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proven extremely effective, Extremely stable output pressures are achieved by recirculating
the controlled pressure to the valve element. making it possible to maintain stable output
pressures in the face of interference factors like downstream leakage, supply-pressure fluctu-
ations, and viscosity variations in the hydraulic fluid. Figure 10.33 shows a typical version of
the three-way pressure-control valve, the spool valve. Tis design provides flow rates of 4
dm"min at pressure differentials of 2 bar. In order to limit the effects of hysteresis on the pres-
sure/flow response characteristic, mechanical friction must be minimized and materials with
low coercive field force must be employed and heat-treating processes are also needed to
minimize material-related hysteresis. Choppers in the current-controlled end stage reduce
power loss and induce friction-reducing micromovement in the armature.Pressure regulators
are also available as seat valves.
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FIGURE 1033 Variable-pressure solenoid,

PWM Solenoids (Pulse-Width Modulated Solenoid Valves). On/off poppet valves are partic-
ularly well suited for direct actuation from microcomputers.The component layout is les com-
plicated than that found in proportional valves, allowing reductions in manufacturing costs.
Because microcomputers operate on the basis of discrete time, equidistant setpointselection,
direct valve actuation via constant-frequency pulse repreent the optimum design configuration.

When the solenoid-actuated valve is switched on and off at a constant supply pressure, the
resulting average outlet pressure is a function of the ratio between open and closed states.
However,this design lacks the proportional valve's ability to compensate for interference due
to such factors as system leakage, temperature, and fluctuations in supplyprsureThis type
of actuator thus represents a reasonably priced alternative for applications in which the con-
trol pressure is not the controlled variable, but rather is used as amanipulated variable.

Theseunits can be used in automatic transmissions to select gear ratios, or to reduce
torque-converter slip losses by modulating the contact pressure of the lockup clutch. Simple
switching output stagesorpeak-and-hold circuits govern theelectric control signalto the
PWM valve.When used in conjunction with the appropriate valve design,this typeofcontrol
canbe used to obtaincycle Frequenciesin excess of 100 Hz. In some applications,such as con-
tiniously variable transmissions (CVT),a life expectancy of 2 x 109cycles is demanded.
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10.3.6 Actuators for Headlight Vertical Aim Control

Devices enabling adjustment of headlight range enhance safety by maintaining the correct
ait under all vehicle-load conditions' Range adjustment can be manual, with a driver-oper-
ated switch, or it can be automatic, Thle samec headlight-adjustment actuators are employed
for both designs.The actuatoris mounted directly on the headlamp bracket or housing,and
adjusts the headlight insert or the reflector.

The actuators are dc orstep motors producing a rotary motion which gear-drive units then
convert to linear movement. Due to the fixed relationship between the motor's incremental
response (steps) and the attendant linear motion, no travel sensor is required with step
motors. The total adjustment range extends as far as 8 mtm A single step corresponds to a
turning angle of 15 degrees,or an adjustment travel of 0.03 mm.The motor returns to the ini-
tial (zero) position (mechanical travel limiter) each time the system is activated in order to
prevent step losses.

The step motor combines the following advantages:

*Extremely precise positioning through digital control
*High adjustment speeds of up to 8 mmis; different control frequencies can be selected to

obtain variations.This system allows graduated adjustment at constant vehicle speeds (con- it
sistent lighting) and rapid response during acceleration and braking.

10.4 TECHNOLOGY FOR FUTURE APPLICATION

The motivation to develop new actuators is created by the potential advantages of new man-
ufacturing and driving techniquesin combination with new materials.The following examples
illustrate representative fields of innovation.

10.4.1 Micromechanical Valves

Micromechanics technology stems from the adaptation of production methods employed in
microelectronics. Lithographic miniaturization procedures and etching and assembly tech-
niques make it possible to manufacture minute structures with a high degree of precision.
Micromechanical production methods have already become established in the field of sensor
manufacture Electronic circuitry and sensors can be manufactured from the same material
(primarly silicon) in simultaneous production processes to furnish integrated components;
the benefits associated with this process represent numerous potential advantages,

In automotive applications, microactuators display potential as elements in open-loop con-
trol systems where low control power is to be converted, for instance, regulating the flow of
fluids"in hydraulic or pneumatic systems and metering fuel.

For micromechanical manufacturing, valve designs are required in which planar units with
relatively low structure heights are stacked. The energy conversion principles employed to
operate the valves correspond to the planar structure (e.g., electrostatic drive, electrothermal
or piezoelectric flux converters),

The pressure-balanced seat valve is a basic example of this kind of microvalve (Fig, 10.34).
This type of microvalve is produced in a manufacturing process entailing sequential struc-
turing and bonding of four wafers. Depending on the required dimensions for the single
valve and the resulting surface requirement, as many as several hundred elements can be
produced simultaneously on each wafer stock. Further efforts must be directed to solving
packaging problems before these microstructures can be used to control fluid supply and dis-
charge processes.
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FIGURE1034 ressure-compnsatdeatvalve.

10.4.2 Positive-Engagement Friction Drives

Single piezoelectric actuators provide high dynamic positioning response over short actuating
distances.The search for suitablemechanisms employing active piezoceramics to extend the
effective travel range has given rise to a multiplicity of drive concepts sharing common
attributes:

* Combination of single high-frequency motions (up to the ultrasonic range) to achieve a
continuous drive movement

* Output element actuation using friction engagement

Ulirasonic Motor. Ofall the designs utilizing pieroelectric actuator technologythe ultrasonic
traveling wave device has reached the most advanced stage of development(Fig.1035)Asta-
tor ring featuring teeth on the upper surface, and made of a material providing low material
damping (bronze), is flex-mounted on an end shield via a central diaphragm. A flat piezoce-
ramic ring is bonded to the underside of the stator ring.This piezoring is polarized along the ver-
tical axis of the ring plane.The direction of the polarization changes segmentally (Fig. 1036).
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FICURE10.35 Traveling-wave motorShinse type.
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FIGUREII.3i Segmenation and control ofthe piecoring.

The electrical contacts are arranged to provide two excitation regions, each featuring eight
segments and two small zones. The zone length corresponds to eitherVor15segment.Thusa
segment of the excitation zone extends through / of the stator's circumference. Whenvoltage
is applied to an excitation region,the piezos of one polarization direction contract along the cir-
cumference direction (lateral piezo effect), while the piezos of the opposite polarization orien-
tation expand.This effect produces awave-shaped flux in the stator ring in tie affected region

If the region is then excited with ac voltage (for example.100 V at approximately 40 kHz
in existing motors), the result is an oscillation pattern which extends to encompass the entire
stator ring. Excitationin the frequency of the ninth flex mode of the stator provokes astand-
ing wave on the entire stator.Resonance step-up is employed to achieve amplitudes of 20' im.

If an excitationcurrent is now applied at the second excitation region with ac voltage at a
90 latldisplacement. the two waves overlap to form a traveling wave.

In addition to the up and down motion, one point on the ipper surface of the stator pro-
duces-by means of tilting movement of those teeth which are situated above the neutral
axis-a motion along the periphery (2 pm). When the two motions combine, the surface
points move in an elliptical pattern (Fig 1037),
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FIGURE 10.37 Drive mechanism.
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10.30 SENSORS AND ACTUATORS

A disc spring and a rubber washer are pressing the disk-shaped rotor in Fig.10.35 against
the stator. The elliptical motion of the stator teeth drives the rotor through friction contact
with its contact layer. Speed is adjusted byfor examplevarying the excitation frequencywith
the stator's oscillation amplitude being monitored.

The salient characteristics of the ultrasonic motor are:high torque (Ip to 1.3 Nm),low rpm
range (30 . . 130 rpm), bidirectional operation substantial characteristic retension force, free
of clearance, no run-on, potentially precise positioning, noiseless operation, and flat unit con-
figuration.

Ultrasonic motors are suitable for use as direct-drive devices.The disadvantages include
thesubstantialhigh-frequency controlvoltageand the limitations on service life due to wear
on the friction surface.
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GLOSSARY

Actuator The part of an open-loop or closed-loop control system which connects the elec-
tronic control unit with the process.The actuator consists of a transformer and a final-control
element. Electric positioning signals are converted to mechanical output.

Closed-loop control A process by which a variable is continuously measured, compared
with a reference variable, nd changes as a result of this comparison in such a manner that the
deviation from the reference variable is reduced. The purpose of closed-loop control is to
bring the value of the output variable as close as possible to the value specified by the refer-
ence variable in spite of disturbances. In contrast to open-loop control, a closed-loop control
system acts to offset the effect of all disturbances.

Commutator The commutator is a current switcher. For dc machines, the commutator
switches the armature windings so that the resultant force always acts in the same rotary
directionThis requiresa reversalof the armature winding connection every 80Thecurrent
supply to the armature is via brushes which contact the commutator.

Eddy current In metals moving in an inhomogeneous magnetic field or located in a chang-
ing magnetic field, induced currents circulate throughout the volume Because of theirgeneral
circulatory nature, these currents are referred to as eddy currents

Ferritemagnet In small transformers where eddy current losses must be kept to a minimum,
the cores are made of ferrites which are complex oxides of iron and other metals These mate-
rials are ferromagnetic, but have relatively high resistivity.
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Final-control element The second or last stage of an actuator to control mechanical output.

Numeric field calculation A method of numerically calulatingfields with the help of com-
puter programs, such as the methods of finite differences or finite elements

Open-loop control A process within a system in which one or more input variables act on
output variables based on the inherent characteristics of the system An open control loop is
a series of elements that act on one another as links ina chain. In an open control loop, only
disturbances that are measured b the control unit can be addressed, The open loop has no
effect on other disturbances

Peripheral magnetic voltage The line integral of the magnetic field strength around a closed
path.

V,,, =#H ds

According to Amperes law,the peripheral magnetc voltage is equal to the magnetommotive
force 0.

Piezoelectric effect The direct piezoelectric effect is the ability of a piezoelectric crystal to
produce an electric voltage when subjected to a force. The inverse piezoelectric effect is the
ability of a piezoelectriccrystal to deform when subjected to an electric voltage

Pilot-controlled actuator An actuator that uses one or more additional energy sources to
transform the input signal to an output signal The pilot -controlled actuator consists of a chain
of energy positioners and energy tansformers that produces anampfction due to their
serieslconiguration.

Self-induction Everyc urrent is surrounded by a magnetic field with field lines that are inter-
linked with the current lines his leads to an induced source voltage in the conductor or coil
when the current strength is changedTiis phenomenon is called self-induction.

Weiss'domains Ferroagnec materials have strong interaction among the atoms. Sponia-
neous local magnetization can occur, even though no external magnetic field is present.These
so-called Weiss' domains, sied from.01 to I mmare small elementary magnets, which are
randomli istributed in the matefal and are first directed when an external field is applied. J
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CHAPTER 11
AUTOMOTIVE
MICROCONTROLLERS

David S. Boehmer
Senio Applieations Engineer
Intel Corporation

Amicroco n trol ler canT bc f oun d a t t he heart of almost anyv au to motIile electron ic control mnod-
uile or ECUJ in produiction today. Automotive systems such as an tilock braking control (ABS).
eng in co antrol, navigEation, and vehicle dynamic's allhncorporate at least one microcontroller
within thieir ECU to perform necessary control functions. Understandmng the various features
and offerings of microcontrollers thait are available on the mri ket today is important when
making a selection for an applicain~i This chapter Is Intended to provide a look at various
microcontroller features and provide some insight into their charzacteristics 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 oftenT
referred to as a single-chip microcomputer. It detects and processes input signals, and
respo~nds by ssertinig output signals to the rest of the ECU_ Fabricated upon this highly inte-
grat ed, single piece of sicon:r all of the features necessary to perform embedded control
funictions. Microcontrol ers arev fabricated by many manufacturers and are offered in just
about any imaginiable mix ofimemory, 1/O, and peripheral setsThe user customizes the oper-
ation of the microcontrolle~r by programming it with his or her own, unique program. The pro-
gram configures the microontroller to detect external events,mranipulate the co)Iected data,
and refspond with appropriaite output.11ne user's program IS commnly referred to as code
and typically resides on-chip in either ROM or EPROM1, In some cases wherec an excessive
amount of code space is required, memory may exist off-chip on a separate piece of silicon.
After power-up, a microcontroller executes the users code and performs the desi'red embed-
ded control function.

Microcontrollers differ from microprocessors in several ways. Mlicrocontrollers can bec
thought of as a complete microcomputer on a chip that integrates a CPU with mem:ory and
various peripherals such as anal og- to-digit al converters (A/D), serial communication units
(SIO, SSIO), high-speed input anid output units (HSIO, EPA, PWM), timer/counter units, and

11.3
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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 ofa CPU with register arrays and interrupt handlers.Peripherals
such as A/D and HSIOare rarely integrated onto microprocessorsilicon Microprocessorsare
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 1/0 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 size1/O requirementsand tempera-
ture range are all basic requirements that must be consider when choosing a microcon-
troller. The microcontroller family must possess the performance capability necessary to
successfully accomplish the intended task.The family should alsoprovide a memory,1/O,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. Iems such as these must all be
considered when choosing a microcontroller for an automotive application

11.1.1 Block Diagram

Usually the first item a desiner will see when opening a microcnrlledabokordata
sheet is a block diagramA N ck diagramprovideahgh-ke pictorialr epresentation of a
microcontroler and depcts thevaious peripherals. O, and memory funions the micro-
controller has to offer The Nock diaram gives the designer a quick indicaion it the particu-
lar microontroller will meet the basic memory 1/0, and peripheral needs of their application.
Figure 11 1 shows a block diagram for a state-of-the-art microcontroller. It depicts .2 Kbytes
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FIGURLt1.1 kficrocondtcrrblock diaeram.

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



AUTOMOTIVE MICROCONTROLLERS 11.5

of EPROM, 1 Kbvte of register RAM, 6 1/0 ports, an A-to-D converter, 2 timers, high-speed
input/output (10) channels, as well as many other peripheralsThese features may be "exces-
sive" to a designer looking foramicroontroller to implement in an automotive trip-com-
puter application but would be excellently suited for automotive ABS/traction control or
engine control.

11.1.2 Pin-Out Diagram

A microcontroller's pin-out diagram is used to specify the functions assigned to pins relative to
their positio on a given package. An example pin-out diagram is shown in Fig. IL2.Note that
most pins have multiple functions assigned to themPins that can support more than one func-
[ion are referred to as multifunction pins The default function for multifunction pins is nor-
mally that of low-speed input and output (discussed later in this chapter). If the user should
wish to select the secondary or special function associated with the pin,he or she can do so by
writing to the appropriate special function register.There are some exceptions. A good exam-
pie is pins used for interfacing to external memory.if the device is instructed to power-up exe-
cuting from external memory as opposed to on-chip memory, the address data bus and
associated control pins will revert to their special function as opposed to low-speed 1/0

I.

OJ, aL 0

AD.5/P4.7P6'1/EPA

AUWDT/PS.5 PL/IC/2t

Abi25484PS.0/EPA6

A~il57.3Pf02/EPA/T2LP

ADI1J/P4.2 6 71STK sPt.2/EPA2/21
A8-9/N4.1 Ph4/EPAA

AD8/PS.0 a 10 2PIS/PAS

VI

AD7/P3i 9TPVE P).5/EPAS I
A06/P3.6 20Pionn~de5 l/EPA7

AD2/P62PD.6/ACHS

AD0/P3. 260./AH
A iIo [0/AC-

[I~~ ~ n a 3E ann01 a a n.
9~~~ ~~ a 1 U 86 616514 63 6211

BUS~DTH/5.7 -1 60 1 P62/1 CL

FIGURE11.2 Microcontroller pin-out diagram
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11.6 CONTROLSYSTEMS

11.1.3 Central Processing Unit

The central processing unit or CPU can be thought of as the brain of a microcntroller. The
CPU is the circuitry within a microcontroller where instructions are executed and decisions
are made. Mthematical calculations, data processing, and control signal generation all take
place within the CPU..Major components of the CPU include the arithmetic logic unit (ALU)
register fileinstruction register, and a microcode enge.TheCPU is connected to the bus
controller and other peripherals via a bidirectional data bus,

Microcontrollers are, fr the most part digital devices. As digital devices, microconTrollers
utilize a binary numbering systemwith a base of 2. Binary data digits or bis areexpressed as
either a logic "I(boolean value of true) ora logic "0 (boolean value of false).In a 5-V sys-
tema logic "1" may be simply defineas a -5-V state and a logic "0' may be defined as a 0-V
state. Abit is a single memory orregister location that can contain either a logic "1"or a logic
"Q state. Bits of data can be arranged as a nibble (4 bits of data),a bye (8 bits of data), or as

a word (16 bits of data). It should also be noted that, in some instances,a word may be defined
as the data width that a given microconroller can recognize at a time, be it 8 bits or 16 bits.
For purposes of this chapter, we will refer to a word as being l bits. Data can also be
expressed as a double word which is an unsigned 32-bit variable with a value between 0 and
4,294,967295. Most architectures support this data only for shifts, dividends of a 32-by-16
divide, or frthe product of a 16-by-1 multiply.

The most common way of referring to a microcontroller is by the width of its CPU.This
indicates the width of data hat the CPU canprocess ata time. A microcontroller with a CPU
that can process 8 bits of data at a time is referred to as an 8-bit microcontroller. A microcon-
troller with a CPU that can process 16 bits of data at a time is referred to as a 16-bit micro-
controller. With this in mind, it is easy to see why 16-bit microcontrollers offer higher
performance than their 8-bit counterparts. Figure 11.3 illustrates a typical 16-bit CPU dia-
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FIGURE11.3 t6-bit CPU.
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AUTrOMOTIVE MR'ROCONTROLLERS 11.7 i

gram. The microcode engine controls the CPU. Instructions to the CPU are taken from the
instruction queue and temporarly stored in the instruction register. This queue is often
referred to as apreftch wqueue and it decreases execution time by staging instructions to be
executed. The microcode engine then decodes the instructions and generates the correct
sequence of events to have the ALU perform the desired function(s).

Arithmetic Logic Unit. The ALU is the portion of the CPU that performs most mathemat- i
ical and logic operations. After aninstruction is decoded by the microcode engine, the datalip
specified by the instruction is loaded into the ALU lfor processing. TheALU then processes
the data as specified by the instruction.

RegisterFile. The register file consists of memory locations that are used as temporary str-
age locations while the user's code isexecuting.1The register file is implemented as RAM and
consists of both RAM memory loctions and special function registers (SFRs). RAM mem-
ory locations are used as temporary datastorage during execution of the user's code. After
power-up, RAM memory locations default to a logic "0" and data in SFR locations contain
default values as specified by the microcontroler manufacturer.

Special Function Registers. SFRs allow the user to configure and monitor various periph-
erals and functions of the microcontroller. By writing specificdata to an SFR, the users can
configure the microcontroller to meet the exact needs of their application. Figure 11.4 shows
an example of a serial port SFR used for configuration.Note that each bit location within the
SFR determines a specific function and can be: programmed to eithe:r a logic "1" or "O.If
more than two configuration choices are possibletwoor more bits willbe combined to pro-
duce the multiple chices. An example of this would be the mode bits (MI and M2) in the
example SFR (Fig. 14).Bit locations marked "RSV" are reserved and should be written to
with a value as indicated by the manufacturer. v

nj
1*

SPCON (1FBBH)

75143 2
0 0 PA PEN M2 M1

M2, Ml Mode Function
00 Mode 0: Synchronous
01 Mode I Standard asynchronous
10 Mode 2: Asynchronous (receiver interrupt on 9th bit = 1
I Mode 3: Asynchronous (9th bit = parity or dataf

PEN Panty Enable. Enables the Parity function for Mode I or Mode 3; cannot be
enabled for Mode 2.

REN Receiver Enable. Enables the receiver p write to SBUFRX.
T88 Transmission Bit B. Set the ninth data bit for transmission (Modes 2 and 3). Cleared after

each transmission; not valid if parity is enabled.
PAR-' 0 = even parity

1 = odd parity
Bits 6. 7 Reserved; write as zeros for future product compatibility.

*Mode 2: Asynchronous (receiver: interrupt on 9th bit = 1; transmitter: 9th bit = T88)
Mode 3: Asynchronous (receiver' always interrupt on 9th bit: transmitter: 9th bit parity for PEN= I
Parbit only available on 8XC196KT and KS devices. 9th bit TB8 for PEN= 0
For 8XCi96KR JR, KO. JO devices, this bit should be written as a zero
to maintain compatibility with future devices.

FIGURE11.4 Special function control register cxarnple.
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11.8 CONTROL SYSTEMS

SPSTAT (1FB9H)

4 312 1 I0
RI TI FE TXE OE X X

Sts 0. 1 Reserved: ignore data.
OE Set on buffer overrun error.
TXE Set on transmitter empty. When set may write 2 bytes to transmit buffer.
FE Framing error; set i no STOP bit is found at the end of a reception. When set may write

1 byte to transmit buffer.
TI Transmit interrupt set at the beginning of the STOP bit transmission.
RI Receive interrupt: setafter the last data bit is received.
RPE (Parity enabled) Receive parity error (Modes 1 and 3 ony); set it panty is enabled and a

parity error occurred.
RB8 (Parity disabled) Received Bit 8 (Modes 2 and 3 only) set f the 9th bit is high on reception

FiGURE11.5 Special function statusregister example.

Some SFRs can be read by the user to determine the current status of a givenperipheral
Figure 11.5 shows an example of a serial port status register thatwhen read, indicates the cur-
rent status of the microcontroller's serial port, Note that each bit location corresponds to a
particular state of the serial port. Bit locations marked "RSV" are reserved and should be
ignored when read,

Register Direct vs.Accumulator-BasedArchitectures. Microcontroller architectures can be
classified as either the register-direct or accumulator-based type. These terms refer to the
meansbywhich the CPU must handle data when performing mathematical,logical,or storage
operations.

Register-direct architecturesallow theprogrammer toessentially use most,if notall,of the
microcontroller's entire RAM array as individual accumulators.That is, the programmer can
perform mathematicalor storage operations directly upon any of the RAM locations, This
simplifies task switching because program variables may be left in their assigned registers
while servicing interrupts. Figure 116illustrates a register-to-register type architecture (such

x
y
z

Register File

ALU

Z=X+Y

1. MJL 3, XY

FIGUREI1.6 Register-to-registerarchitecture example
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AUTOMOTIVE MICROCONTROLLERS 11.9

as Intel 's MCS®-96)This architecture essentially has 232"accumulators" (more are available
through a windowing mechanism) of which any can be operated on directly by the RALU.
The true advantage of this type of architecture is that it reduce accumulator bottleneck and
speeds throughput during program execution.

Accumulator-bsed architectures require the user to first store the data to be manipulated
into a temporary storage location, referred to as an "accumulator" prior to performingany
type of data operation. After the operation is completed, the user program must then store
the result to the desired destination location. Figure 11.7 depicts an example of an accumua-
lor-based architecture.

X
Y
z ¶ 2

L eueuto"A" uatrB

3

ALU

Z= X+Y

1.
2.
3.
4.

LD A,Y
LD BX
MUL A,B
ST A, Z

FIGURE 1L7 Accunuatorbased archiecure,

Program Counter The Program Counter (PC) controls the sequencing of instructions to be
executed.The PC is a 16-bit register located within the CPU which holds the address of the
next instruction to be executed, After an instruction is fetched,the PC is automatically incre-
mented to point to the next instruction.

Stack and Stack Pointer The stack is an

SP starting address (SP+12)
(SP+10):

(sp 6 :
(SP+G):

(SPA4):

(SP+2):

SP ending address (SP)

SW~

55Mb
0000h

FIGUREtl.8 Stackpointerexample.

I.
'I
iii

!.F)
ii

i.!~

rt"~

VF)
:1

0

K
'I

areaof memory (typically user-assigned) that
is used to store data temporarily in a FILO
(first-in, last-out) fashion The stack is pri-
mariLy used for storing program information
(such as the program counter or interrupt
mask registers) when an interrupt service
routine is invoked. It is also someimes used
to pass variables between subroutines The
stack is typically accessed through PUSH and
POP instructions. Execution of the PUSH
instruction"pushes" the contents of the spec-
ified operand onto the stack whereas the

RAM memory

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



11.10 CONTROL SYSTEMS

POP instruction -pops"the contents of the speciied operand off of the stack.The stack pointer
(SP) is a register which points to the next available word location on the stack. Consider the
example shown in Fig. 11.8 which shows the contents of the stack after the following code
sequence is executed:

PUSH #80FFh pushes immediate data S)FFh onto stack

PUSH #ASA5h pushes immediate data A5ASh onto stack

PUSH 8Th pushes data @ 821 (assume its 6E20h) onto stack

PUSH #5555h pushesim mediate data 5555h onto stack

PUSH 4Eh pushes data@4 (assume t's 0000hi onto stack
PUSH #800(Xh pushes immediate dataS onto stack

Continuing with the preceding example, ifa POP instruction were executedthe data at the
current SP addrsIS (SP) would h "popped' off the stack and stored to the address speciled
by the instruction's operand. Fxecutig the POP istruction results in the SP being icre-

mented by 2.

Program Status Word and Flags The program status word (PSW) is a collection of boolean
flags which retain information concerning the state of the user s program.These l1ags are set
orcleared depending upon the result obtained ater executing certain instructions as specified
by the microcontroller manufacturer. PSW flags are not directly accessible by the user's pro-
gram; accessistypically through instructions which tesone or more of the flags to determine
proper program flow. Following is a summary of common PSW flags as supported by Intel's
MCS-969 architecture:

Z: The Zero flag is set when an operation generates a result equal to zero.The7 flag is
never set by the add-with-carry (ADDCADDCB) orsubtract-with-ca-y (SUBC/SUBCB)
instructions, but is cleared if the result is nonzero.These two instructions are normally used
in conjunction with ADDIADDB and SUBSUBB instructions to perform multiple-preci-
sion arithmetic. The operation of the Z flag for these instructions leaves it indicating the
proper result for the entire multiple-precision calculation.

N: The Negaive flag is set when an operation generates a negative result.Notethai the
N flag will be in the algebraically correct state even if overflow occurs.For shift operations,
the N flag is set to the same value as the most significant bit of the result.

V Theoverflow flag is set when an operation generates a result that is outside the range
for the destination data type. Forshift-left instructions, the V flag is set if the most signifi-
cant bit of the operand changes at any time during the shift.For an unsigned word divide,
the V flag isset if the quotient is greater than 65,535. For a signed word divide, the V flag
is set if the quotient is less than -32,768 or greater than 32,767.
VT The overflow Trap flag is set when the V fag is set, but it is only cleared by instruc-
tions which are specially designated to clear the VT flag (such as CLRVT,AVTand JNVT).
The VT flag allows for testing possible overflow conditions at the end of a sequence of
related arithmetic operations. This is normally more efficient than testing the V flag after
each instruction.

C: The Carry flag is set to indicate either (1) the state of the arithmetic carry from the
most significant bit of the ALU for an arithmetic operation or (2) the state of the last bit
shifted out of an operand for ashift Arithmeticborrow after a subtract operation is the
complement of the C flag (i.e.,ifthe operationgenerated a borrow, then C= 0).
ST The STicky bit flag is set to indicate that,during a right shift,a I has been shifted first
into tie C agand then shifted out The ST filg can be used along withthe C flag to con-
trol roundingafter a right shift. Imprecise rounding can be a major sourceof error ina
numerical calculation; use of boththe C and ST flags can increase accuracy as described in
the following paragraphs
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AUTOMOTIVE MICROCONTROLLERS 11.11

Consider multiplying two 8-bit quantities and then scaling the result down to 12 bits:

MULUB AXCLDL (CL*DL=AX)

SHR AX,#4 (AX is shifted right by 4 bits)

If the C flag is set after the shift,it indicates that the bits shifted off the end of the operand were
greater than or equal to one-half the least significantbit of the 12-bit result. If the C flag is
cleared after the shift,it indicates that the bits shifted off the end of the operand were less than
half the LSB of the 12-bit result.Without the ST flag, the rounding decision must be made on
the basis of the C flag alone.(Normally the result would be rounded up if the C flag is set.)The
ST flag allows a finer resolution in the rounding decision as shown here:

C ST Bits shifted off

0 0 Value = 0
S1 0 < Value < M LSB
1 0 Value= M LSB
I 1 Value > LSB

Jump instructions are the most common instructions to utilize PSW flagsfor determining
the operation to perform.Instructions that test PSW flags are very useful when program ow
needs to be altered dependent upon the outcome of an arithmetic operation.The most com-
mon example of this would be for program loops that are to be executed a certain number of
times, Following are examples of several MCS-96 instructions whose operation is dependent
upon the state of one or more program status word flags:

JC (Jump if Cflag is set.) If the C (carry) bit is set, the program willjump to the
address location specified by the operand. If the C flag is cleared, control will pass
to the next sequential instruction,

JGT (Jump if signed greater than.) If both the N (negative) and the Z (zero) flags are
clear, the program will jump to the address location specified by the operand.If
either of the flags is setcontrol will pass to the next sequential instruction.

JLE (Jump if signed less than or equal.) If either the N or Z flags is set, the program
will jump to the address location specified by the operand. If both the N and Z
flags are cleared, control will pass to the next sequential instruction.

11.14 BusController

The bus controller serves as the interface between the CPU and the internal program memory
and the external memory spaces. The bus controller maintains a queue (commonly called the
prefetch queue) of prefetched instruction bytes and responds to CPU requests fordata memory
references.The prefetch queue decreases execution time by staging instructions to be executed.
The capacities of prefetch queues vary but for the MCS-96architecture, it is 4 bytes deep.

When using a logic analyzer to debug code it is important to consider the effects of the
prefetch queue.It is not possible to accurately determine when an instruction will execute by
simply watching when it is fetched from external memory.This is because the prefetch queue
is filled in advance of instruction execution It is also important to consider the effects when a
jump or branch occurs during progrmexecution. Wen the program sequence changes
because of a jump, interrupt, call, or return, the PC is loaded with the new address, the queue
is flushed and processing continues. Consider the situation in which the external address/data
bus is being monitored when a program branch occurs. Because of the prefetch queue, it will
appear as if instructions past the branch point were executed, when in fact they were only
loaded into the prefetch queue

I,

,1h
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11.12 CONTROL SYSTEMS

11,1.5 Frequency of Operation

Microcontrollers are beingoffered in an ever-increasingr ange of operating requencies. Most
high-end automotive applications currently use microcontrollers operatm i the12- to 20-
MHz range, with 24 MHz becoming not so uncommonMicrocontrollers with frequencies as
high as 30 and 32 MHz are available as prototypesand will soon be available for production.
Operating frequency becomes especiall important when a microcontroller must perorm
high-speed event control such as required in ABS braking and engine control, Applications
such as these typically have to detect,calculateand respond to external 'ents within a given
amount of time. In ABS applications, this timei s commonly referred to aslonp time and
defines the amount of ime that the microcontroller has to execute the main loopouf the soft-

ae algorithm to achieve optimal performance.
Operating frequency can be directly related to the speed at which a mioontroller will

execute the user'scode For instancelet's look at how long it takes for a paricular microcon-
troller to execute the following generic subroutine. For this exampleconsider the execution
times rather than the operations each instruction is performing.

161 PUSHF
121 NOTS PTS COUNT _EPA
151 ADDB NUMOFPULSES_1, PTS_COUNT_EPA, #00h
1 SUB INV SPEED 1, FTIME 1, TIME I

271 DIV INV_SPEED_> NU OF PULSES_ 1
5I ED Templ+2,#Speed_high_Conisant
51 LC Temp, #5Speed_1wCorstant

27[ DIV Tempt, INVSPEED_`
HI ST Teripi, EPAI_FRQ
1}1r RET

In this example, the numbers in brackets (I denote how many state times it will take the micro-
controller to execute the given tine of code. A state time is the basic time measurement for all
microcontroller operations. For this MCS-96 family microcontroller, a state time is based on the
crystal frequency divided by two. A state time for oher microcontrollers may be based upon the
crystal frequency divided bythree.For this particularmicrocontroler, a state time can be calcu-
lated by the following formula (other microcontroller families use similar formnulas)

1 state time= 1(frequency of operfion)/2

Applying this formula,1 Ilate time= 125 ns when operating at 16 Mlz,and 167 ns when oper-
ating at 12 MHz.The example code sequence takes the microcontroller 98 state times to exe-
cute.This equates to 16.37 ts to execute at an operating frequency of 12 MHz. At 16 MHz, it
takes only 12.25 ps for the microcontroller to execute the subroutine. An operating frequency
of 16 MHz results in the microcontroller executing approximately 34 percent more instruc-
tions in a given time than at a frequency of 12 MHz.

Another consideration when choosi an operating frequency is the clocking resolution of
on-chip timer/counters. The maximum clocking rate of on-chip timer/counters is limited by
the frequency the microcontroller is being clocked at. As an example, if an on-chip
timer/counter is set up to increment/decrement at a rate determined by CLOCK/4, this would
result in 333 ns resolution at 12 MHz. Howeverif the clock speed were increased to 16 MHz,
a higher and more desirable resolution of250 ns is achieved

11.1.6 Instruction Set

An often overlooked feature that gives a microcontroller the capability to perform desired
operations and manipulate data is its instruction set. A microcontroller's instruction set con-
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AUTOMOTIVE MICROCONTROLLERS 11.13

sists of a set of unique commands which the programmer uses to instruct the microcontroller
on what operation to perform.

An instruction is a binary command which is recognized by the CPU as a request to per-
forma certain operation. Examples oftypically supported operations are loads, moves, and
stores which transfer data from one memory location to another, There are also jumps and
branches which are usedto alter programflow. Arithmetic instructions include various multi-
ples, divides, subtracts, additions, increments, and decrements. Instructions such as ANDs,
ORs, XORs, shifts, and so forth, allow the user to perform logical operations upon data. In
addition to these basic instructions, icrocontrollers often support specialized instructions
unique to their architecture or intended application.

Instructions can be divided into two parts, the opeode and operand. The opcode (some-
times referred to as the machine instruction) specifies the operation to take place and the
operand specifies the data to be operated upon.Instructions typically consist ofeither 0,1,2,
or 3 operands to support various operations. As an example, consider the following MCS-96
architecture instructions:

PUSHF (0 operands) is an instruction that pushes the program status word (PSW) onto
the stack. Since this instruction operates on a predfined location,no operand is necessary,

Format PUSHF

PUSH (1 operand) is an instruction that pushes the specified word operand onto the stack.

Format: PUSH(SRC)

ADD (2 operands) adds two words together and places the result in the destination (left- I
most) operand locationl,

Format ADD (DSTMSRIC)

ADD (3 operands) adds twowords together as the-2-operand ADD instruction, but in this
case, a third operand is specified as the destination.

Format: ADD (DEST)(SRCIl,(SRC2)
II

Instructions support one or more of six basic addressing types to access operands withinthe i

address space of the microcontroller.Ifprogrammers wish to take full advantage of a micro-
controller architectureit is important that they fully understand the details of the supported
addressing types The six basic types of addressing modes are termed register-direct.indirect,
indirect with autoincrement, immediate, short-indexed, and long-ndexed.The following
descriptions describe these modes as they are handled by hardware inregister-to-register
architectures

The register-direact ddressing mode is used to directly access registers within the lower 256
bytes of the on-chip register file.The register is selected by an 8-bit field within the instruction
and the registeraddress must conform to the operand type's alignrent rules. Depending
upon the instruction,typically up to three registers can take part in the calculation.

Emamples:

ADD AX,BXCX AX = BX + CX

MULAXBX A X=AX*BX

INCB CL CL= CL +I

TheindIct addressing mode accesses a word in the lower register file containing the 16-
bit operand address. The indirect address can refer to an operad anywhere within the
address space of the microcontroller.The register containing the indirect address is selected
by an 8-bit field within the instruction. An instruction may contain only one indirect refer-
ence; the remaining operands (if any) must be register-direct references.
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Examples:

LD BX.[AXI BX = memword(AX)

In this example,assume that before execution:

contents of AX = 2FC2h

contents of 2FC2h = 3F26h

Then after execution,

contents of BX = 3F26h

ADDB AL,L,[CXI AL= BL+inembyte(CX)

The indirect with autoincrement addressing mode is the sme as the indirect mode except
that the variable that contains the indirect addess is autoincremented after it is used to
address the operand.1fthe instruction operates on bytes or short integers,the indirectaddress
variable is incremented by one; if it operates on words orintegersthe indirect address will be
incremented by two.

Examples:

LD BX,IAXI+ BX = mem_word(AX)

AX =AX+2
ADDB AL,BLJCX]+ AL= BL + meimbyt(CX)

CX=CX+ I

For the iunmediate addrehing mode. an operand itself isIna field in the instruction. An
instruction may contain only one immediaereference:the remainingoperand(s) must be reg-
ister-direct references.

Example:

ADD AX#340 AX= AX +340 (decimal)

For theshort-indexedo ddrssing mode, an 8-bit field in the instruction selects a word vari-
able (which is contained in square brackets) in the lower register file that contains an address.
A second 8-bit field in the instruction stream is sign-extended and summed with the word
variable to form an operand address.

Since the 8-bit field is sign-extended, the effective address can be up to 128 bytes before
the address in the word variable and up to 127 bytes after it. An instruction may contain only
one short-indexed reference; the remaining operand(s) must be register-direct references.

Example:

LD AX.4jBX] AX= memword(BX +4)

In this example.assume that before execution:

contents of BX = Al52h

The operand address is then A152h +04h= Al56h

The long-indexed addressing mode is like the short-indexed mode except that a 16-bit field
is taken from the instruction and added to the word variable to form the operand. No sign
extension is necessary. An instruction may contain only one long-indexed reference and the
remaining operand(s) must be register-direct references.

Ervamples:

STAX.TABLE[BX] mem_word(TABLE + BX) = AX
AND AX.BXTABLECX] AX = BX and memword(TABLE + CX)
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11.1.7 Programming Languages

The two most common lypes of programming languages in use today for automotive micro-
controllers are assemblv languages and high-levellanguages (ILLsy Program development
begins with the user writing code in either an assembly languagor an HLLThis code is writ-
ten as a text file andis referred to as a source file The source file is then assembled or com-
piled using the appropriate assembler/compiler programThe assembler translates the source
code into object codandcreates what is referred to as an obect ieThe object file contains
machine language instructionsand data that can e loaded into an cvalution tool for debug-
ging and validlation. The object can also be converted into a ex file fori EPROM program-
ming or ROM mask generation as discussed later in this chapter The program delopment
process is illustrated in Fig. 119.

Create and
Maintain
Libraries with

UB96

Link Modules
Compile Together
with and AssignWrite Absolute

Source File PLU96 Address with
Text Editor ASM96RL

Source Ob ect
Code iC-M

Debug Using an lCEl Ircuit Emulator

Hexadecimal wt

OH ne

Code

PROM-adable Code

FIGIJRE11.9 'hp~inclpcorws

AssemlblyLanguageProgramming. An assemblylanguageisalow-levelprogramminglan-
guage that is specific to a given microcontroller family. Assemblers translite language opera-
tion codes (mnemonics) directly into machine instructions that instruct themicrocontroller
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on what operation to perform. Becausethe programmer isessenially using the microcon-
troller's machine code to wie assem ylanguage programs more preise control of the
devicecan be achived through the direct manipulaonof idividual bits within registers
Becauseof theireffcencya semby languageprorams require leo de space than high-
levellanguages. Assembly lanuae programs consist of three prts iachine instructions
assemblerdirectivesand assembler contils

A machine insucon is a machine code that can be executed by the microcontrller's
CPU.The collection of machine instructions that a parliclamicrocontroller canee ecute is
referred to asi11 iilructlon set. An example of a machie instruction is the opcode 1or the
MULB instruion [Fig 1110) from Intel's MCS-96 assembly language MULB is the
mnemonic that reresentthe machine instruction which performs the specifled multiplica-
tin operation When executed by the microcontroller,theMULB opcode results in the mul-
iplication of the two byte operands with the result beingplaced ina word destination
location.

MULB (Three Operands)

Format MULi wregbtreg.Ndp

Operation The secod and third byte operands are multiplied using
signed anithricuc and the 16-bit result is stored into the
desunbon (leftmost) operand. The sticky bit flag is
undefined after the intucion is execue&

fDEST) - (SRCI I (SRCZ)

Opeode Pattern 1111i1 min18 j NOD reg wres

Flags Affected ST

Examples AULs DELTmA ,IERt Oa
NLS ALPHA, BETA, GAMMA

MULS ALPHA. DELTA, 11GAMMAJ

FIGURE 11.10 Macwe mtrucon example: MIB.

Assemblerdirectives allow theuser to specify auxiliary information (such as storage reser-
vation,location counter control, definitionof nonexecutablcode,object code relocation, and
flow o assemblerprocessing) that determines the mannerin which the assembler generates
object code frm the user'ssource file input.

Assembler controls set the modeof operation for the assembler and direct the flow of the
assembly process. Assembler controls can be classified into primary controls and general con-
trols.Primary controls are set atthebeginning of the assembly process and cannot be changed
during the assembly.Primary controls allowtheuserto spefy items such as print options,
page lengths and widths,error messages,and cross-referencing. General controls can he spec-
ified in the invocation line or on control lines anywhere in the source file and can appear any
number of times in the program. General controls either cause an immediate action or an
immediate change of conditions in which the condition specified remains in effect until
another general control causes it tochange.

High-level Language Programming. Unlike low-level languages(such as assemblylan-
guages).a high-level languageisageneral purpose language that can support numerous micro-
controller architectures The most common hih-level languageused forautomotive
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applications is C.C programs arewrittenwith statements rather than specific instructions fron
amicrocontroller's instruction set High-level languages utilize a software program known as a
compiler to translate the user's source code into the specific microcontroller's machine lan-
guage. Each microcontroller family hasitsown unique compiler to support selected high-level
languagesAlthough high-level languagestend to be less efficient than assembly languages, their
advantage lies in caseof writing code and better debuggingcapabiliThe use of statements as
opposed to specific instructions better suits high-level languagestowardcontrol of procedures
(to implement complex softwarealgorithms) as opposed to the microcontroller itself

11.1.8 Interrupt Structure

The interrupt structureis one Of the more impotant feuresof an automotive microcon-
troller. Applications such as automotive ABS and engiin control can be referred to as event-
drivencontrol systems. Event-driven control systems require that normal code execution be
halted to allow a higher-priority task or event to take place. These higher-priority tasks are
known as interrupts and can initiate a change in the program flow to execute aspecialized
routine. When an interrupt occurs, instead of executing the next instruction, the CPU
branches to an interrupt service routine (ISR).The branch can occur in response to a request
from an on-chip peripheral, an external signal, or an instruction. In the simplest case, the
microcontroller receives the request.performs the desired operation and returns to the task
that was interrupted.

ISRs are typically serviced via software but it is becoming common for microcontroller
manufacturers to implement special o-chip hardware ISR functions for commonly per-
formed operations. Thee IR-s are typically microcoded or hardwired intothe microcon-
trollerasdescribed later in this section.

Software, or Normal, Servicing of Interrupts. The software servicing of interrupts is fairly
straightforward as shown in Fig.1 I .When an interrupt source is enabled by the user and a

I
NORMAL INTERRUPTRESPONSE

ILD VAR,TYMJ

ML SPEED,DISTAICS ISRI PUSHY

interupt occr$

ST RESULT,TMP2 RET

HARDWIRED INTERRUPT RESPONSE USING PTS PERIPHERAL

LD VAR, TMP3

MUL SPEED,DISTANCE One f 5 PTS modes ar
exacted In microcode,

rrupt orthe PC, SP "ndtac

ST RESULT,TENF2Pw uraffcwd.

fIGURE1111 Comparisotmaaiterrutsandhardwiredinterrps
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valid interrupt event occursthe CPU will fetch the starting address of the ISR from the inter-
rupi vector tableThe interrupt vector table is a dedicated section of memory that contains the
user-programmedstart address of the various ISRs. After fetching the ISR address, the CPU
automatically pushes the current program counter (PC) onto the stack and loadsthe PC with
the ISR beinning address.This results in the program flow vectoring tot ISR addressiThe
user-programmed ISR is then executed.The last instruction within the ISR is a returninstruc-
tion that pops the old PC off the stack.This results in program flow continuing from where it
w\asinterrupted.

Interrupt mask regisers allow the user to prevent or msk undesirable interrupts from
occurring during various sections of the program.Thisis a very desirable feature and allows
for custom tailoring of the interrupt structure to meet the needs of a particular application.
Enabling or disabling of all interrupts (known as globallyenabling/disabling) is typicallysup-
ported with a software instruction such as DI (globallydisable all interrupts) or El (globally
enable all interrupts)

Hardware, or Microcode, Interrapt Structures. Hardware interrupt structures differ from
software interrupts inthat the userdoesn't have to provide the ISR to be exeted when the
interrupt occurs. With a hardware interrupt structure, the ISR is predefined by being hard-
wired or icroodedinto the microcontroller.'Thisis advantageous becauseit requires less
code space and requires less CPU overhead. Stack operations are not necessary since inter-
rupi vectors do not have to be fetched. Most microcontroller manufacturersave their own
proprietary solution for hardware SR'swhich are all somewhat similarto one another. For
purposes of this section, we will briefly describe the peripheral transaction server as imple-
menrted on members of Intel's MCS-96 family of microcontrollers.

The PTS provides a microcoded hardware interrupt handler which can be used in place of
a normal ISR.The PTS requires much less overhead than a normal ISR since it operates with-
out modification of the stack. Anyinterrupt source can be selected by the user to trigger a
PTS interrupt in place of a normal ISR.The PTS is similar to a direct memory access (DMA)
controller in that when a PTS interrupt,or ccle, occurs.data is automatically moved from one
location of memory to another as specified by the user. Figure 11.11 compares a regular ISR
to a PTS inerrupt cycle.

The P allows for five modes of operation; single-bte transfer, multiple-byte transfer,
PWM, PWM toggle, and A/D scan mode. Each mode is configrabethrough an 8-byte, user-
defined PTS controblock (P1SB) located in RAM.The user may enable virtually any nor-
mal interrupt source to be serviced bya PTS interrupt by simply writing to the appropriate bit
in an SFR known as the PTSSELECTregister.When a PTS interrupt is enabledand the event
occurs, a microcoded interrupt service routine executes in which the contents of the PTSCB
are read to determine the specific operation to be performed. More details onthe PTSCB can
be lound in the application example found inthissection.

The major advantage of t PTS for automotive applications is its fast response time.The
PTS isideally suitedfor transferring single or multiple byteswords of data in response to an
interrupt. An example of this is the serial port example which will be described shortly
Another example ofthe usefulness of the PTS (using A/D scan mode) would be if the user
wanted to automatically store A/D conversion results every time a conversion completed
within a user-defined scan of A/D channels. The PTS could also be configured to automati-
cally transfer a block of data between memory locations every time an interrupt occurs.

Application Example of PTS Single-Bie Transfer Mode. This example shows how the
PTS can be used to automatically transmit and receive 8-byte messages over the serial port.
Data to be transmitted and receiveddata are stored in separatetables.The use of the PTS for
this purposegreatly reduces CPU overhead and code-space requirements. The layout of the
user-defined PTSCB for single-bytetransfer mode is shown in Fig. 11.12. PTSDEST within
the PTSCB contains the destination address for the data transfer and PTSSOURCE con-
tais the source address for the transfer.
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unused

II

unused

(PTSCB located in PTS DEST (hi)

internal register RAM) PTS DEST (lo)

PTS SOURCE hi)

PTS SOURCE (lo)

PTS CONTROL

PTS vector address- PTS COUNT

FIGURE11.12 PTS control block for single-byte transfer mode.

Two PTSCBs are set up for this example,one in response to receive (RX) interrupts and
one in response to transmit (TX) interrupts.The RX PTSCB's PTSDEST is initialized with
the start address of the receive data table and the TX PTSCB's PTSDESTis initialized with
the address of the serial port's transmit buffer.

PTS_CONTROL is a byte that specifies the PTS operation to be performed. Its layout is
shown in Fig.11.13.

PTS COUNT is a down counter that is used to keep track of how many PTS interrupts or
cycles have occurred since the last initialization.PTSCOUNT isinitialized by the user to any
value below 256 and is decremented everytime the corresponding PTS cycle occur& 1t is often P
used to keep track of how many pieces of data have been transferred In this example,
PTSCOUNT is used to determine when a complete S-byte message has been transmitted or
received. After FTSCOUNT expires, an "end-of-PTS" or "normal ISR occurs, in which the
userutilizes the data as required by the application. When an interrupt sourceisnabledby
the user to be a PTS interrupt, the following sequence of events occurs every time the corre-
sponding interrupt occurs:

S.Instead of a normal interrupt, the user has selected it to do a PTS cycle.
2. The microcoded PTS routinefetches the PTSCONTROL byte from the PTSCB whose

start address is specified bythe user in the PTSinterrupt vectortable.The microcoded PTS
routine then:

reads data to be transferred from addressspecified by PTSSOURCE
writes the data to address specified by PTS_DEST
optionally increments/updates PTS_SOURCE and PTS_DEST addresses

decrements PTS-COUNT

3. When PTSCOUNT reaches "0",an end of PTS interrupt occurs and the normal ISR is
executed in which the user utilizes the received data as necessary (for RX interrupts) or
reloads the transmit table with new data (for TX interrupts).

Interrupt Latency. Interrupt latency is defined as the time from when the interrupt event
occurs (not when it is acknowledged) to when the microcontroller begins executing the first
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PTS CONTROL BYTE (for sin le and multiple-byte transfers)

7 6 5 4 3 2 1 0

M2 MI MO B/W SU DU SI DI

Mode

000

100

Byte/Word:

Function

PTS Block Transfer

PTS Singe Transfer

"O" = Word, "1" = Byte

SU: Source Update

Destination Update:

Increment Source:

Increment Destination:'

"1"= update source address

"1'= update destination address

"I"= Increment Source address

"I"= Increment Destination address

FIGURE11.13 PTS conIrol byte for single- and multiple-byte transfer modes.

instruction of the interrupt service routine Interrupt latency must e carefully considered in
timing-criticIl code as is found in many automotive applicaions.

There is a delay between an interrupt's triggering and its acknowledgment.Aninterrupt is
not acknowledged until the currently executing instruction is finished.Funherif the interrupt
signal does not occur at least some specified (assume four for this discussion)state times
before the end of the current instruction, the interrupt may not be acknowledgeduntil after
the next instruction his been executed.This is because an instruction is letched and prepared
for execution a few state times before it is actually executed, Thus, the maximum delay
between interrupt generation and its acknowledgment is approximately four state times plus
the execution time of the next instruction.

It should also be noted that most urocontrollers have protected instructions (such as
RETURNPUSHPOP) which inhibit interrupt acknowledgment until after the following
instruction is executed, These instructions can increaseinterrupt-to-acknowledgnent
delay.

When an interrupt is acknowledged, the interrupt pending bit is cleared and a call is
forced to the location indicated by the corresponding interrupt vector.This calloccurs after
the completion of the currentinstruction, except as noted previously. For the MCS-96 archi-
tecture, the procedure of fetching the interrupt vector and forcing the cal lrequires 16 state
times. The stack being located in external memory will add an additional two state times to
this number.

Latency is the time from when an interrupt is generated (not acknowledged) until the
microcontroller begins executing interrupt code.The maximum latency occurs when an inter-

M2, MI, MO:

B/W,

DU:

DI:
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rupt occurs too late for acknowledgment following the current instruction. The worst case is
calculated assuming that the current instruction is not a protected one.The worst-case latency
is the sum of three terms:

1. The time for the current instruction to finish (assume four state times).
2. The state times required for the next instruction.This time is basically the time it takes to exe-

cute the longest instruction used in the user's code (assume it's a 16-state DIV instruction).
3. Te response time (assume 16 states, 18 for an externally located stack).

Thus. for this scenario, the maximum delay would be 4+ 16 +16 = 36state times. This equates
to approximately 4,3 ts for a MCS-96 microcontroller operating at 16 MHz.This latency can
increase or decrease depending upon the longest execution-time instruction used Figure
11.14 illustrates an example of this worst-case scenario

Interrupt latency can be reduced by carefullyselectinginstructions in areas of code where
interrupts are expectcd.Using a protected instruction followed immediatelybyalonginstru-
tion increases the maximum latency because an interrupt cannot occur after the protected
instruction.

11.1.9 Fabrication Processes

The basic fabrication processes that are widely used for automotive microcontrollerstoday
are NMOS (N-channel metal-oxide semiconductor) and CMOS (complementary MOS).The
scope of this chapter does not allow for an in-depth discussion of these processes. although a
brief description of thesuTuctures used to build on-chip circuitry will bediscussed. These
terms refer to the components used in the contruction of MOSFET (MOS field effect tran-
sistor) inverters whichare the basis of logic on digital devices. NMOS inverters are con-
structed of N-channel transistors only, whereas CMOS inverters are constructed of both
N-channel and P-channel transistors. This section wil describe the basic operation of each
inverter along with its pros and cons.

Simply stated, a P-channel transistor conducts when a logic "O" is applied to its gate. Con-
verselyN-channel transistors conduct when a logic "I"is applied to their gate Figures 1115
and 11. 16 show a simplified cross-sectional view and the electrical symbol for N- and P-chan-
nel devices, respectively.

4 3 2 1 < - 39 s-tate- 16 -<--2->- ISR

PROGRAM { miir ongest possible PUSg mts t~i
SCE~lON infutudon in'sdon / I on forced "ai S4

interrupt
interuptIrttnuptresporne

event occurs scknowedgmn

INTERRUPT
SOURCE

PENDING
INTERRUPT

INTERRUPT Inlarrupt Ilaency
LATENCY (61 state imes worst cae)

FIGURE 11.14 Worst case interrupt latency example.
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(ATED
POLY

rGATE-0-DE
N DIF. N Dff

PeOURc tDRAM

PVUBGTTE

DRAIN

GATE

SOURCE

FIGURE 1115 N-channel transistor,

QW=n

(GAM

POLY

GATEOXCE

P DIFF.
POURM

N WELL

DRAIN

GATE

SOURCE

FIGURE 1116 P-channel transistor.

AMOSInverters. NMOS inverters are constructed of two NMOS transistors in which one is
utilized as a resistance (Q2) and the other is utilized as a switch (01). A depltion-mode
NMOS transistor is commonly utilized for the resistance device. A basic NMOS inverter is
shown in Fig. 1117. Note that 02 is always on and acts as a resistor.

When a logic "O" is applied to the inverter's input, 01 is turned off, which results in 02
driving a logic 1 at the output.When a logic "I"is applied to the inverter's input.01 is turned
on and overcomes 02.This results in a logic "O"at the output.

NMOS microcontrollers are still produced in large quantities today. An advantage of
NMOS processes is the simplistic circuit configuration which resuls in higher chip densities.
NMOS devices are also less sensitive to electrostatic discharge (ESD) than CMOS devices.
An inherent disadvantage of NMOS design is the slower switching speeds and higher power
dissipation due to the de current path from power to ground through 01 and 02 when the
inverter is driving a logic O".

ohoom

EkMMW
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VCC

Q2
DOPW*Mhlad

Vout

-1 01
Vin Eanmntd

Vu

FIGURE 11.17 NMOS invers

VoC

Q2

P-channel transistor

VIn VO

01
N-channel transistor

Vs

FIGURE 11.18 CMOS inverter.

CMOS Inverters. The CMOS is the most widely used process for automotive microcon-
trollers today CNOS inverters are constructed ofboth P-channel and N-channel transistors
that have their inputs tied together as shown in Fig. 11.18. When a logic "O"is applied to the
inverter's input, 01 is turned off and 02 is turned on, which results in 02 driving a logic "l"
at the output. When a logic "I" is applied to the inverter's input, Q2 Is tured off and Q1 is
turned on, which results in Q1 driving a logic "0" at the output. Note that only one of these
two devices will conduct at a time when the input is "l"or"O".While the input switches, both
O0 and 02 may conduct for a short time resulting in a small amoun of power dissipation.

The main advantages of CMOS logic are greatly improved switching times and lower
power consumption, which is due to the complementary design of the inverter. A disadvan-
tage of CMOS logic is that it is more expensive due to its increased complexity and more
demanding fabrication process CMOS logic is more susceptible to ESD damage, although
microcontroller manufacturers have countered this by incorporating very effective ESD pro-
tection devices onto the silicon.

11.1.10 Temperature Range

Another important factor that must be considered when choosing a microcontroller is the
temperature range in which it will be required to operate.The two most common temperature
specifications specified by microcontroller manufacturers are ambient lemperatureunderbias
(TA) and storage emperaure.These specifications are based upon package thermal charac-
teristics as determined through device and package testing.Storage temperature refers to the
temperature rangethata microcontrollercan besubjected to during periods of nonoperation.
Storage temperature specifications are more extreme than ambient temperature under bias
temperatures 'nd are usually all the same regardless ofthe specified ambient temperature
range.The common storage temperature range in industry is -60 to +150 C. While powered-
down, a given microcontroller must not be subjected to temperatures that exceed its specified
storage temperature range.

ii
V
tk~i
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Ambient temperature under bias (TA) refers to the temperature range that the microcon-
troller is guaranteedo 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 0 to +70 0 C
Extended -40 to +85 0 C

Automotive -40 to +125 C

71.2 MEMORY

Microcontrollers execute customized programs that are written by the user. eseprograms
are stored in either on-chip or off-chip memory and are often referred to as theuser\code On-
chip memory is actually integrated onto the same piece of silicon as the microcontroller and is
accessed over theinternal data bus. Off-chip memory exists on a separately packagedpiece 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

OFFFFh

OA000h

9FFFh

2080h
207Fh

2000h

IFFFh

1EFFh

0600h
05FFh

0400h

03FFh

0100h

OOFFh

001Bh

001 7h
0000h

Memory Function

External Memory

Internal ROM/EPROM or Extemal Memory

Internal ROEPROM or External Memory
Intempt vedtra, COW Securtty Key, Resaved oaore, ec.)

Internal Special Functon Registers (SFR's)

External Memory

INTERNAL RAM (Address w thIndlrect or Indexed modes.)
(Alsoww as Cod RAM)

Register RAM

RegisterRAM

CPU SFRs

Upper RegIster File (Address,
withiIndirect or Indexed
modes or through windows.)

Lower RegIster File
(Addres with direct,
indirect or Indexed
modes.)

Register

File

FIGURE1119 Miroconirotlermcmornymap
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Memory is commonly referred to in terms of Kbytes of memory One Kbyte is defined as
1024 bytes of data. Memoryis most commonly arranged in bytes which consist of 8 bits of
data. For instance,a common automotive EPROM is referred to as a"256k x8 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 basict ypes:random access mem-
ory (RAM),read-onl mnemory (RO).erasable ROM (EPROM),electrically erasable ROM
(EPROM), and 11ash memory RAM is typically utilized for run-lime variable storage and
SFRs.The various types of RM are generallyused for code storage and fixed data tables

The advantages of on-chip memory are numerousespecially 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 RF1 due to
their high clock rates and fas switching times Providingsufficenton-chip memory helps to
greatly reduce these concerns.

R4M, 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 applyingnew information to the
cell (write). RAM found on microcontrollers is that of thestatic 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 gateswhich
provide the data path into or out of the cellThe 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 stateof
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

Vcc

to lls 
In column

Tansmissin Gate
to R/W ''.

V3$

Voc

to l lls
In column

ToRbW n Go*
to RMF '-V.

Vas

FIGURE11.20 CMOS RAM memory cell.
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memory controller, thus allowing code to be executed from it. Code RAN is especially useful
for end-ol-line testing dung ECU manufacturin byallowing testucode to he downloaded la
the serial port peripheral.

OM. Read-onlyi memory (ROM),as the name impliesis memory that can be read but not
written to ROM is used for storalge of uercode ord Jata that does not change since it is anon-
vol]tile memor that retains its contents after powerisremoed Code or data is ither
entered during the manuatuing process (masked ROM, or MROM) or by laterprram
ming (programmable ROM or PROM),either way, once entered it s unalterable

AROMcellbyitsclf(Fg.11 21) is nothmgmore than a transistor. ROM cells must be used
in a matrix of word andb it lnes(as shown in Fig 11 .22) in order to store information Te
word lines are connected to the addres decoder and the bit lines are connected to output
buffe.The user'scode is permanentlyslored byincludingoro mitting individual cellsat word
and it linej unctions within the ROM array. or MROMs, this is done during waer fabrica-
tion. For PROMs, this is done by blowin a fuseinthe source/drain connecion of each cell o
read an address within the array, the address decoder applies the address to the memory
matrix For any given ersection f a word andbil ine, the absence of a cll transistor allows
no current to low ind causes the transistor to be of This indicates an unprogrammed ROM
cell.The presence of a complete cell conducts and is sensed us a loical 0", indicating a pro-
gramied tell. 1e stored data on the bilines is then driven ( the output buffers.

MROMs are iypicall used for applications whose code is stable and in volume produc-
tionAler the developrment process iscomplete and the user's pgramhasbeen verifiedthe
usersubmits the ROM code to the miiocontroller manufacturer The microontroller ruanu-
facturer then produces a mask that is used during manufacturing to permanently embed the
program within the microcontroller Ths mask laycr either enables or disables individual
ROM cells at the junctions of the word and bit esAn advantage of MROM microon-
trollers is that they come with user code embedded, which saves time and mnc since post-
production programming is nol necessary A disadvantageofMROMdevicesis thatsincethe
mask with the user code has to be supplied early in the manufacturing processthroughput
time (TPT) is longer.

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

DRAIN

GATEOXOE
N\=I1FV. N DFF.
OURM (DRAJO

P SUBSTATE

GATE

SOURCE
FIGURE 11.21 ROM nemory cell.
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WORD lines from address decoder

0 1 2 3

_ I__

0

r-

FIGURE11.22 Simplified ROM memorymaTix.

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,

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 actualty 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 duringwhich code is changed often. EPROM devices assembled in a package without a
window are commonly referred to as one-timeprogrammable devices or OTPs. OTPs may only
be programmed oncesince 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 cellis shown in Fig.11.23.It is basically an N-channel transistor that has
an added polyl floating gate to storecharge.Tis 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 appliedThis gives the negatively charged elec-
trons enough energy to surmount the oxide barrier and allows them to be stored on the gate.
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This has the same effect as a negative applied gae voltage and turns the transistor off. When
the cell is unprogrammdit can he turned on like a normal transistor by applying 5 V to the
poly2 select gate.When it is programmed, the 5 V 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. Erasure is per-
formed through the application of ultraviolet (UV)light, which give ust the right amount of
energy necessary for negatively charged electrons to surmount the oxide harrier and leave the
floating gate

Cagla Eletrca SyMbo

(GATIQ
POLY2 DRAIN

GAT0E O)D

POLY I

LATE!OXIDE
H01FF.N DIFF.

(SOURCE (DRAJN)

P SUBSTRATE

GATE

SOURCE

FIGURE 11.23 EPROM memory cell.

Flash. Flash memory is the nwestnonviaile memory tehologyand is very similar to
EPRO.1hekeydiffrnll ce flashmemorycanbeelectrically erasedO (nceprogrammed
flash memory contts remain intact until aneraseccleisinitiated vasoware. Like[EPROM
flash memory requires aprogramming and erase voltage of approximately 12 )V .Since `a . n.
regulated 12-V recerence isnl otreadily available in automotive environmenti this need i sotesn
prmided for through theI inorporaion of an on-chipch tge pump.The charge pump produces
thv oltage and current necessary for programming andesur iom thestndard 5-V supply
voltage The advantage of flash is in its capabilit to be programmed and erasedin-module with-
out having to be removed. n-module epogrammabit is desirable since in-ehicle validation
testin diesn't alwais allow tor casy access to themicrocntroller Flash also allowsor last-
minute ode chans, data table upgradesand general codecustomzation duinn ECUassem-
bl Since a flashell is near idencalin se tot hal t an EPROMcell the highreliablity and
higd evice densitycapabe withE PROM is retained1e mai disadvantage of 11ashis the need
for an on-chip charge pump and special programand ese circutry,which addso st.

A lash memory cell is essentially the same as an EPROM cell, with the excepin of the
floatinggateiTeiference isa thin oxide laer which allowsthecell toeelectrcallyerasd
Themechanism usedterase data is known as Foler-Nrdhuin tunnelhat whichallows the
charge to be transferred from the floating gate when a large enough field iscreated Hotelec-
tron injection is the mechanism used to program a cell, exactv is done with EPROM cells
When the foating gate is positively charged the cell will read a " ",when negatively harged.
the ce ill read a"0Y.

EEPROM. EEPROM (electrically erasable and programmable ROM,commonly referred to
as E2ROM)is a ROM that can be electrically erased and programmed. Once programmedFEP-
ROM contents remainintact until an erase cycle is initiated viasoftwareLike flashprogramming
and erase voltages of approximately 12 Vare required.Since aclean,regulated 12-V referenceis
not readily available in automotive environments, this requirementis satisfied using an on-chip
chargepump as is done for flash memory arrays. Like 11ash, the advantage of EEPROM is its
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capability toh e 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 significantdisadvantage is
the need foran on-chip charge pump.Special program and erase circuitry alsoaddscost.

An EEPROM cell is essentially the same as an EPROM cell with the exception of the
floating gate being isolated by a thin oxide layer. lie main difference from flash is that
Fowler-Nordheim electron tunneling is used for boti programming and erasure.This mecha-
nism allows charge to be transferredtoorfrom the floating gate (depending upon the polar-
ity of the field) whena large enoughfield is created When the floating gate is positively
chargedthe cell will read a1' whennegatively charged,the cell ill reada "O".

11.2,2 Off-Chip Memory

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 [/0 pins. In cost- and size-conscience applica-
tions, such as automotive ABS, system designers almostexclusively use on-chip memory.
However, when memory requirements grow to sizes in excess ofwhatis offered on-chip (such
as is common in electronic engine control), the systemdesinermust implement an off-chip
memory system.Off-chip memory is flexible because the user canimplement various memory 1
devices in the configuration of his choice. Most microcontrollers on the markettoday offer a
wide variety of control pins and timing modes to allow the system designer flexibility when
interfacing to a wide range of external memorysystems

Accessing External Memort. If circuit designers must use external memory in their appli-
cations, [he type of external address/data bus incorporated onto the microcontroller should be
considered. If external memory is not used, this will have,if any, impactupon the application.
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
muhiplexed and demultiplexed address/data bses.

Mluhiplexed 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 twoin time Figure 11.24illustrates a typical multiplexed 16-bit address/data bus
system as is implemented with Intels 8XC96Kx family of microcontrollers.

AD&II T 74AC HGACESHG DRS
AO IS373

EPROMEDATA
AL.E / ADV ERMDT

(High)

LOWD74AA ESS LOADDRESSADO-7373

8XOI96Kx
QE DE

LRD

FIGURE11.24 Multiplexed address/data bus system
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During a multiplexed bus cycle (refer to Fig. 1125), 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 mut be present onthe bus for a specified amount of time
prior to ALE being asserted.After the address is latchedthe microcontroller asserts either a
read (RD#) or a write (WR#) signal to the external memory device.

TOW

TOLCL XHCH CH"L

*4 T- TCQH LNCH

ALEIAOV

TLHLL
7LLAL 01 TRLRH 14 HU

~INST

TAVLL -+ TRLAZ -:0+ f~

BUSrADDRESS ADDRESSACT

-LW Tu TwLA w+ 4-HLH

BUS

ALE

WRv or a or RO

WR'H~orROE~

AD-15 ADDRESS ATAT
ADO-iSAD-1

1- btw l cye

FIGUREII.25 Multip[exd bus cycle and timing diagram.

For a read cycle, the microcontroller will pull its RD# output pin low and float the bus to
allow the Memory device to output the data located at the address latched on its addrecspins.
The data returned from external memory must be on the bus and stable for a specified setup
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 the
bus to be written to the externalmemory.After a specified setup time, the microcontroller will
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release its WR4 signal. which signals to the memory device to latch the data on the bus into
the address location present on its addres pins,

Advantages of multiplexed dress/da tbussystems are thatfewer microcontroller pins
are equired ince address and data share the same pins For a true 16-bit systemthis trans-
late sitoa ulplexed systemr qulL 1 wr pins (for address and data) thanwulbe
required by a demultiplexedt cm. A disdv g 1ia an externl laci is req{luired to
hold the addrcss during the cond half of theb uscy cle this adds to the component count

Demultiplexed Address/Data Bres. Microcontrollers with demultiplexed address/data
buses implement separate dedicated address and data buses as shown in Fig 1126.

CS C$
DMI1 EPROM DA7A

(High)

L ~DATA
CS EPROM

(Low)

A&15 AODDRSS ADDRESS

E OE

FIGURE 1L26 Typical de.mu lplexed address/daia bus system.

T1he operation of a demultipleted dddressidata bus is basically the same as the mrultipleted-
type with the exception of not hlilvne an ALE signal to latch the address for (lhe second ball
of the hus cvcle The oprTAllopnof the RD#H R#,address, anid data lines is essentiallv the samne
as for that n1 a mulilted stem.

Durinq a deutil it u cycle, the mlemerocntroller places the addres o11 the addres
hus and holds it there for the ente bus cycle. For a read] of uxternial memory, the microcon-
troller risell 1 the RD# signal (or HR', fol a w\rite signal) Just as would be done for a multi-
plete-d buIS tile.7The Rnemori delice will respond accordingly hy either plauing the data to be
leaid on thec dati bus 01 by Intching- the data to be written off of the data bus. Figure 11.27 Illus-
trates: -J i p te dm lpee bu cycle,

An ad vwatage 01 mnulti1plef \ed aiddriess/d ata b us syslems 15 thd I lxem al d ata I atches are
n ot netewall, which saves on v k tii c mponent count. A disadi antaoe,as me ntialled earlier,
is that miore mlcrocontrulker pins must be allocated for the intei-lace, which elea e l e pins
1or other 1/0) purposes

11.3 LOW-SPEED INPUT/OUTPUT PORTS

Low-speed inputloutput (LSIO) ports alw he microcontroller to read Input signals as well as
prov ide output signals to and from other electronic components such as sesrpower dr-ivers,
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WR# or RD#

DO-18

AD-15

16fbi bus cyd

WRO or RD

AO-15 ARES

o-bftbcycle

FIGURE 11,27 Demultiplexed bus cycle.

digital deves actuato sand other nicrocontrollers, The term"low-speed"is used to describe
these ports because unlike high-peed 1/0 (HS10) ports which ae itrupt drivenSIO port
data mustb e manuall read and written by the user program Interiupt-driven I/O is typically
not ponib on port pins configuiedf or LSIO operalion It iscommon for modern high-
perflrmance microcontrollers to utilize multifunctional pot pins which can be configured for
a special function as well as LSIO LSIO ports most commonly consistof eight port pins in par-
alel, which are supported by byte registera For example, h writing to a sgle-ytespecial
function register, an entire port cane configured, reador writtenManipulating individual
bitsin the port register allows the user flexiblitl in accessing eithr sgleor multiple port pinT

11.3.1 Push-Pull Port Pin Configuration

The term push-pull, or complementary: output is commonly used to define a port pin that has the
capability to output either a logic"l oriO" Figure 1128 shows a basic push-pull part pin cn-
figuration Referring to Fig11.28, writing a "I" to the dataoutput register enables the P-channel
MOSFET and pulls the pin to+5 V, thus driving a logic I1" at the port pin.When a "0"is written

Vec

og0vlue to
bedrivenall
portpon,

port pln

Vs

FIGURE 11.28 PuI-pull port pin.
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to the data register, the N-channel MOSFET is enabled and thus provides a current path to
ground which results in a logic 0 at the port pinNote that during this time the P-channel pull-up
MOSFET isdisd to prevent contention at the port pin.Also note that the port logicdesign
does not allow both the P-channel and the N-channel devices to be driving at the same time.

11.3.2 Open-Drain Port Pin Configuration

Open-drain port pins (Fig. 129) are useful for handshakingsinals over which multiple
devices will havecontrolThe fact that the P-channel transistor is either omitted or disabled
dictates the need for an external pull-up resistor.An exampleo anapplication for open-drain
port pins would be for a bus contention line between two microcontrollers communicating on
a common bus. During normal operation, the line is pulled high by the external pull-up resis-
tor to signal to either microcontroller that no contention exists. If one of themicrocontrollers
should detect contention on the bus,it simply outputs a logic "O" which signalsthecontention
to the other proc ooutput the "O", the port only has to overcome the external pull-upwhich the user should appropriately size to match the port drive specifications.

lit

No Connection ( :zl

port pin

logic value t
be driven at
port pin.

Vs
FIGURE11.29 Open-drain port pin

11.3.3 High-impedance Input Port Pin Configuration p
High impedncor"Hiport pins (Fig.11.30) are used strictly as inputs since no drivers exist
on these types of pins Hi- refers to the relatively high input impedance of the port pin This
high input impedance prevents the port pin circuitry from actively loading the input signal.Note
that the pin is connected to the gates of a CMOS inverterwhich drives internal circuitry Usu-
ally a certain amount of hysteresis is built into these pins and is specified in the data sheet,

11.3.4 Quasi Bidirectional Port Pin Configuration

Quasi bidirectional (QBD) port pins are those that can be used as either input or output
without the need for direction control logic. QBD port pins can output a strong low value or
a weak high value.The weak high valuecan be externally overridden providing an input func-
tion. Figure 11.31 shows a QBD port pin diagram and its transfer characteristic.

Writing a1" to the port pindisables the strong low driver(Q2) and enables a very weak
high driver (03).To get the pin to transition high quicklv,a strong highdriver() isenabled
for one state time nd then disabled ( eaving oly 03 active)

It is important to keep in mind that since the port pin can be externally overridden with a
logic "0".reading the port pin could falsely indicate that it was written as a logic "O".
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The ability to overdrive the weak output driver is what gives the quasi bidirectional port
pin its input capability.To reduce the amount of current that flows when the pin is externally
pulled low, the weak output driver (Q4) is turned off when a valid logic -0" is detected The
input transfer characteristic of a quasi bidirectional port pin is shown in Fig.1131.

Vcc

read pin
u p-t port pin

V"a
FIGURE 1L.31 High-impedance input purl pin.

11.3.5 Bidirectional Port Example

The following exampled cries the operaton of a ste-o-the-arlbidirectional porttru
ture.This particularstruture is used upon newer members of Intel's MCS-96 lutomtie
microcontrollli A lsingle port constils olfeight multifunctin, parallel port plnsee
Fi. 11.32) which re controlled (on a by-pin basis) with ifour specialfunction registers
refrred toas PxPIN.PxREQ P. MODEand PxlDIRAsiscommon withotherhigh-per-
tormance microcontrolrs the pins of this port are shared with alternate specil functions
controlled b other on-chip perpherals.The PiMODE register allows the programmer to
chooseeither LSIO or the associated specal function for an en portpi nWritinga 'to
the appropriate hitselects the corresponding pi asspecal function whereas a 0' ects
LSIO.Th efunction of the Pi PIN and PxR registers is fairly straightforward. In order to
read the value on the pin the user simply readsthe PxPIN register To write a value to the
PiREG register, the user simply writes the desired output value to the PxREGregisterThe
P._DIR register allows the user to configure he pot pin ase ither input or output

In order to prevent an undefined pin state during rset,port pinsrevert to default state
urling it .or the intel Kxbidirectional port structure, this state is definedas a weak logic
1'. llit nsistor that drives this state is labeledas WIVKPU in Fg1132 and is asserted in

reset nt il the s iltso the P1_MOD register toconfiethre port pin.
Portssuchi ast ili soife the rmuch flex 1 bil t yi asignlin gthe rfunti onwithin napplli-

cation. Followm ingaretchreee 1hat depict hthee pori may be onfigured by the
userbywiting values to the ppropite bit within the portSR Also note that the eight pins
ofa portmay be coniIured indv idllTy o n a pil-by-pinbisl

To configure a givenport pill Js a 111gl-illpedilanc Input pin, the user must write the fol-
lowing values tolthel r vr ondingbihAillttl lhe por tp FR.
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Inlernai _ 6
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FIGURE11.31 Qusi bidirectional por pin and transfer characterisic,

PxMODE: "O"selects the pin as LSIO and disables weak pull-up.
PxDIR: 1" disables operation of the N-channel transistor.
PxREG: "I"disables the N-channel transistor.

To configure a given port pin for push-pull operation, the following values must be written
to the corresponding bit within the port SFR.
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Px _REG M Vec We Vm

_M OE OS S

PORT

FIGURE11.32 Bidirectional port sructure example-

Px_MODE: "O"selects the pin as LSIO and disables weak pull-up transistor

PxDIR: "0" enables operation of both the N- and P-channel transistors.

PxREG: "0"or"l"drives that value at the port pin.

To configure a port pin for open-drain operation, the user must write the following values
to the corresponding bits within the port SFR.

Px_MODE: 'T" selects the pin as LSIO and disables weak pull-up transistor

PxDIR: "I" disables operation of the N-channel transistor.

PxREG "I'"disables the P-channel transistor / achieves Hi-Z state

" enables the N-channel transistor /drives "0" at pin.

17.4 HIGH-SPEED I/O PORTS

Perhaps the most demanding of automotive microcontroller applications is electronic engine
control and antilock braking/traction control Thesc applications both require the microcon-
troler to detect, process. and respond to external signals or "events" within relatively short
periods of time. Sometimes referred to as a capturc/ompare module, a microcontroller's
HSIO (high-speed input/output) peripheral allows the microcontroller to capture an event as
it occurs. The term capture refers to a series of events that begins with tile microcontroller
detecting arising or fallingedge upon a high-speedinput pin.At the precise moment thisedge
is detected, the value of a software timer is loaded into a time register and an interrupt is trig-
gered.This gives the microcontroller the relative time at which the event occurred. An HSIO
peripheral also provides compare Functions by detecting an internal event, such as a timer
reaching a particular count value, When the particular count valueis detected, the HSIO unit
will generate a specified event (rising or falling edge) on a port pin. This feature is ideal for
generating PWM waveforms or synchronizing external events with internal events.

For example, consider a typical ABS microcontroller which must detect, capture, and cal-
culate wheel speeds; respond with signals to hydraulic solenoids; and perform many other
background tasks all within a loop time of about 5 ms.The wheel speed signals are input to the
microcontroller as square waves with frequencies up to 7000 Hz (approximately one edge
every 71 Is). The microcontroller must have the performance necessary to capture and pro-
cess these edges on as many as four wheel speed inputs HS10 peripherals, along with the
interrupt structure,play a major role in the microcontroller's ability to perform this function.

Nearly every microcontroller nianufacturer has its own proprietary HSIO peripheraL For
purposes of this section.the event processor array (EPA) HSIO peripheral, which is used by
ntefs 87C 96KT automotive microcontrolleT, will be discussed.
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11.4.1 High-Speed Input and Output Peripheral

High-speed inputioutput peripherals typicaly consist of a given number of capturetcompare
modules, a timericounter structure, control and status SFRs, and an interrupt structure of
some type. Figure 1133 shows a block diagram of the EPA peripheralThe main components
of the EPA are ten capture/compare channels, two compare only channels, and two
timercounters.The capturelcompare channels are configured independently of each other.
The two timer/counters are shared between the various capture/compare channels.Each cap-
ture/compare channel has its own dedicated SFR's: EPAxTIME and EPAx_CON (xdesi-
nates the channel numbert.

N& emmy r!ugh CojD pr* TIMER
Ook xmayImhruU Q~

EPIAIN70 ______

EPAJNT1 ____

EPAINT2

EPAiNT3

EPAINTX

_1

N

EL
A 0
R C
UK
P
T

ThMP

EPA (01

PA(1

~PA, (2
EPA 13i

EPA t4)

PA M)

EPA (9

FIGURE 11.33 ExamnpleHS10 petipht-rAxtl tEPA~pir1

11.4.2 Timer/Counter Structures

High-performance microcontrollerstypically integrateone or more timer/counters onto their
silicon.Amicrocontroer'stimer/counter structure provides a time base to which all iSIO
events are referenced. Timers are clocked internally, whereas counters are clocked from an
external clock source.Timers are often very flexiblestructures, in whichprogrammers have
the capability to configure the timer/counters to meet their applications particular needsThe
87C96KT as two 16-bit timer/coutnters referred to as TIMERI and TEMER2. As 1-bit
timer/counters,each timer has the capability of counting to 2!or 65,536 before overflowing.
The user has the option of triggering an interrupt upon overfow of a timericounter. Each of
these two timers can be independently configured using theTxCONTROL SFR as shown in
Fig. 11.34,where x specifies either Ior'2 for Timed orlTimer2respectively.

Bits number 3, 4, and 5 are the mode bits that allow the user to configure the clocking
source and direction of each timer/counter.The clock rate can be based either upon the fre-
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TxCONTROLSFR

7 6 5 4 3 2 0

CE UD M2 MI MO P2 P1 PO

CE: CountEnable: "0"=disable timer, 1"= enable timer

UD: Up/Down: " =countup, "I" =count down

MODE: M2MI MO Clock source Direction determined by

0 0 0 XTAL/4 stateof UD bit

0 0 1 TxCLK pin state of UD bit

0 1 0 XTAL/4 state of TxDIR pin

0 1 1 TxCLK pin state of TxDIR pin

1 0 0 Timer overflow state of UD bit

I 1 0 Timerd overflow same as TimerI

I I I Quadrature clocking using TxCLK and TxDIR pins

Prescale P2, , Clock prescale values

0 0 0 by 1 (250 ns @16 MHz xtal frequency)

0 0 1 by 2 (500 ns @16 MIz xtal frequency)

0 1 0 by 4 (1 ps @ 16 Mz xtal frequency)

0 1 1 by 8 (2 ps @ 16 MHz xtal frequency)

1 0 0 by 16 (4 ps @ 16 MHz xtal frequency)

1 0 1 by 32 (8 ps @ 16 Mz tal frequency)

1 1 0 by 64 (16 ps @ 16 MHz xta frequency)

Ill reserved

FIGURE 11.34 Timer control SFR example.
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1543 2 9 7 6O 1514132109 87 6 5 41321110
TIMER2 TIMER1

CLOCK

Overflow ofTIMER1 clocks 11MER2 thus ceaing a 32-bit TIMER,
FIGURE 11.35 Cascading oftireunters,

quency that the microcontroller is bein clocked at the XTAL pins or upon the input fre-
quency on another pin referred toas TxCLKThe user also has the option of either having the
logic level of another pin (TxDIR) or the UD bits in TxCONTROL determine the direction
(up/down) that the timer/counter is clocked.

For those applications that require a 32-bit timer/counter, the user has the option (using
the mode bits) to direct the overflow of TIMERI to clock TIMER2. This is known as cascad-
ing and essentially creates a 32-bit timer/counter as shown in Fig 1135

I:
11.4.3 Input Capture

Input capture refers to the process of capturing a current timer value when a specific type ofevent occurs. An excelent example of high-speed input capture can be illustrated with a basic
automotive ABS input capture algorithm that calculates the frequency of a wheel speed
input.The signals from the wheel speed sensors areinput into the microcontroller's EPA pins
as square waves.Consider the generic wheel speed input capture example shown in Fig1136.

Two timers (1 and 2) are used in this example.Timer] is used in conjunction with an EPA
channel to provide a 5-ms software tinier (this is a compare function that will be discussed in
the next section).The 5 ms is the main loop time used in generic ABS algorithms. Timer2 is
used in conjunction with one or more EPA channels to capture the relative times at which
edges occur on wheel speed inputs.The EPA is configured to capture falling edges and iii-
ate an interrupt, which stores the event time and increments an edge count. To simplify this
example, we will consider only a single input channel.

The process starts by EPA interrupts being enabled after Timer starts a new 5-ms timer
count-The first falling edge causes an interrupt that stores the event time f2) into a variable
initial time and increments an edge count The next edge causes an interrupt in which the
event time (T2+x) is stored into a variable called final time and increments the edgecount

- T1nff rl).5iniopimer -
Inal hirre time(TI) nT-sooo)

( r e e a

Pih (T2+ 4 7~2x r+ 10 I 2+rii

T2$IT(mm rswAMuowd Ime 4$*r
FIGURE11.36 Input capture example uig EPA peripheral.
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Subsequent edges' event times are also stored into final tme until Timer's 5-ms count
expires.At this pointfinal time containsthe time atwhich the last edgeto occur was captured
The average period of the input waveform can then becalculated with the ollowing equation:

mput period = (final tme - inital tne) edge count

11.4.4 Output Compare

Output compare refers to the process of generting an event when a timer value matches a
predetermined time value.The event may be to generate an intetupt, toggle an output pin,
perform an AID conversion,and so forth. Following is an example that shows the steps nec-
essary to generate an event every 50us:

1. Enable the output compare channel's interrupt.

2. Initialize the timer to count up at 1.s per timer tick.

3. Initialize the output compare channel to re-enable and reset the timer (to zero) when a
timer match occurs.

4. Initialize the output compare channel to produce the desired event when a timer match
occurs.

5. Write 32h (50 decimal) to the approprite utput compare channel's time register.

6. Enable the timer to start the process.

7. A ompare channel interrupt will be generated every 50 s.

Since the example re-enables and zeros the timer, the event will occur continuously until the
user's program halts the process.

Software Timers. Software timers such as the 5-ms timer used in the ABS wheel speed cap-
ture example can beset up easily using a compare channel and a timer.The following software
timer procedure is very similar to that used in the previous output compare example:

1. Enable the compare channel's interrupt,

2. Initialze the timer to count up at I us per timer tick.

3. Initialize the output compare channel to re-enable and reset the timer (to zero) when a
timer match occurs.

4. Intiz tlie output compare channel to produce an interrupt (5-ms ISR) when a timer
match occurs.

5. Write 1388h (5000 decimal) to the appropriate output compare channels time register.

6. Enable the timer to start the process.

7. An compare channel interrupt will be generated every 5 ms.

11.4.5 Pulse-Width Modulation (PWM)

Pulse-width modulation(PWM) peripherals provide the user with the ability to generate
waveforms thathave specified frequencies and duty cycles. PWM waveforms are typically
used to generate pulsed waveforms used for motor control or they may be filtered to produce
a smooth analog signal. HS10 peripherals typically provide for PWM waveform generation,
although the methods arenot usually as efficient as dedicated PWM peripherals. A basic
example of creating a PWM waveform using an HSIO peripheral's output compare function
is described in Sec.11.4,4.
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PWM Coml d*ue PWM'.41 Peripheral. The components of a
basic automotive microcontroller's PWM
peripheral include a counter (typically 8-bit),

"___a comparator, a holding register, and a con-4 Wm maxcounvalue -trol register.The counter typically has a
FIGURE11.37 PWMwaeformtimevus prescaler that allows the user to select the

clock rate of the counter, which allows for
selectable PWM frequencies Without

prescaling capability, an 8-bit counter would only allow for a period of 256 tatetimes The
PWM control register determines how long the PWM output is held high during the pulse,
effectively controlling the dutycyle as shown in Fig. 11.37. For an 8-bit PWM counter the
value written to the PWM control register can be from 0 to 255 (equating to 255 state times
with no prescaling).Note that PWM peripherals do not typically allow fora 100percent duty
cycle because the output must be reset when the counter reaches zero.

The operation of a PWM peripheral is rather simpleThe PWM control register's value
(assume 8-bit for this example) is loaded into a holding register when the 8-bit counter over-
flows h1e comparator compares the contents of the holding register to the counter value.
When the counter value is equal tozero,the PWM output isdriven high. It remains high until
the counter value matches the value in the holding register.at which time the output is pulled
tow When the counter overflows, the output is again switched high. Figure 11.38 shows typi-
cal PWM output waveforms.

Duty PWM CoroI
Cycle Regstr Value Output Waveform

0% 00

10% 25nn

50% 128

90% 230

96%255

FIGURE11.38 PWMoutputwanvcerm.

11.5 SERIAL COMMUNICATIONS

It is often necessary for automotive microcontrollersto have the capability to communicate
with other devices both internal and external othe ECU. Within an ECU a microcontroller
may have to communicate with other devices such as backup processorsshift registerswatch-
dog timers, and so forth.Itis not uncommon for automotive microcontrollers to communicate
with devices external to the ECU, such as other modules within the vehicle and even diagnos-
tic computers at a service station. All of these communication examples require a large quan-
tiy of data to be transmittedreceived in a short period of time. Also consider that this
communication must utilize as few pinsof the microcontoleras possible in order to save valu-
able PCB board space.These requirements all support the need for serial communications

Serial communications provides fo efficient transfer of data while utilizing a minimum
numberofpins.Serial communications is performed by transferring a group of data bits, one
at a time,sequentially over a single data line. Each transmission of a group of bits (typically a
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T)phin TX shift register
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N -V

FIGURE 11.39 Serial Port block diagram.

byte of data) is known as a data frame.This transfer of data takes place at a given speed, which
is referred to as the baud rate and is typically specified in bits/second.

A typical microcontroller serial port consists of data buffers,data registers, and a baud rate
generator. Interface to (he outside world takes place via the transmit (TXD) and receive
(RXD) pins. A block diagram for a typical serial port peripheral is shown in Fig.11 .39. By
writing to the serial port control register, users are able to customize the operation of the
serial port to their particular application's requirements.

The baud rate generator is used to provide the timing necessary for serial communications
and determines the rate at which the bits are transmitted. In synchronous modes, the baud
rate generator provides the timing reference used to create clock edges on the clock output
pin. In asynchronous modes, the baud rate generator provides the iming reference used to
latch data into the RX pin and clock it out of the TX pin.

11.5.1 Synchronous Serial Communications

Sometimes an application doesnot llowasynchronousserial communications to lake place due
to variations in clock frequency, which results in unacceptable baud rate error. Sonic applica-
tions simply require some sort of shift register 1/O, Synchronous communication involves an
additional clock pin, which is used to signal the other device thatdata beintransferredarevalid
and ready to be read. Often when the user configures the serial port to work in a synchronous
mode, the TXD pin automatically reverts to supplying the clock and the RXD pin automatically
becomes the data pin.This configuration prevents an additional pin from having to be reserved
for use as aserial clock pin. When a synchronous data transfer is initiated, aseries of eight clock
pulses is emitted from the clock pin at a predetermined baud rate as shown in Fig1140.

.0

I
1
4
I

N

4
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TXO

RXD(OUTt FDO I Dl D2 0 4 0 6 0

WlDIN) O D 2 0 4 0 6 0

EXPANDED:

XTAL1

TXD

AXD(OUT) DO 02

FIGUREIAO Svnchronous serial mode data frame.
LII

An example of synchronous serial communications is shown in Fig. 1L41. Assume that
processorAis to transfer a byte of data to processor B.The program executingin processor A
initiates a serial transmission by writing the data byte to be transmitted into the transmit
buffer. Assuming microcontroller A's serial port is enabled for transmission, writing to the
transmit buffer results in a series of eight clock pulses to be emitted from microcontroller A's
clock pin.The first falling edge of the clock will signal to processor B that bit 0 (LSB) is ready
to be read into its receive buffer. Microcontroller A will place the next data bit on the TXD
pin with each rising clock edge. With B's serial port enabled for receptioneach falling edge
will result in another data bit being shifted into B's receive buffer. When B's receive buffer is "
full, the received data byte will be loaded into its receive register and will sinal its CPU that
the'reception has been completed and the data is ready for use

Pacor MAI Processo IBM

VC

TXD (cli - TE (c

axD (dola FD Idata

FIGURE11L41 Synchronous serial communications example

Shift Register Based 1/O Expansion. A common application for synchronous serial trans-
mission is shift register based 1/O expansion as shown in Fig.11.42. In this circuit, a 74HC164
8-bit serial-in/parallel-out shift register is used to provide eight parallel outputs with a single
serial input. The 74HC165 8-bit parallel-iniserial out shift register shown provides a single
serial input resulting from eight parallel input signals. This allows the system designer to
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CLOCK INHIBIT
SWPT I LOAD

SERIAL IN a XX

SHIFTREGISTER XD
74H-C185 

COKT1

INPUTS BXC196Kx

SE R
IN B SERIAL IN A

CLEAR CLOCK

FIGURE 11.42 Shift reister based 10 expanson example,

implement an additional -bit output port and additional 8-bit input port (16 signals total)
using only four pins on the microcontroller. This expansion scheme allows a designer to
achieve a greater number of 1/0 pins without having to upgrade to a microcontroller with a
higher pin count.

To output data using this [O expansion method, the user code simply writes a byte to the
serial port transmit register to initiate data transfer.This causes twritten byte to be shifted
out of the microcontroller's RXD pin and into the 74HC164 one bit at a time. The data is
reflected at the output pins of the74HC164 as each bit is shifted in.For address/data bus emu-
lation, another microcontroller pin may be utilized to indicate valid data to the intended
receiving device.

To receiveeight bits of data in parallel using this method, the user's code must latch the
data on the 74HC165's input pins into its shift register by asserting the shift/load signal. After
this is accomplished, the user's code simply needs to enable the serial port receive circuitry to
receive the data one bit at a time into its receive buffer.

11,5.2 Asynchronous Serial Communications

The most common type ofserial communications is asynchronous. As its name implies, asyn-
chronous communication takeplace between two devices without use of a clock line. Data is
transmitted out te transmit buffer and received into the receive buffer independently at a
speed determined by the baud rate generator. Most microcontrollers offer several modes of
asynchronous serial communication.

StandardAsynchronous Mode. The standard asynchronous mode consists of 10 bits: a start
bit, eight data bits (LSB first), and a stop bit, as shown in Fig. 11.43. After the user initiates a
transmissiondata is automatically transmitted from the TX pin at the specified baud rate.

STOP START 00 31 D2 03 DA 054 06 07 STOP

s-BITSODT

FIGURE11.43 Siandard asynchronous mode data frame.
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A parity function is also implementedwhich provides for a simple method of error-detec-
tion.Data transmitted will consist of either an odd or even number of logical ""sIf even par-
ity is enabled, the parity bit will either be set to a "I" or a "O" to make the number of "T"s in
the data byte even.If odd parity is enabled, the party bit will be set to the appropriate value
to make the number of l"s in the data byte odd. For instance, consider the data byte

10100110. If even parity is enabled, the parity bit will be set to a "OIsince there is already an
even number of "ls. If odd parity were enabled, the parity bit would be set to a "I" since
another "' would be needed to provide an odd number of "l"s. If the parity functionis
enabled (usually through a serial port control register), the parity bit is sent instead of the
eighth data bit and parity ischecked on reception.The occurrence of parity errors is typically
flagged in a serial port status register to alert the microcontroller to corrupted data in the
receive register.

Multiprocessor Asynchronous Serial Communications Modes. Two other common serial
communications modes which are used on automotive microcontrollers are the asynchronous
9th-hit recognition mode and the asynchronous 9th-bit mode. These two modes are com-
monly used together for multiprocessor communications where selecti election on a data
link is required, Both modes are similar to the standard asynchronous mode with the excep-
[ion of an additional ninth data bit in the data frame as shown in Fig.11.44.

STOP STAP 00 1 0 03 4 05 06 0 DI STOP

PROGRAO BLTH B17,MODE 2.

10-OR I -BIT FRAME

FIGURE11.44 A.nchronous 9th-b (ditn frame.

The 9th-bit recognition mode consists of a start bit, nine data bits (LSB first), and a stop
bit. For transmission, the ninth bit can be set to "I"by setting a corresponding bit in the serial
port control register before writing to the transmit buffer.During reception, the receive inter-
rupt bit is not set unless the ninth data bit being received is set to a logic "l'"

The 9th-bit mode uses a data frame identical to that of the 9th-bit recognition mode. Inthis
nodea receptionwill always cause a receive interruptegardless of thestateofthe ninthdata bit.

A multiprocessor data link is fairly simple to implement using these two modes. Micro-
controllerswithin the system are connected as shown in Fig.1L453The master microcontroller
is set to the 9th-bit recognition mode so that it is always interrupted by serial receptions.The
slave microcontrollers are set to operate in the 9th-bit recognition mode so that they are inter-
rupted on receptions only if the ninth data bit is set. Two types of data frames are used:
address frames,which have the ninth bitset,and data frames, which have the ninth bit cleared.
When the master processor wants to transmit a block of data to one of several slaves, it first
sends out an address frame which identifies the target slave. Slaves in the 9th-bit recognition
mode are not interrupted by a data frame, but an address frame interrupts allslaves. Each
slave can examine the received byte and see ifit is being addressed.The addressedsave then
switches to the 9th-bit mode to receive data frames, while the slaves that were not addressed
stay in the 9th-bit recognition mode and continue without interruption

11.6 ANALOG-TO-DIGITAL CONVERTER

Analog-to-digital convter (A/D) peripherals allow automotive microcontrollers to sense
and assign digital values to analog input voltages with considerable accuracyAn analoginput
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Processor "A" Processor "B"

Processor "C"

FIGURE11L45 Asynchronous th-birdatram.

may be dmed as a oItge level that varies over a coninuous range of values as opposed to
the discrete values of JigaSignas.

11.6.1 Types of A/D Converters

The vast majority of A/D converters available on microcontrollers are of the successive
approximation (S/A) type. Other types include flash A/D converters, in which conversions are
completed in a parallel fashion and are performed at speeds measuring tens-of-nanoseconds.
The drawback is that flash AID converters require a great deal of die space when integrated
on a microcontroller.It is because of their relatively large size that flash AID converters are
seldom offered on microcontrollers.Dual-slope AID converters offer excellentA/D accuracy
but typically take a relatively long period of time to complete a conversion. S/A A/D con-
verters are very popular because they offera compromise among accuracyspeed, and die-ize
requirements.The main drawback to successive approximation converters is that implemet-
ing the capacitor and resistor ladders takes a considerable amount of die space, although
somewhat less than flash A/Ds. These converters are also somewhat susceptible to noise,
although there are proven ways to reduce the effects of noise within a given applicationThe
advantag of S/Aconverters is that they combine the best of other types of converters They
are relatively fast and do not take up excessivediespace.

S/A converterstypically consist of a resistor ladder. a sample capacitor, an input multi-
plexer, and a voltage comparator A typical S/A converter is shown in Fig 1146.The resistor
ladder is used to produce reference voltages for the input voltage comparison. A sample
capacitor is utilized to capture the input voltage during a given period of time known as the
sample time. Sample time can be defined as the amount of time that an AID input voltage is
applied to the sample capacitor.
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A successive approximation algorithm is used to perform the AID conversin. A typical
SIA converter consists of a 256-resistor ladder, a comparator, coupling capacitors,and a 10-bit
successiveapproximation register (SAR), along with SFRs and logic to control the process.
The resistor ladder provides 20-nV steps (with V,(= 5.12 V), while capacitive coupling cre-
ates 5-nV steps within (he 20-mV ladder voltages.Therefore,1024 internal reference voltage
levels are available for comparison against the analog input to generate a 10-bit conversion
result.Eight-bit conversions use only the resistor ladder.providing 256 levels.

11.6.2 The A/D Conversion Process

The successive approximation conversion compares a reference voltage to the analog input
voltage stored in the sampling capacitor. A binary search is performed for the referencevolt-
age that most closelymatches the input.The 2 full-scale referencevoltage is the firsttested.
This corresponds to a 10-bit result in which the most significant bit is zero and all other bits
are one (0111 1111 11b), If the analog input is less than the test voltage, bit 10 is left at zero
and a new test voltage of4 full scale (00111111 11) is tested If this test vollage is less than
the analog input volage,bit9of the SAR isset and hit 8 iscleared forthe nexttest (0101I1111
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lIb).This binary search continues until 8 or 10 tests have occurred,at which time the valid 8-
bit or 10-bit result resides in the SAR where it can be read by software.

EXTERNAL INTERNAL 11.6.3 A/D Interfacing

%CcE P -1.2KO Thexe2pFrnal toanaThe exter Inl tfacecircuitry to an analo
c input is highly dependent upon the applica-
s lion and can impact converter characteris-

t lics. SvraL important factors must be
FLEAKAGE

LEAKAGE - considered m the external interface design:
-s input pin leakage, sample capacitor size, and

multiplexer series resistance from the input
pin to the sample capacitor.These factors are

FIGURE11.47 Idealizedirnerfacecrilr. idealized in ig.11.47.
The following example is for a 1-ps sample

time and a 10-bit conversion. The external
input circuit must he able to charge a sample capacitor (C) through a series resistance (R) to
an accurate voltage, given a dc leakage (). For purposes of this example, assume C of 2 pf,
R, of 12 k),and IL Of I A.

External circuits with source impedances of I k or less can maintain an input voltage
within a tolerance of about 0.2 LSB (10 k x 1.0 pA = 1.0 mV) given the dc leakage. Source
impedances above 5 kU can result in an external error of at least one LSB due to the voltage
drop caused by the 1-pA leakage, In addition,source impedances above 25 kQ may degrade
converter accuracy because the internal sample capacitor will not charge completely during
the sample time.

Typically, leakage ismuch lower than the maximum specification specified by the micro-
controller manufacturer.Given typical leakagesource impedance may be increased substan-
tially before a one-LSB error is apparent.However,a high source impedance mayprevent the
internal sample capacitor from fully charging during the sample windowThis error can be cal-
culated using the following formula:

Error (LSBs)= Ci x 1024

where TAM =sample time ps
R= RSOUR RI, Q

The effects of this error can be miimized by connecting an external capacitor tX from
theinputpintoANGNDTheexternalsignalwillcharge C- tothesourcevoltage.When the
channel is sampled, a small portion of the charge stored in (Ci will he transferred to the
internal sample capactor. The rtoof 0C to C p causes the loss in accuracyIf r Os.005uf
or greaterthemaximum Trrorwill be -00 1SB

Pla[c]il an externalcalpacito on canJil input alsa FL tiedcst ie snsitivity to noise
bese th paci e CftorcllllkS \Withs ers Fesisance In theextnlllCircuitto 1 form a lo-
pshfiltcr .Inprcticeoneshouldincludtas ll seri eitnepior to theexternal capac-
itoron t1 naloginpuitpinlan(dcoetelrestcapatorvaluepractical iven the
frequencyofthes ignal being converted.This provides a low-pass filleron theinput.while the
resistor also limits input current during overvoltage conditions.

11.6.4 Analog References

To achieve maximum noise isolation, on-chip A/D converters tpicall separatetheirnal
A/D power supply from the rest of the nicrocontroller's power suppli hes Separate supply
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pins. V , and An.,, usually supply both the reference and digital voltages for the A/D con-
eere Keep in mind that V, and Anmdare the reference fora lame resistor ladderon succes-
sive approximation converters.Any variation in these suppleswill Jirecly affect the reference
voltage aps within the ladderwhich in turn directly affectA/Dcnversion accurac.

If the on-chipA/Dconverter is not being usedor if accuracy is not a concernlthe Vref and
Angnd pins can simply be connected to V and respectivly. Howeversince the reference
supply levels stronglv influence the absolute accuracy of the AD converter, aprecision,well-
regulated reference should be used to supply V,..o adceve lhe highest performance levels. It
is also important to use ypass capacitors between c, Vand Ann, to minimize any noise that
may be pres on these supplies.innoise-sensitive applications running at higher frequen-
cies the use of separate ground planes within the PCB (circuit board) should he considered,
possibly as shown in Fig 1.4 TIhis ill help minimize ground loops and provide for a stable
AID reference.

A'nalog and Dgtal
GrounAd(onnection

DIGITALt  *6~ t t

GROUND
AREA

DIGITAL

HIGURE 1148 xanple ofseparate analo and digital ground planes

11.7 FAILSAFE METHODOLOGIES

The amount and complexity of automotive electronics incorporated into automobiles has
increased at an incredible rate over the last decade.This trend has contributed significantly
towards the impressive safety record of modern automobiles.Although niicrocontrollers are
extremely reliable electronic devices, it is possible for failures to occur, either elsewhere in
the module OTwithin the microcontroller itself, It is critical that these failures be detected
and responded to as quickly as possible in safety-related applications such as automotive
antilock braking, If proper failsafe methodologies and good programming practices are fol-
lowed, the chances of a failure going undetected are drastically reduced. The application of
failure mode and effect analysis (FMEA) is an excellent tool for identifying potential failure
modes,detection strategiesand containment methods. Used properly.FMEA will assist the
designer inproviding a high-quality,reliable automotive module. Although the scope of this
chapter does not provide for a discussion on this topic, the author highly encourages the use
ofFMEA.

11.7.1 Hardware Failsafe Methods

Sometimes a hardware solution is required for detection of and response to certain failure
modes, It is difficult for software alone to detect failures external to the device. As an exam-
pie,consider a case in which electrical oversTress (EOS) has damageda port pin, causing it to
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read or drive an incorrect value, In this case, it can he difficult for software to detect because
it would base its responseon an incorrect value read from a pin.

Wantchdog Timers (VDTs). An on-chip hardware watchdog is an excellent method of
detecting failures which otherwise maygo undetected, An example of this would be a micro-
controller fetching either erroneous address or data (due to noise, etc.) and becoming "lost,"
WDTs commonly utilize a dedicated 16-bit counter, which provides for a count of 2(65.536)
clocked at a rate of one tick per state time.If users wish to take advantage of this feature, they
simply write to a register to enable the count. Once enabled, the user program must periodi
cally clear the watchdog by writing a specific bit pattern to the Watchdog SFR.Clearing the
WbT at least every 4.1 ms (65,535 * 1 state time at 16 MHz) will prevent the devic from
being reset.The strategy is that if the WDT initiates a reset, the assumption can be made that
a failure has occurred and the microcontroller has became lost.

External Failsafe Devices. It is common for systems to incorporate an externalfailsafe
device, such as another microcontroller oranapplicaion-spcificimegratedcirnit (ASIC).
The function of a failsafe device is to monitor the operation of the primary microcontroller
and determine if it is operating properly.

The simplest failsafe devices output a signal such as a square wave for the microcontroller
to detect and respond to If the microcontroller doesn't respond coTrectly, a reset is typically
asserted by the failsafe and the ECU reverts toa safe mde of operation. More complex fail-
safe deviceswill actually monitor several critical functions for failuressuch as lowVec,
stopped or decreased oscillator frequency,shorted/opened input signals, and so forth.

Oscillator Failure Detection. It is possible for the clocking source typically anoscillator)
to fail for various reasons. Since most microcontrollers are statcic es,a particularlydiffi-
cult failure mode to detect is the clocking of the device at a rduced frequency To detect this
failure,an oscillatorffailare detection circuit is often integrated upon the microcontroller.This
circuitry will detect if (e oscillator clock input signafalls below a specified frequency, in
which case an interrupt will be generated or the device will reset itself.

Redundanc/Cross-checking A common failsafe methodology is achieved by designing a
redundant,or backup, processor into the module. In this case, the secndary microcontroller
usually executes a subset of the main microcontroller's code The secondarymicrocontroller
typically processescritical input data and performs cross-checks periodically with the main
microcontroller toinsure proper operation. A failsafe routine is initiated if data exchanged
between the Iwo devices did not correlate.

11.7.2 Software Failsafe Techniques

Failsafe methodologies implemented in software are ideal for detecting failure modes that
can interfere with proper program flow.Examples of theset pes of failures include noise
glitches,which are notorious frcausingexternal memo ystemstofetch invalid addresses.
ROM/EPROM memory corruption could cause an [SR start address to be fetched from an
invalid interrupt vector location Interrupts occurring ata rtefaster than anticipated can
cause problemssuch as an overflowing stack Fortunatel.falilure modessuch asthesecan be
dealt with byi mplemnling software failsaemethods. II Ismpl godprogaming patice
to anticipate theset 1ps of failure modes and provide a failsfe strategy todealwiththem
Following are several software strategies commonly used to deal withspecctypesoffalure
modes:

Checksum, One possible error that must be accounted for is ROMEPROM memory cor-
ruption. An effective method of detectingthese types of failures is through the calculation of
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a checksum during the initialization phase of a users program. A checksum is the final value
obtained as the result of performing some arithmetic operaion upon every ROMIEPROM
memorv location.The obtained checksum is then compared againsta stored checksum. If the
two matchthe ROMIEPROM contents are intact An error routine is called if the two check-
sums do not match, The most common arithmetic operation used to perform a checksum is
addition. Ie checksum is calculated by adding the contents of all memory locations When
the addition is performed, the carry is ignored which provides for a byte or word checksum,
The final result is then used as the checksum.

UnusedInterrupt Vectors. It is arare occasion when all interrupt sources are enabled within,
an application.If,for somc unforeseen reason,the program should vector to an unused inter-
rupt sourcesoie sort of failsafe routine should be implemented to respond to the failure.The
failsafe routine could be as simple as vectoring to a reset instruction or it can be as compi-
cated as the programmer wishes.

Unused Memory Locations A strategy should be in place to detect if, for some unforeseen
reason, the program sequence should begi to execute in an unused area of ROM/EPROM.
It is uncommon fortheuser'scode to fill the entire ROM/EPROM array of amicrocontroller.
It is good programming practice to fill any unused locationsw iith the opode ofan instruction
such asRetOntheMCS-96family, executing the opcode FFh (which happens to be the
blank state of EPROM) will initiate a reset sequence. Other microcontroller families have a
similar instructions.

Unimplemented Opcode Interrupt Vcrors. Microcontrollers often dedicate one or more
interruptvectorsfor failsafepurposes.Anunimplemedopcodeinterruptis designed todetect
corrupted instruction fetches.Thecorresponding interruptservice routine is executed whenever
an unsupported opcode is fetched for execution. The interrupt service routine contains the
user's failsafe routine, which is tailored to address this failure for the specific application.

11.8 FUTURE TRENDS

There are several significant trends developing in automotive electronics as ECU manufac-
turers strive to meet the challenges of a demandingautomotiveelectronicsmarketThecha-
lenges that are bringing about these trends are:decreasing cost targetsdecreasingform-factor
goals, increasing performance requirements, and increasing system-to-system communication
requirements.As the most significant component of an ECU.microcontrollers are bearing the
brunt of these demands. This section will discuss these challenges and provide some insight
into some of the ways microcontroller manufacturers are addressing these trends.

11.8.1 Decreasing Cost Targets

Microcontroller manufacturers are aproaching cost reduction in two ways: indirectly and
directly.Indirec cost reductions are achieved by integrating features onto the microcontroller
which allow the system designer to reduce cost elsewhere in the system. The key to this
approach being successful is in the microcontroller manufacturer's ability to integrate the fea-
ture cheaper than the cost of providing an external solution Integration is not always the
cheaper solution, therefore each feature must be evaluated individually to determine the
feasability of integration. An example of an indirect cost reduction would be the integration
of watchdog and failsafe functions nto the microcontroller.This would eliminate the need
for external watchdog components and thus reduce cost.
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Another example would be through tle integrationof communications protocols such as
CAN(Controller Area Network) or 31850 onto the same piece of silicon as the mirocon-
troller.This will reduce the system chip count (and thus cost) by at least oneintegrated circuit
device (the CAN chip) and several interfacing components. In most cases, areduced chip
count will translate into a PCB size decrease and a cost savings.

By direct vaddressing decreasing cost targets. microcontroller manufacturers actually
reduce the manufacturing cost of the microcontroller itself. An example of this would be uti-
lizing smaller geometry processes for manufacturing, Process geometry refers to the transis-
tor channel width that is implanted onto a piece of silicon for a given fabrication process.
Smaller processes allow for a higher transistor density on an integrated circuit. Higher densi-
ties allow for smaller die sizes which relate to lower costs Most automotive microcontrollers
manufactured today are fabricated with a 1.0-micron, or larger, process. As technolog
advances, future automotive microcontrolers will be manufactured upon submicron pro-
cesses. such as 0.6 micron.

11.8.2 Increasing Performance Requirements

Automotive applications. such as ABS and engine control, require the processing of a sub-
stantial amount of data withina limited period of time. Higher-performance microcontrollers
are required as system complexity increases and new features,such as traction control and
vehicle dynamicsare incorporated into the ECU.

Microcontroller performance can be directly related to speed.Therefore, arather straight-
forward approach to increased performance is through increasingclocksped.Todaynmos
automotive microcontrollers have the capability to operate at frequencies of 16M z with
speeds up to 210 MHz becoming common. Future microcontrollers will have the ability to be
operated at frequencies of 24 or even 32 MHz. This allows more code to be executed in the
same amount of time, and thus improves performance.

The method of increasingperformance is not limited tojusl increasingthe clock frequency
Microcontrollers can also achieve higher performance by enhancingexisting peripherals for
more efficient operation. This may be in the form of improved data handling or new features
which suit the needs ofa specific automotive application.

11.8.3 increasing System-to-System Communication Requirements

The increasing complexity of automotive electronics requiresbthat an increasing amount of
information (diagnosticsetc.) be shared between various ECUs within an automobile.To ful-
fill this need, high-speeddata links are utilized to transfer messages between multiple ECUs
utilizing protocols such as Bosch'sController Area Network (CAN) and SAE's J850.To pro-
vide further size and cost savings, it is becoming more and more common to see these proto-
cols supported or integrated onto automotive microcontrollers as opposed to separate
integrated circuits.

Thetheory of centralized body computing is also receiving a closer look due to increased
government regulations concerning fuel economy and diagnostics.Acentralized body com-
puter would link all ECUs (ABS and traction control. enginetransmission, suspension,
instrumentationetc.) togetherover a high-speed, in-vehicleserial network. One common sce-
nario would have the central computer (possibly a microprocessor as opposed to a microcon-
troller) performing the more intense data-crunching tasks, while peripheral microcontrollers
located in each individual ECU would perform system1/fO functionsThese communication
protocols provide forefficient two-wire, high-speed serial communications between multiple
ECUs utilizing protocols such as CAN and 11850. Supporting these protocols places addi-
tional loading upon the microcontroller.Increased microcontroller performance is necessary
to manage this loading.
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11.8.4 Decreasing Form Factor Goals

Automobile manufacturers striving to build compact. more fuel efficient automobiles are
putting pressure upon ECU supplers to build smaller,lighter modules.

ECU size is directly affected by PCB size. The easiest way to achieve a smaller PCB is
through integration and utilzation of smaller integrated circuit packages. To support this
demandautomotive microcontroller manufacturers arebeginning to offer smaller, fine-pitch
packages.A package commonl used today is the 68-lead plastic leaded chip carrier (PLCC)
which has its pins placed on 12-mm centers and a body that is 24.3 mm2 . An example of a
possible automotive package solution for the future would be the 80-lead shrink quad flat
pack (SOFP Fig. 11.49) which haspins on 0.50-mm centersaind a body that is 12.0 mm2.It is
relatively easy to see that the SQFP package offers 12 additional pins in a package that is half
the size of the PLCC.his high pin densityfine-pitch packaging allows for a smaller package
to be utilized for the same size microcontroller die.

Another technology that is quickly becoming popular for automotive applications is
referred to as multichip modules (MCMsf.An MCM is a collection of unpackased integrated
circuit die (from various manufacturers) which are mounted upon a common substrate and
packaged together.The advannge of MCIs is that they require much less PCB space thanif
the ICs were packaged separately.

GLOSSARY

Accumulator Aregisterwithin a microcontroller that holds data, particularly data on which
arithmetic or logic operations are to be performed.

Arithmetic logic unit (ALU) The part of a microcontroller that performs arithmetic and
logic operations

Analog-to-digital converter An electronic device that produces a digital result that is pro-
portional to the analoginput voltage.

Assembly language A low-level symbolic programming language closely resembling
machine language.

Central processing unit (CPU) The portion of a computer system or microcontroller that
controls the interpretation and execution of instructions and includes arithmetic capability.

EPROM Erasable and programmable read-only memory

High-speed input/output unit (HSIO) A microcontroller peripheral which has the capabil-
ity to either capture the time at which a certain input event occurs or create an output event
at a predetermined time, both relative to a common clock.HSIO events are configured by the
programmer to occur automatically.

Interrupt service routine (ISR) A predefined portion of a computer program which is exe-
cuted in response to a specific event.

Low-speed input/output The input/output of a digital signal by"manually" reading or writ-
ing a register location in software.

Machine language A set of symbols, characters, or signs used to communicate with a com-
puter in a form directly usable by the computer without translation.

Program counter (PC) A microcontroller register which holds the address of the next
instruction to be executed.
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Program status word PSW) A mcrocontroller register that contains a set of boolean flags
which are used to retain information regarding the state of the user's proram.

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

Random access 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 informaion to the inputs.

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

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

Serial inpulloutput (SIO) A method of digital communication in which a group of data bits
is transferred one at a time.sequential overa single data 1ne.

Special function register (SFR) A microcontroller RAM register which has a specific.dedi-
cated function assigned to it
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CHAPTER 12

ENGINE CONTROL

Gary C. Hirschlieb, Gottfried Schiller, and Shari Stottler
Robert Bosch GnbH

12.1 OBJECTIVES OF ELECTRONIC ENGINE CONTROL SYSTEMS

The electronic engine control system consists of sensing deviceswhich continuously 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 actuating
devices, and actuating devices which are commanded by the ECU to perform an action in
response to the sensor inputs

The motive for using an electronic enginecontrol system is to provide the needed accuracy
and adaptability in order to minimize exhaust emissions and fuel consumption, provide opti-
mal driveability for all operating conditions, minimize evaporative emissions, and provide sys-
tem diagnosis when malfunctions occur.

In order for the control system to meet these objectives, considerable development time is
required for each engine and vhile appiation. A substantial amount of development must
occur with an engine installed on an engine dyiamometer under controlled conditionsInfor-
mation gatheredis used to develop the ECU data tables. A considerable amount of develop-
ment effort is also required with the engine installed in the vehicle. Final determination of the
data tables occurs during vehicle testng.

12.1.1 Exhaust Emissions

ExhaustComponents. The engine exhaust consists of products from the combustion of the
air and fuel mixture. Fuelis a mixture of chemical compounds, termed hydrocarbons (HC).
The various fuel compounds are a combination of hydrogen and carbon, Under perfect com-
bustion conditions,the hydrocarbons would combine in a thermal reaction with the oxygen in
the air to form carbon dioxide (CO,) and water (HO). Unfortunately, perfect combustion
does not occur and in addition to CO, and HO, carbon monoxide (CO), oxides of nitrogen
(NO), and hydrocarbons (HQ occur in the exhaust as a result of the combustion reaction.
Additives and impurities in the fuel also contribute minute quantities of pollutants such as
lead oxides, lead halogenides, and sulfur oxides. In compresionignition (diesel) engines,
there is also an appreciable amount of soot (particulates) created.Federalstatues regulate the
allowable amount of HC, NO,, and CO emitted in a vehicle's exhaust On diesel engines.the
amount of particulates emitted is also regulated.

12.1
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Spark Ignition Engines
Air/fielRatio The greatest effect on the combustion process, and therefore on the

exhaust emissions, is the mass ratio of air to fuel. The air/fuel mixture ratio must fie within a
certain range for optimalignition and combustion. For a spark ignition engine, the mass ratio
for complete fuel combustion is 14.7:1; i.e.14,7 kg of air to I kg of fuel This ratio is known as
the stoichiometric ratio. In terms of volume. approximately 10,000 litersof air would be
required for 1 liter of fuel. The air/fuel ratio is often described in terms of the excess-air fac-
tor known as tambda (X). Lambda indicates the deviation of the actual airfuel ratio fron the
theoretically required ratio:

quantity of air supplied
theoretical requirement (14.7 forgasoline)

At stoichionietry:A4 1
For a mixture with excess air lean):X> 1
For a mixture with deficient air (rich):A<I

EfCt oAir/Foel Ratioon Emissions

COemissions la the rich operating range (< 1),CO emissions increase almost linearly
with an increasing amount of fuel In the lean range (> I), CO emissions are at their low-
est. With an engine operating at(= 1), the CO emissions can be influenced by the cylin-
der distribution. If some cylinders are operating rich and others lean with the summation
achievingX = 1, the average CO emissions will be higher than if all cylinders were operat-
ing at 1L

HCemissions As with CO emissions, HC emissions increase with an increasing amount
of fuel.The minimum HC emissions occur at = 1.1 . 1.2. At very lean air/fuel ratios, the
HC emissions again increase due to less than optimal combustion conditions resulting in
unburned fuel.

NO, emissions. The effect of theairfuel ratio on NO, emissions is the opposite of HC
and CO on the rich side ofstoichiometry. As the air cotnt increases, the oxygen content
increases and the result is more NO, On the lean side of stoihiometry, NO, emissions
decrease with increasingair because the decreasing density lowers the combustion cham-
ber temperature.The maximum NO, emissions occur at A= 1.05 . 1,1.

Cataltic Converters To reduce the exhaust gas emission concentration, a catalytic con-
verter is installed in the exhaust system. Chemical 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 implies,
it simultaneously reduces the concentration of all three regulated exhaust gases:HC, CO, and
NOTe catalyst promotes reactions that oxidize HC and CO, converting them into COand
H0, while reducing NO, emissions into NThe actual chemical reactions that occur are:

2CO + 0 -4 2CO,

2C4t70--) 4CO, +6H,0

2NO + 2CO -4 N,+2CO,

In order for the catalytic conierter to operate at the highest efficiency for conversion for
all three gases (HC CO, NOJthe average air/fuel ratio must be maintained within less than
1 percent of smichiometry Thin small operng range is known as the lambda indow or cat-
a/it otier window Figure 12.1 is a graph of lambda () versus the exhaust emissions
both before and after the catal'tic convererr. Up to90 percent of the exhaust gases are con-
verted to less harmful compounds by the catalytic conyrter.
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FIGURE 12.1 Lambda effect on exhaust emissions prior
and after catalyst treatment,

To remain within the catalytic converter window. the air/fuel ratio is controlled by the
lambda closed-loop fuel control system, which is part of the electronic engine control system.
The key component in this system is the lambda sensor.This sensor is installed in the exhaust
system upstream of the catalytic converter and responds to the oxygen content in theexhaust
gas.The oxygen content is a measure of the excess air (or deficiency of air) in the exhaust gases.
A detailed discussion of the ambda closed-loop control system occurs in Se 12.2.1.

IgnitionThnimtg The ignition timing is defined as the crankshaft angle before top dead
center (TDC) at which the gnition spark occurs.The ignition timing of the air/fuel mixture
has a decisive influence on the exhaust emissions.

Effectof ignition timing on exhaust emissions

* CO emissions are almost completely independent of the ignition timing and arc primarily a
funcion of the air/fuel ratio.

* In general the more the ignition is advanced. the higher the emissions of HCs. Reactions
initiated in the combustion chamber continue to occur after the exhaust valve opens, which
depletes the remaining HiCs. With advanced timing due to lower exhaust temperatures,
these postreactions do not readily occur

* With increased timing advance, the combustion chamber temperatures increase.The ten:-
perature increase causes an increase in NO, emissions regardless of air/fuel ratio.

To provide the optimal ignition timing for xhaus emissions, precise control of the ignition
timing is required It is imperative that the ignitiontiming be coordinated with the air/fuel
ratio since they have a combined effect on exhaust emissions as well as fuel consumption and
driveability.Ignition timing is generally controlled by the ECU Ignition timing control is dis-
cussed in detail in Sec.12.2.1.

Exhaust Gas Recircuation(GR). Exhaust gas recirculation (EGR) is a method of reduc-
ing emissions of oxides of nitrogen.A portion of the exhaust gasis recirculated back to the com-
bustion chamber.Exhaust gas is an inert gas andin the combustion chamber, it lowers the peak
combustion temperature. Depending on the amount of EGR, NO, emissions can be reduced by
up to 60 percentalthough an increase in HC emissions would occur at suh high levels of FGR.

Some internal EGR occurs due to the overlap of the exhaust and intake valves.Additional
quantities are supplied by a separate system linking the exhaust manifold to the intake mani-
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fold. The quantity of EGR flow to the intake system is metered by a pneumatic or electronic
valve.The EGR valve is controlled by the ECU. The maximum flow of EGR is limited by an
increase in HC emissions, fuel consumption, and engine roughness. EG R control is discussed
in detail in Sec. 12.2.1.

Compression Ignition (Diesel) Engines. There are some key distinctions between an SI
engine and a CI engine.The Cl engine uses high pressure and temperature instead of a spark
to ignite (lie combustible airfuel mixture To achieve this, the Cl engine compression ratio is
in the range of 21:1, as opposed to roughly 10:1 for an SI engine. In a Cl engine, the fuel is
injected directly into the cylinder near the top of the compression stroke. Mixing of the fuel
and air, therefore,occurs directly in the cylinder.

Air//Ue ratio. Diesel engines always operate with excess air (U> 1)Where:

quantity of air supplied
theoretical requirement

The excess air(1.1.. 1.2) reduces the amount of soot (pariculates) HC, and CO emissions.
Catalytic Converers. An oxidizing catalyst isused that converts CO and HC to CO and

HO. The NO, reduction that occurs for an SI engine three-way catalyst (TWC) is not possi-
ble with a diesel because the diesel operates with excess air.The optimal conversion of NO,
requires a stoichiometric ratio (t=) or a deficiency of air (X< 1)

InjectionTiming. In a compression ignition engine, the start of combustion is determined
by the start of fuel injection. In general, retarding the injection timing decreases NO, emis-
sions, while overretarding results in an increase in HC emissiors.A l' (crankshaft angle) devi-
ation in injection timing can increase NO, emissions by 5 percent and HC emissions by as
much as 15 percent.Precise control of injection timing is critical. Injection timing on some sys-
tems is controlled by the ECU. Feedback on injection timing can be provided by a sensor
installed on the injector nozzle.Further discussion on injection timing occursinSec.12.1L

Exhaust Gas Recirculation (FGR). As with an SI engine.exhaust gas can be recirculated
to the combustion chamber to significantly reduce NO, emissions. The quantity of EGR
allowed to enter the intake is metered by the EOR valve.If the quantity is too high, HC emis-
sions, CO emissions,and soot (particulates) increase as a result of an insufficient quantity of
air.'The EGR valve is controlled by the ECU. which determines how much EGR is tolerable
under the current engine operating conditions.

12.1.2 Fuel Consumption

Federal statutes are currently in effect that require each automobile manufacturer to achieve
a certain average fuel economy for all their models produced in one model year.The require-
ment is known as coiporate averagefiuIel cnmc y 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 consumption be minimized for every vehicle type produced.

The electronic engine control system provides the fuel metering and ignition timingpreci-
sion required to minimize fuel consumption. Optimum fuel economy occurs near X= Ll.
However, as discussed previously,lean engine operation affects exhaust emissions and NO, is
atitsmaximumatA= 11

During coasting and braking,fuel consumption 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 shutoffcan occur by evaluating the throttle position, 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 combustion speed. Howeveras discussed previously,
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advancing the ignition timing increasesthe emissions of HC and NO.A sophisticated ignition
control strategy permitting optimization of the ignition at each operating pointisnecessaryto
reach the compromise between fuel consumption and exhaust emissions The electronic
engine control system can provide this sophisticated strategy.

12.1.3 Driveability

Another requirement of the electronic engine control system is to provide acceptable drive-
ability under all operating conditions. No stalls.hesitations,or other objectionable roughness
should occur during vehicle operation.Driveability is influenced by almost every operation of
the engine control system and, unlike exhaustemissions orfuel economy,is not easily mea-
sured, A significant contribution to driveabiliy isdetermined by the fuel metering ad igni-
tion timing. When determining the bestfuel and ignition compromises for fuel consumption
and exhaust emissions,it is important to evaluate the driveabilily. Other factors that influence
driveability are the idle speed control, EGR control,and evaporative emissions control,

12.1.4 Evaporative Emissions

Hydrocarbon (1-1 ) emswons in the form of fuel vapors escapin from the vehicle areclosely 1
regulatedbIyfevderasttuesThe prime source of these emissions is the fuel tank. Due to
ambient heatin of the fuel and the return of unused hotfult rom the engine, fuel vapor is

enerated in thet ank Theevaporative emissions control sstem (ff S) is usd to control
theevaporative HC emisions. The fuel apors are routed to the intake manifold via the
EEG 1 and they are hurned in the combustion process.The quantity of fuel vapors delivered
to the intake manifold mustb e metered such that exhusemissions and driveability are not
advesell alfeced The metering is provided by a purge ctolvalve whose function is con-
trolled by the E 11Further discussion on the operation of the evaporative emissions control
system occurs in Sec. 12.2.1.

12.15 System Diagnostics

The purpose of system diagnostics is to provide a warning to the driver when the control sys-
tem determines a malfunction of a component or system and to assist the service technician
in identifying and correcting the failure (see Chap.22).To the driver, the engine may appear
to be operating correctly. but excessive amounts of pollutants may be emitted. The ECU
determines a malfunction has occurred when a sensor signal received duringnoralengine
operation or duringa system test indicates there is a problem. For critical operations such as
fuel metering and ignition control, if a required sensor input is faulty, a substitute value may
be used by the ECU so that the enginewill continue to operate.

When a failure occurs, themalfunction indicator light (MILl. visible to the driver, is illu-
minated.Information on the failure is stored in the ECU.A service technician can retrieve the
information on the failure from the ECU and correct the problem. Detailed examples of sys-
tem diagnostics are discussed in Se12,23.

12.2 SPARK IGNITION ENGINES

12.2.1 Engine Control Functions

FuelControl For the purpose of discussing fuel control strategies,a multipoint pulsed fuel
injection system is assumed, Additional discussions of fuel control for different types of fuel
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systems such as arbureters, single-point injection, and mutipoint continuous injection
appear in Sec 12.2.4 (Fuel Delivery ystems

In order for the fuel meteringspsem to provide the approprateamount of fuel for the
engine operating condtons the masslow rate ofinom ing rknown as the air charge,must
be determined.

A.,
requested air-fuel ratio

where F,= fuel mass flow rate
A,,= air mass flow rate

The air mass flow rate can be calculated from:

A,,,=4

where A, volume flow rate of intake air
Ad= airdensity

There arethree methods commonly used for determining the air charge:speed density, air
flow measurement,and air mass measurement. In the speed density method, the air charge is
calculated by the engineelectronic control unit based on the measurement of air inlet tem
peratureintake manifold pressure,and engine RPM.The temperature and pressure are used
to determine the air density and the RPM is used to determine the volume flow rate.T'e
engine acts as an air pump during the intake stroke.The calculated volume flow rate can he
determined as follows:

AR RPM D
60 2

vhereRPM = engine speed
D= engine displacement

VE= volumetric efficiency

In an engine using exhaust gasrecirculation (EGR), the volume flow rate of EGR must be
subtracted from the calculated volume flow rate.

A, = AR- AEGI

The volume flow rate of EGR can be determined empirically based on the EGR valve flow
rate and the EGR control strategy being used.

In the air flow measurement method, the air flow is measured using a vane type meter and
air density changes are compensated for by an air inlet temperature sensor. The vane meter
uses the force of the incoming air to move a flap through a defined angle.This angular move-
ment is converted by a potentiometer to a voltage ratio, Because only the fresh air charge is
measured,no compensation is required for EGR.

In the air mass measurement niethod, the air charge is measured directly using a hot-wire
or hot-film air mass flow sensor.The inlet air passes a heated element,either wire or film.The
element is part of a bridge circuit that keeps the element at a constant temperature above the
inlet air temperature. By measuringthe heating currenit required by the bridge circuit and
converting this to a voIage via aresistor, the air massflow passing the element can be deter-
mined. Again, because only the fresh air charge is measuredno compensation for EGR is
required. However,sensing errors may occur due to strong intake manifold reversion pulses,
which occur under certain operating conditions. In such cases, a correction factor must be
determined and applied.
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Calculation of Injector Pulse Width. The base pulse width is determined from the re-
quired fuel mass flow rate (F)and an empirical injector constantThe injector constant is
determined by the design of the injector and is a function of the energized time versus the
flow volume. This constant isnormally determined with a constant differentialpressure across
the injector (from fuel rail to intake manifold).When the pressure across the injector does not
remain constant (i.e., there is no pressureregulator intake manifold vacuum reference), an
entire map of injectorconstants for different manifold pressures may be required.

The effective injector pulsewidthis a modification of the base pulse widthThe base pulse
width is adjusted by a number of correction factors depending on operating conditions. For
example, a battery voltage correctionis required to compensate for the electromechanical
characteristics of the fuelinjectors. Injectoropening and closing rates differ depending on the
voltage applied to the injector' which affects the amount of fuel injected for a given pulse
width.Othercommoncorrection factors may include hot restart,cold operation,and transient
operation corrections. Figure 12.2 is aflowchart of a typical injector effective pulse-width cal-
culation method.

BASE PULSE WIDTH CALCULATED
FROM (Fm) LOAD SIGNAL

COASTING -RPMNEHICLE
SPEED LIMIT REACHED?

NO

TRANSIENT COMPENSATION

OPERATION DEPENDENT
PULSE WIDTH CORRECTION

BATTERY VOLTAGE CORRECTION

___________-1.

YES
FUEL CUT-OFF

CORRECTION FOR
NO LOAD - LOAD

TRANSITION

FIGURE12.2 Determination oteffective injector pulse widti.
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Injetion Strategies There are three commonly used fuel injection strategies for multi-
point fuelmetering systems:simultaneous injection, group injection. and sequentialinjection
Figure 113 isa diagram of the different strategies Some engines use simultaneous injection
during crank and switch over to sequential after the engine is running.This allows for shorter
starting times since no synchronization with the camshaft is necessary before fuel injection
begins. A description of each strategy follows.

Crankshaft Angle
-360' (1 Oec 72T 10800

TDC Cyt. 1

Cyl, 1 Inlake valve
open

Cyt.2 1njecton
Cyl, 3 Span

Cyl 4

Cyi. 2

Cyl[ 3

Cyl 4

Cyl 2

Cyt.43

(C)

FIGURE 12.3 Fuel injecon strategies: a) sinltaneCous injeion. (b) group injection.
ant (c) sequential injection.

Sinuhaneousinjection. Injection of fuel occurs at the same time for all cylinders every
revolutionofthecrankshaftThereforefuelis injected twice within each four-stroke cycle.
The injection timing is fixed with respect . crank/camshaft position.

Groupinjection. The injectors are divided into two groups that are controlled separately.
Each group injects once per four-stroke cycle.The offset between the groups is one crankshaft
revolution. This arrangement allows for injection timing selection that eliminates spraying
fuel into an open intake valve.

Sequential injection. Each injector is controlled separately. Injection timing, both with
reference t crank/amshaftpositionand pulse width, can be optimized foreachindividual
cylinder.
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Lambda Control. A subsystem of the fuel control system is lambda closed-loop control.
Lambda () is defined as the excess-airfactor thatindicates the deviation of the actual air/fuel
ratio fron ttheoretical ly required rati:

theoretical requirement (14.7 for gasoline)

The lambda sensor.or exhaust gas oxygen sensor, is installed in the engine exhaust stream
upstream of the catalytic converter.The sensor responds to the oxygen content of the exhaust
gas.The signal from the lambda sensor seives as fcedback to the fuel control system.This pro-
vides the fine-tuning needed to remain within the limited catalytic converter window foropti-
mal catalyst performance. (See Sec. 12.1 for more discussion on the catalytic converter
window.) For a lean mixture( i,sensor voltageis approximately 100 mV For a rich mix-
ture (1<.1) the sensor voltageisapproximately 800 mV At roughly I (a stoichionetric
mixture) the sensor switches rapidly between the two voltages. The input from the lambda
sensor is used to modify the base pulse width to achieveA= 1.

Lambda closed-loop control requires an operationally ready lambda sensor, typically one
whiechasreachedanoperating temperawre threshold. Sensor output is monitored by the
ECU to determine when the sensor is supplying usable information. An active sensor signal, V
along withother requirements,such as engine temperature, must be achieved before lambda
closed-oop control will be activated.

Under steadystate conditions, the lambda control system oscillates between rich and lean
around the lambda window. As the lambda sensor switches, the injector pulse width is
adjusted by the amount determined by a control factor until the lambda sensor switchesagan
to the opposite condition. The control factor can be defined as the allowable increase or
decrease in the commanded fuel injector pulse width. The frequency of oscillation is deter-
mined by the gas transport time and the tagnitude of the controlfactor.The gas transport
time is defined as the time from air/fuel mixture formation to lambda sensor measurement, -

Under transient conditions,the gas transport time resultsin a delay before the lambda sen-
sor can indicate that the operating conditions have changed. Using only the lambda sensor for
closed-loop fuel control would result in poor driveability and exhaustemissionsbecauseof
thisidelay.Therefore, the engine control unit uses ananticipatorycontrol strategy that uses
engine load and RPM to determine the approximate fuel requirement The engine oadinfor-
mation is provided by the manifold pressure sensor for speed density systems and by the air
meter for airflowandir mass measurement systems and by the throttle valve position sen-
sor. The engine control unit contains datatables for combinations ofload and RPM. This
allows for rapid response to hanges inoperating conditions.The lambda sensor still provides
the feedback correction for each load/RPM point.fTe data used for these data tables are
largelydeveloped from system modelin and engine development testing.

Due to production variations iengeins, variations in fuel and changes due to wear and
aging, the control system must be able to adapt to functIon properly for every engine over the
engine's life.Therefore, the electronic controlunit has a feature for adapting changes in the
fuel required for the load/RPM points. At each loadRPM point, the lambda sensor continu-
ously provides information that allowsthe system to adjust the fuel to the commanded A/F
ratio.The corrected information isstored in RAM (random access memory) so that the next
time the engine reaches that operatingpoint (toad/RPM), the anticipatory value will require
lesscorrctioThes values remain stored in the electronic control unit even after the engine
is shut off.Only if power to the electronic control unit is disrupted (ie.,due to a dead battery).
will the correction he lost in that asethe electronic control unit will revert back to the orig-
inal production values that are written in ROM (read-only memorv)

Lambda sensors do not switchsymmetrically from lean to rich and rich to lean. Because of
this, the control strategy is modified to account for the asymmetry.Thiscan be accomplished
either by delayingthe modification by the control factor after the sensor switches or by usin
control factors of different magiitudes for rich-to-lean and lean-to-rich switching,
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Ignition Timing ControL The goal of the engine control system or ignn tIming<is to pro-
vide spark advance which optimizes engine que, exhausti srnsinsf uel CcnOyl, and
driveabilityand which minimies engie knock.Data tables with thebaseignition timing
dependinon enginwod and RPM are stored n ROM in theeenim 'ontrol unitThe
values in thesetables ure opiived for fuel conomv, exhaust ellssonsand engine orque
They are developed thrugh engine experimentation, usuallyithan enginedynamometer.
Corrections to the base timingv alues are needed for temperature effects.EGR, hot restart,
barometricpressureand engine knock, In additionsome svems use intion timingtovary
the engiet orque for improvementinautomatic tnsmission shiftquality or for idle speed
Control. Figure 12. 4is a fl0wchrtl of pia ignllioniming akulationmethod

BASE IGNITION TMING FROM
LOAD AND RPM SIGNAL

TEMPERATURE CORRECTION

(AFTERSTART) AND
WARM-UP CORRECTION

COASTING (NO LOAD)

NO

IGNITION CORRECTION BASED C
ON OPERATION CONDITION

S COARECTION FOR
NO LOAD FUEL CUT- OFF

ORRECTION FOR
NO LOAD - LOAD

TRANSITION

IGNITION TIMING FOR
IDLE CONTROL

CORRECTION FOR
I TRANSMISSION SHIFT

T

IGNITION TIMINGFOR KNOCK CONTROL

IGNITION ANGLE LMIT

EFFECTIVE IGNITION TIMING

FIGURE12.4 Ieinaionofetecciivegnintiming

DwellAngleControl The dwell angle performance map stored in the electronic control
unit controls the charging time of the ignition cil, depending on RPNI and battery voltage.
Thedwell angle is controlled so that the desired primary current is reached at the end of the
chargingtime just prior to the ignition point.This assures the necessary primary current.even
with quick transients in RPM. A limit on the charge time in the uppeRPM ranges allows for
the necessary spark durTion.
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Knock Control The ignition timing for opimization of torque, fuel conom. and
exhaust emissions is in close proximity to the ignition timing that results in engine knock.
Engine knock occurs when the ignition timing is advanced too ar for the enine operating
conditions and causes uncontrolled combustion that can lead to engine damage,depending on
the severity and frequency. Ifa factor o safety was used when developing the base timing map
for all conditions that contribute to knocksuch as fuel quai andvariations incompression
ratio, the ignition timing would be signiticantlyretarded fron mthe optimum level, resulting in
a significant loss in torque and fuel conomy To avoid thisa knock sensor (one or more) is
installed on the engine to detect knockig (see Chap. 8) Knock sensors are usually accelera-
tion sensor that provide an electri signal to the electronic control unit. From this signal, the
engine control unit algorithm determines which cylinder or cylinders are knckme. Ignition
timing is modifed (retarded) for those cylinders until the knock is no longer detected The
ignition timing is then advanced again until knock is detected. (See Fig. 125) Inrmationon
the amount of spark retard required to eliminate the knock for each cylinder under each
load/RPM condition is saved in the electronic control unit RAM. This allows for quick access
to the appropriate "learned"ignition timing for each condition. With thiscontrol system, the
base timing an be more advanced for improed uel economyand torque.

K1  K2 1 3  K1  K3

c 4

-C- .n
>------------------ -"

ad< tet for --fou -clne engine ---K 3 (kn -c incy-ner

C <I ---

--------------- ---------------
C 1

a b c

CyLl1 1 1 1 1 1

Combustion Cycles In Individual Cylinders

FIGURE U2S Knock control. (Control atgorithmn for gidn

adiustments for a four-cylinder engine, 
K, 3(knock incyidr

1..3), cylinder number four (no knock), (a) (ignition retard),(b)
(delay before return to original point,(c) (spark advance).

Evaporative Emissions Control Hydrocarbon (HC) emissions in the form of fuel vapors
escaping from the vehicle, 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 tem-
perature and return of unused hot fuel from the engine. In order to control the release of
these emissions to the atmosphere, the evaporative emissions control system was developed.

Evaporative Emissions Control System A vapor ventilation line exits the fuel tank and
enters 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 a certain volume of
fuel vapor can be contained by the canister. The vapors in the canister must therefore be
purged from and burned by the engine so that the canister can continue to store vapors as
they are generated. To accomplish this, another line leads from the charcoal canister to the
intake manifold. Included in thisline is the canister purge solenoid valve. Figure 12.6 shows a
layout of a typical evaporative emissions control system.

During engine operation, vacuum in the intake manifold causes flow through the charcoal
canister because the canister vent opening, at the charcoal filter end, is at atmospheric pres-
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FICURE 16 Eaorativ emissioninerl systern: fuel vapor from fuel ank (I.charcoal canister (2) amient air (3),
caniserpurg controlvalve (4),purge line Io intake manifold (5), throttle valve (6). p, is intake manifold vacuum, andp,
is atmosphericpressure.

sure The canister purge valve meters the amount of flow from the canister. The amount of
fuel vapor in the canister and, thereforecontained in the ow streamisnot known.There-
fore, it is critical that the lambda control system is operating and adjusting the fuel require-
ment as the vapors are being purged.Purge vapors could otherwise result in up to a 30 percent
itncrease in air/lfuel mixture richness in the engine.

Purge th-C ontl Control of he purge valve must allow for two criteria:

*There must be enough vaporf low so that the charcoal canister does not become satuated
and leak fuel vapos to the atmosphere

* Purge flonmust generallyoccur under lambda closed-loop control so that the effect of the
pure vapor- on A/F ratio can be detected and the fuel metering corrected

W hen the electronic control unit commands the purge valve to meter vapor from the an-
Ister it requests a duty cycle (ratio of ON time to total ON and OFF time). This allows the
amount of vpor flow to be regulated depending on the engine operating conditions When
lambda control is not operating, only low duty cycles and. therefore, small amounts of purge
vapors, are allowed. nder deceleration fuel cutotf, the purge valve is closed entirely to mm-
mUsie the possibility o funburned s Its in the exhaust.

Turbocharger Boost Pressure Control The exhaust turbocharger consists of a compressor
and anehaust turbine arngedon a common shaft. Energy rom the exhaust gas is cn-
verted to rotational energ bythe exhaust turbine, which then drives the compressorThe
compressedair leavesthe compressor and passes through the air cooler (optional), throttle
valve,n take manifold andnto thecylinders. In order to achieve near-constant air charge
pressure over a wide RP1 range ,the turbochager uses a circut that allows for the bypass of
th exhaust gasesawayW rm the exhaust turbie.Theakl e thatreguates the bypass opens at
a specified ai charge pressure and is known as the wastegale.
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Engines that have turbocharers benefit significantly from electronic boost pressure con-
trol. If only a pneumatic-mechaial wastegateis used,only one boost pressure point for the
entire operating range is used to divert the exhaust gas This creates a compromisef or part-
load conditions, which results in increased exhaust backpressure,more turbocharger work,
more residual exhaust gas in thecylinders, and higher-charge air temperatures

By controlling the wastegatewitha pulse-width modulated solenoidvalve,diferent waste-
gate opening pressures can h specified, depending on the engie operating conditions (Fig
127). Thereforeonly the level of air charge pressure required is developed The electronic
control unit uses information on engine loadim either manifold pressure or the ar meter
and RPM and throttle position. From this information. a data table is referenced andthe
proper boostpressure (actually a duty cycle of the control valve) is determinedOn \ss
using manifold presuresensorsa closed-loop control ssten can he clIoped to compre
the specifled value ih the measured value.

P2

2

T

VWG
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"a:
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FIGURE 12.7 Electronic turbocharger boost control: solenoid
vatve (1),control signal from ECU (2).boost pressure (r),volume
flow through turbine (V),volume flow through wastegt (Va,})
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The boost pressure control system is usually used in combination with knock control for
turbocharged engines. When the ignition timing is retarded due to knock, an increase in
already high exhaust temperatures for turbocharged engines occurs. To counteract the tem-
perature increase, the boost pressure is reduced when the ignition timing is retarded past a
predetermined threshold

Engine!Vehicle Speed Control Using the inputs of engine RPM and vehicle speed to the
electroniccontrol unit, thresholds can be established for limiting 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 injection resumes.

EGR Control By mixing a portion of the exhaust gas with the fresh intake air/fuelmixture
oxides of nitrogen (NO,) can be reduced by lowering the peak cmbustion temperatures.
However, the addition of exhaust gas can degrade driveability by causing combustion insta-
bility, specially at idle and low speeds and with a cold enine. The ECU references an engin
RPM/load table of optimal EOR valve openings. The data table is developed on the engine
dynamometer by analyzing the exhaust emissions. With increasing EGR, a point is reached
where hydrocarbon (HC) emissions begin to increase. The optimal percent of EOR is just
prior to that point.

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

Camshaft Control There are two types of camshaft controls: phasing (i.e., overlap or
intake/exhaust valve opening point) and valve lift and opening duration.

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 chargeair and improves idle stability. At highRPM, late closing of the
intake valve provides the best condition for maximum cylinder filling and, therefore.maxi-
mum output.For partial loads,a large valve overlap,where the intake opens ealyis 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
is accomplished by switching between two camshaft profiles.An initial cam specifies the opti-
mal lift and duration for the low to middle RPM range. A second cam profile controls a higher
valve lift and duration for high-RPM operation, By monitoring engine load and RPM, the
ECU actuates the electrohydraulic device that switcs from one cam profile to the other
(Fig. 129).

Variable Intake Manifold Control. The goal of the engine design is to achieve the highest
possible torque at low engine RPM as well as high output at high engine RPM.The torque
curve of an engine is proportional to the air charge at any given enginespeed.Therefore,a pri-
mary intluence on the torque is the intake manifold geometric design.The simplest type of air
charging uses the dynamics of the dawn-in air.The standrd intake manifolds for multipoint
engines consistofseveral intake runners and collectors converging at the throttle valve.

In general,short intike runners result in a high output at high RPM with a simultaneous
loss 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
intakevalvs just beforethey are closing. This has a supercharging effect. The limitation of
this method is thatfor a given intake manifold configurationthe tuning peak can only occur
it one operating point.
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FIGURE 12.9 Selective camshaft lobe actuation:
base cam lobe (I Iauxiliary cam lobe (2).

Vaiable Iake Systems To optimize the benefits of intake manifold charging, several
systems have been developed that allow for changes in runner length and collector volume,
depending on engine operating conditions,11is allows for tuning peaks at more than one
operating point. One method developed uses electronically controlled valves to close off
areasof the intake manifold (Fig. 12.10).Inputsof engine load.RPM,and throttle angledeter-
mine the position of the valves.

12.2.2 Engine Control Modes

Engine Crank and Start. During engine cranking, the goal is to get the engine started with
the minimal amount of delay. To accomplish this, fuel must he delivered that meets the
requirements for starting for any combination of engine coolant and ambient temperatures.
For a cold engine, an increase in the commanded air/fuel ratio is required due to poor fuel
vaporization and 'wall wetting," which decreases the amount of usable fuel. Wall wetting is
the condensation of some of the vaporized fuel on the cold metal surfaces in the intake port
and combustion chamber. It is critical that the fuel does not wet the spark plugs, which can
reduce the effectiveness of the spark plug and prevent the plug fromfiring.Should plug wet-
ting occurit may be impossible to start the engine.

FuelRequirement Within the ECU ROM there are specific data tables to establishcold-
start fuel based on engine coolant temperature. For Iwo reasons, the lambda sensor output
cannot be used during crank! the lambda sensor is below its minimum operating temperature
and the air/fuel ratio required is outside the lambda sensor control window.

Many starting sequences use a front-loading strategy for fueling whereby the quantity of
fuel is reduced after a speed threshold (RPM) is achieved.after a certain number of revolu-
tions or at a defined time after the initial crank Some systens also switch over from simulta-
neous injection to sequential injection after a speed threshold is achieved, For cold
temperature starting,the fuel mixture may remain richer than K= I after starting.due the con-
tinuing poor mixture formation in the cold induction system.

ignitionTiming Requirement Ignition timing is controlled by the ECU during crank and
is determined by engine coolant temperature and cranking speed. For a cold engine with low
cranking speeds, ideal timing is near TDC. For higher cranking speeds, a slightly more
advaneed timing is optinaL Timing advance must be limited during cranking to avoid igniting

I; [
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the air/fuel mixture beftore the crankshaft reaches top dead center (TDC). A damaging torque
reversal could occur tlt would dmage the starter. After the engine starts, ignition timing is
advanced to improve cold engine running as well as to reduce Ihe need for fuel enrichment.

Engine Warm-Up. During the warm-up phase, there are three conflicting objectives: keep
the engine operating smoothly (i.e., no stalls or driveability problems).increase exhaust tem-
perature to quickly achieve operational temperature for catalyst (light-off) and lambda sen-
sor so that closed-loop fuel control can begin operating,and keep exhaust emissions and fuel
consumption to a minimum.The best method for achieving these objectives is very dependent
on the specific engine application.

If the engine is still cold, fuel enrichment will be required to keep the engine running
smoothly due,aain,to 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 enrichmentcombined with secondary air injection, also helps achieve the desired
increase in catalyst temperature. To provide secondary air injection, an external air pump
deliversfresh air downstream of the exhaust valves for a short time after start.fhe excess air
causes oxidation (burning) of the excess HC and CO from the rich mixture in the exhaust
manifold, which rapidly increases the temperature of the catalytic converter. The oxidation
also removes harmful pollutants from the exhaust stream.

It is possible to increase the exhaust temperature by increasing the idle speed during warm-
up. The increasedidle speed may also be combined withaslightly retarded ignition timing,
which increases temperatures in the exhaust~thereby promoting rapid warm-up of the catalyst.
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Transient Compensation, During transitions such as acceleration or deceleration.the objec-
LI oftheengine control system is to provide a smooth transition from one engine operating
condition to another (i.e.,no hesitations, stallsbumpsor other objectionable driveability con-
cerns), and keep exhaust emissions and fuel consumption to a minimum.

Accelration Enrichment When an increasein engine load and throttle angle occurs, a
corresponding increase in fuel mixture richness is required to compensate for the increased
wall wetting.The sudden increase in air results in a lean mixture that must he corrected swiftly
to obtain good transitional response.The rate of change ofengine load and throttle 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 so much as to degrade exhaust
emissions and fuel economy.

During acceleration enrichment, the ignition timing is set for maximum torque without
knocking. Additionally, when a large change in engine load occurs, some systems delay the,
ignition timing advance briefly to prevent engine knock, which may arise from a momentary

an mixture or from transient ignition timingerrors
Deceleration Eleanment. During deceleration modes, such as coasting or braking. there 4 1

is no torque requirement.Therefore, the fuel may be shut off until either an increase in throt-
tle angle is detected or the engine speed falls to a speed slightly above the idle RPM.Fuelshut-
off or cutoff can decrease exhaust emissions by eliminating unburned HC and CO and may
also improve fuel consumption. Fuel cutoff is also used to protect the catalytic converter from '
extreme high temperatures during extended overrun conditions During transition to fuel cut-
off. the ignition timing is retarded from its current setting to reduce engine torque and toassist
in engine braking.Tbe fuel is then shut off. During the transition, the throttle bypass valve or
the main throttle valve may remain open for a short period to allow fresh air to oxidize the
remaining unburned HC and CO to further reduce exhaust erissions.During development of
the fuel cutoff strategy, the advantage of reduced emission effects and catalyst temperature
control mst be balancedagainst driveability requirements.The use of fuel cutoff may change itthe perceivedamountf engine braking felt by the driver. In addition, care must be taken to
avoida "bump"feel when entering the fuel cutoff mode,due to the changein torque.

Full Load. Under stealy state full-load conditionssuch as for ciminga gradeit is desir-
able to control thearuel mixture and ignition timing toobtain maimum power and to also
limit engine and exhaust temperatures.The best engine torque is tyipally delivered at about
=09 to 0.95. When the ECU determines the engine operaing at ullload via the throttle

valve sensor (at WOT), the commanded airfuel mixture, if required, can e enriched The
lambda sensor signal cannot be used to provide correction to the ai/uel mixture because the
rich operating point lies outside the lambda control window

The ignition timing at ful load is set to achieve the maximum totque without knocking.This
initial value is determined through engine dynamometer testing. With a knock control system
(see Sec. 12.2.1),the ignition timing is modfied (ret'rded) when engine knock occursThe mod-
ification required toeiminate the knock ma be saved in the EC so that the next time that
engine RPM/load pointoccurs,less knocking will occur and less correction will he required.

Idle Speed Control Theobjectives of the engine control system during idle arc:

* Provide a balance between the engine torque produced and the changing engine lads thus
achieving a consistent idle speed even with variousload changes due to accessories (i.e. air
conditioning, power steeing and electrical loads) being turned on and off and during
enagementof the automatic transmission Inaddition, the idle sp control must he able
to compensate for long term chanes in enine load.such as the reduction in engine friction
that occurs with enginebreakm

* Provide the lowest idle speed that allows smooth running to achieve the lowest exhaust
emissions and fuelconsumption (up to 30 percent of a vehicle's fuel consumption in city
driving occurs during idling).
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To control the idle speed, the ECU uses inputs from the throttle position sensor, air condi-
tioning, automatic transmission.power steering.charging systementine RPM,andvehicle speed.
There are currently two strategies used to control idle speed:air control and ignition control-

Air Conrol. The amount of air entering the intake manifold is controlled either by a
bypass valve or by an actuator acting directly on the throttle valve.The bypass valve uses, for
example, an electronically controlledmotor controlled by the ECU that opens or closes a
fixed amount. For large throttle valves, it may be desirable to use a bypass valve because a
small change in throttle angle may result in a large change in air flow and, therefore, idle
speed may be difficult to controL Using engine RPM feedback inputthe ECU adjusts the air
flow to increase ordecrease the idle speed. A disadvantage to air control is that the response
to load changes is relatively slow.To overcome this, air control is often combined with ignition
timing control to provide acceptable idle speed control, The fuel quantity required at idleis
determined by enginei oad and RPM. Durin closed-loop operation, this value is optimized
by the lambda sensorclosed-loop control.

IgniionTming Control, Engine torque may be increased or decreased by advancing or
retarding the ignition timingwithin an established vindow.This principle can be employed to
help control idle speed. Ignition timing control is particularly desirable for responding to idle
load changes because engine torque output changes more rapidly in response to a change in
ignitiontimingthan to a change in air valve position. Using thesameinputs as for air control,
the ECU adjusts the spark advance to either raise or lower the idle speed.

Anticipating Accessory Loads. Specific electric inputs to the ECU, such as a pressure
switch located in the power steeringsystem. are used to anticipate accessory loads so that the
idle control system can compensate more quickly. This "feed forward'strategy allows better
idle control than a strictly feedback system 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 delaying the load briefly after it is requested, the compensation
sequence can begin before the load isactually applied.Such a load delay strategy iseffective
for controlling air conditioning compressor loads, for example. In this case,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 Engine Control Diagnostics

The purpose of system diagnostics is to provide a warning to the driver when the control sys-
tem determines that amalfunction of a component or system as occurred and to assist the
service technician in identifying and correcting the failure (seeChap.22) In many cases,to the
driver, the engine may appear to be operating correctly, but excessive amounts of pollutants
may be emitted.The ECU determines that amalfunction has occurred when a sensorTsignal
received during normal engine operation or during a system test indicates there is a problem.
For critical operations such as fuel metering and ignition control,ifa required sensor input is
faulty,a substitute value may be used by the ECU so that the engine will continue 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 emissionsystem damage. 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 damageto the catalytic converter.When
a failure occurs, the malfunction indicator light (MIL), visible to thedriver, is illuminated.
Information on the failure is stored in the ECU. Aservice technician can retrieve the infor-
mation on the failure from the ECU and correct the problem

Air Mass Sensor For air mass measurement systerns. the pulse width of the fuel injectors is
calculated in the ECU from the air mass sensor input.As a comparisonthe pulse width is also
calculated from the throttle valve sensor and the engine RPM.I1the pulse width values devi-
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ate by a predetermined amount, the discrepancy isstored in the ECUThen, while thevehicle
is being driven, plausibility tests determine which input is incorrect.When this has been deter-
mined, the appropriate failure code is saved in the ECU.

MisfireDetection. Misfiring is the lack of combustion in the cylinder. Misfiring can be caused
by several factors including fouled or worn spark plugs,poorfuel metering,or faulty electrical
connections Even a small number of misfires may resuh inexcessive exhaust emissions due to
the unburned mixture.Increased misfire rates can damageth catalytic converter.

To determine if the engine is experiencinga misfire, the crankshaft speed fluctuation is mon-
itored, If a misfire occurs,no torqueis eatedduring the power stroke of the cylinder(s) that is
misfiring.A small decrease in the rotational speed of the crankshaft occurs.Because the change
in speed is very small, highly accurate sensing of the crankshft peed is requird.In additiona
fairly complicated calculation process is required in order to distinguish misfiring from other
influences on cankshaft speed.As was mentioned previously, if a cylinder repeatedly misfires,
it is possible to shut off the fuel to that cylinder to prevent damage to the catalytic converter

Catalytic Converter Monitoring During the useful life of a catalytic converter, its effi-
ciencvdecreases.Ifsubjected to engine misfirethe decrease in efficiencyoccurs more rapidly
A loss in efficiency results in an increase in exhaust pollutants. For this reason, the catalytic
converter is monitored.A properly operating catalytic converter transforms 02. HC, CO,and
NO, into HO, CO2, and N .The incoming air/fuel ratio oscillates from rich to lean due to the
lambda closed-loop control strategy discussed in Sec. 122.1 Only a properly functioning cat-
alytic converter isable to dampen these oscillations by storing and converting the incoming
components. As the catalyst ages, this storage effect is diminished. To monitor the catalytic
converter,an additional lambda sensoris installed downstream of the catalyst.The ECU com-
pares the signal of the lambda sensor upstream with the lambda sensor downstream and
determines if the catalytic converter is operating properly. If not, the ECU illuminates the
malfunctionindicator light (MIL) and stores a failure code.

Lambda Sensor Monitoring. To minimize exhaust emissions. the engine must operate
withinth catalyticconverter window for air/fuel ratio (see Sec. 12.1.1 for a detailed descrip-
tion of the catalytic converter window). Output from the lambda sensor serves as feedback to
the ECU to control the fuel within that window. When a lambda sensor is exposed tohigh
heat for a long period of time, it may respond more slowly to changes in the air/fuel mixture.
This can cause a deviation in the air/fuel mixture from the window, which wouldaffect the
exhaust emissions,

If the upstream lambda sensor operationis determined to be too slow, which can be detected
by the system operation frequencv, the ECU illuminates the malfunction indicator light (MIL)
and a failure code is stored. Additionally, the ECU compares the output signal of the additional
lambda sensor downstream of the catalytic converter with the lambdasensor signal upstream,
With thisthe ECU is able to detect deviationsof the average vLe in airfuel ratio.

For heated lambda sensors, the electric current and voltage of the heater circuit is moni-
tored.To accomplish this, the heater is directly controlled by the ECU, not through a relay

Fuel SYstem Monitoring. To provide the correct air/fuel ratio, the ECU uses a preset data
map with the optimal fuel required for each loadnd RPM point. The lambda close-tohop
control system (see Sec.12.2.1) provides feedback to the ECU on the necessary correction to
the preset data points.The corrected information is stored in the ECU's RAM so that the next
time thatoperating point is reachedless correction of the air/fuel ratio will be required. If the
ECU correction passes a predetermined thresholdit is an indication that some component in
the fuel supply system isoutside of its operating range. Some examples are defective pressure
regulator, defective manifold pressure sensor, intake system leakage, or exhaust system leak-
age. When the ECU determines a problem exists, the MIL is illuminated and a code is stored
in the ECU.
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Exhaust Gas Recirculation (EGR) Monitoring. There are currently two methods used to
monitor EGR operation. One method confirms that hot exhaust gasesare returning to the
intake manifold during EGRoperation by use of a temperature sensor in the intake manifold.
The second method require tL EGR valve to he fully openedd Juring coast operation, where
high intake manifold vacuum occurs.The exhaust gas lowing into the manifoldcauses a mea-
surable increase in pressure.Thusifa measured increase in pressure does not occur,the EGR
system is notoperting.

Evaporative Emissions Control System (EECS) Monitoring. In gencral, a valve will be
installed at the amophericside of the purge canister. During idle, this valve would close and
the purge valve would open.Intake manifold vacuum would occur in the entire FFCS. A pres-
sure sensor in the fuel tank would provide a pressure profile during this test to the ECU,
which would then determine if a leak existed in the system.

12.2.4 Fuel Delivery Systems

Overview. Fuel management in the spark ignition engine consists of metering the fuel, for-
mation of the air/fuel mixture, transportation of the air/fuel mixture, and distribution of the
air/fuel mixture. The driver operat the throttle valve, which determines the quantity of air
inducted by the engine.The fuel delhvcry system must provide the proper quantity of fuel to
create a combustible mixture in the engine cylinder. In generaltwo fuel deliverysystem con-
figurations e\stsinglepoiu and nultpoin(Fig 12,11)

4 _
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FIGURE 12.11 Air-fuel mixture preparation: righi single-point fuel injection left, mulipoini fuel injection wit fuel( () air (2).
throttle valve (3).intake manifold (4), inijecor(s) (5), and engine (6).
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For single-point systems such as carburetors or single-point fuel injection, the fuel is
metered in the vicinity ofthethroevalve Mixture formation occursin 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 waills (undesirable). Mixture transport and distribution is
afunction of intake manifold design.Uniform distribution underalloperatingconditionsis
difficult to achieve in a single-point system.

For muilipoint systems, the fuel is injected near the intake valve. Mixture formation is sup-
plemented by the evaporation of the fuel on the back of the hot intake valve. Mixture trans-
port and distribution occurs only in the vicinityofthe intake valve.The influence of the intake
manifold design on uniform mixture distribution is minimized. Since mixture transport and
distribution is not an issue, the intake manifold design can be optimized for air flow

Single-Point Injection Systems Asil ingle-point injections ystelli uses one or, in some cases,
two electronic elinjcto Inject fuelinto theintake air tream.The main component is
the fuelinjecLtii nui1 hichislocIatl upstream of theintike manifold

Ciomponet rescription An elcxtfl icu pump provides fuel ata medium pessure (yp-
icall 0 o7 10 ba) tothe electronicful injectiol unit (Fig 1212)Te fulinjelction unit
housesthe solenoid- perated fuilI njeLcor, which isl cat d In iithe intake air flow above (e
throttlev veThisallows for homogeneousmixture formatonand distribution, The injector
spray patern Is deignel to allow fuel o pass betweenthet(ldhrottle valveand the throttle bore.
To prevent vapo lock ofthe injector, fuelflow through the injector at all times. Fuel not used
by the engine is returned to the fuel tankThe Injector is activated in relation to the speed of
the engine, typically once per Ignition event. The length of the pulse width determines the
quantity of fuel provided.

12

3 .
IVp

4 56
FIGURE 12.12 Single-point injection unitpressureregulator (),injec-
[or (2), fuel return (3), stepper motor for idle speed control(4), to intake
manifold (5), throule valve (6).and fuel inlet (7).

The electronic injection unitalso houses the throttle position sensor andin some cases,an
inlet air temperature sensor which provides operating condition information to the ECU.The
throttle valve actuator and fuel pressure regulator are also mounted on the injection unit.In
addition, sonecunits contain an air bypass valve for idle speed control. Enginetemperature,
battery voltage, and engine speed via the ignition system are all inputs to the ECU.The single-
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point injection system also uses lambda closed-loop fuel control to optimize fuel metering
within the lambda control window (see Sec.12.2.1).

Adtaprtion to Operating Conditions For cold-start and engine warm-up, the ECU uses
engine temperature information to determine the correct amount of fuel and commands the
fuel injector via a pulse width. Due to wall welting and poor fuel vaporization when the
engine is cold. an increase in mixture richness is required. As theengine 'arms up to operat-
ing temperature, the commanded pulse width is reduced.

During an acceleration transition, the ECU adds a correction factor (an increase) to the
commanded injector pulse width. The sudden increase in air results in a lean mixture which
must be corrected swiftly to obtain good transitionalresponse. During a deceleration transi-
tion, the fuel can be shut off by simply not providing a pulse width signal to the injector to
minimize exhaust emissions and fuel consumption.

During full-load operation, the air/fuel mixture can be enriched (<I) to deliver maxi-
mum torque. TheECU determine full-load operation by the throttle position sensor (at or
near wi-opn thottle) and adds a correction to th I injector pulse width to achieve the
desired air/fuel mixture richness.

The single-point system can control (he idle speed by ECU control of either a throttle
valve actuator or a bypass valve. Idlespeed is a functionof engine operating temperature,
whether the transmission is in drive, and what accessories are in use. Fuel metering at idle is
determined by engine RPM and load as well as lambda closed-loop control.

Multipoint Fuel Injection Systems. A multipoint fuel injection systemsupplies fuel to each
cylinder individually via amechanical or solenoid-operated fuel injector located just upstream
of the intake valve. Advantages of this system type compared to SPI systems are numerous:

* Increased fuel economy On an SI enginedue to the inake manifold configuration.mix-
ture formation will differ at each cylinder.To provide adequate fuel for the leanest cylinder,
too much fuel must be metered overall In additionduring engine load changes, a film of fuel
is deposited on the intake manifold walls. This leads tofurther variations in mixture from
cylinder to cylinder. Multipoint injection provides the same quantity of fuel to each cylinder.

* Higher power output. With the fuel being injected near the intake valve, the rest of the
intake manifold can be optimized for maximum air flow The result is increased torque.

a Improved throttle response Because the fuel is injected onto the intake valves, responses
to increases in throttle position are swift. With an SPI system, the increased fuel required
must travel the length of theintake manifold before entering the cylinder.

*Lowerexhaust As vas discussed for fuel economy, mixture variation 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 lambda closed-loop control system can switch air/fuel ratio. Ca-
alytic converter efficiency is increased.

Although there are numerous advantages of the MPI systems over the SPI systems, there
is still one important advantage the SPI systems have over the MPI systems. In general, SP
systems have better fuel preparation,similar to a carburetor.

Mechanically Controlled Continuous Injection System This type of system meters the
fuel as a function of the intake air quantiy and injects it continuously Onto the 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 flowing fuel injectors.

Component Description
Mixture control unit. The mixture control unit houses the air flow meter and the fuel dis-
tributor. In the air flow meter, the measurement of the intake air serves as the basis for
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determininu the amount off uel to be metered to the injectors 11 air flow meter is located
upsream of the throttle valve so that it measure all the aIr entering the engine. It consists
of aairf unnel,in which asensor plate Is free to piot Intake air owing thiough the fun-
ae Icauses a delection of the sensor platehe sensor plateis mechanically inked to a con-
trol plunger and movement ofthe plate results in mlv ent ofthe control plunger. Th
control plunger movementd etermines the amount of fuel to be Injected.

In the fuel distributor, the control pitiner moves up anddown in a clindrically shaped
deve (bal) with rectangulopenings (meteing slit), one for each engine cylinder
Increased ai rflowcauses thc control plangrto mow upward, inovering a largera reaof
the metering slit and increasing the fuel metered. DownstLe am of each meterinslit is a
differential-pressure valve hat maintasaconstant presure drop across the metenng
slits at different flow rates. Due to the constant pressure, the fuel flow through the slitsis
directly proportional to the position of the control plunger (Fig. 12.13).

1 .2" _45

<'1

FIGURE 12,13 Fuel distributir for mixture control unit: diaphragm
).toinjector(2) controt plner (3), metering slot (4).diffrcntial

pressure regulalor (5)

W1arm-up regulator The warm-up regulator is used to richen the fuel mixture under cold
engine conditions. It consists of a diaphragm valve and an electrically heated bimetallic
spring. Under cold conditions, the warm-upregulator lowers the control pressure on the
control plunger. The control pressureacts on the opposite end of the plunger from the air
flow meter plate. A lowercontrol pressure results in a lower force required to move the
meter plate. Therefore, the sameair flow causes the meter plate and control plunger to
move a greater distance and additional fuel is metered to the injectors.
Fuelinjectors The injectors open at a pressure of approximately 3.6 bar Atomization of
the fuel occurs through oscillation (audible chatter) of the valve needle caused by the fuel
flowing through it. The injectors remain open as long as fuel is provided above the open-
ing pressure. Fuel is injected continuously into the intake port. When the intake valve
opens, the mixture is drawn into the cylinder.
Auxiliary air valve. The auxiliary air valve provides additional air to the engine by
bypassing the throttle valve during cold engine operation.This creates an increase in the
idle speed needed during cold operation.
Therno-timesw itch. The thernio-time switch controls the cold start valve as a function of
time and engine temperature. Fuel enters the intake manifold from the cold start valve and
furthereon riches the mixture to improve cold-starting at low ambient temperatures. When
the engine is warm, the contacts in the thermo-timneswitch open and the cold-start valve is
not used instartingthe engine
Lambdasensor With the addition of a lambda sensor in the exhaust stream,a frequency
valve, a modified fuel distributor, and an electronic control unit, the mechanically con-
trolled fuel system can operate inder lambda closed-loop control.The lambdasensor sig-
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nal is read by the ECU.The ECUoutputs electric pulses to an electroIagneic (frequency)
valve.The frequency valve modulates the pressure to the lower chambersof the differen-
tial-pressurevalves in the fuel distributor. This results in a modification of the pressure
drop across themetering slits, effectively increasing ordecreasingthe amount of fuel
injected. Figure 12.14 isa schematic of a ypicalmechanicaly controedcontinuous injec-
tion sstm.

12

171a(1

FIGURE 12,14 Schemaic f mehanicall vcontroled conIinuous injection systm:uel tank (1), e ectric
fuel pump (2). fl Iacumulaor (3), uelI fier (4), warn-up regulator (5), injector (6). inake plenum (7)
cold-start valve() fuel distributor (9), airow sesor I), eecrobydraue ipressure actuator Il)
lambda sensor (121. thermo-time switch(13). igni[ion distributor (14), auxiliary air valve (15), ihroule
iwitch (116).ECU (17), ignionswitch (18). and batery (19).

Depending on the engine temperature, the cold-start valve injects extra fuel into the
intake manifold for a limited period duringcold start.The injection period i determined
byacombination ofItimeand temperature and is controlled by the thermo-timeswitchAs
the engine temperature increasesthisadditionalenichment !no longer requidand the
thermo-timeswitch urns offt he cold-startvalvie Forepeated :trtattempts or long
cranking. the thermo-ime switch turns off thectoldJstartinector after a given timne.is
minimizesenginel oodingwhen engine Starthas not occurred

As the enginecotinues to warm up.wallwelti and poor fuel vaporization still occur
and mixture enichmentis still required until the engine eaches oprating temperature.
This enrichmentionolleda s a functionof temperatuebythe warm-iup regulator. As
the temperatureincLeases thewarm-up regulatoi commands less and less additional fuel
hyincreasing the controlpessure

For acleraliunresponse (he air flowsrensor "overswings" during quick throttle
increases.T isc auesa Jadditional quantity offuel toheinected aelefraoenrich-
ment. For fU- 00 LdIichilent to achieve maximum power. a specil warm-up regulator

E a - -
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that uses intake manifold pressure is required.At increased manaifo d pressures,i.e.,during
wide-open throttle, the warm-up regulator lowers the control pressure, which results in an
increase in fuel delivery. Deceleration fuel shutoffisaccomplished by diverting all intake
air through an air bypass around the air flow sensor plate.With no air flow past the air fow
sensor plate, [he fuel pressure to the injectors is decreased below the opening pressure

Idle speed for the cold-running engine is increased by the auxiliaryair valve. The
amount of additional air varies with enginetemperatureuntilthe auxiary air valve is
closed and the idle speed is then controlled only be the airpassin the throtevalve.

Elctronically Conviledi Continuous Injection. The basis of the electronically controlled
continuous injection is still the mechanical hydraulic injection system discussed previously.
This is supplemented by an electronic control unit (ECU) that allows for an increase in flexi-
bility and the use of additional functions. This system incorporates additional sensors for
detecting the engine temperature, the throttle valve position (loadsignal), and the air flow
sensor plate deflection.This information is processed by the ECU, which then commands an
electrohydrauic pressure actuator to adapt the injected fuel quantity for the present operat-
ing conditions.

In contrast to the mechanical system mentioned previously, the control pressure or coun-
terpressure on the control plunger is not varied by a warm-up regulator.The control pressure
remains constant and is the same as the primary pressure.The function of the warm-up regu-
lator is now handled by the ECU and the electrohydraulic pressureactuator.Figure 12.15 is a
schematic ofa typical electronically controlled continuous injection system.

2' 4

181

FIGURE 12.15 Schematic of an elecronically ntrodcontinuous fuelinjection systemfuel lank (1),eec-
tricfuel pump(2). fuelacumuaor(3)fuelfilter 4I fuel pressureregulator(5).injecior(6ontakepknum (7).
cold-sartsvalve(8)fueldisiributor(9), airow sensor .eiecTrohydrautic pressureactuator ll),lambda sen-
sort(12).ithermo-ie switch (1311coolant temperaure sensor(1f).ignition distributor (15)auiliary air valve
(16),throule valve switchi(171,ECU (18). gnitionswitch (19).and batery (29).
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Component description-electrohvdraulic pressureactuaor The main difference in the
componentry between the purely mechanical system and theelectronically controlled system
is the addition of the electrohydraulicactuatoriand the elimination of the warm-up regulator.
With ihe additionof the ECU controlof fuel metering, the purely mechanical warm-upregu-
lator is no longer required. Depending on the signal received from the ECU, the clectroy-
draulic pressure actuator varies the pressure in the tower chambers of the differential
pressure valves.This changes the amount of fuel delivered to the injectors.

Lamda closed-loop control. As with the mechanical system, the lambda sensorsignal is
processed by the ECU to determine mixture compositionThe differenceis that the ECU now
commands the electrohydraulic actuator to modify the fuel metered,as opposed to thesepa-
rate frequency valve, which is no longer necessary.

Adaptation to operating conditions. Depending on the engine temperature, the cold-start
valve injects extra fuel into the intake manifold for a limited period during cold-start The
quantity to be injected is controlled by the ECU and is a function of enginetemperature
(from the engine temperaturesensor).The thermo-time switch controls how long the cold-
start valve remains active,depending onengine temperature and time.

Acceeration enrichment is controlled by the ECU Input from the air low sensor plate
position sensor provides the ECU with information on how quickly the engine load has
increased.The ECU commands additional enrichment via the electrohydraulicpressure actu-
ator. For full-load enrichment for maximum power, the ECU receives input from the throttle
position sensor that the throttle is wide open. The ECU then commands additional enrich-
ment via the electrohydraulic pressure actuator. Deceleration fuel shutoff is also controlled
by the ECU when the throttle valve switch indicates the throttle is closed and the engine
speed isabove idle RPM.The ECU signals theelectrohydraulic pressure actuator tointerrupt
fuel delivery to the injectors.

Idle speedcontrol can be a closed-loop function with the addition of the idle actuator
valveThisvave is ECU-controlled and the RPM signal from the ignition combined with the
engine temperaturesignal,is used to determine its position for the correct idle speed.

Pled FuelbjectinSvsn Pulsed fuel injection systems are a further enhancement
of the continuous injection systems. Today, most continuous injection systems have been
replaced with pulsed fuel injection systems. Instead of injecting fuel continuously and con-
trolling the quantity of fuel by modifying the delivery volume flow rate, the fuel quantity is
controlled by the open time of the solenoid-operated injectors. The injectors are controlled
directly by the ECU.For mostsystems,the fuel pressure drop across the injectorfrom the fuel
rail to the intake manifold,is kept constant by using intake manifold air pressure to compen-
sate the fuel pressure regulator. This type ofsystem allows for still greater precision of fuel
control and is usually coupled with an equally precise ignition timing control system.

Comnpone description. Several iultipoint pulsedinjection systems exist in various con-
figurations.The components discussed here serve as a general outline of this system type.Fig-
ure 12.16 is a schematic of a typical pulsed fuel injection system.

*Inlet air sensing. The inlet air charge can be measured directly using either an air flow
meter or a mass air flow meter.The air flow meter is a vane-type meter, which uses the force
of the incoming air to move a flap through a defined angle.The angular movement is con-
verted by a potentiometer to a voltage ratio. The air flow meter requires an air inlet tem-
perature sensor to correct for air density changes.The air mass flow meter measures the air
mass directly by hot-wire or hot-film element. As the inlet air flow passes the heated ele-
ment, a bridge circuit keeps the element at a constant temperature above the inlet temper-
ature. The heating current required by the bridge circuit to maintain the element at a
constant temperature is measured and converted to an air density value,

The aircharge can also be measured indirectly by measuring the inlet air temperatureintake
manifold pressure, and engine RPM and then calculating the air charge (see Sec.12.2.1 for fur-
ther discussion on the calculation method which is called speed densityair measurement).
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FIGURE 1216 Schemac of a pulsed fct injectuon systern: fuel tank (1),electric fuel pump (2fuel filter (3)
ECU (4)injector (5).fueldistributor (6), fuel pressure regulator (7)intakeplenum 8)throttle valve switch (9)
hot-wire massairflow5esor(0).ambda sensor(11)coolant temperaturesensor(12).ignitiondistributor(13)
idle speed actuator (14).battery (15), and ignition switch (16)

Fuelimetering The fuel supply systemincludes an electric fuel pump, fuel filter, fuel rail
pressure regulator, and solenoid-operated injectors.The fuel pump provides more fuel than
the maximum required by the engine. Fuel not used by the engine is returned to the fuel
tank.The fuel rail supplies all injectors with an equal quantity of fuel and ensures the same
fuel pressure at all injectors.

The pressure regulator keeps the pressure differential across the injectors constant.It
contains a diaphragm that has intake manifold pressure on oneside and fuel rail pressure
on the other.Normally, it is mounted at the outlet end of the fuel rail.The diaphragm oper-
ates a valve which opens at a differential pressure between 2.0 and 3.5 bar and allows excess
fuel to return to the fuel tank.

The fuel injectors are solenoid-operated valves that are 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 cylinder,

In addition, some systems also use a separate cold-start injector mounted in the intake
manifold just downstreamof the throttle valve.Thisinjector ensures good fuelvaporization
during cold-start and supplies the additional enrichment needed to start the cold engine.
Control of the cold-start valve is either by the ECU directly or in conjunction with a
thermo-time switch.
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*Lambda clTsed-looprcontro, The lambda sensor signal is processed by the ECUThe ECU
determines the required injector pulse width to maintain the air/fuel ratio within the lambda
control window (see Sec 12.21 for further discussion on lambda closed-loop control)

Adaptaton to operating conditions For cranking, the fuel required is determined by a
data table in the ECU with reference to engine temperature. The ECU then commands a
pulse width for the fuel injectors. The air/Fuel mixture is greatly enriched due to poor fuel
vaporization and wall wetting, which reduces the amount of usable fuel. After start. the fuel
mixture remains rich due to continuing poor air/fuel mixture formation. The amount of
enrichment should be minimized to obtain good emission results.The target is to stay close to
lambda?.) =1.

For acceleration enrichment, the throttle valve position sensor indicates that the throttle
has moved rapidly. The ECU adds a correction factor to increase the pulse width so that a
smooth transition occurs.For decelerationthe 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
idle speed.Since no torque is required under this condition, the ECU provide: no pulse width
to the injectors and they are therefore closed. For full-load enrichment, when necessary, the
ECU can provide an injector pulse width that would result in the enine achieving its maxi-
mum torque (roughly =0.9). Fuel metering during idle is primarily controlled by lambda
closed-loop control when the engine has reached operating temperature.

12.2.5 Ignition Systems

Overview. The purpose of the ignition system in the spark ignition engine is to initiate oni-
bustion of the air/fuel mixture by delivering asparkatpreciselytherightmomentThespark
consists of an electrical are generated across the electrodes of the spark plug.Tvo important
factors for proper ignition are the energy of the spark and the point in the four-stroke cycle
when the spark occurs (ignition timing).

Electrical Energy. The energy required for a spark to ignite an air/fuel mixture at stoi-
chiometry depends on specific engine conditions, If there is insufficient energy available to
ignite the air/fuel mixture. misfiring will occur. Misfiring 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 to ensure ignition even
under adverse conditions.

Some of the conditions that affect ignitability of the air/fuel mixture are fuel atomization.
accessof the mixture tothe spark.spark duration,and spark physical length.Fuel atomizaion
is controlled by the fuel system and the enginedesign. Access to the spark depends on com-
bustion chamber and spark plug design. Spark duration is a function of the ignition ystem,
Spark physical lengthis determined by the spark plug dimensions (gap).

IgnitionTiming. The ignition timing must be selected to meet the following objectives:
maximize engine performance,limit fuel consumption.minimize engine knock,and minimize
exhaust emissions. Unfortunately, all of these objectives cannot be achieved simultaneously
under all operating conditions and compromises must he made.

It is desirablein the SI engine to have ignition of the combustible mixture occur prior to the
piston reaching TDC on the compression stroke to achieve the best engine performance. The
ignition spark must occur early enough to ensure that the peak cylinder combustion pressure
occurs at the correct point afe top dead center (ADC) under all operating conditionv Figure
12.17 is a graph of ignitionangle vs.combustion pressure.The length of the combustion process
from initial ignition to final combustion is approximately 2 ms. This combustion time remains
relatively constant with respect to engine speed. Therefore, as the engine speed increases, the
ignition spark must occur earlier in terms of crankshaft angle to ensure complete combustion.
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FIGURE 12.17 Combustionpressure curve for vari-
ou ignition timing points: correct ignition advance ,
(1.excessive ignition advance Z, (2),andexcessive igni-
ion retard Z (3).

At low engine loads, the lower air charge and the residual gas content, due to valve over-
lap, serve to lengthen the time required for complete combustion. To compensate for this
effect,the ignition timing is advanced at low loads to ensure that complete combustion occurs.

Ignition timing influences exhaust emissions and fuel consumption. With more advanced
timing, the emission of unburned hydrocarbons (HC) and of oxide, of nitrogen (NO,)
increases. Carbon monoxide (CO) emissions are not influenced greatlyby ignition timing.To
achieve improvements in fuel consumption, the air/fuel mixture must be lean.To ensure con-
plete combustion for a lean mixture, the ignition timing must be advanced. However, as pre-
viously stated, advanced timing increases emissions of HC and NO,

Spark Ignition Systems. The eneral configuration of an ignition system consists of the fol-
lowing components: energy storage device, ignition timing mechanism, ignition triggering
mechanism, spark distribution system,and spark plugs and high tension wires.

Inductive ignition systems use an ignition coil as the energy storage deviceThecoilalso
functions as a transformer, boosting the secondary ignition voltage. A typical turns-ratio of
the primary to secondary winding is 1:100. Electrical energy is supplied to the coil's primary
winding from the vehicle electrical system. Before the ignition point the coil is charged dur-
ing the dwell period to its interruption current. Open- or closed-loop dwell angle control
ensures a sufficient interruption current even at high speeds.Sufficient ignition energy at the
interruption current is ensured by an adequate coil design.At the ignition point, the primary
current will be interrupted.The rapid change of the magnetic field induces the secondary volt-
age in the secondary winding. A distribution system assigns the high voltage to the corre-
sponding spark plug.After exceeding the arcing over voltage at the spark plug, the coil willbe
discharged during the spark duration.

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

The spark plugs provide theignition energy via the high-tension wires to the air/fuel mix-
ture in the cylinder to initiate combustion.The voltage required at the spark plug can be more
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than 30 kV Because the spark plug extends into the combustion chamber, it is exposed to
extreme temperature and pressure conditions.Spark plug design and materials are chosen to
ensure long-term operation under tough operating conditions.

A typical spark plug consists of a pair of electrodes, called a center and ground electrode,
separated by a gap.The size of the gap is important and is specified for eachplug type and
engine.The center electrode is electrically connected to the top terminal of the plugwhich is
attached to the high-tension wire.The electrical energy travels through the high-tension wire
to the top terminal and down to the center electrode. The ground electrode is part of the
threaded portion of the spark plug that is installed in the cylinder headThe ground electrode
is at electrical ground potential because the negative terminal of the battery is alsoconnected
to the engine.The spark is produced when the high-voltage pulse travels to the center elec-
trode and jumps the gap to the ground electrode_

Ignition Systen Types Table 12.1 summarizes the various ignition systems used on SI
engines.

-,,3
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FIGURE12.18 Induction-ype puse generator:per-
manent magnet (1), induction winding with core (2),
variable air gap (3), trigger wheel (4,

Coil ignition. Breaker-triggered coil igni-
tionsystems have been replaced by breaker-
less transistorized ignition systerms and are
no longer installed as original equipment.

On breakerless transistorized ignition sys-
tems, the contact breakersfunctton is re-
placed by a magnetic pulse generator. The
pulse generator is installed in the distributor
and turns with the distributor shaft. There
are commonly two types of pulse generators:
induction-type arid Hall-type. Induction-
type pulse generators consist of a stator and
atrigger wheel (Fig. 12.18). The stator con-
sists ofapermanent magnet inductivewind-
ing, and core, and remains fixed. The trigger
wheel teeth correspond to the number of
cylinders, and the trigger wheel turns with
the distributor shaf.The operating principle
is that as the air gap changes htween the
stator and the rotor, the magneticflux
changes.The change in magnetic flux induces
an ac voltage in the inductive winding. The
frequency and magnitude of the alternating
current increases with increasing engine
speed.Theelectronic control unit or trigger
box uses this information to trigger the igni-
tion timing.

TABLE 12.1 Overview of Various Ignition Systems

Igoition designation

Capacitor Electronic Electronic
Transistorized discharge systemwith distribuiorkess

Ignition function Coil system coilsystem system distributor system

Ignition triggering Mechanical Electronic Electronic Ellectronic Eleeonic
Ignition timing Mechanical Mechanical Electronic Electronic Electronic
High-voltage generation Inductive Inductive Capacitive Inductive Inductive
Sparkdistributiontoappropriatecylinder Mechanical Mechanical Mechanical Mechanical Electronic
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1 23 Hall-type pulse generators utilize the Hatil
effect (Fig. 12.19). As the distri
turns, the vanes of the rotor move thrugh
the air gap of the magneic barrierWhen
vane isnot in front o the Hall IC the sensor
is subjcted to a manetic field.The magnetic

--V D `U( flux density ishigh atd thus the voltage Uo is
at a maximum,. As oon as the rotor vane
enters the air gap, the magnetic flux runs

4 2 through the vane aea and is largely pre-
vented from reaching the Hall layer.The volt-
age U is at a minimumm.The resulting pulseS
switch the primary current off and on,

The distributor disburses the ignition
pulses to thespark pla gs via the high-tension

2 wiresinspecific It also adjusts the
ignition timing bym ns of spark advance
mechanisms The distributor rotor is turned
by the engine at one-half the crankshaft
speed.The electrical energy is led to the cen-
ter of the rotor. WAhile the rotor turns. the;

Time rotor electrode aligns with the outer Lec-
trodes that are connected to the high-in

FIGURE 12.19 Hill-type pulse generator vane (1), wires. One outer electrode and
sof magnetic conducive elements( 2), Hall IC 3), wire connection exists for each Linder,and airrap.UG)-Halisensor voltage~ Whealgnenand iT apX6i-I11 14).When alignmentl occurs between the cent~er

and outer electrode, the spark is distibuted
to that particular cylinder.

The spark advance mechanisms advance the ignition timing by rotating the distributor
plate relative to the distributor shaft. The centrifugal advance increases the spark advance
with increasingengine speed The vacuum advance,using intake manifold vacuum, increases
the spark advance at low engine speeds.

Capacitor dischaige igntion sstem. The capacitive discharge system differs from the
coil-type ignition systems previously discussed.Ignition energy is storedintheelectricalfield
of a capacitor. Capacitance and chargevoltage of the capacitor determine the amount of
energy that isstoredThe ignition transformerconverts the primary voltage discharged from
the capacitor to the required high voltage.

Electronic ignition-withdisributor Electronic ignition calculates the ignition timing elec-
tronically (Fig. 12.20).This replaces the function of the centrifugal advance and vacuum
advance in the distributor discussed on the previous coil ignition svstems. Because the ignition
timing is not limited by mechanical devicesthe optimal timing can bchosen for each engine
operating point. Figure 1221 is a comparison of an ignition map from mechanical advance
system and a map of an electronically optimized system. Also,additionainfluences such as
engine knock detection can be used to modify the ignition timing.The engine speed input and
crankshaft position input can be obtained from a sensormounted near the crankshaft.Preci-
sion is improved over using thedistributor-mounted trigger.This input is provided to the elec-
tronic control unit (ECU) along with te engine temperature and engine load. The ECU
referencesdata tables to determine the optimal spark advancefor each engine operating con-
dition. Additional corrections to the spark timing, such as for EGR rsage or knock sensor
detection,are made in the ECU.

Electronic ignition-distributorless On distributoriess ignition systems, the high voltage
distribution is accomplished by using either single or double spark ignition coils.ignition tim-
ing is determined by the ECU, as discussed for electronic ignition with distributor. For the
double spark ignition coils, one coil exists for two corresponding cylinders Two high-tension
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FIGURE 12.20 Schematic of an electronic ignilion syste Mwith distributor: ignition coil (1),high-voitage distributnr (2),spark
piug (3),ECi (4).coolant temperature sensor (5), knock sensor(6), engine speed and crankshaft reference sensor (7),sensor whel

).ihrole valve(9).batery(10),andignition switch (11).

wires are routed from each coil to two cylinders, which arc 36" (out of phase. When the coil
output stage is triggered via the ECU, a spark is deliveredt bothcylinders One cylinder will
be on the compression stroke, the other on the exhauststroke. Becausebothcylinders are
fired together, for a given crankshaft rotationone will a ways beonthe compression stroke
and the other on the exhaust stroke.Therefore, there is no need to know which cylinder is
compressing the ignitable mixture.

On single spark ignition coilsone coil exists for each cylinder. Each coil triggers onlyonce
during the four-stroke cycle. Because of this, it must be known which cylinder is on the com-
pression stroke. Synchronization with the camshaft must occur. The information needed on
camshaft position is supplied by a phase sensor mounted on the camshaft.

12.3 COMPRESSION IGNITION ENGINES

12.3.1 Engine Control Functions

Elcroncenine controls are now bein used on compessiorigntion (diesel)engines
These contios offer greater precision and control offuel injection quantityaiming.engine
speed EGR turbocharger boost pressure and auxiliary starting devicesThe followinginputs
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FIGURE 12.21 inition timing maps: electronically optimized (above) and
mechanical advance system (below).

are used to prolide the ECU ith information on current engineoperating conditions: engine
speed; accelerator position; engincoolant, fuel, and inlet air temperatures; turbocharger
boost pressurev\ehicle speedcontrol rackorcontrol collar position (forcontrolof fuel quan-
Wti);and amospheic presure.iure12.22 is a schematic of an electronic engine control sys-
tern on an in-ine desl uel injeconn pump application.

Fuel Quantity and Timing The fuel quantity alone controls a compression ignition
engine's speed and load.The intake air is notthrottled as in a spark ignition engine.The quan-
tity of fuel to be delivered is changed by increasing ordereasing the length of fuel delivery
time per injection. On the injection pump, te delivery timeiscontrolled by the position of the
control rack on in-line pumps and the position of the control collar on distributor-type pumps.
AnECU-ontrolled actuator IS used to move the control rack or the collar to increaseor
decrease the fuel delivery time- The ECU determines the correct length of delivery time
(expressedas a function of control rack or collar position) using perfarmance maps based on
engine speed and calculated fuel quantity Corrections and/or limitations as functions of
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FIGURE 1222 Electronic enginecfor in- ninonpump:control Track (1), actuator (2),
carnshaft (3), engine speed sensor (4). ECU (5) Input/output: redundant fuel shutoff (a),boost pressure (h),
vehicle speed (c) temperature-waterair,el(dlintervention ininjection fuel quantity (e),speed (f),contro
rack position (g), solenoidposition(WI), fuel consumption andengine speeddisplay (i).systemdiagnosisinfor-
mation (k),(acceleratorposition(),presetspeed(mandclutchbrakes,enginebrake(n).

engine speed, temperatureand turbocharger boost pressure are used to modify the delivery
lime.In addition, the control rack or collar actuator contains a position sensor that provides
feedback to the ECU on controller position. If the requested position differs from the corn-
rnandd positionthe ECU continues to move the controller via the actuator until the com-
manded and actual position are the same.

Tie start of injection time of the fuel at the cylinder 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.
Because this time remains a constant, at increasing engine speed the delivery of fuel at the
cylinder would be delayed with reference to crankshaft angle. Therefore, the timing at the
injection pump must be advanced with increasing engine speed so that the start of injection
occursat te samecrankshat angle at higher engine speeds. Selection of injection timing has
a large impacton exhaustemissions and engine noise. Delaying the start of injection reduces
NO, emissions, iut excessive delay increases HCs in the exhaust.A4 1F deviation in injection
timing can increase NO, enissions by 5 percent and HC emission. by as much as 15 percent.
Threoreprcis contro of the tart of injection is essential.

Although many systems usn mechanicml dcvices ltocontrol injection timing,electronic con-
trol of injection timing is being used on some pump typesThe advcntage of electronic control
is that a sophisticated timing data map can be used that provides the best injection timing for
exhaust emissions under various operating conditions.On electronic control systems.the start
of injection is monitored at the injector nozzle by a needle-motion sensor.The ECU uses this
information to determine' nd control the injection timing.The timing is then modified by con-
trol of a pulse-width modulated solenoid valve. The valve varies he pressure exerted on the
spring-loaded timing device plunger.The plunger rotates the pump's collar ring (for distribu-
tor type pumps) in the opposite direction of the pump's rotation which advances the timing.
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Speed Control. As was mentioned previously, for a Cl engine, fuel quantity alone controls
the engine's speed and load, Therefore, presuming adequate injected fuel quantity, an
unloaded Cl engine can speed up out ofoontrol and destroy itself.Because of this,a governor
is required to limit the engines maximum speed. In addition, governors are also used for low
idle and cruise control to maintain a constant engine or ehiespeed and meter the correct
fuel for cold-starting. Fuel is also controlled as a function of speed and boostpressure to limit
smoke levels,engine torqueand exhaust gas temperatures.On an electronically controlled Cl
engine, the governor's functions are controlled by the fuel delivery system described previ-
ously. Engine speed is provided by an RPM sensor thatmonitors the periods of angular seg-
mentsbetweenthereferencemarksontheengine's flywheel or in the in-line injeclionpump.

EGR Control, Rerouting of exhaust gases into the intakeair stream is known as exhaustgas
recirculation (EGR). Rreduces the amount of oxygen in the fresh intake ciarge while
increasing its specific heat This lowers combustion temperatures and results in lower NO,
emissions. However, excessive amounts of FGR result in higher emissions of sootl (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 operation, full-load operation, and at idle. It
is best, therefore to control the EGR valve wihthe ECU.80th pneumatically conLrolled and
solenoid-controlled EGR valves are in use.The ECU determines when and how much EGR
will occur based on engine temperature and accelerator position.

Turbocharger Boost Pressure Control. Engines that have turbochargers benefit signifi-
cantly from electronic boost pressure control. If only a pneumatic-mechanical wastegate is
used,onlyone boost pressure point for the entire operating range is ued todivert the exhaust
gas away from the turbine side of the turbocharger. This creates a compromise for part-load
conditions becauseallthe exhaust gases must pass the turbine.The result is increased exhaust
backpressure,more turbocharger work,nore residual exhaust gas in the cylinders,and higher
charge air temperatures.

By controlling the wastegate with a pulse-width-modulated solenoid valve, the wastegate
can be opened at different pressures depending on the engine operatingconditions.There-
fore, only the level of air charge pressure required is developed. The electronic control unit
uses information on engine speed and accelerator position to referencea data table and the
proper boost pressure (actually, dutycycle of the control valve) is celermined. On systems
using intake manifold pressure sensors, a closed-loop control system can be developed to
compare the specified value with the measured value

GlowPlugControl Electronic control of the glow plug duration can be handled by the ECU
or a separate 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 that theengine cn 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 ove-ride is also used.

12.3.2 Fuel Delivery Systems

The diesel fuel delivery system comprisesa low- and high-pressure side On the low-pressure
side is the fuel tank, fuel filter, fuel supply pump, overiow valve, and fuel supplylines. The
big-pressursideis initiated in the plunger and ,rrela'semly and continus through the
delivery valve, high-pressure injectionlines, and injectionnozzle

The fuel injection pump must deliver fuel at aprssre between 350 and 1200 bar, depend-
ing on the engine's combustion conficuration-The quantity and timing of injection must be
precisely controlled to achieve good mixture quality and to minimize exhaust emissions.
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FuelInjectionProcess. An engine-driven camshaft (in-line pump) or cam plate (distributor
pump) drives the injection pump's plunger in the supply direction, creating pressure in the
high-pressure galerylThedelivery valve responds to the increase inpressure by opening.This
sends a pressure wave to te injection nozzle at the speed of sound. The needle valve in the
nozzle overcomes the spring force of the injection 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
cornbustion chamber. The injection process ends with the opening of the spill port in the
plunger and barrel assembly.This causes the pressurein 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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CHAPTER 13
TRANSMISSION CONTROL

Kurt Neuffer, Wolfgang Bullmer, and Werner Brehrn
Robert Bosch GmbH

13.1 INTRODUCTION

In North America and Japan.SO to90 percent ofill passenger cars so d have automatic trans-
missions (As), but in Europe nly 10 to 15 percent of passenger cars sold have Al's. There
are two main reasons for the difference. in Europedrivers tend to view Alscompared to
manual transmissions, as detrimental todriveabilty and responsiblefor a somewhathigher (
fuel consumption But implementation ofelectronic control concepts has invalidated both of
those arguments.

Since the introduction of electronic transmission controls units (ICUs) in theealy 180s
by Renault and BMX (together with a four-speed transnission from Zahnrfabrik
Friedrichshafenor ZF),the aeptanceof the AT rose steep even in Europe For this rea-
son, all new ATs are designed with electronic control. The market for ATs is divided into
stepped and continuoulyi aible transmissions (CV'Fs) For both types the driver gets many
advantages. In stepped transmissions, the smooth shifts can be optim zed by the reduction of
engine torque during gearshift combined with thec orrectly matched oil presurefor the fric-
tion elements (clutches, brake ands).Te reduction of shift shocks to aver low even to
an unnoticeable level has allowed the design of five-speed ATs wher a slightly higher num-
ber of gears hiftsoccur In today's standard sstems,the driver can choose betceen sport and
economic drive programs by operating a selecior switch. In highly sophisticated newer sys-
tems, the selection can be replaced by the self-adaptationof shift strategies, This leads not
only to better driveability but also o significant reductio in fuel consumption.Addition-
ally.a well-matched electoniccontrol of the torque conerter lockup helps to improve the
yield of ihe overall system. Both automotive and transmission manufacturers benefit from the
reduced expense resulting from the application of differentcareni ecombinations. Differ-
ent shift chartLeristics are eas to implement in softwae, and much adaptation can he
achieved by daac hange, leaving the transmission hardware and lCL unchanged.The reduc-
tion power loses in frictionements increass the l eipect me and enables the opi-
mization of transmission hrdare design.

With theC oneofthebiggest obstacles to the potential reductlon in fuel consumption
by operating the engine at itsoptimal working point is the power loss from the transmission s
oil pump. Only with electroniccontrol isit possible to achieve the required ield by matcing
the oil mass-stream and oil pressure for the pulleys to the actual working conditions.

To guarantee the overall coonomic solution for an electronically contolled transmission.
either stepped or CVl the ilability of preision electrohydraulic actuators isimperative.

13.1
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13.2 SYSTEM COMPONENTS

The components of an electronic transmission control system are a transmission which is
adapted to the electronic control requirements and an electronic control unit with corre-
spondig inputs and outputs and attached sensor elements.

13.2.1 Transmission

The greatest share of electroically controlled Iransnissions currently on the market consists
of four- or five-speed units with at forqu converter lockup clutchcommanded by the control
unit.Market share for five-speed transmissions is continuously increasing.With electronically
controlled transmissions there are numerouspossibilitiesto ,ubstitute mechanical and
hydraulic components with electromechanicalor electrhydrui components. One basic
method istosubstitute only the shift pointcontrolIn acnventiona pure hydraulic AT, the
gear shifts are carried out by niechanical and hydraulic components. These are controlled by
a centrifugal governor tha(detects the vehicle speed,and a wirec bte connected to the throt-
lI plate lever. With an electronic shift point control, on the other hand, an electronic control
unit detects and controls the relevant components. In the transmission's hydraulic control
unit.mehanical and hydraulic components arereplaced by electrohydraulic controlling ele-
ments, usually in the form of elechohydraulic on/off solenoids. This way the number of
solenoidsas well as the control logic,an be varied over a wide range. For examplef or acih
gear, one specific soleniad can operate the relevant clutch for this gear shift. Alternatively
there can be one solenoid for each gear changewhich is switchec. corresponding to the shift
command.In this wayonly three solenoids are required in a four-speed transmission, In some
current designs. the gears are controlled by alogical combination of solenoid states. This
design needs only two gear-controlling solentids for a four-speed transmission. For five-speed
applicationsaccordingly,three solenoids are required (Table 13.11

TABLE 13.1 Example of a Gear-Solenoid Combination for a Five-Speed
Trnsmiision Application

Solenoid 1 Solenoid 2 Solenoid 3
1st gear on on on
2nd gear on on off
3rd gear on off off
4th gear off off off
5th gear off on off

The hydraulic pressure is controlled in this basic application by a hydraulic proportional
valve which is, in turncontrolled by a wire cable connected to the throttle plate leverWith
this design, the shift points can be determined by the electronic TCU,resulting in a wide range
of freely selectable driving behaviors regarding the shift points, .Iis 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 with an interface to the electronic engine
management.This way, the engine output torque is influenced during gear shifting.A system-
aticwide-range controlof thehydraulic pressure during and afte. the gear shift necessitates
thereplacement of the hydraulic pressure governor with an electronically controlled
hydraulicsolenoid. This design allows the use of either a pulse-width-modulated (PWM)
solenoid or a pressure regulator. The choice of which type of pressure control solenoid to
use results from the requirements concerning shift comfort unde all driving conditions. For
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