is supphed to the coﬂ’s prunary

: ensures a sufﬁemnt m’ferruptlon curr eni even at hlgh speeds Suff1<:1ent 1gmt10n energy at the

- interruption current is ensured by an adequ&te coil design. At the ignition point, the pnmary ‘

current will be interrupted: The rapid change of the. magnetrc tield induces the secondary volt-
age in the secondary winding, A dlStﬁbuuon system assigns the high voltage to the eorre-
spondmg spark plug, After exceeding the arcing over voltage at the spark plug, the coil will be
discharged during the spark duration.

The ignition timing mechanism, ignition triggering mechanism, and the spark distribution
S}stem differ between ignition systems; Further discussion of these will occur within the dis-
cussion of each ignition system type.

The spark lugs prov1de the ignition energy via the high-tension wires to the air/fuel rmx-
ture in the cylmder toinitiate cornbushon, The voltage required at the spark plug can be more

W
Nsh
Bt
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than 30 kV. Because the spark plug extends into the combustion chamber, it. is ‘exposed to
extreme temperamre and pressure conditions: Spark plug design and materials are.chosen to
' tmg condmons 7

trode and Jumps the gap o the ground elec ,ode
Ignition Systemi Types. Table 12.1 summarizes-the various ignition systems used on SI
engires.

7p1aced by a magnetlc pulse enerator. The
pulse generator s installed in the distributor
and turns: with the distributor shaft. There
are commonly two types : of pulse generators:
induction-type and Hall-type. Induction-
'ty" & pulse generators consist of a stator and

ibutor shaft. The operatmgpnnmple
is- that as the air. gap changes between the
stator and the rotor, the magnetwr ﬂm\

ggér whe

Voltage
oo’ () s i

FIGURE 1218 Irduc
manent magnes |
varfable air-gap (3141

TABLE 12.1 Overview of Various Ignition Systems

Capamtor

, : Electronic
Transistorized: dxscharge,r system with distributorless:
v I,gmtxon funcuon . KCoilsystem  coilsystem system distributor  “system
Igmtmn trlggermg ’ Mechanical Electronic  Electronic  Electronic.  Electronic
Ignition timing K Mechanical Mechanical Electromic  Electronic Electronic
High-voltage generation Inductive:  Inductive Capacitive: Inductive.  Inductive

‘Spark dzstnbutlon ’co appropnate cyhnder, Mechanical V;Mechamcal Mét;}lgnical Mechanical = Electronic
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Ha]l—type pulse generators utilize the Hall

varie is notin f.ront of 1

flux denmty is high and thus the voltage Ug s

enters the air gap, the mag

switch the primiary current off and on.

The distributor disburses the ignition
pulses to the spark plugs via the high-tension
wiresina specxfic sequence; It also: adjusts the
1 ignition timing by means of spark advance
1 ,mechamsms The distributor rotor {s turned
: by the engine at one-half the crankshaft
speed. The electrical energy is fed to the cen-

Hall Voltage Ug
-

Tlme o

soft magnetic conductive clements (2), Hall IC 3), wire connection exists for each cylinder.
and air gap, UG-Hall sensor voltage (4). “When alignment occurs between the center
~and oufer electrode the spark is: distributed

The. spark advance mechanisms adyance the 1gmtxon 'hmmg by rotatmg the distributor.
:plate relatlve to the dlstrlbutor shaft The centnfuo

Loxl

‘advance increases'the spark advance

i ‘1ne speeds

C’apaatar dzscharge 'tgmaon system, . The . capdmuve dlscha,rge system, dlffers from the
coil- type ignition systems previously discussed. Ignition energy issstored in the electrical field
of a capacitor. Capacitance and charge voltage of the. cap&cﬁor determine the: amount of
energy that is stored. Thejlgmnon, transformer converts the pnmary veltage chscharged from
the capacﬁor T t, he requ edrh1gh vollage

ally ,‘I‘i'ri'ﬂuérices Sué}i as
engme knock detcctlon can be used to modtfy the fgni e enigine speed input and
crankshaft position input:can be obtained from a sensor mounted near the crankshaft, Preci-
sion Is improved over using the distributor-mounted trij gger. This inputisprovided to the elec-
tronic control unit (ECU) alorig with the engine temperature ‘and engine load. The ECU
references data'tableés to determine the optimalspark advance for each engine operating con-
dition. Additional corrections to the spark t1mmg, such as for EGR usage or knock sensor
detection, are made in the ECU,

Electronic pgmtmzz——dwzrtbmorksv On dlstnbutorless 1gn1t10n systems, the high voltage
_dlstnbutlon is accomplished by using either single or double spark ignition coils: Ignition tim-
1ing is determined by the ECU, as discussed for electronic ignition with distributor; For the
double spark ignition coﬂs, one coxl exi sts vfor two correspondmg cylinders. Two high-tension

effect (Fig. 12.19). As the distributor shaft
turns, the vanes of the rotor move through -
the air gap of the magnetic barrier, When the
& Hall IC, the sensor
is subjected to a magnetic field. The magneﬁc o

at @ maxnnum AS soon as the- rotor vane'

through the vane area and is Iarge]y pre-:
vented from: reachmg the Halllayer The volt=:
‘age Uy is at a'minimum. The resulting pulses

-ter:of the rotor. While the rotor turns, the
rotor eléctrode aligns with the outer elec-
trodes that are connected to the hlgh—tensmn.
FIGURE 12,19 Hall-type pulse generator: vaiie (1), - wires. One outer electrode and high-tension:

Sir g mtake manifold: yacuum, increases
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FIGURE 1220 Schematic of an electronic 1gmt10n system with distributor: ignition coil (), high: voltage distributor (2) spark
plug (3), ECU (4) coolant temperature sensor (5), knock sensor (6}, engme speed and crankshaft reference sensor (7), sensorwheei
8. throttle valve'(9), battery (10); and ignition switeh (11). .

wires are routed from each ¢coil to two cylmders, which are 360° out of phase. When the coil
outpuf stage is tngge1ed via the ECU, a spark is delivered to both cylinders. One cylinder will
be on the compressmn stroke, the other on the exhaust stroke. Because both cylmders are
fired together, for a given erankshaft rotation, one will always. be on the compression stroke.

“and the other on the exhaust stroke Therefore, there is no need to know whlch cyllnder is-
compressing the: 1gmtab1e mixture,

Onsingle spark ignition coils, one coil exists. for each cylinder. Each coﬂ tﬂggers only once
.durmg the four-stroke cycle. Because of this, it must be known which cylinder is on the com-
pression stroke. Synchromzation with the camshaft must oceur. The information needed on
camshaft posmon is supplled by a phase sefisor mounted.on the’ camshaft

12 3 COMPRESSIQN IGN[TION ENGH\IES

12.3.1 Engine Control Functions

Electronic engine controlq are, now being used on compression ignition (dlesel) engmes
These controls offer greater precision and control of fuel injection quantity and timing, engme
speed, EGR, turbocharger boost pressure, and auxiliary starting devices. The. followmg inputs
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3 Advance Angle

il
l', :ng ?j‘g“\'
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!
L

FIGURE 12,21 Igmtion finiing Thaps: electromcally optxmxzed (above) dnd
- mechanical advance system { :elow) ;

are used to provlde the ECU with mformatlon oncurrent engme operatmg conditioris: englne ‘
_speed; accelerator position; engine coolant, fuel, and inlet air temperatures; turbo»harger ;
boost pressure, vehicle speed, control rack, or control collar posmon (for control of fuel quan--
tity); and amospheric pressire. Flgure 12. 272 1§ 4 schematic of an eléctromic € engme control sys-

tem on an in-ling diesel fuel injection pump apphcatlon

__Fuel Qaanﬁty and Timing. - The fuel quantity alone controls a c;ompr‘eSSion ignition:

engine’s speed and load. The intake airis not throttled as in a: spark ignition engine. The quan-
- tity of fuel to be delivered:is changed by increasing or decreasin
time per injection. On the injection pump, the delivery time is controlled by the position of the
control rack on in-line pumps and the position of the control collar on chstnbutor—type pumps
An ECU-controlled actuator is used to move the control rack or the collar fo increase or
decrease the fuel delivery time, The ECU determines the correct length of dehvery time
(expressed as a function of control rack-or collar posmon) using performance maps based on

' engme speed and calculated fuel quantity. Corrections and/or limitations as functions of

length: Of fuel dehvery:

1114




12.34 CONTROL SYSTEMS

engine speed, temperature and: turbocharger beost pressure are used to modify the delivery
time. In addition; the control rack or collar actuator contains a posrtron seusor that provides
feedback to the ECU on controller position. If the requested pos1tron differs from the com-
manded position, the ECU contmues fo-move the controller via the actuator until the com-
manded and actual position are the same.

The start of injection time of the fuel at the cyhnder is:a function of the wave propagation
speed (i.e., the speed of sound) of the fuel from the fuel injection pump to. the injector.
Beecause thrs time remains a constant, at inicreasing engine speed the delivery of fuel at the’
cylmder would be delayed with reference 10 crankshaft angle. Therefore, the timing at the

mJ ectmn pump must be advanced with i mcreasmg engme speed so that the start of inj ectron

tlrnmg can mcrease Nd ‘emlssrons by 5. P
Therefore, precise control of the starf of i
Althouﬂh man‘y systems use mechamcal

of mjec’aon is momtored at the mjc
informationto-determine and con
trol of a pulse-width modulated itV :
spring-loaded timing device plunger. The phmger rotates the pump S colla:r rmg (for drstrrbu—
tot type pumps) inthe opposue direction:of: the pump’s totation which advances the trrnmg

1115



. ENGINE CONTROL  12.35

Speed Control: As was mentloned prevnously, for a CI engine;, fuel quantlt'y alone controls
the engine’s speed and load. Therefore, presuming adequate injected fuel quanuty, an
unloaded CI engine can speed up out of control and destroy itself. Because of this, a governor:
s requlred to limit the engine’s maximum speed, In addition, governors are also ised for low
idle and cruise control to mainfain a constant engine or vehicle speed and meter the correct
fuel for cold- startmg Fuel is also controlled as a function of speed and boost préssure to imit
- smoke levels, engine torque -and exhaust gas temperatures, On anelectromcally controlled CI
- engine, the governor’s functions are controlled by the fuel delivery syst ] =
~ously. Engine speed is provided by an RPM sensor that monitors the penods of angular seg-
ments between the reference marks on the engine’s flywheel or in the in-line injection pump

. EGR Control. Rerouting of exhaust gasesinto-the intake air stream s kmown as exhaust gas
recirculation (EGR) EGR reduces the amount of oxygen in the fresh intake charge whﬂe

: mereasmg its specific heat. This lowers combustion temperatures and results in lower NO,

_ emissions, However, excessive amounts of EGR result in higher emissions of soot (particu--
‘lates), CO, and HCs all due to insufficient air, Also, the introduction of EGR can have an

-adverse affect on driveability during cold-engine operatmn, full-load operation, and at idle. It
is best, therefore, to control the EGR valve with the ECU. Both pneumatically controlled and
: solenmdvcontrolled EGR valves arein use, The ECU determmes wheh and how much EGR.

will oceur based on engine temperature and accelerator posmon

‘Turbocharger Boost Pressure ControI. Engines that have turbochargers benefit s:lgmﬁ v
“cantly: from electronic: boost: ‘pressure control. If only a pneumanc-meohanlcal ‘wastegate is.
. used only one boost pressure pom’c for the entn:e operatmg range lS used to dlvert the exhaust

: backpressure more turbocharger Work, more res1dua1 exhaust gas inthe cy]mders and Iugher
_charge air temperatures, 7
By controlling the Wastegate with a pulse: "'""‘dth-modulated solenoid valve, the wastegate
“can be opened at dlfferent pressures depending on the engine operating: conditions, There- -
: fore only the Ievel of a1r charge pressure requlred is. developed The electromc control umt,
. 1o :

fdusmg intake mamfold pressure sensors, a closed 1oop control system can be’ deve]oped to
“compare the spec:ﬁed value with the measured value.

Glow Plug Control. Electronic control of the glow plug duration can be handled by the ECU

“or aseparafe control unit. Input for determining glow time is-from an engine coolant temper-
‘ature sensor. At the end of the specified glow period, the controller turns out the start indica-
tor light to signal the driver {hat the engine can be started, The glow plugs remain ‘energized
while the starter is engaged. An engine load monitor is used to switch off the glow process after
start. To limit the loads on the battery and the glow plugs, a safety override is also used.

12.3.2 Fuel Delivery Systems

"'The diesel fuel delivery system comprlses a Jow-and high-pressure side. On the Jow-pressure
side is the fuel tank, fuel filfer, fugl supply pump, overflow valve, and fuel supply lines The
high- pressure side is initiated i1i the plunger and barrel assembly and continues through the
~delivery valve, hlgh-pressure injection lines, and injection nozzle.
The fuel injection pump must deliver fuel at a pressure between 350 and 1200 bar, depend-
ing on the engine's combustion configuration. The quantlty and tunmg of mjectlon must be
-‘ ’precxsely controlled to achieve good mixture quahty and to minimize exhaust emissions.
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Fuel Injection Frocess. An engme-drxven catshaft (in-line pump) of cam plate (d1stnbutor

_pump) drives the injection pump’s plunger in the supply: dlrectlon, creating. pressure in the
high-pressure gallery. The delivery valve responds to the increase in pressure by op-ﬁnmg This
'sends a pressure wave to the injection nozzle at the speed of sound, The needle valve in the
nozzle overcomes the spring force of the ijCtIOll nozzle spring and lifts from its seat when
the opening pressure is reached. Fuel is then injected from the Spray ¢ orifices into the: engine’s

_combustion chamber. The injection process ends with the opening of the spill port in the.
plunget and barrel assembiy "This caiises the pressure in the pump chamber to collapse, which
then causes the delivery valve to close. Due to the action of the delivery valve relief collar, the
pressure in the injection line is reduced to the “stand-by pressure.” The stand-by pressure is
determined to ensure that the injector nozzle closes quickly to eliminate fuel dribble, and the
residual pressure waves in the lines prevent the nozzles from reopening.
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131 INTRODUC oN

InNorth America and Japan, 80 fo 90 percent of all passenger cars sold have-automatic trans-
missions (ATs) ‘but.in Burope only 10 to 15 percent of passenger cars sold have ATs, There
are two main reasons for the difference: In Europe, drivers tend to view ATs, compared to
manial transmissions; as detrimental to driveability and responsfble for a somewhat higher
fuel consumption, But 1mplementat10n of electronic gontrol cancepts has invalidated both of
those arguments.

Since the introduction of electronic transmission controls units (FCUs) in the eatl 19803
by Renault and BMW (together with a fourspeed transmission from Zahnr:
anednchshafen or ZF) the acceptance of the AT rose steeply; even in Europeé, For this rea-
son, all new ATs are designed with electronic conirol. The market for AT dwlded mto
stepped and continuously varlable transmissions: (CVTS) For both types the driver-getsmany

» .advantages In stepped transmissions, the smooth shifts can be optimized by the redy .
engine torque during gear shift, combined with the correctly matched oil pressure for the fric-
tion elements (clutches, brake bands). The reduction of shift shocks to'a very low or even to
an unnoticeable level has allowed the design of five-speed ATs where a slightly higher num-
bet of gear shifts oceur. In todaysstandard systems, the driver can choose between sport and

: economlc dnye _programs by opeifatmg a selecml sw1tch In hxghly sophxstlcated newer sys—

, only to better drlveabﬂlty bt also to i sxgmﬁcant reduction in fuel cons‘umptron Addition-
ally, a weﬂ-mdtche, electronic control of the tor que converter lockup helps to-improve the
' " A ,erall systenL Both automotwe and t1 ansrmssmn manufacturers beneflt f_rom the

ent sh1ﬁrchérabtenstles arc easy to unplement in softwarc and much adaptatlon can be
ach1eved by data change Ieavmg the transmission hardware and TCU urichanged. The reduc-

1 losses in friction elements increases the life expectancy and enables the opti-
' 1mzanon of transmission hardware design.

‘With the CVT, one of the blggest obstacles to the potenuai reduction i fuel consumptlon
by operating the engine at its.optimal workmg point is the power loss from the transmission’s
oil pump; Gnly with electronic controlis it possible to achieve the requiréd yield by matchmg
the oil mass-stream and oil pressure for the pulleys to the actual working conditions. '

To guarantee the overall cconomic solution for an electronically controlled transmission,
either stepped ‘or CVT, the availability of precxsmn electrohydraulic actuators is imperative;.

13.1
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13.2_SYSTEM COMPONENTS

The cemponents of an electronic transmlssmn cotitrol system are a transmisston which is
adapted to the electronic control requirements and an electronic control umt wﬁ:h corre-
sponding inputs and- eutputs and-altached sensor elements.

13.2.1 Transmission

The greatest share of electronically controlled transmissions-currently on the market consists
of four- ot five-speed units with a torgue converter lockup chutch, commanded by the control
unit, Market share for five-speed transmissions is connnususly tncreasing: With electronically
controlled transmissions there are numerous possibilities to substitute mechanical and
hydrauhc components: with electromechanical or electr ohydrauhc components. One basic
method is to substitute only the shift point eontrol, In a conventional pire hydraulic AT, the
gear shifts are eartied out by mechanical and hydraulic: components, These are controlled by
a centrifugal governor that detects the vehicle speed, and a wire cable connected to the throt-
tle plate lever. With an electronic shift point control, on the othér hand, an ¢lectronic control
unit detects and controls the relevant compotients. In the transmission’s hydrauhc control
unit, mechamcal and hydrailic compenents are replaced by electrohydraulic controlling ele-
‘ments; usually in the form of electrohydraulic on/off solenoids, This way the number of
soleroids, as well as ‘the control logic, can be varied over a wide range. For example, for each
gear, one specxhc solenoid can operate the televant clutch for this gear shift. Altematlvely,
there can be one solenoid for each pear change which is switched coxrespondmg to the shift
‘command. In this 3 way, only three solenoids are required in a four-speed transmission. In some
‘current designs; the gears are controlled by a logical combination of solenoid states. This
design needs only-two gear- c,ontroll‘ngsolenmds for a four-speed transmission. For ﬁve-speed
applications, accordmgly, three solenoids are required. (Table. 131y

» TABLE 131 Example of 1 Gear-Solenoid Combination for a Flve-Speed
Transmlssxon Apphcanon

,,,,,,,,,,,,,,,, . ;Sqlenoiﬁi;i o ‘ v Solenmd 2 ' Solenmd 3
Ist gear . I on 7 o on
2nd gear on: off
3rdgear off off
4th gear , off oft
Sthgear off: it off

“The hydrauhc pressure is contzolled in this basic application by a hydraulic proportmnal
‘valve which is, in turn, controlled by a wire cable connected to the throttle plate lever. With
this design, t the shift points can be determined by thie electronic TCU, resulting in 4 wide range:
of freely selectable driving behaviors regarding the shift points. It is also possible to use dif-
ferent shift ) maps. according to switch or sensor signals: The influence on driving comfort dur-
ing gear shifting in this electronic transmission control application has important restrictions.
‘The only possible way to control shift smoothness is withan interface to the electronicéngine
‘management. ‘This way, the engine output torque is influenced durmg gear shifting, A system-
atic wide-range control of the hydraulic pressure during and after the gear shift necessitates
the replacement of the hydraulic pressure governor with an electronically controlled
hydraulic. solenoid. This design allows the use of either a pulse-width-modulated (PWM)
solenoid or a pressure regulamr The choice of which type of pressure control solenoid to
use results from the requlrements concernmg shn?t "omfort under all driving conditions, For
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present day designs with hlgh requirements for shift comfort during the entire life of the
transmission, at all temperatures, and with varying oil quahty, the analog pressure comntrol
solenoid is superior to the usual PWM solenoid, providing there is nio pressiire sensor in oper-
ation as a guideline for pressure regulation. This application usually uses one central control-
ling element in the fransmission for thi pressure regulation o control the shift quality.

In other transmission developments, the shift quality is further increased using electroni-
cally controllable brake elements (brake bandg) for some specific gear changes. In this case;
flywheel effect of the revoivmg ¢elements is hmlted by an electronic control of a brake
~ band according to an algorithm or special timing conditions.

The most sophisticated {ransmission apphcahon to date is so de&gned that overrunning
clutches are eliminated and gear changes are exclusively controlled by the eléctronic control
‘unit with pressure regulafor solenoids." ‘This application is char: cterized b extremely high
demands on the electronic TCU concermng real-time behavior and data handlmg The rela-
tionship: between weight, transmission outline, and transferrable torque has reached a high
level, Compared to fransmissions with overrun clutches, the necessary f1ttmg dimensions are
reduced.

Present electr' ""'caiiy controlled ATs usually have an electronically. commanded torque:
converter clutch, which can lock up the torque converter between the engine output and the:
transmission input. The torque converter clutch is activated under certain driving conditions
by a solenoid controlled by the electronic TCU. The solenoid design, depending on the
requireménts of TCC functions and shift comfort, can either be an on/off solenoid, a PWM
solenoid, or a pressure regulator Laockingup the torque converter eliminates the: th of the
converter, and the efficiency of the transmission system is increased. This results in an even
lower fuel consumptlon for cars equlpped with AT,

' 13 2.2 E[ectromc Control Unit

Another 1mportant component in electronic transmission control is the electronic control
unit, which is designed accerdmg to the requirements of the transmission and the car envi-
‘ronments: The electronic-control unit can be divided into two main patts: the hardware and
the cetrespondmg software

_Hard jare, 'The hardware of the electronic controlunitconsists of the housmg, the plug, the

carrier for the electronic devices, and the devices themselves, The housing; accordmg to: the
requirements, is available as an unsealed design for applications inside the passenger com-
partment or within the luggage compartment It is also possible to have sealed variants for
mounting conditions inside the engine compartment or at the bulkhead. ‘The materials for the
housing can be either various plastics or metals. There are many different nonstandardized
housings on the market. The various outlines and plug configuratlons differ, dependmg upon
the manufacturer of the eléctronic unit. The plug configuration, i.¢., the number of pins and
the shape, depends 'on the functions and the requirements of the automotxve manufacturer,
The number of pins is usually less than 100.Some control unit manufacturers try to standard- ,
ize their plugs and housings throughout all their electronic control units; such as engine man- !
agement, ABS, traction control, and oth . This is important {0 snnphfy and to standardize :
the unit production and thé tests during manufacturing '
The carrier for the electronic devices is usually a conventional prmted clrcu1t board (PCB)
The nuinber of layers on the PCB depends on the application. For units with:a complex device
structure and high demandsfor electmmagnehc compatxbﬂlty, niultilayer applications are in .
use, Tn special cases, it is possible t¢ , s a5 a carrier. There are usually some parts of 5
the electronic circuit, resistors for cxamplv‘ signed as-a thick-film circuit on the hybrid. In
this case the electronic unit is manufactured as a solder hybrid or as a bond hybrid with direct-
bonded integrated circuit devices. Some smgle apphcanons exist with-a flex-foil as a carrier
for the electronic devmes Thése applications are limited to very special requirements.
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The transmission control area requires some specially designed electronic devices, in par-
ticular, the output stages for the actuators of pressure regulation and torque converter-clutch
control. These actuators for pressure control have extremely high demands regarding accu-
racy of the actuator current over the whole femperature range. and under 4ll conditions inde-

‘pendentof bauery voltage and over the entire lifetime. There are some known apphcatlons of
- customer-specific integrated circuits or devices: Here, special attention pa1d to quality and

reliability over the entire lifetime is necessary to meet the continuously increasing quality
requ'rements of the automotive market. Cutrently, there is an increasing: spread of surface-
mounted devices in {ransmiission control apphcahons This:is why the unit sxze is contmuously
decreasing despite an increasing number of functions.

On the functional side, the hardware configuration can be divided into’ power supply, input
signal transfer circuits, output stages, and microcontroller, including periphetal components
and monitoring and safety circuits (Fig, 13.1). The power supply converts the vehicle battery

voltage into a constant voltage required by the electronic devices inside the. control unit.
Accordingly; special attention must be paid to the protection of the/internal devices against

destruction by transients from the vehicle electrical system such as load dump, reveise battery
polarity, and voltage peaks. Particular attention is also necessary in the des:gn of the etec—

ignition — Iniéi*jriélzsuppiy !

Vg —*| Voltage |
Interfaces e
' detuator | o
1 [ , output. [Z—"> actustors.
IEpm— 1 stages. . ’
- micror
‘controller
EMS - |
{merface =l _ 3
| pulse signal - |
speed . i*ﬁflﬁ"fac‘isf‘ -
signals = |
e A C o dow o
1 B 1 Qggéﬁ | interfaces
T  |andlog signals| | HAM TR A a
'ATE e TR - e} ot
. interfaces external |
= watchdog | -
diagnostics l senal ]
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T diagnostlcs

FIGURE 131 Ove,rwew of hardware pari&
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tronic ground coneept for the control unit, 5speuially where the electromagnetic compatibil- -

rty and RF interference is concerned. This is very important to prevent undesired gear shift-
ing that may be troublesome for drivers. One part of the input circuit is the preparatiofn of the
chgltal signals; such as position switch, program selector, and kickd
is the transfer of the analog Slgnals like ATF temperature and vol

ages according to poten-

,tlome’cer states. The third part is the interface to other electronic control units, especially to

- the engine management system. Here the single signal lines between the cotitrol units will be
“increasingly substituted by bus systems like CAN. The fourth part is the preparation of the
transmission-specific signals from the: speed sensors inside the transmission,
The calculators inside the conirol units are usually microcontrollers. The real-txrnc require-
ments and the directly addressable program storage size of the selected micracontrollers are
determined by the functionsof the transmission control. and the car enviroriment, In present

'apphcatlons either 8-bit or 16-bit microcontrollers are in' use. There are sysiems WJth 32-bit

microcontrollers in development for iew, highly sophlstlcated control systems with increasing
funcnonal and extreme real-time requirements originating from the transmission: concept

The memory devices for program and data are usually EPROMS., Their storage capacity is, in.

_present applications, up to 64 Kbytes. Futiire applications will necessitate storage sizes up-to
128 Kbytes, The failure storages for diagnostics and the storage for adaptive data are in con-
ventional apphcaﬁons baitery voltage supphed RAMs, These are increasingly bemg replaced

speclfic cn‘cmt ora c1rcu11: w1th common avaxlable dewces The oﬁtput stéges can be dmded

into hjgh-povver stages for the fransmission actuator control and low-power stages like lamp

drivers or interfaces to other electronic control units. The low—power output stages are mosﬂy
conventional output drivers either in single or in' multxple apphcatlons, which are mainly pro-
tected against short circuits: and voltage overloads,

For the transmission. solenoid control, special output stages are’ necessary, and they are
~specialized for operation with induetive actuators. The pressure regulation: durmg shifting in
-s0me apphcat[ons Tequires hlgh accuracy and current~reg111ated ‘output stapes are needed.
“These are'mainly designed as customcr—specrﬁc devices. The type and number: ot solenoid out-
‘put stages depend on the control philosophiy of the transmission: they are generally of 4 spe-
cial design for specific transmission applications, Durmg the preparation of the speed sensor
signals, attention must be: pald to the elect omagnetic compatlblhty and radie freqiiency inter-
ferenice conditions:

»Sofnmre. “The software within the electronic transrmssmn control system IS gammn mcreas-
ing importance due to the increasing number of functions v 1Creasing
software-volume, The software for the control unit ¢an be dl’v‘lded mto two parts:'the program

and the dataf Thﬁ proglam st1 ucture 1s defmed by the functlons The data are specmc for the'I

e microcontroller (Fig 13.2).

f‘or theﬁcontrolléf pénphmal dev1ces and mtemal softWare servxoes like operating systems:

'» Software coming from the defined functlons ,originating : from specific transmission and car
functions. ' i

‘& Parts. cancemmg safety functions like output switch-off; substitute values for the input sig-
nals, and safety states of the microcontroller environment in case of failures, Depending on
“the requ:rementﬂ there can be a software watchdog or'a hardware~conf1gmed watchdog
“cireuit inuse. The Waichdog instruction is also. partof the security software.

own switch, A second part

oming from the. t:ansnnssmni

+1/0 preparation and filter,
nirol unit; internal services
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The second software ‘part, data, can bé divided into fixed data, which is related to fixed:
:attnbutes of the system, €. g the number of actuatnrs, nd cahbratlon data for system tumng

ﬁvehlcle and tlansmxssmn chaxactensﬂcs The imng of cahbr&tlen data takes place dunng the
tuning stage of* the vehicle and has to be redetermined foreach type of vehicle and transmission.
With some applications; the calibration data are added to a basic program during the vehicle
pmcmc’cron according to different types of cais by the so-called end-of-line programming. This
‘means that the units can be programnied with the calibration-data with closed housings by a spe-
cial interface. The share of software dcvelopment in relation to the total. devd@pment time is
mcreasm,,'ccntmueusiy . The requtrements for real-time behayior and ‘memory size are risingin.
accordance with the nsxierablv increasing demands for shift comfort and self-learning func-
tions. This requires an mgemous structure of the software and an event-related distribution of
software madels espema ly dnnng gear shzftmg Thf: nsmg software complemty w1th samultane-

systeJ:ns2 Contmuously oper: atmg actuators are used to modulafe pressure, whﬂa swﬁchmg
actuators function as supply and dischat; ge Valves for shlft-pmnf control F1gure 13,3 proyides
a basic overview of these types of solenoids,

Important quahtles for the use of actuators in ATs are low hydrauhc resistance fo ach1eve i
high flow rates, operation temperature range from —40 to +150 °C, small power loss, mini--
mized heat dismpzm n in the ECU’s output stages, small size and low wei ight, highest reliabil--
ity In heavﬂy contaminated oils;.maximum accuracy and repeatabxhty over lifetime; shortr ,
reaction times; pr ange up to-2000 kPa, maximum v1brat10n acceleratmn of 309 /s,
‘and hlgh number of switch operations. ’
A very important-aspect is that the hardware andsoftware of the ECU be developed taks
ing into account the electrical specificatior s'of the solenoid 1o obtain an optimized completej
system concerning performance and cost. ‘. For further details in design and apphcatmn refer
10 Sec..10.3.5.

It should be noted thatthese characteristics can be varied over a wide raige andthatmanyother
types of solenoids exist ot re in developmient for the spemal requlrements ofnew apphcatlon&

13 3 SYSTEM FUNCTIONS

Functions can be demgnated at systems function& it the mdmdual ‘components of the total

* electronic transmission coritrol system cooperate: efficient provide a désired behavior of
‘thie transmission and the vehicle, There are different stages of functionality which have differ=
ent effects on driving behavior and shift characteristics (Fig. 13.4). In general, there is an
increasing complemty of the system, le]atmg to-all components to improve:the. translation of
driver behavior into. transmission action. That means that the expense ACHALOTS, SeTiSOTS,
‘atid links to other control tnits is increasing, as is the expense of the TCU software and hard—;
ware in the case of hlgh—level requirements recardmg driveability and shift comfort; Figure:
13,4 shows three main areas. These will be discussed in detail in the fcllowmg material.

13.3.1 Basic Fﬁhctioﬁs

The basic functions of the transmxssmn control.are the shlft pomtwcomfmi the lockup control
enging torque: control durmg shlftmg, related safety functions, and rdtagnostxc functions for?
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vehicle service, The pressure control in transmission systems withi electncal operatmg posm—
;blhtxes for the pressure durmg and out81de shlftmg can, also be conSJdered as a basm functxon“

tfochCU sultable for Lhe basic functlons

‘SluftPomt Control. The basic shift ‘point control uses shift maps, which are defined in da,‘fa‘
_1n the umt memory vT}hese shlft maps are selectabl over a W1de range_vThe shxft point.lir

ish1ftmg hablt of the transnnséwn and, alternatwe he car behavmr Inthe event thaf the. par-;
ticular shift charactetistic is crossed by one of either of the two input valves; the electronic
E CU releases the shift by aot1vat1ng the related actuators, This can be. a direct shift- mto the'
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FIGURE 136 Shlft éhar’a‘éteﬁsﬁcs of a fom‘-speedappiibaﬁOn,

target gear or by a senal activation of specific actuators in a fixed sequence to'the targetg gear,
depending on the transrmsswn hardware design.

Lockup Conitrol/Torque Converter Cfutch 8 The torque converter clutch connects both
functional components of the hydraulic converter, the pump. and the turbine. The Iockup of
the clutch reduces the power losses coming from the torque converter shp ‘This is a perma-
nent slip because it is necessary in. prmmple to have.a slip between the pumpwheel and the
turbine to translate torque from the engine output to the transmission input. To increase the
efficiency of the lockup, it is necessary to close the clutch as often as possible. On the other
‘hand, the torque converter is an 1mp0rtant component to prevent vibrations of the power-
train. The activation of the lockup is, therefore, a-compromise between low fuel consumption
and high driving comfort. The shift points of the lockup are. determined in the same way as the
determination of the shift point in the gear shift point control. Usually there is one separate
characteristic curve for the lockup for each gear. To prevent: powertrain vibrations, it is advis-
able to open the lockup. during coasting touse the damping effect of the torque converter. In
the case of a high positive gradient of the accelerator pedal with low engine speed, the con-
yerter clutch has to open to use the- torque gain of the converter for better acceleration of the
car. In some applications, the lockup:is opened during: shlftmg for improved shift comfort.

After shifting, the 1ockup can be closed agam When driving in first gear, the lockup is usually
open, because the time spentin first gear is usually very low and, therefore; the frequency of
lockup shifting versus gear shifting becomes very high. This may result in decreased dnvmg
comfort. A second reason is the improved acceleration of the car in first gear when using the
converter gain for wheel torque..

“Engine Torque Control During Shifting.?  The cnglne forque control requlres an interface
to an electronic engine management system: The target of the engine forque control, torque
reduction durmg shifting,isto support the synchronization of the fransmission. and to'prevent
shift shocks.

In conventional applications, the engine torque reduction originates from an ignition angle
control, The timing and absolute value of the ignition control depends on the operating con-
ditions concerning actual engine torque and shifting type.

Upshift. 'The upshift occurs without an interruption of the. tractive power. The engine
torque reduction may be activated if the clutch of the target gear stays with the translation of
torque, The beginning of the engme torque rediction is-determined by the course of engine or

- transmission mput speed There it is important o detect a decreasing speed Tibe start of the
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torque. reduction is characterized by a specific speed difference. The end of the torque reduiction
is activated at an applicable speed lead before reaching the synchronous speed of the new gear,

‘The power losses, which have to be picked up by the clutches, are dependent on the engine
torque and the sllppmg time

O = % (Mg X1+ Qi) * S @

where QO =power losses
M Loy = enginé torque
t,=slipping time
Ouin= kingtic energy of revolving elements-

Itis possible to reduce the temperature stress to the clutches by reducmg the engine torque:
and censequenﬂy by inereasing the slipping time at a fixed possible maximum power loss O
[Eq (13.1)]. Figure 13.7 shows a typical upshift characteristic.

Shift Quahty Companson
._Upsvhlft Shn‘t tzemrr andx T

Time ¢

FIGURE13.7 - Timing of enging torque "redlfmﬁan'duringiipsﬁiftn

Downshift. Downslnft under driving conditions results i ina short interruption of the trac-
tive power. At the synchronous: p01 nt, the tractive power is in operation; The higher revolving
energy, on the other hand, results in undesired vibratios of the powertrain. To prevent such -
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wvibrations; it is necessary to reduce the engine output torque. before reaching the synchronous
point-of the new gear. When the transmission input speed reaches the synchronous speed of
the new gear, the engine torque has to increase to the nominal value, The increase is usually
apphed as-a torque ramp. Figure 13.8 shows a typical characternistic of a downshift. The values
and timing of the engine torque reduction are generally part of the spemal calibration data for
each combination of vehicle, enging, and transmission.

Shift Quality Comparison
Downshift [Shftcommand |

Time ¢

FIGURE 13.8 Timing of engine torque reéduction durmg down=
slllft

Pressure. C(mrrol % The timing and absolute values of the pressure, which is responsible for
the torque: translation of the friction elements, i is; aside from the engine torque: reduction, the
most important influence to shift comfort. The electronic TCU offers additional possibilities
for better function than a conventional hydraulic system.

The pressure values during and outside shifting can be: calculated by different a]gonthms
‘or can be determined by characteristic maps. The inputs for a pressure calculation are engine
torque, transmission input speed turbine torque, throttle position, and so od, The inputs
depend on the special signal availability in different systems as well as the requirement con-
cerninig shift comfort. The variable pressure: components are usually added to a constant pres-
sure value according to'the different transmission designs. Equation (13.2) gives a typical
’algonthm fora pressure calculation.
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' 'P}ﬁodl":‘ ,Pconst +ku X Pll+ klor ><JPtor-}d k_s X PS ) : (13'2)

‘where P,m,d = pressure
Py =-CoONStant pressure Value
k,= adaptanen factor for input:speed
Py ="presst ;emponent dependent on the revolution 51gnal
laptation factor for engine torque
pressure component dependent:on torque
: i"adaptatlon factor forvehlcle speed

Duzing: apphcatmnsg the factors iust be defmed in the cahbratlon phase. In genelal the
i tion of these factors requires meny vehlcle tesvstbecause ihe dynamlo characteris-.
tlc of the total system hasan, unportant influence on shift comfort,Another poss1b111ty for the

pressure determination is touse charactenstlc maps which have to be defined during the cal-

ibration phase. This kind of pressure determination allows an improved selection of the opti--

mhum pressure at various extreme pomts independent: -of an algorithm.

Safety and Dtagnostzc Functwm. ‘The functlons whi
functions. of the electronic. TCU, can be divided into real safety functions to prevent critical
driving conditions and ,dlagnosuc functions which affect an inereasing availability of the car
and a better failure detection for servicing. The boundary between safety and diagnostic func-
tions depends on. the: phﬂosophy :the automotlve manufacturer In thez category of real
safety functions belong all security ting
unintended downshifting. One:
_peripher 1 deyices: The nionitoring of the transmission, like gear ratio'detection, is also a part
of this funictional block, as are the actuator afid speed sensor monitoriiig, The thicrocontioller
_monitor is usyally a watchdog circuit, One possibility- se the ‘controller internal watch-
dog. In.common applications, it is necessary to use an external watchdog, circuit for safetytea-

sons. This: can be.done with a second, lowhperformance microcontroller or by_ a- Separate.

, chdog designed as an ASIC oras'a conventional circuit d Usually there is
a safety loglc mrcuxt connected to the watchdog, which, in the case of & m1cmcontroller breaks
down; activates'the faﬂure signal and switches the outputs for the transmission actuators to a
safety condition.
For the detection of the watchdog, it 1s necessary 1o tést the. watchdog function after each

;:pewer-on durmg the electronic initialization; The monitoring of the controller Pe; pheralv

components, i general EPROM, RAM, and chip-select circuits, worl s continuously with spe-
cific algorithms; e.g., by writing fixed data values o the stor age cells and following compari-
son with the réad value or by checksum comparison with fixed sum values. The actuator:
‘monitoring cludes detection of sho,rtmrcult to supply voltage and ground ‘a8 well as open=
load conditions,

In case of actuator malfuncﬁon, the hmp homie mode is’ selected Thls means that the trans-
nission rums in 4 fixed, safe gear,; dependmg on the: drlvmg conditions. The safe state of the
actuators is the noncurrent condition, which is secured by the electronic control: unit; The con=
trol unit can put the output stages into:the noncurrent stage separate for each:
common supply switch, usually a relay or a transistor. There are some applications that use &
combination of both the watchdog and safety circuits. -

The monitoring « of the transmission-spécific sensors, suchas mput speed output speed and-

©oil temperature, works as a plausability chec ,,or example the transmission inp: ,;.»speed can:
be calculated as a combination.of the fransmission output speed and the gear ratio. In case-of
a detected speed sensor malfunction, the limp home mode is generally reqmrei With & tem—
perature sensor failure, the TCU tsually works with a substitute value.

" The diagnostic functions, which facilitate the finding of failures in the service station, con=
tain the faﬂnre storage and the commumcatxon to the service tester, which allow the stored

h are usually known 48 diagnostic.

chon is the ntomtormgof the mlcrocontreller and its IeIated

tputor by a:
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