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Controland Changing Pressure Drop

da valve's duty cycle increases so that it is

pi te lam rning more fuel to the tank, lower-

,11 a__r_ is reduced. The differential-pressure valve

p rec afurther, reducing upper-chamber pressure.

d thepressure drop at each metering slit and

fwsthrough the slits for any given plunger lift. In

greater the duty cycle, the richer the mixture.

eher hand, reduced duty cycle means less fuel

e rom the lower chamber; that increases chamber

r anddecreases deflection of the diaphragm. This

,p aeressure drop and fuel flow at the slits. So, less

means a leaner mixture. See Fig. 5-8.

Lambda Closed-Loop Control

contrl of enrichment of the basic mixture by the

,ontrol system is closed-loop, based on the signal

, lambda sensor. The control system continuously
s the air-fuel mixture for a given plunger lift so that the

is held near the ideal, stoichiometric ratio necessary for
c converter operation.

xhaust gas passes the lambda sensor, oxygen-content
are sent to the lambda control unit. The control unit

)s the duty cycle of the lambda-control valve to change
redrop at the slits and adjust the mixture. The resulting

in exhaust-gas oxygen content changes the lambda-
s gnal. The control unit senses the change and contin-
changes the duty cycle of the lambda valve. The cycle
inuous. See Fig. 5-9.

oxygen content of the exhaust is continuously chang-
the lambda-control system averages to achieve the

axture, It tends to correct to either side of the stoichlo-
ratio, but always in a very narrow range. For more on
00 systems and the operation of the lambda sensor,

apter 3.

Lambda Thermoswitch
ause lambda sensor operation depends on high tem-
e, the system operates open-loop before the sensor
up. This can cause driveability problems and increased
t emissions dueto imprecise mixture control. To correct
my cars have a lambda thermoswitch, located in the
(or on the cylinder head of air-cooled Porsches) to give

utolunit an additional input and insure proper fuel
11 during engine warm-up.

'n the engine is cold, the thermoswitch is closed. The
ntsends a fixed, slightly-rich duty-cyde signal of 60%
mbda control valve. When the thermoswitch warms

toopen, the control unit sends a fixed middle signal,
ty cycle. When the lambda sensor reaches operating
tureso its signals are valid, the control unit switches to

closed-loop operation. Remember, in closed-loop the duty-
cycle signals are constantly changing, cycling back-and-forth
between about 45% and 55%, so that the air-fuel ratio is
maintained near stoichiometric; lambda (k) = one.

More fuel
to injector

ldcreased pressure drop,
and decreased fuel flow

Fuel -
inlet

Highrgm Loer

pressure
Lambda valve
open ues time
(encreased duty ro

ae fuel returned

to tankto

tomuerepasteopeneingolalvedec repesfe

chmerpesadicrease s pressure drop

tom:decesdoeigoav decreases fuel o

return, increases lower andHupperchamberpres-
sure, and decreases pressuredropandfueldel -

ery at slits, leaning the mixture. Note that fuel is
meteredattheslits,notatthediaphragrr
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Exhaust _

Engine agas Lambda Catalyst
sensor

Mixture

Mixture Lambda,
control control
unit unit

Air Fuel

Fig. 5-9. When K-lambda operates closed-loop, the lambda
sensor in the exhaust signals oxygen content to the
lambda control unit, Signals to the lambda valve on
the mixture-control unit change the air-fuel ratio to
achieve stoithiometic mixture as burned in the
engine.

5.3 KE Systems-Changing Pressure Drop
The KE control system adjusts the basic air-fuel mixture in

only one way, by changing pressure drop at the control-
plunger slits. KE systems do not have a control-pressure reg-
ulator or lambda-control valve. Instead, these controls are re-
placed by the KE control system-a series of sensors similar to
those used in pulsed fuel injection, a control unit to monitor
those sensors, and a pressure actuator on the fuel distributor,
operated by the control unit.

For any given air flow, slit size in KE systems is governed
only by the basic fuel metering- by the lift of the sensor plate.
The KE control system changes pressures in the chambers of
the differential-pressure valves, and therefore pressure-drop at
the slits, to handle all adjustments to the basic air-fuel mixture
to compensate for warm-up, emission control demands, and all
other operating conditions.

On KE systems, the counterforce on the plunger that bal-
ances the air-flow force is system pressure, which is constant.
So for any given air flow, plunger lift and slit size is constant.
See Fig. 5-10. That's in contrast to K-basic and K-lambda,
where reducing control pressure allows the plunger to rise
further for a given air flow, increasing slit size to increase fuel
delivery.

KE Differential-Pressure Valves and Separate Fuel
Flows

In order to achieve more accurate pressure control by the
KE control system, there are two fuel flow paths into the
chambers of the differential-pressure valves. See Fig. 5-11. In
one path, fuel enters the control-plunger barrel at system
pressure. it then flows through each slit into each separate
upper chamber at reduced pressure, and out to the injectors.
I'll call this injector fuel. The basic rate of injector fuel flow is
determined by the lift of the control plunger by the air-flow
sensor, just as in the other systems.

Control Systems

In the other path, fuel at system pressure first flowsomething called the pressure actuator. Fuel then flow, atreduced pressure through the lower chambers and a restrictand back to the fuel tank. I'll call this actuator fuel. Theix
restrictor controls the rate of flow out of the lower chame
The variable pressure actuator controls the amount of
throughflow passing into the lower chambers, and thereorecontrols lower-chamber pressure and pressure drop at theslits. The operation of this control system is in addition to thebasic fuel metering of the control plunger

Fig. 5-10. KE meters with constant system pressure on the
control plunger, sofor anygivenairflow plunger lift
is constant and slit size stays the same,

Injector fuel Actuator fuel

Diaphragm

Control unit
connector

Sr

Pressure
Actuator fuel actuator B206CISBCH

Fig. 5-11. KE injected fuel flow through each upper chamber
is separated from actuator fuel flow below the
diaphragm, which is spring loaded from below. KE
actuator fuel flows continuously through the lower
chambers. This throughflow is controlled by the
pressure actuator.

from control-pressure
regulatorrn

S208CIS.BcHfrom Fuel pump
KE: System pressure

b

K: Control I., assure
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KEDifferential Pressure and Pressure Drop

In KE systems, the pressure drop at the slits, and therefore

djstnent of the basic fuel metering, is controlled by the

pressure drop at the entrance to the pressure actuator. This is

pre known as the Differential Pressure, the difference between

actuator fuel pressure in the lower chambers and system

pressure entering the pressure actuator.

The differential pressure directly affects the deflection of the

differential-pressure valve diaphragms and so controls the

pressure drop at the slits. Remember, by changing the pres-

sure drop at the metering slits of the control plunger, fuel flow

is changed for a given air flow and slit size.

The differential pressure is controlled by changing the flow

of actuator fuel through the lower chambers. This control of

throughflow is by the pressure actuator at its inlet. See Fig.
5-12.

IF, -!i-or E~l IPressure drop causedl-
Intolf here by position of M

actuator plate

Actuator fuel

pulls the plate closer to the inlet. This reduces the flow and
pressure of the actuator fuel in the lower chambers, changing
the differential pressure. The actuator plate valve is controlled
by the electronic control unit, as you'll see later. The valve is
very small so that it can move rapidly in response to changing
engine conditions.

Fig. 5-13. KE pressure actuator controls mixture by control-
ling flow of actuator fuel through the lower
chambers.

Fuel outlet

B183bCIS.BCH (to lower chambers of
fuel distributor)

Fig. 5-12. In KE systems, pressure drop at the slits is related
through the diaphragm to pressure in the lower
chamber. The differential pressure-the differ-
ence between system pressure and lower-
chamber pressure-determines the pressure
drop. Pressure drop at the slits is differential pres-
sure minus 0.2 bar upward spring pressure.

Pressure Actuator

The pressure actuator is part of the mixture-control unit that
Controls actuator fuel flow through the lowerchambers. Forany
given air flow and its related control-plunger slit opening, the
actuator compensates the mixture by changing actuator fuel
flowto change the differential pressure. The actuator is shown
mounted on the fuel distributor in Fig. 5-13.

ActUator plate

a
I

Fig. 5-14. KE pressure-actuator plate valve controls tuel flow
through pressure actuator.

The key to the operation of the pressure actuator is the small
Plate valve that controls fuel throughflow. See Fig. 5-14. A small
electromagnet causes the plate to move closer to or farther
away from the fuel inlet to the actuator. For example, fuel flows
to the actuator inlet at system pressure. Increased current flowthrough the electromagnet increases the magnetic force and

Control Systems
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Pressure Actuator and Mixture Adjustment

Fig. 5-15 shows the relationship of differential pressure and
pressure drop at the metering slits and how it affects basic fuel
metering. When the plate is closer to the actuator inlet it
restricts the flow of actuator fuel. Differential pressure increases
and the diaphragms deflect further. This increases the pres-
sure drop at the control-plunger slits and increases the flow of
injector fuel for a given plunger lift. When the plate is further
away from the inlet the differential pressure is less so the
diaphragms deflect less. This decreases pressure drop at the
slits and reduces the flow of injector fuel for a given plunger lift

You can think of the pressure function of the actuator this
way: Pressure drop at the metering slits is equal to systern
pressure minus upper-chamber pressure. Upper-chamber
pressure is equal to system pressure plus the 0.2 bar springpressure, minus the differential pressure. See Fig. 5-16. R
member, differential pressure is the difference between system
pressure and pressure in the lower chambers controlled by the
pressure actuator. As you'll see in chapter 6, you can't test
differential pressure directly. You have to first measure system
pressure and then subtract measured lower-chamber pressure
to get the differential,

0.2bar pressure 4.8 bar
drop at slits upper-chamber

pressure

4.6 bar
lower-chamber
pressure

5.0 bar . il fer
system
pressure

5 0 bar system pressure

B183cis BCH

12 bar pressure 3.8 bar
drop at slits upper-chamber

pressure

3.6 bar
lower-chamber
fressure

X

F5
5.0 ba -1 4 bar differentialpressure
system
pressure 1 -

5 0 bar system pressure

Fig. 5-15. Pressures in the KE differential-pressure valve
chambers compared to differential pressure. Top:
With little deflection of actuator plate differential
pressure is low. Actuator fuel flow increases to
increase upper-chamber pressure. Pressure drop
at the slits drops, restricting the flow of injector
fuel. Bottom: On the other hand, increased mag-
netic force increases differential pressure, in-
creases pressure drop at slits, and increases fuel
flow.

Control Systems

System pressure plus
0.2 bar spring force,
minus lower-chamber
pressure

Spring pushes up
with 0.2 bar (3 psi) force

Pressure drop at
slits equals system
pressure minus upper-
chamber pressure

ystem
pressure

ystem pressure minus
pressure drop at
pressure-actuator valve

Fig. 5-16. Relationship of pressures in KE differential-
pressure valves

Control Unit and Sensors

The amount of current supplied to the pressure-actuator
electromagnet for mixture control is determined by the KE
control unit. To determine the correct current, the control unit
depends on inputs from sensors much like those used on
pulsed systems. See Fig. 5-17. These inputs include those
from the ignition circuit for engine-speed, the lambda sensor,
the engine-temperature sensor, the intake-air temperature sen-
sor (on Mercedes-Benz, beginning 1986), the sensor-plate
potentiometer for acceleration, and the throttle switch for
closed and wide-open throttle indications. Control-unit outputs
include the pressure-actuator signal and, on some models,
signals to an idle-speed stabilizer.

I )
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Control
Distnbutor unit

1 - 1 J+;

Pressure
actuator

ISensor-plate
potentiometer

-__
B223CISBCH

Fig. 5-17. Most KE inputs to control unit are similar to those
of pulsed systems. Sensor-plate potentiometer is
unique to KE, operating something like a throttle-
position sensor. For more information see 6.
Functions and Compensation.

Actuator Current, Pressures, and Air-Fuel Ratios

When troubleshooting, a digital meter can be used to mea-
sure the control-unit actuator current. It's very small, measured
in milliamps (mA), so be aware that small milliamp currents are
affected by oxidation on connectors. The connectors must
remain clean and must not be bent by probes inserted to read
small currents. The following are some examples of how the
control current relates to pressure-actuator mixture adjustment.

For typical warm-engine operation, current flow is about 10
mA. If you remember the discussion above, this causes a small
deflection of the plate valve for a small difference between
system pressure and lower-chamber pressure. The differential
on a fuel gauge would be about 0.4 bar. Pressure drop and
injector fuel flow at the slits is normal.

To lean the mixture, the plate is allowed to move away as the
current is reduced, to perhaps only 1 mA. The differential
pressure falls to only 0.2 bar, so injector fuel decreases.

To enrich the mixture, as in engine warm-up, the plate is
Pulled closer with more current, say 70 mA. Differential pres-
sure increases to 1 bar, so injector fuel increases. More actu-
ator current means more differential pressure, more deflection

of the differential-pressure valve diaphragms, and more pres-
sure drop at the metering slits, so more fuel is injected. When
you've got that, you've got the basic idea of the KE-Jetronic
control system's adjustment of the basic fuel mixture,

The graph shown in Fig. 5-18 looks complicated, but a
moment of study will give you a good summary of actuator
current as it affects the air-fuel ratio. This typical curvedoesnot
apply to any specific car.

On the baseline, read the pressure-actuator current in mil-
liamps (mA). On the left, one vertical scale shows the pressure
drop at the slit: the difference between system pressure and
upper-chamber pressure. The other vertical scale shows the
specified differential-pressure, the difference between system
pressure and lower-chamber pressure. These numbers are 0.2
bar higher than corresponding pressure drop numbers, the
result of the 0.2 bar pressure from the spring in the lower
chamber.

The right column shows the corresponding air-fuel ratios.
Follow the curved line to see how changing pressure-actuator
current changes the air-fuel ratio.

Control Systems
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Pressure (In bar)

Spring pressure (0.2 bar)
Pressure drop Post Start

I-4--- (System pressure minus upper-chamber pressure 6:1
1.0 12 the force that controls amount of fuel injected)

Warmrupl

Differential pressure Cold acceleration
0.5 0.7 (System pressure minus lower- 8

chamber pressure-
specified diff pressure)

Air
fuel
ratio 10:1

Rich 12:1
stop

Closed-loop
fluctuation Ideal-stoichiometric 14:1

0.2 0.4 -14:7
IAltitude Open-loop-fixed at sea level

/ compensation

4-. Denver 16:1

On the baseline, read the pressure-actuator current in milliamps (mA).
On the left, one vertical scale shows the pressure drop at the slit: the 18:1
difference between system pressure and upper-chamber pressure.
The other vertical scale shows the specified differential-pressure, the
difference between system pressure and lower-chamber pressure.
These numbers are 0.2 bar higher than corresponding pressure drop
numbers, the result of the 0.2 bar pressure from the spring in the lower

Lean -Ump home chamber. 20:1
stop The right column shows the corresponding air-fuel ratios. Follow the

curved line to see how changing pressure-actuator current changes
the air-fuel ratio.

Cut-off

Actuator current mA

-20 0 +20 +40 +60 +80 +100 +120 +140

BI8101S.BCH
Fig. 518. KE actuator current changes typical pressure

drop at the slits, and therefore the differential
pressure (system pressure minus lower-chamber
pressure) and the air-fuel ratio. Notice small
closed-loop fluctuation around stoichiometric air-
fuel ratio at 8-12mA, and the limp-home setting at
lean stop. Those values do not apply to any spe-
cific car.
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Limp-Home Mode

The actuator plate Is designed to rest at a "limp-home"

position if the control-unit current is interrupted. The engine will

continue to run, but slightly leaner than normal since the

actuator current is not fine-tuning the mixture. In this circum-

stance, mixture is determined solely by the basic mechanical

meterIng of the air-flow sensor and control plunger. The un-

controlled plate in the pressure actuator allows just enough
pressure drop at the slits to keep a warm engine running. The

engine may not start, but if it's running, It will get you home. You

can simulate the limp-home condition on a running warm

engine by disconnecting the pressure-actuator connector.

Logic Circuits

Beginning in 1986, some KE systems have logic circuits In
thecontrol unitwhich help itto recognize and ignoreerroneous
signals. The computer recognizes rapid changes In Input from
some sensors as improper and switches to pre-programmed
outputs. For example, the coolant temperature signal does not
normally change rapidly. It it does, the computer interprets this
as a short or an open circuit, and switches to a predetermined
value associated with a warm engine. Because this capability is
so new and so vehicle-specific, refer to your car service manual
for more information.

5.4 Summary of Control Systems: K-Basic,
K-Lambda, KE

Now that I've discussed how the control systems of the
three types of continuous fuel injection fine-tune the basic fuel

metering of the air-flow sensor and control plunger, I'll sum-
marize these systems according to the two important factors:
changing control-plunger slit size for a given air flow, and
changing pressure drop at the slits for a given plunger lift. In all
cases, pressure drop at the slits is the difference between
system pressure inside the slit and upper-chamber pressure in
the differential-pressure valves.

In all three types of continuous systems, the air-flow sensor
and the control plunger meter the basic amount of proportional
fuel to match the air flow. The control systems then manipulate
pressures in the system to adjust the basic air-fuel mixture to
compensate for different operating conditions. Refer to Fig.
5-19 on the next page for comparison of the manipulation of
pressures in the differential-pressure valves of the three sys-
tems. Note that the following control descriptions are not for
any specific air flow or operating condition.

Table b illustrates these comparisons with numbers. The
table uses the same system pressure of 5.0 bar (73 psi) for
clarity, but be aware that system pressures do vary.

K-Basic

K-basic systems increase fuel delivery to enrich the mixture
for a given air flow by reducing counterforce on the plunger,
allowing itto rise higher. When the engine is cold, the control-
pressure regulator opens more and increases return flow from
the control-pressure circuit. This reduces control-pressure
counterforce and the plunger rises higher for the same air-flow
force. A larger portion of the plunger slit is exposed and fuel
flow to the injectors increases.

Table b. CIS Upper-Chamber and Lower-Chamber Pressures

System presure Lower-chamber
pressure

5.0 bar (73 psi) |5.0 bar (73 psi)

5.0 bar (73 psi)
minus reduction
caused by retum of
fuel at lambda valve

5.0 bar (73 ps)
minus reduction
caused by pressure
actuator

Upper-chamber
pressure

4.9 bar (71.5 psi)
(lower-chamber
pressure minus 0.1
bar (1.5 psi) spring
pressure

Lower-chamber
pressure minus 0.1
bar (1.5 psi) spring
pressure

5.0 bar (73 psi)
plus 0.2 bar (3 psi)
spring pressure,
minus differential
pressure (difference
between system
pressure and
lower-chamber
pressure)

Pressure drop at
sIl (system
pressure minus
upper-chamber
pressure)

0.1 bar (1.5 psI)

Varies: 0.1 bar (1.5
psi)
plus the reduction In
lower-chamber
pressure

Varies:
differential pressure
minus 0.2 bar (3
psi) lower spring
force

Enrichment
method

Increase slit size
(by reducing control
pressure)

Increase silt size (by
control pressure),
increase pressure
drop (by lambda
valve)

Increase pressure
drop (by pressure
actuator)

L_________________________________________ ________________________________________

Control Systems
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K-Basic

K-Lambda

KE

U

I
5.0 bar (73 psi)

5.0 bar (73 psi)
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Pressure drop at the metering slits of the control plunger is
a constant 0.1 bar (1,5 psi), maintained by the spring in the
upper chamber pressing down on the diaphragm of the
differential-pressure valve. Each flexible diaphragm of the
differential-pressure valves moves with a change in fuel flow, so
upper-chamber pressure is always 0.1 bar less than system
pressure in the lower chamber.

K-Lambda

K-lambda systems use control pressure to change the mix-
ture, just as in K-basic. They also have an additional control
system. K-lambda changes the pressure drop at the slit by
changing the lower-chamber pressure in the differential-
pressure valve.

Fuel pressure in the lower chambers is controlled by the
lambda control system. To enrich as a result of lean signal from
the lambda sensor, the control unit increases the duty cycle of
the lambda-control valve. More fuel is returned from the
lambda-control circuit so lower-chamber pressure drops.
Through the movement of the differential-pressure valve dia-
phragm, this decreases upper-chamber pressure and in-
creases the pressure drop at the slits. More fuel flows for a
given plunger lift and slit size.

With the spring in the upper chamber pressing down, each
diaphragm moves so the pressure drop atthe slit is always 0.1
bar (1.5 psi) less than lower-chamber pressure. Upper-
chamber pressure is always 0.1 bar less than lower-chamber
pressure as lower-chamber pressure varies according to action
of the lambda control valve.

KE Systems

KE systems adjust the basic mixture only by changing the
pressure drop at the slit. KE slit size does not vary for a given
air-flow force because the counterforce on the plunger is sys-
tem pressure, which is constant. The fuel flow through the
lower chambers, and therefore lower-chamber pressure, is
controlled by the pressure actuator. This KE control system
compensates for all operating conditions, as well as maintain-
ing a stoichiometric air-fuel ratio for emission control.

To enrich, increased current fromthe control unit pulls down
the pressure-actuator plate valve to reduce lower-chamber
pressure. This increases differential pressure-the difference
between system pressure and pressure in the lower chambers.
For any given air flow, this increases diaphragm deflection in
the differential-pressure valves. The pressure drop at the slits
increases, increasing fuel delivery to the injectors.

With a spring pushing up on each differential-pressure
valve, upper-chamber pressure is 0.2 bar (3 psi) higher than
lower-chamber pressure. Lower-chamber pressure is system
pressure minus differential pressure. Vehicle specifications will
list differential pressures for corresponding actuator currents in
milliamps (mA).

Control Systems

Spring pushes down
with0.1 bar force

K-basic System pressure
minus constant
0.1 bar spring
force

a , :
I j

K-lambda

Spring pushes down Lambda pressure
with 01 bar force minus 0.1 bar

System pressure minus I
lambda differential

KE

System presue lu
0.2 bar spring force
minus lower-chamber
pressure

Spring
pushes up
0.2 bar
force ysenpesre

minus differential
pressure at pressure
actuator valve

Fig. 5-19. Comparison of differential-pressure valve pres-
sures in continuous systems Lift of plunger by air
flow determines basic fuel quantity, Control sys
tems then manipulate pressure to change mix-
ture. All three have system pressure inside the
control-plunger slit.

f

.
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6. FUNCTIONS AND COMPENSATIONS

You've seen how each control system adjusts the basic

air-fuel mixture. Now you'll see how that control is applied for all
operating conditions, and you'll also see how other compo-
nents add additional enrichment as necessary.

6.1 Starting
When the key is turned to start, the fuel pump is turned on

through the safety circuitto build system pressure; if the engine
stops turning for more than one second (as when the engine
will not start) the pump shuts off, even with the ignition key on.
For starting enrichment, extra fuel is delivered to the port
injectors. In K-basic and K-lambda, reduced control pressure
allows more plunger lift, increasing slit size to deliver more fuel.
In KE systems, the control unit sends more current to the
pressure actuator for start enrichment, lasting about one sec-
ond. The current is high for maximum pressure drop at the
metering slits, enriching the mixture delivered to the port
injectors.

Cold Starting

For cold starting, in addition to enrichment at the port
injectors, continuous systems enrich the mixture with a cold-
start injector system, similar to that used on pulsed systems.
Also, an auxiliary-air valve or idle-speed stabilizer adds air,
bypassing the throttle plate to increase idle rpm. See chapter 3
for more information. Beginning about 1985, some KE systems
ground the start injector through the control unit, so the
thermo-time switch is eliminated.

Hot-Start Pulse Relay

Some cars-notably VWs beginning about 1985-have a
special hot-start pulse relay. See Fig. 6-1. The relay bypasses
the thermo-time switch and grounds the cold-start injector in
short pulses when a warm engine is started, spraying fuel into
the manifold. This provides additional fuel in the intake manifold
to aid starting when the port injectors are delivering less fuel
because of high temperatures and vapor in the lines.

6.2 Post-Start/Warm-Up

When the key is released to run, enrichment changes from
engine-crank needs to engine-run needs. On K-basic and
K-lambda, the control-pressure regulator warms up, gradually
increasing control pressure on the plunger. This cuts back the
enrichment factor in a few minutes.

KE post-start enrichment is determined by the control unit
based on input from the engine temperature sensor. Increased
actuator current keeps the engine running, right after starting.
Then enrichment tapers off during warm-up, depending on
engine temperature. See Fig. 6-2.

Hot start
pulso relay

i. (some cars)

0

Fig. 6-1. In some VWs and Audis, hot-start pulse relay adds
fuel by energizing cold-start injector during hot-
engine cranking.

Fig. 6-2. KE enrichment at start and post-start depends on
temperature, Warm-up enrichment also depends
on time since starting.

6.3 Acceleration

In all systems, rapid opening of the throttle increases air flow
and causes the air-flow sensor plate to overreact, in a manner
similar to that of pulsed systems vane-type air-flow sensor
flaps. Overswing of the sensor plate allows the plunger to
momentarily rise higher and enriches the mixture enough to
prevent lean-mixture flat-spots and hesitation. See Fig. 6-3.

Functions and Compensations
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11.4

Fig. 6-3. Sudden opening of throttle causes overswing of
sensor plate, adding acceleration enrichment for
K-basic and K-lambda

Part-Throttle Acceleration

In K-basic and K-lambda, cold-engine overswing is greater
than that of a warm engine because reduced control pressure
on the plunger allows more Ift. In addition, some control-
pressure regulators sense manifold pressure to further reduce
control pressure and add acceleration enrichment.

KE systems use an additional sensor, the sensor-plate po-
tentiometer (also called the air-flow sensor position indicator),
to signal the need for extra enrichment during cold-engine
part-throttle acceleration. The potentiometer signals how fast
and how far the sensor plate moves as air flow increases. See
Fig. 6-4.

The potentiometer has an arm with sliding contacts that is
connected to the sensor-plate pivot. As the arm moves, it
changes a voltage signal. See Fig. 6-5. From this input, the
control unit sends a compensation output to the pressure
actuator. For about one second, pressure-actuator current

increases, depending on sensor plate movement and on en.
gine temperature and rpm. The greatest enrichment is when
the engine is cold; middle enrichment when the engine is cool;
no enrichment when engine temperature is above 175ap
(80C). Mercedes-Benz has added an Intake Air Temperature
Sensortofurther compensate acceleration-enrichment for cold
air, a refinement for better driveability.

Fig. 6-4. Location of potentiometer on KE mixture-control
unit.

Fig. 6-5. KE adds signal from sensor-plate potentiometer to
enrichmentfromsensor-plateoverswing.Themore
the lever angle changes, the greater the voltage
signal to the control unit.

Full-Throttle Acceleration

On K-basic and K-lambda, enrichment is supplied only on
systems with control-pressure regulators linked to manifold
pressure.

Functions and Compensations
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KE enrichment usually continues as long as the throttle
swth signals a full-load condition, adding enrichment by con-
trol of the pressure actuator. Some engines, particularly VW,
needfull-throttle enrichment only during limited rpm ranges, so
the control unit is programmed accordingly. The control unit
adds about 3 mA to the actuator current to compensate the
mixture for full-load acceleration, depending on the full-load
signal, on rpm and on engine temperature.

6.4 Lambda Control
K-lambda closed-loop operation is described under 5. Con-

trl Systems. Note that closed-loop operation switches to
open-loop under these conditions:

* lambda sensor cool, not ready to send valid signals

* engine cool, usually below about 105'F (40'C)

* WOT, full-load

o coasting cut-off

* acceleration enrichment (some cars)

KE systems also operate closed-loop with a lambda sensor.
The lambda-sensor signals are processed with the other inputs
to determine pressure-actuator current. The plate valve is al-
ways moving; either slightly toward the inlet or slightly away
from it, the result of constantly changing pressure actuator
current. With the engine warm, and the lambda sensor hot,
look for actuator current to change back and forth in a narrow
range, typically from 8 to 12 mA. This fluctuation during closed-
loop operation is normal; the system is adjusting to maintain
the ideal air-fuel ratio. During open-loop operation, with the
lambda sensor disconnected and the engine warm, actuator
current should be about in the middle of the fluctuations,
according to engine specifications. When you see no change
in actuator current, you know the system is running open-loop.

6.5 Cut-off
(KE only)

In KE, to cutoff fuel injection, such as during coasting or for
rpm limitation, actuator current is reversed to move the plate
valve completely away from the inlet. With no limit to the
amount of actuator fuel flowing through the lower chamber,
both chambers rise to system pressure. Each spring pushes its
diaphragm up, as shown in Fig. 6-6, closing the outlet and
cutting off injector fuel. On some cars, such as Mercedes, rpm
limitation is also handled by cutting power to the fuel-pump
relay. On most cars, coasting cut-off is inhibited during cruise-
control operation.

KE3-Jetronic and KE-Motronic

-v.

B84CIS.BCH

Fig. 6-6. To cut off fuel in KE systems, pressure actuator
current is reversed (to approximately -40 mA),
pushing plate away from inlet. Zero differential pres-
sure causes lower-chamber spring to raise dia-
phragm, shutting off fuel to injectors.

6.6. Altitude

On some K-basic and K-lambda systems, altitude compen-
sation is built into the control-pressure regulator, as described
in 5. Control Systems.

In KE systems on higher-priced cars, an altitude sensor
signals the control unit to reduce pressure-actuator current to
reduce fuel delivery when the air is thinner. The decrease is
about 1 mA actuator current for each thousand feet above sea
level. KE-Motronic systems with adaptive air-fuel mixture con-
trol "learn" to adjust themselves and therefore need no altitude
sensor.

7. KE3-JETRONIC AND KE-MOTRONIC

KE3-Jetronicand KE-Motronic systems combine the control
of KE-type fuel injection with the control of ignition timing. The
difference between the two systems is that KE3-Jetronic has
two separate control units-one for fuel injection, one for igni-
tion timing -and operates with standard KE-Jetronic fuel injec-
tion. KE-Motronic is a true "Motronic" system; it has both fuel
injection and ignition control combined into one control unit,
and has a special data-point map in the control unit that
determines actuator current for all operating conditions
Ignition-timing control for both KE3-Jetronic and KE-Motronic
also uses maps. For more information on timing control,
Motronic systems, and control-unit maps, see the Motronic
section of chapter 3.

The first application of KE3-Jetronic is on some 1987 Audi
5000s, and all 1988 5-cylinder Audis. Audi calls this system
CIS-E IlI. The first use of KE-Motronic is on the 1988 4-cylinder
Audi 80; Audi calls this system CIS-Motronic.

In the two system diagrams, shown in Fig. 7-1 and Fig. 7-2,
you can see the ignition timing input (the Hall-effect sender in
the ignition distributor) that makes these systems different from
KE-Jetronic. The ignition outputs to the ignition coil with power
stage are: 1) close-circuit to begin charging the coil and 2)
open circuit to fire the spark plug.

33
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Fig. 7-1. KE3-Jetronic system used in recent Audi and Mer-

cedes includes diagnostics, but controls fuel injec-

tion with normal Jetronic control unit. Ignition is

controlled by separate control unit.
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Fig. 7-2. KE-Motronic has special Motronic control unit with

special internal data maps to determine operating
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puts include Hall sender in distributor, and knock

sensor. Outputs include ignition coi for ignition

timing control.
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The other KE3-Jetronic and KE-Motronic inputs are the
same as KE-Jetronic: coolant temperature sensor, closed throt-
tle (idle) and full-throttle switches, air-sensor potentiometer, and
lambda sensor. Mostof these inputs are used to control ignition
timing as well as fuel injection.

The outputs are also the same: pressure actuator (called a
differential-pressure regulator by VW/Audi) current, and idle-
speed stabilizer control. In addition, the control unit manages
the vapor-canister frequency valve and the canister on-off
valve; parts of the evaporative emission control system.

Actuator Current

Both systems have a different range of control-unit current
for the pressure actuator. For KE3-Jetronic, a typical rich limit is
+10 mA, with a lean limit of - 10 mA. The nominal adjustment
point is 0 mA, to provide for the widest range of adaptation.

For KE-Motronic, a typical rich limit is +23 mA, with a lean
limito -16 mA. This provides for the operation of the adaptive
circuitry. The system can compensate for broader changes
beyond just lambda control, including all engine operating
conditions, altitude, intake leaks and other variations. A typical
actuator current for a new engine running open-loop (lambda
sensor disconnected) might be 2 mA. As the engine ages,
perhaps with minor intake air leaks, typical open-loop actuator
current might be 7 mA. See Fig. 7-3.

mA
actuator
current

+i30T
+20-1

+10.+-

KE-Motronic
rich limit

New
engine

.los'd
.l-op

0ean limit

0 Mileage driven

Older engine
(minor air leaks)

PCdaldoe -
Closed-loop

8207CIS.BCH

100,000

KE-Motronic Adaptive Control

Adaptive control means that the control unit "learns" to
make automatic mixture adjustment. The control-unit circuitry
senses nominal warm-engine cruise values. It stores those
values as the normal open-loop operation, and then uses those
values as a basis for both closed-loop and open-loop actuator
current. The control unit continually "relearns" the compensa-
tions necessary for changes in engine condition, or even intake
air leaks.

The air-fuel ratio values are stored in the control unit's
volatile memory, so they are lost any time the battery is discon-
nected. If the engine runs differently after service, even if that
service was as seemingly unrelated as the installation of a radio
or theft alarm, be ready to drive the car normally for about 10
minutes to re-store the nominal air-fuel mixture values in the
volatile memory of the KE-Motronic control unit.

Fault Memory
(Diagnostic Codes)

Diagnostic codes (fault memories) are stored in the control
unit. The control unit continually checks all systems for incor
rect signals. If one is found, the fault is stored in the control-unit
fault memory as a series of electrical pulses. On KE3 Jetronic
systems you can read these fault-memory pulses at the indi-
cator light on the dash panel as shown in Fig. 7-4. On KE-
Motronic systems, you connect a test light between the battery
and the test lead next to the fuel distributor on the engine. See
Fig. 7-5. The fault codes are read out by inserting a spare fuse
into the top of the fuel-pump relay.

ANTI

AEK A
Fig. 7-3. KE-Motronic adaptive control can adjust actuator

current to match changing conditions. Older engine
may need greater actuator current for enrichment
to counter minor air leaks.

Fig. 7-4. On KE3-Jetronic, diagnostic codes from the control
unit fault memory are read out at the dashboard.

KE3-Jetronic and KE-Motronic
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Fig. 7-5. On KE-Motronic, diagnostic read-out of fault mem-
ory is by voltage pulses at test lead near mixture-

control unit.

KE3-Jetronic codes in all cars except California are erased
when the ignition is turned off. Fault codes are restored by
driving for 5 minutes (at at least 3,000 rpm, and once at

full-throttle) or by cranking the engine for 6 seconds. If the fault

is emission related, the indicator light on California cars re-

mains on as long as the fault is present; in all other cars the

code is stored, but will not come on until the fuse is inserted.

When you activate the fault memory, injection faults read out

first, and then ignition faults.

In KE-Motronic, if the fault is emission related, all cars except
California will store the fault in memory until it is erased. Cali-

fornia cars flash the fault light as long as a fault is present. This

helps in finding intermittent faults. For non-emission related

faults, all cars store the fault until the engine is restarted.

Troubleshooting can be done before engine is shut off, or with

ignition OFF Fault codes can be restored by driving for 5

minutes (at at least 3,000 rpm, and at least once at full throttle),

or by cranking for 6 seconds. For more information on the fault

memory and reading trouble codes, see chapter 6.

KE3-Jetronic and KE-Motronic
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ABSTRACT

Modeling and Control

of Advanced Technology Engines

by

Anna Stefanopoulou

Co�Chairs� Jessy W� Grizzle and James S� Freudenberg

Over the last two decades there has been a dramatic evolution in powertrain control

systems� largely driven by government regulations aimed at improving fuel economy and

reducing emissions� One way to potentially meet these performance requirements is to intro�

duce additional design parameters via innovative mechanical con�gurations �new actuators��

The design parameters� control variables in system terminology� provide additional degrees

of freedom to optimize the performance of the engine over its wide range of operation�

In this dissertation� we study control design issues for two advanced technology engines�

�i� a spark�ignition �SI� engine with secondary throttles placed in the intake ports of the

cylinders� and �ii� an SI engine equipped with a variable cam timing �VCT� mechanism�

Both engine con�gurations are multivariable and nonlinear� thus imposing challenging con�

trol problems associated with control authority� long sensor delays� and strongly coupled

subsystems� We develop and validate dynamic engine models� study the subsystem inter�

actions� identify performance tradeo	s� and apply classical and modern control techniques

to improve engine performance� Moreover� we study the impact of modular controller ar�

chitecture on the engine dynamic response� and demonstrate that even if the controller

is eventually implemented in independent software modules� coordinating the design and

analysis allows for a better assessment of the tradeo	s among the dynamic performance of

di	erent subsystems� Our results demonstrate the advantages of a systematic approach to

developing advanced technology powertrain control systems�
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CHAPTER �

Introduction�

��� Background on Advanced Technology Engines�

Over the last two decades there has been a dramatic evolution in powertrain control

systems� largely driven by government regulations � �i� stringent Federal and California

emissions standards� �ii� increased fuel economy to comply with mandated Corporate Av�

erage Fuel Economy �CAFE�� and �iii� minimum safety and reliability standards that are

independent of age� environment� and varying fuel properties� These requirements create

challenging control problems for two reasons�

� It is increasingly important to achieve control over transient behavior and meet per�

formance objectives over the life of the vehicle� This requires the development of high

performance and robust powertrain controllers�

� The performance objectives are often con�icting� or at best interrelated� One way to

potentially meet these requirements is to introduce additional design parameters via

innovative mechanical con	gurations �new actuators�� The design parameters� control

variables in system terminology� provide additional degrees of freedom to optimize the

performance of the engine over its wide range of operation� The continuously variable

transmission is an example of a recently implemented actuator that a
ects overall

powertrain performance� Other actuators currently under consideration are electronic

throttle� variable cam timing� camless valves� and direct injectors�

Historically� new actuators �exhaust gas recirculation valve� air bypass valve� fuel injec�

tors� and sensors �exhaust gas oxygen sensor� mass air �ow meter� have been introduced

each time designers needed to meet additional engine performance requirements ��
�� Per�

formance standards and convenience pressed for the development of spark timing control�

This additional control was used to advance or retard spark timing resulting in improved

fuel economy and power� During the Eisenhower administration� federal emission legislation

required emission control� This was accomplished by positive crankcase ventilation systems

�PCV� used to minimize emissions from the crankcase� and secondary air systems used to

oxidize hydrocarbons �HC� in feedgas emissions� Stricter emissions standards were met by

�
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�

introducing external exhaust gas recirculation �EGR� to reduce oxides of nitrogen �NO
x
�

formation in feedgas emissions� Mandates in fuel economy led to the development of the idle

speed regulation by the introduction of the air bypass valve� Development of the catalytic

converter allowed further emission reduction� but required precise air�fuel ratio control�

which was accomplished with the introduction of the exhaust gas oxygen sensor� and fuel

injectors� The development and implementation of the corresponding control strategies were

based on the relative independence of the di�erent subsystems at low frequencies� Individ�

ual feedback loops were wrapped around sensors and actuators available for each subsystem

�multiple single�input single output� SISO approach�� In advanced technology automotive

engines� the coupling between subsystems is strong� and imposes performance tradeo�s�

Without knowledge of this interaction the powertrain control problem involves an extensive

scheduling e�ort to de�ne the new optimum operating points� and requires a laborious tun�

ing process to calibrate the subsystem controllers to avoid unintentional excitations� Good

control design in advanced technology automotive engines requires informed decisions of the

performance tradeo�s early in the design process� and it is one of the subjects addressed by

this dissertation�

In this dissertation we show that control design in advanced technology automotive en�

gines necessitates a systematic modern control theoretical approach� In advanced technol�

ogy automotive engines� the multiple SISO approach �decentralized controller architecture�

reaches its limitations� In the following chapters we present a feasibility analysis of the en�

gine control system for two innovative mechanical con�gurations of the spark ignition �SI�

engine 	 �i� an SI engine equipped with secondary throttles placed in the intake ports of the

cylinders� and �ii� an SI engine equipped with a variable cam timing �VCT� mechanism�

Both mechanical designs a�ect the breathing process of the engine and are introduced to

reduce emissions� increase fuel economy� and maintain drivability during rapid changes in

the throttle position imposed by the driver �acceleration
 deceleration�� Both actuators can

be viewed as special cases of camless engine� the functionality of the secondary throttles

is similar to the variable intake valve timing and lift� and the variable cam timing engine

addresses the case of a variable intake and exhaust valve timing with �xed valve overlap�

This study is an assessment of the achieved performance when compared to conventional

engines� and an investigation of the e�ects of the new technology on the implementation of

the complete powertrain control strategy� This work is based on the systematic approach

of �i� deriving or identifying the dynamic model for the advanced technology engine design�

�ii� validating the model using engine�dynamometer experimental data� �iii� studying the

subsystem interconnections and making decisions on the performance tradeo�s in transient

and steady�state engine operation� �iv� designing a controller that achieves a reasonable

tradeo� in the performance requirements� and �v� investigating the controller complexity

and the associated engine performance�
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��� Engine Control�

Engine performance is primarily characterized by emission production� fuel e�ciency and

drivability� These in turn are a�ected by four fundamental engine variables� air charge� air�

fuel ratio �A�F 	� exhaust gas recirculation �EGR	 and spark timing� Automatic control of

these variables has improved engine performance allowing optimum operation independent

of aging� history� or environment 
���� and has increased the convenience and safety level of

the modern automobile 

��� A key contributor to the accomplishments in the area of engine

control has been the availability of accurate and simple �control oriented	 engine models�

In the early ���s� control applications in the automotive industry paralleled achievements in

engine and powertrain modeling� In this dissertation we model two innovative mechanical

con�gurations of the SI engine� and use them for the analysis and synthesis of A�F and

EGR controllers to achieve engine performance requirements� To serve as an introduction

to this work� we review the most signi�cant engine modeling e�orts� and provide a brief

description of the A�F and EGR control tasks and existing control designs�

����� Engine Modeling�

In this section we discuss the accomplishments in the area of engine modeling and its

contributions to the analysis and development of engine control� The evolution of the engine

models has three signi�cant phases� �i	 thermodynamic models� �ii	 input�output models�

speci�c to each application or engine con�guration� and �iii	 nonlinear models� physically

based �generalized	 for wide range of operation�

In the �rst of these phases� detailed thermodynamic methods were employed to under�

stand the exact phenomena� to identify the variables that govern them� and ultimately to

represent them with compact mathematical equations 
��� Numerical simulations allowed

the designers to gain understanding of the engine behavior by performing numerical exper�

iments� and testing the engine performance� The �rst non�thermodynamic models can be

found in 
��� ��� ���� where the authors developed crankangle event based models for com�

pression ignition engine to perform stability analysis studies� Nonlinear dynamical models

for SI engines have been developed in 
��� ���� where spark� A�F � and EGR were opti�

mized to minimize emissions while maintaining fuel economy� In these articles� the authors

used control theoretical techniques to achieve performance improvements� Modern control

methods were applied to linear engine models in 
�� demonstrating the capabilities of con�

trol theoretical approaches in automotive applications� The need for precise transient A�F

control emerged from the increasingly demanding emission requirements� Unknown fuel

dynamics often misled control engineers to over�compensate for lean or rich A�F responses�

so identi�cation of fuel puddling and wall�wetting became a pressing problem� The �rst

e�orts led to the derivation of an input�output model of the fuel dynamics 
���� and later

to a more detailed characterization of transient A�F response 
��� 
��

In the early ���s nonlinear dynamic models with wide range of operation �covering most
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urban driving cycles� were developed ���� ��� ��� 	�
� The work in ���
 provides the most

comprehensive model including actuator and sensors� and ���
 incorporates exhaust emission

and rotational dynamics� The e�ort in engine modeling has been expanded to include

transmission and driveline characterization ��
� ��
� In ���
 the authors derive linearized

models and study an important issue of engine control� namely� how multi�rate sampling

a�ects engine control design� By the end of the �
�s control engineers had developed a

signi�cant number of engine models� and a comprehensive list of them and discussion of

their development can be found in ��

 and in ���
�

Currently� stringent requirements on emission� fuel economy� and safety require high

performance and robust controllers� Complete� but generic� powertrain models are devel�

oped in ���� ��� ��� �	� 	�
� and are combined with modern control techniques in ��
� ��� ��


to satisfy these requirements� Meeting the new performance requirements often requires ac�

curate information and characterization of complicated phenomena ���
� which is facilitated

by the increased computational power in on�board control systems� In ���
 the author ad�

dresses the challenging problem of reducing the development time needed to obtain accurate

models� and provides a systematic approach to powertrain modeling and control e�ort�

����� Air�Fuel Ratio Control�

Vehicle feedgas emissions consist of carbon monoxides �CO�� hydrocarbons �HC�� and

oxides of nitrogen �NO
x
�� In the early ���
s� three�way catalytic �TWC� converters were

introduced to oxidize �HC and CO� and reduce �NO
x
� pollutant species in the exhaust

gases� The e�ciency with which the undesirable exhaust gases are reduced to acceptable

levels� or are converted to desirable gases� is a function of A�F � The sensitivity of the

catalytic converter e�ciency to A�F is shown in Figure ���� In this �gure it can be seen

that there is a very narrow range of A�F where high conversion e�ciency for the primary

three pollutants is attained� The A�F value were the highest e�ciency is attained is the

stoichiometric value �for standard fuels� A�F � ������� Due to this sensitivity� A�F control

is an important task in controlling vehicle tailpipe emissions� In the �
�s� A�F was based on

regulation of fuel �ow into the cylinders via carburaters ���
� and later� with fuel injectors

���� ��
� After the development of the exhaust gas oxygen �EGO� sensor� electronic feedback

fuel control was possible� Electronic feedback fuel control has since been used to keep A�F

close to the stoichiometric value based on the A�F signal at the EGO sensor� Achieving

precise A�F in both steady�state and transient engine operations is a challenging problem

due to unpredictable inputs of the driver� the switching type EGO sensor� transport delays

that limit accurate response during transients and the combined dynamics of the hot�wire

anemometer used for the mass air �ow sensing� the throttle body� the intake manifold� and

fuel puddling dynamics�

For this reason� many studies have been conducted on A�F feedback control� These

studies may be divided into two categories� the �rst of which addresses the scarcity and
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Figure ���� Typical three�way catalytic converter e�ciency curves

nonlinearity of the conventional sensors� The emphasis in these studies is on the recon�

struction of signals available for feedback� and the accurate and robust knowledge of the

system states� The second category of studies addresses new engine con�gurations� i�e��

modi�cation of combustion parameters �	
� and introduction of new actuators ��� �
 and

sensors ��

� The new parameters in these engine con�gurations can improve A�F � but

they often a�ect other engine variables� In this category of A�F control problems� the con�

trol designer has to identify and account for these interactions in order to meet the overall

engine performance requirements� The work in this dissertation lies in the second cate�

gory of A�F control studies� We control A�F for two di�erent engine con�gurations after

the introduction of new actuators� In the �rst problem� A�F excursions are minimized by

the implementation of secondary throttles used to control air �ow into the cylinders� The

presence of the secondary throttles however can adversely a�ect drivability by making the

engine seem sluggish� In the second problem� VCT is used to reduce feedgas emissions�

This new control variable may cause disturbances in the A�F response of the engine� Both

of these actuator con�gurations impose challenging multivariable problems that must be

addressed by the control designer�
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Previous work on the �rst category of A�F control studies consists of proportional�

integral control and classical pole placement techniques� both in the discrete and continuous

time domains ���� ��	
 Furthermore� nonlinear analysis using describing functions has been

used to study limit cycle behavior of the A�F response due to the switching type EGO sensor

���	
 Multi�variable control with observers ���� ��	 has been suggested as solutions to the

problem of high performance and robust A
F control
 Nonlinear sliding mode fuel injection

controllers have been developed and tested in ���� ��� ��	 providing an elegant alternative to

the traditional gain scheduling of linear controllers� and show promising results even when

using a switching EGO sensor
 Individual A
F cylinder control using a single EGO sensor

based on multi�rate sampling and periodic control techniques have given an answer to the

alleviation of air charge maldistribution problems ���	
 In related work� estimation of the air

charge maldistribution in the cylinders is used in ���	 along with a novel nonlinear observer

technique
 Use of nonlinear estimation also occurs in ���	� were an extended Kalman �lter

is used for compensating the dynamics of fuel puddling
 Adaptive compensation for the fuel

dynamics has been successfully employed in ���	 and ���	
 In both studies the objective is

the reconstruction of the A�F signal using a switching EGO sensor based on a fuzzy logic

algorithm in ���	� and a model�based approach in ���	
 On�line identi�cation techniques of

the model used in ���� ��� ��	 give promising results
 In ���	 the authors use a neural network

that deals e�ectively with the long delay in the A�F process
 On�line identi�cation� observer

design� and robust nonlinear control design techniques are areas of great importance to

transient A
F control


The second category of A�F control studies includes primarily engine control based on

in�cylinder pressure measurements ���	� and an electronically throttled engine ��� ��� �	


The development of the electronic throttle control �ETC� or drive�by�wire �DBW� throttle

system is an important research tool that provides a way of regulating the changes in air

�ow into the manifold caused by the primary throttle movement
 These schemes show very

good results in regulating A�F � and reducing emissions
 In Chapter � we use this idea� and

introduce secondary throttles in the inlet runners to allow coordination of air �ow and fuel

�ow to achieve good A�F response during transients
 The A�F performance improvement

is shown to be achieved without slowing the engine torque response� and thus no tradeo�

is made with drivability


����� Exhaust Gas Recirculation�

Exhaust gas recirculation �EGR� was introduced in the early ����s to suppress the

formation of oxides of nitrogen �NO
x
�
 The inert exhaust gases dilute the inducted air�fuel

charge and lower the combustion temperature which reduces NO
x
feedgas emissions


Conventionally� exhaust gas recirculation is accomplished by controlling the exhaust

gas that is supplied from the exhaust manifold to the intake manifold through a vacuum

actuated valve
 The EGR control algorithm is a simple PI or PID loop that adjusts the
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amount of exhaust gas to the scheduled steady�state point which is a function of engine

speed� coolant temperature and engine load �or another load related variable�� EGR alters

the breathing process dynamics and consequently the torque response� Careful steady�state

and transient control design is necessary to maintain good engine torque response� and for

this reason� EGR is typically turned o� in transient engine operations� engine warm�up�

and idling�

An innovative mechanical design approach to controlling EGR is the development of the

variable cam timing �VCT� mechanism� By retarding the cam timing� combustion products

which would otherwise be expelled during the exhaust stroke are retained in the cylinder

during the subsequent intake stroke� This is a method of phasing the camshaft to control

residual dilution and achieve the same results with the conventional external EGR system�

thus providing an innovative solution to an old problem� The development of the VCT

engine model and controller is addressed in Chapter � �engine model�� Chapter 	 �control

design�� and Chapter 
 �implementation issues�� With this work we show that dynamic

VCT control is feasible�

��� Dynamic Interactions and Performance Tradeo�s�

To meet their stringent performance requirements� automotive engines have to be oper�

ated e�ciently during both steady�state and transient operations� Past and current practice

has been to optimize the additional design parameters that new actuators introduce only

in steady�state using static engine mapping� The optimum operating points are de�ned by

overlaying static maps of components that have to cooperate� Performance compromises

in steady�state are alleviated with the introduction of feedforward terms that allow more

freedom in achieving the design goals� However� the new Federal Test Procedure �FTP� for

driving cycles consists of transient and high speed maneuvers� where the dynamic engine

response is as important as the static engine behavior� These performance requirements

press automotive engine designers to consider interactions between di�erent processes at

higher frequencies� Furthermore� the new actuators in the advanced technology automotive

engines a�ect several subsystems� and cause severe performance tradeo�s� In this disser�

tation we show that the interaction between subsystems is a decisive factor in the control

design of these highly multivariable engines� In the following chapters we identify the in�

teractions that the secondary throttles and variable cam timing actuators introduce to the

engine� These interactions are manifested through performance tradeo�s that the control

engineer has to account for early in the design process� Brie
y stated� the secondary throt�

tles and variable cam timing alter the engine breathing process which in turn a�ects fuel

economy� emissions� and engine torque response over a wide range of operating conditions�

In designing controllers� we shall encounter three fundamental performance tradeo�s which

are inherent to the advanced technology automotive engines�
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�i� Fuel economy and emissions�

An approach for increasing fuel economy is to reduce energy losses� Engine operation �main�

taining the same load� in high manifold pressure reduces the intake stroke pumping work

required from the cylinders� High manifold pressure is associated with faster manifold �lling

dynamics� and therefore� changes in the throttle position are followed by rapid changes in

the air charge� These changes introduce high bandwidth disturbances to the A�F response�

Unless A�F control can successfully reject these disturbances� fuel economy �the initial

design goal� will be followed by emission degradation�

�ii�NO
x
feedgas emissions and catalytic converter e�ciency�

Exhaust gas recirculation� used to suppress NO
x
formation� alters the engine volumetric

e�ciency� and changes the breathing process dynamics� Exhaust gas recirculation and

mass air 	ow into the cylinders are interconnected over a wide range of frequencies� High

bandwidth control of feedgas NO
x
rapidly alters the air charge and causes A�F excursions�

In these cases� reduction in feedgas emissions is associated with reduction of the catalytic

converter e�ciency and may cause an increase in tail pipe emissions�

�iii� NO
x
feedgas emissions and engine torque response�

NO
x
feedgas reduction using exhaust gas recirculation a
ects the engine breathing process�

Exhaust gas recirculation a
ects adversely the air charge and the mixture formation which

is crucial to good engine torque response� The EGR control design must address the a
ects

of the mixture dilution to the engine torque response both in steady�state and transient

operations� Moreover� an open loop design is necessary since the conventional automobile

is not equipped with an on�line torque sensor�

��� Overview�

Chapter � addresses the problem of controlling an engine equipped with secondary throt�

tles� The new control variables a�ect the nonlinear breathing process and are introduced

to allow joint management of air and fuel �ow into the cylinders� A nonlinear feedforward

map is developed as a solution to a control authority problem inherent to the two distinct

operating regimes of the breathing process� A linear multivariable feedback is designed

to limit air fuel excursions and track a torque command during transient operations� This

novel approach provides an alternative to current drive�by�wire schemes and possesses major

advantages for enhancing the safety level of the modern automobile�

Another innovative engine design is the variable cam timing engine� The e�ects of cam

timing and secondary throttles in the breathing process are similar� The understanding

gained from the control problem in Chapter � is applied to the modeling of the VCT

engine� A mathematical representation for the variable cam timing engine is identi�ed in

Chapter �� The variable cam timing engine allows the joint management of fuel �ow and

internal exhaust gas recirculation to minimize exhaust emissions	 increase fuel economy and

satisfy drivers
 performance requirements over a wide range of operating conditions� The
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mathematical representation is formulated by physically based di�erential equations� all

parameters and key nonlinearities used are determined from regressed engine data� The

models are experimentally validated by engine dynamometer testing�

In Chapter �� a control scheme is developed to minimize feedgas NO
x
and HC emissions

and to maintain air fuel ratio at stoichiometry� while providing satisfactory torque response

during rapid changes in throttle position� Control of the VCT engine is a challenging prob�

lem due to the strong interconnections between the cam phasing and A�F loop� and sensor

limitations� Consequently we design a multivariable and a decentralized controller� and an�

alyze how the multivariable controller achieves better performance than the decentralized

controller� The impact of the control architecture �multivariable vs� decentralized	 upon

the dynamic response of the VCT engine is analyzed in Chapter 
� Finally� in Chapter �

we summarize the results of this dissertation and discuss directions for future research�

��� Contributions of this Dissertation

The contributions of this dissertation are �

� An existing nonlinear dynamical engine model by Crossley and Cook 
��� was modi�ed

to include the e�ects of secondary throttles placed before the intake ports of the

cylinders on the performance of the SI engine� The model� based on physical engine

characteristics� is a powerful tool in studying the e�ects of innovative actuation that

can a�ect the breathing process of the SI engine�

� Identi�cation of di�erent control authority regions for regulating the steady�state air

�ow into the cylinders� This result� although well known in the thermodynamic com�

munity 
���� has not been acknowledged by control engineers� Our ability to a�ect

�or not a�ect	 the air �ow into the cylinders is an important consideration in engine

control� because the air �ow into the cylinders is a variable that a�ects the overall

engine performance in the following manner� �i	 drivability� by altering the air charge�

�ii	 fuel economy� by changing the pumping losses during the intake event� and �iii	

emissions� by causing A�F excursions�

� Derivation of a new control�oriented engine model that represents an SI engine equipped

with a variable cam timing mechanism over a wide range of operating conditions�

The model includes the breathing process� torque and emission generation� and sen�

sor�actuator dynamics� Based upon extensive laboratory measurements� a phenomeno�

logical engine model structure was elucidated� With respect to the basic model of


���� the VCT mechanism alters the mass air �ow into the cylinders� the self�EGR�

the torque response� and the emissions of the engine� The developed model re�ects

all these innovations� It has been validated with engine�dynamometer experimental

data and used in the design and development of the VCT engine controller�
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� A rigorous analysis of the consequences of the multivariable versus decentralized con�

troller architecture on the dynamic response of the VCT engine� A multivariable and

a decentralized controller were designed� and it was demonstrated that the multivari�

able controller can manage the performance tradeo�s better than the decentralized

controller� Moreover� the multivariable controller structure was simpli�ed� without

detrimental consequences in the system dynamic response� providing a paradigm of

how a control designer may carry out her�his task in light of the requirement for a

modular controller architecture implementation�

PAGE 22 of 22 HMC EXHIBIT 1008

0

)us analysis of the consequences of the ir Iti iable sus decei -alized con-

oller arc re on the dynamic response of the V mgine. A r Iti- iable and

decei alized con 11er w esigned, and it w monstrated that the ir Itix iri-

le con i manage the performance tradeoffs better than the decer ralized

Dn , I1er. Morec he ir Itix able con er structure v simplified, without

etrimen equences in the system dynamic response, prc ag a paradigm of

c t con I designer ma , out her/his task in lig the requiremen >ra

odular co oller ar tecture implemen ation.

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



PAGE 1 of 30 HMC EXHIBIT 1009

N

4

0

[oil

F

I
I l

Z01 tS] 11jw

111 ff

lid Lei 01:401 40

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



PAGE 2 of 30 HMC EXHIBIT 1009

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



PAGE 3 of 30 HMC EXHIBIT 1009

oodheart-WilIcox

automotive
ncyclopedia

will iKTGBOLDT

THGOODHEARTW LLCOX COMPANY, INC
Publishr:

I

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



PAGE 4 of 30 HMC EXHIBIT 1009

opyright 1971

TH GOODHEA~RlT-LLCOX C., NC

Coo agh 198, 970 197, 175, 1 l77

-opr ontisbo m o nb r -prduce in anv form

n Iout v la ing 5e copy ig law Prantec ini LIS.A

Ubr ofCongr'ss Calo 101 rd Nusmber 782~ 7795.

In'rnationl Standar dBooe Nmbr 0-87506-2655-9,

Thl book ctaisl 
1

he roost compet mad accur norato

hn. could be obtaed irem various authoritative soces atile

[iwye onfI pbiaih 1>;Goodheari-Willcox Company, Inc_ cnnlt

assume2 responsibiI for (nyW c CIangeserroS or onissions

Liria,, o1 Conuress Catalocin PublclonData

[Ma :n niry uVY der k;i Ie:

Goodheark-Wilcox auTomoivecyc

Edit on of 1954-1972 pulishd undertitle; Moto;

ervc autcclotiv encyclopedia.

Includes index.
1, Aumoncbiles. 2. Autmbobles - MPai l.nltdacand

repair. i Toboldi, iiiam Kinq,

II. Johnson Larr,.
T.205G66 1978 629.2722 7-27798

ISBN O-87006-268 -

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



PAGE 5 of 30 HMC EXHIBIT 1009

l1CI0000 t '[IjCE I O '1 2! '1IE CHO L 'Co H~i es 10 O il )1 21 i 15

RO ) V 14 intefnatni 1 -Pvi Mn earwr

consnedn d ilk. pri m ie o 1 , rklden. Wuen mechP.[ d dances und basic seric

prceurs T isi ch v lnm ton m which i o n.hrah n weg aut-o
k Hi I l~i~Ltl.~. I ie

1 I I d i illi']I .l "e Ii

'11, 2 I ' i I dL"101 A pi' if I h 1 n k i .1 n .tat happ
L l I I I . 1, I L[I IS iI M a PiW bs r uke iILoSe

kea I4 111,1 n ' i' I 1 It I' Q alC JL I ' pullt 1 ini a n Q I

l o 11 K1 -e I , , liii Sh iiQ

IIT l oi L | i ' h ii l n ]nn i' ] me WA1ec 12 <n IIt
Ii rI< II C i't Ii 11iI in diVQ V. w 1 thout

onI 1 _],j l 11 il< J has, rfn im ut) on hoLI( ld o t> 1J a

iC J I S tliIl iLI h1 'd ' i1ii tie 'mt e J SU 1ee I iTiAPLI in

n Ih i > nucei l l.. 10 Mc n uv ninn: t pI n . 1 u

Nulli I tAki ini b ai i ;ti i mn113 le In . c wI1 a Iil who

Wiliam K. Tobold

Larry Johnson

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



PAGE 6 of 30 HMC EXHIBIT 1009

EN NE OSRCT N

ENG NVFE CFRAKSATSN

ENGINE PEFRANCE

ENGK REUBR CAT~QiN

ENGINE COOL NG3SYEM ~

OTHER ENNS

PISTON R:NG A;NCRVIV

VALE SERVICE

ENG E TOUBLES'HOO V

ENG NIESTUNE4UP .

AUTO SHOPSAFETY .

AUI~TOMONT VEFi FUES

PR NC PLESOF CARBURETION

MANUA~iL ANDAUTOMAT'3C:CHKES

p
I
I

3

73

8 1

1015

191

12

9

281

19

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



PAGE 7 of 30 HMC EXHIBIT 1009

ENGN MNIFLDS

AIRCLEzANERS C

CARBURETORADJUSTM1 J.7

FUELSUPPLYSYSTS9

XHAUSTSY

EM SS ON CION

FUNDANAS - -

MAGNEThSM.

GENERATORS.~ AN ALTRNA)7

GENERATOR AND ALTERNATOR,
TEST!NG AND SERVIC<NG

GENERATOR AND ALTERNJATOR,
RiEGUL.ATORS AND RELAYS

STARTING MOTORFUNDAMENTAL

ENG NEIGNVION

LNGHTS,L GHT<NG C RCUTS,
WIR NGAND HORNS

STORAGE BATTER ES

SPEEDOMETERS

SPEED CONTROL SYSTEMS .

W 1NDSH ELDUy W PERS ,iSHERS

METERS,TES5TERSANDANALYES

SPRINGCSUSPENSION ANDSTEERIN

WHEEAlNMN N

WVHEELAL7GNMENT CORRECTION

AUJTOMOT VE BRAYE

GLUICUE.

2

7:5

515

553

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



PAGE 8 of 30 HMC EXHIBIT 1009

Automotive Encyclopedia

FLUID COUPL NG TRANSMISSONS

TORQUE CONVERTER TRANSM SS ONS

DRIVE LINE,UNIVERSALJOINTS,
DIFFERENT ALS . . . . . . .

DRiVLIEEVC
D ~0DT0UJ ... .

AUTOMOB LE/AR CONDTION7NG

TRESTRESERVCQE . ..

BODY REPA R (10, REFINISHING .

HYDRAUL[CS ANDE NEUMAT S . .

BUfLT-IN SAETY SYSTEMS

CAREER OPPORTUNITIES . . . .

DICTIONARY OF AUTOMOTIVETERMS

MECHANICAL, TUNE-UP SPECIFCAT ONS

INDEX . .

. 5 7 9 -87

587

601

. 617

.. 625

.. 645

... *6689

.. 699

707

. . . . . . 7 11

.. . . . 720

.. . . 783

IR _Iw 4,- -7W -1uw _ - WW

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



PAGE 9 of 30 HMC EXHIBIT 1009

PRIN IPLES0

CARBURETION

The purpose oi toh futj ''npl -ystem no 1 t i

p~aroi comustible it 'L Ited itd I to) egn

Stindeis. T1eubto illHuel timl .dways hin the 'rr'ci

ponton reardlesscoftIe speed ind liad 'n the 'nine.

Majocelemenetsi 'I ithfelspystantt tiinclude: te'ltnk
and

1 ap.lfuel SYStm emitshint outtics 'utl tlites, ue pump,

fuelfilter. carbuiretor. ar eltei'netr anttmanild. In additionti.he an, 1 "

CANISTER
PURGE VALVE
ONtCANISIEM T- U-

CAN ISTE .(R

DOM E D - -

FUEL TAN.'

BAFFLE

Fig. 21-1. Details of fuel systir on ULe model c:A.

PURPOSE OF CARBURETOR

The purpose oi the carbtreo' is to1 prepareand supplca
tixtuIe tue Il vapaor and air. i pioper proportion tort

Because of Varying ontdionsuof tempoerature e nin speed

-d load on the engine pertect irntion is diffltult co
m~raint Wheni taterna] iombuston en'in a I id

aitdan air-Lie mixtuecontliningalitgelpropori Lf'futllis

etii'd. When thte aine reaheoprut tani' impertu

netter vaoato ot he ueis :d aareult toe
kiitia mite to fuel and I ' ich Th ixtyture
crotaii re V uel ihan sormayrqire I il ntL efit

-ndt jeinine twi] not operat tiatry part'larii a

Edljing5spee
Still anenhe diiffiut must be ivecome b' Le carhbu-

retor. When te eniglis idling oi opera 1ing ao spee a

richer mixture is equtired tan when opecaii at m im

speed and pnve. Thei, when maximumower is required the

moutu0 of fue in relatiomn toa a cisthe ncreasd SIimilr.

duiringperiods of acceleration- a richer mixtur is needd 
A problmen Ci'cuntered in designg ch'rto's results

roi[hf i tt 1 herateo 11 e Ofairs 10 t .out t10 rburcr
cilanges Ill j A3ic0 Orerc thlail 100 toI This isadircrsu

of the Changes a aw engin speed' AtIN lwspeed, the flow M itr

throughthe carureI is at a miiiminum. At maxiitii engine

speedfit kwill eatet ut as gei

Variations in ptp and careristics of fuLel a so com-

plicate the carburel de el rin. Gasoline s a blend of

varouts paisoraa 1 a o [d petr iALm. As a resul, Sone

iractins coniained in commercial gso ine will boil or
vLporzte ii 100deg F uhe hate boilingl ptitsralngnLgup

to 400deg F.
Dependin on the em'nperature o var-iois parts of the

intakei nmniniod om cyliiideis my eceive a mixture with
OflC potutons ot ti' ue'I opleteLy VapoflZed, Wilde othier

ptortisu tof tel ma be inliquid form. In audition, somne

cylinders Lwi Iecev te having greatet antikntick qualities

Qan t ohers. Conider t' htt when the engine ad rnaniold

are coed. te proben iswsil more diflicult.

AIR-FUEL RATIO

For norial opertg conditions, the best economy is
obttaineib a mtxtureof I partby weight ofgasoline to

between t6 to 17 parts of air. For quick acceleratonand
nmaxeitmuntpo;werta ichermxtureof aboutiartofasoline

to 12 tu 13 oart airis neded. Fo idlin ta somewhat
richer-:hatt-normalmixture isreired. Whenstarting a cold

eneteanextremly richnmxture is needd. (See le chapter
o:NMANUt AL IAND)AUTOMATE CHOKE{S.t
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co sr Ito Lc In a caburIoIisotha io in ir~ mst

p'ass thrug 'i- n 'svo: sin itk I maiod K and enin
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KO~HF1C
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pon-to onwen1 it tacedcleerlx x fo cheneedal-ve cose

and s of-The ow Of

P~~~cc ~b suieie toAt II it~ im
I- thl 1)

if 1iC O"i ii 'K c r-

10

L 11

II II~li[L-a LI-

ii al ~ ~~ixi i- 191

Li Li' -iaam-sv~ar IF- ccit

Fg 21-4. Noe howi u viri-arii.rn sectionsi

at crbretor.

CARBURETOR CIRCUITS

in order to ipply nr-uel mixiure(Liitab'ile r all ihe
different operaOng nditions of lmw 'I highspedi. and ligh
loads to full loads. a earburefer nm-a be rovided with
additional circuits and -ontros There :iruitsnilu flout

sstem.idle system. man nmeering systemc ace elantngsy\ICTI

and high speedSter nLder ec oh therean ar huihsrle
nti-perlatr tjsi idle unloader. anti-icine. ho" id l com-

pcensato' and- ani- salldashpot

THROTTLE

One of the imorta" r, -r on eabrom"r te

frottle valvc. m vive The hrotile vave is a device iur

varying re amont or aiu miture dha i enters h ike

nianiold. This control it nPesar so q 2hbe speed of IV vehide

can be changed.
The thi"t valve' Fig' V.. i simply a roun disk

mounte ona shft s ha iitucn be ilda ari.s angles in
Lie arturoi tttalvenbod IA isconcecedc a eks ofl

nilabhie linkage tio the Lucerater pedal in o. rivine
Lcompartmen of the vehicl. Depresinp theipedal opens the

threnle valv, permitton In increased aouit Of air-toel
mture to reach the mai-d

FLOAT CIRCUIT

Fue in the- cMrbumre1or muti be maiaint - peae
leelCo 0~-corretjfuelmetiringndi a operalin ond 1i

Thiisthesnnctinothiat cil 0I 6 intenance
of the desired fuel level is accomiplished b- th tLoi of

- LS

LC -

'Phe diesyiem or low-speedc rcuit,7 Fig127 s e e

in sp-l':he proer a0n
5 

n0o>ixnltur:In- th engine - idle

-aLNd exti-el lo ('ples ir operates ro :ai -l .pee to

approximaitely, 25 nmph. Abcove that speead. the idL ae syste

gra-dually piassescvt oii operetion and ie] s suppied by t
mana'meierino system,
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VV~~pt iiAjv is4 ilsl~aluInclosed. there ,011lbe very

bes' pn'l It t[4IC V I111 C(-) u 1'247 Iletl

1lu~~v* 44 e1 1- uni I InnIvlete

"llfj b,:>tll al [l'ill LIS n 0 11 Ls1 lLe t l is ilAltile

,'ln [lie lnSd pouiin 441 l2 li'otl , Fi. '1-7. It is

snl_]IOLI LuN [EEL1 im1411 tile ft ll bnw;ii. 44philic pressure in

tile i1421 hoM~4 willI 1 1 I l j run ile~ lle disIEAIElc port11 as

1141A~t' lucrj' 'L'S _~',4,1 ' [1 1 1, tile )

VVlsent 1411 Lle>plel ILL11ii'. list disjelmrae

[luI t Ae.SA Ii L :h4 ptit Ai-ieii-' wsIu~n

adne~i-I iliil ie is provided, sk11111liL th%4111141 f15121n

'21, 'V 11 Ll t ic 1']l hi.'2114 lisl'

hut . i idI lvi is EpLlo. TIncAI1122v1 ai&

hetl~'LlE iihLI~ ~sLL ~. 1 114idledi2sIthr t.

AIR 4.1515

-7
IIr

I 4--

FLOAT 151S

L IVE

OFF IDLE OPERATION

RlIelr21 iand- I lslF AC' .iiild ~ n

5Ivsem AsrhIlj tintex c jie, ipcsduigx c

Hlorl fllc[is gie h tien lidslj puitl Fk, 21-,

The12off idle ou, I IIJ erauliep toi sjlk IlOd CL1

and Suppliesd" 1h diiil1 Ie! seeded 141 EIle cirealse in

enei~~~~~~~~~eb anc nivd ul cn ( Iiei V c

Adjstbd L: ea leds~e +dlsuu ~e

S.

NIUlI

[ I IDLS 11- 0.q
IisF 5 C11 RC4UI

1HROii I4S l E~ VALV

aig,2! --1 ol~aiiit o carbuiSllar idhustel,

5ESnR.1EX5HAEETGAS17RCIRULATION)
IDLECHANNELI-
REaTP I CrIN DEAIRSLEFLI

IOLE YUE.j 1 (

E.G.R' TIMED

vACUI'.'.muCUU MIT90OEAT

FVACE TO MILEHOE FPIL

F~u,21-,INlt I- lL i idle discatl ge COTiLS On this iRor'r'& er

1ig. 21-9W klIsniOrigh-peed ssieam.

AIR FLOW IS RESTR1ICTED

V 1 1;!, Or tsroule is opced4 il cethc tb)ne oti it] isstll

12424fol riitdInthe viol Ill)discliirce 221c 11,1111 tile mral

jet , 1 nuzzle, Fig. 21- seer vIts l the IT inresd111

melit otf Air chr1415 Eile caibWetFi4r, r1`10: fuld lilui,( b,

su~lplied ill lotder to hunin Elie C('1A:L [)I;,lnn f li

Aind fel.

0i S5I11 JpI Iaddt111tWe dIringis51A ' i 11W IN-pec

~4prain I hei'lc ole, Is in:'d~i hidetlPik

hlie IS %-1 lislilred - d losed -siliori of :ec

thrle vals4 ill 1 -7 As s~ln isstirevalve is peied asialt

ailAlitlit tile pI'twill Le ti2ll FO J. lTltdkt :ttailif~ld VdLIELIC

will act onJ a-I tfiL aichilnv ILi2 [weede willbJe tinL

AlnthcI pe j 1 vilseflii Ltsidun)eilil Ibiretors

t i n I! m P 41 4' L milleLd 1111 the ~ l 4 Al idle-

adliusinn ele' vc Fince t f ceidline-4 pv i eeis,,d q

li1Fnj 4 well filuLI '.ssthi ['ciwhon 1111eine S isLt rest. As rnolre

Air is adc]LnIt teby nii i teedle vav2adijrslnLenir loss
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MAIN CIRCUIT

(IsltL i In iii 5 LIS) 11c- tIL ' L1' Lle )011`1 thet idis

t Jrad ualk i. tt ItI ilC H 1% tI ii the

v nitri i 1dtl 1 nl s a I siL to i r

I Ilt illL LLI 1 t 1t

L li re 1 1 L1 LI I I Lt t ir l 1 i Il

2 1 I t I L 1 Il I LIIL 1 ll fl1

7 I C lplos it ila

Rene o tv 1' Iv rtcL i li L t V i [ ii r Li lIt

hufIt e tlt I I lit ILt I, I it,,r

n i t 11 1 1 [Il Lin d1 1 11 I\

C 1111 [ iL[ 1 I I Ll tI I L I LI -

2Is > ii11 atj I t I) i1 11| Ilrcv~.I 10t L 1Si ~I-I~~ LLI Oi il 0< LLI

.O1vER ENRICHMENT SYSTEM

To suppleme tht intiaI imitri[lgteSysLt. orecarbrIne t's

are provided w ith ai powercinritctet sstemr. Fic lO
Power enrichmtent is designed to. Ptovide prOper mixIures

MtANIFOLD VACUU

PC)W P V A CU UM1

'sTI Iati.I nsassnGoc

POW ER

POWER

VALVE

POWER
RESTIcTIONiS 1MAIN WELL

Fig. 21-10, Details of a Rocheszer power enrchment stTnm

whn moreporwer is destred. orfor extremeig-speed driving.

thesStem CoSistsatvacuiumtt-operatedpower psirt int the

air hornsandaIJ pwetLvselocated ntret hoo tofihett i

bow.wThpower pila [iider is isposed tCo t nine anifold

iacuu Iat ill ilies lthouhe ia connicting vaCUl p1ssa ge fom

the base of th itrbretor.

Durin idle and pan tirotile operation, the rtively high

vacuumtllaids hpw pstnj aga11l~dinl spting preSsLre a1t ihe

ootwet vlveI itttemacosed Thtetncrease in engine load lowers

he mainifod vuti. Whenr ei11h drop Isuff U itl h F1

p~ower piston spriilg tive m se i wrd pull ofvac nttl.

Uder sprin presst-e. otIe power pision moves downward.

Tiis pels the power valve to allow additional fel o low
th[- Ir : lib ned re Itr tILIm s in the mlt in well.

rig, 21-11. Main riozz eA secuos fuei directiy frm Baat chamberl

Compensating noze C reeitveS fue from sandpine 3 Fu l supplied

by nozzle C depends on size of metering o~arCCrif ih dtlive's fuel to
qtandpipe 8,

COMPENSATION OR DOUBLE
NOZZLE PRINCIPLE

One methodof controlling the mixture oftfue andai is In
provide, in addition tothe main nozzlanothernozzl h a

cosiant rate of disharge. In combination, thetwo nozzles

rive siubstantiallv constant mixture.

[i Fig 2[-11 the inall nozzle is supplied wi[h fuel directly

from the float chamber. The Compensating nozzle, whichhas a

constant rate of discharge. is supplied rom a sandpipethat

receives its fuel from the loati chamber. Thepp endofthe

standpipe is open to the atmosphere.
Fuel enters the standpipe through a meted opening.

Since the fuel in theL oat chamber is at a con tant vl he

fiuw to the standpipe will he constit, In adion the rate at

whic ifuel can be drawit f1ni te comripe sat In g0 I a so
will be constant. At hugh engine speed, te compensajtio

tOeZiedelives less FL thanatI low enins speed, In his as.

ii corpenates for the nura! tendency of the main nozie to

deiver mixtnUe I i1is too rich at hih Ispeed.

Also at high eligine speed" and when the compensating

nozzle is delivering smaller amounts of uel ide to reduced

vacuum Ilthe level of the fue in the standpipe will rise uti its

level is equal to that i the float cliamber. Then, as suctionn

the copensating nozzle draws fuel frm it, the fue level it

the standpipe w bille towered. ff the throttie valve is

Iatdinitaitled atile Same ipeniti for a sufficient lentgthtofIm.
all ilt hel iWill he drawn from the stardpipe. Then the

compeIsatinl,_ niozzle will be sUlpplied directly frirm the

compenstinfiget or submerged metering onfice.

AIR BLEEDPRINCIPLE

Theuse ofai bleeds isanother imeiod of compensati g

orthe increasedrichness of theitutire caused byL inceased

air velociv throughi he carburetor thro. Fig. 21-12 slhIws
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FULL POWERCIRCUlT

HICiC'r ee ntntajining the AI-ulC ratt '>7c'Imsitath

rate I he minl circt! provIdes IConomical> o'peradonl 'or ali

I~~~ ~ hI~L'i

Te u st b v uppht'ei There Inr' sever way '> 'hat this

aiii onitid' a i Fr jde for nu. uIn power1C2~ hesemethods~ ~ ~ ~ ~~~~~~t anl eeoorzrvbe oe e n h

meteI ngl l jc od .1

2g 1-11 oeca 210 carburet.Or powe r vabe, or econombenr
va ,v, hii upplies dditos zFl nieeded ior wide open hote

7l-1 Bydsg.w e ultrtl prto prahe

power vav ilprmtterqird)o n f fl t ps

An t tp- fpoe'a ei-s!ni Fig. 211-14l. in this

,JJI

i assembly, I i a o n with trottlev

~~ [d

aum -eri pr 1sur inte la cha be movet e rs vuu

k , - I 71li I'- V"-I 1 , C

contrlled it assemb [lo tihe op, of ~it1hdru agan

Shr to va v pis opene [o I poLat whr d n is
''-qu red.~ )NA' m i [ aina n: I ha d res su01ciendy so that
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the Iping moves the piin own p[nig th pover e t
Iced aldditiond u llnt the hig-smpee circu

wh1 LL a'a'I ' 11, 01 CIisupplyn1 th, addi nd uelnede r g-spee F -er o
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ACCELERATING PUMP

HK-IL a I 0hol vatlve ]sOpene quickdy in produe rpid

:Lc0C3lerla of Lhe enineL. the: carburtOr Pul mLiLLure Leds

Lto' becom b1 n IcJn [ nC] 11C 11p1CT, ;,.,

Nh flact tha te fulrL is greater weigh t L a ir. oseue I i
[Ile] 113lK111~eI I11ly, when the a,:cc lt is jpened ude l efowo ul

will lag behind dhe 110w of the irl.
To sulpp! O he Additici1 lfuel n dd oovcom tis
condition 1l s -11 le,1i1 1 pu i i ncrp a e in he

desil of11 h u11:rb cet IC:FiL l T i p m Is L rad Li

ulei i' tcI linknee. n some Ie s TL ih strokewi h pI lun

,nl be dj I ti In L nIl3 Ti1 tooge

Fig 21-18 AccehIIIwai opump sKUPICSadd i Toil luel or

a05fl accelkermliom,

sLoke provides th mimum m111oiil Of fuel sotnhis is the

Ting usualued duingIII C codeahr.

TIle Icet inIgpu i irCi etj Ce II c Sis of:Sk)

I. A WpupeyIn

1A plngeri mchaIlly11 actuated by 3 lever mounted on

tholesha GE u'.u-opraed by in ake umnifold

An itake ci vave located in boLtm of p p LICyIli

Io Konual p la I o cffuel from bowl to pump inder'

A iargeoroutechek vive.

-1 An a caungjet tumeter fuelused

\V1en th 1011hroI~ttl is opiIe nedLhpmp pluge [ mdes

Ih'F d Pmnwad numment isobTuined by dicia Ic w-11i
du~ 1 [h1ou- U In th vaum-cuae design. SUdlde throt

Lpin L witl 11he man0 ald vacJLul Lo drop, allo eI

c in rin [I orce he pump p1 l dIoI in7L

he IJpas the disciargecheck valve of the acelcraing jet
FuI lplied Io the pulp yilldir tlhrouth1I[le infuke

hec1 l vale at the botoni. Ths vave permLiits a suppl of fl.

(o ia2h the clindv, buL coses on the down strokle of the
p11>gII 10 pvn:fel I [t h lid from beingIpusIdC hck

into the float bowl,

ANTI-PERCOLATOR

Duin exrely hut weathere there is a tendency for the

I'e t lov re in LhC 6uI line, he ftuel pumIIpi oetlhin the

Warlburetr. Sten this conditioi occurs in the crbureto', it iS

Iownl as "percolat:on."

T kvcom1e percolati whe1 iI occurs. spCLeIa proVisiosl

VENTTUBE

NEEDLE
VALVE NEEDLE VALVE
SEAT

I FLOAT

-0-

IDLE >IEL AV z

IDLE AIR
BLEED

DLE TUBE

IDLE TUBE
MNETERING
ORI FICE

SECONDARY
IDLE AIR
BLEED

THROTTLE
VALVE
IClosed)

DLE DISCHARGE HOLES

Fig. 21 -19 Ven tube frm iloa bov o air horn prevents vapOr lock and quakes effec oft a clogged alr ilter

This Ilustration also Shows 3a ypical idling system,
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aren ade. One iethud is to prvid a passgeway or vent tube

hetween Ithe top of thrl 10 bIow chanbe atnd the upper part

of the air horni. 21-1. 13y tIs means, any vapor

developing in the l loat hlx cithme wilh drawn into the

ir streami in tihe uw lhorne.i F tiele.it wii pass Iltrogil the

carbretor and into the itaike ianitold

Ventig the Iloat howl inl ti tiatner lias the added

advantagcthaiitwill cqtaliizo the a ofaclogedir tiher.
Aogged filter will catuse a somwl a ieater vi tum at the

venturi and lonsecqlent increased low of fuel Ventmitile

Fiot howl ito [he crbretor aihorire leves this onditin.
Anothermethod velS the 110t howl lcamber direcly to

theamosphcre Fig.21-i. InthuCsribretor design the ven

C- provded with cap preenit t Ianddir from rer

te foathboichanmber.
Stillcaothir design orptfs. a soavlve tt veits

1he ttinattl tiseliarc tod/e lo ie tmio-plie Iinkage is

arrated so that cloi s ing Hit Arotle a will open an
altit0percoloto'vave. Anilithemthd 'esnedr. ttccomiiplislh
the se jthin '_p1ides ior 11 tepas to the discharge

noene without the useo avilve.

With the comlitgof evaporitve. temIissio orols. vetit

of fuel vtpor to lie atmo~usher was discontnued. See

Chaputr 2.

FAST IDLE

To preventt an eninte from stalling iefore it reaches

opserating temlperatulre, it mutsthbeoperated ata faster-than-
normal speed. This is done bypreo~vetiegintespeed from

droppinghbeloiwa predoterninted rpm.Toactomplish this. the
citoke shaft is linked tc a cam on the outside of the

carburetor. Fig. 21-20. Thelinkage is arranged so that aslong

as the choke is in apartialy closed positin- thehighspoton

FAST IDLE ROD ;;.i

REQUIRED)

FAST IDLE STOP
ADJUSTING SCREW

FAT LEIDLE SPEED
CAM ~ADJUSTING SCREW

-I-THROTTLE LEVER TANG

Fig-21-20. Shiouvrig fesidleeand chokel inkae, togetheriih fst ie
adjustment and idtespeedsaistment,

thecancomes under thefast idle speed adjusting screw. In

this way, the throttle valve will be held open a SufficictM

amount to prevent stalling
After the engine reaches operatic temperature. opening of

the chokc valve will move the Carnfrom under the fast idle

speed adjusting screw, and the enipne will idle at normal speed.

CARBURETOR UNLOADER

Wlen an engine doeS nOt str immediateiy prolonged

cranking will result in a flooded condition. The air-fuel

mixture in ih manifold and engine is so rich that it is no

longer a vapor. Consequenty, the spark plgfs cannot ilre it.

To overconie this onLion, linkage is provided on the

arburetor which will hold the choke valve open when the

accelerator ispushed t tlie loor. Fig, 21-21. Then, as the

engine is cranked agaIn, air wil enter the manifold and

cylnders to clearexcessive gasoline from the system. This is

accomplished by special linkage betweei the throttle and

choke levers. Fig.21-21.

--

0

Fig. 21-21. Showing relationshipof unoader lug or cam, unloader
projecion, choke lever and fasi idle cam,

ANTI-ICING

When fuel is evaporated,it absorbs heat from the surround-

ing air and etalparts of the carburetor. Whenthce humidit

ofthe air is high and temperatures are at approximately the

freezing point, the evaporation of fuel in the cariuretor often

caises "icing." The ice tOrms around the closed positionof the

throttle plate, anddie idle pot beomesc sed with ice. This

in turn, will cause the engine to stall at low speeds.

To nCvercome this icing conditionl, somearbulretors are

provided with special passages that a hot eXhatitgases

around the carburetor, heatirre the are SUrroundittg the
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YiKMARY THOTEPAE
Tour

THEE O STAFI MI

jIRT-TIriit Piofi

Fig- 21-22. Shownq paith of warm air 1om C in rCC tO

hrcat! vtlves to prevenormatronorn,

throtle Iplae Fi .21-21
Another imetiod of overcomingthis difficulty is to provide

awater jacket for tecarhtIretolr This wateri icket o course.
IS conn1ededft to tectolingsystem of 1hevehicle.

AR PASSAGE
TO OUTLET BELOW-
THROTTLE VALVES

HOT IDLE COMPENSATOR

Dutrin iong periods of idling with an extrenely tot engine.
the fuel in the carburecr bluwl becomes hot enough toi fol

vapors. These vipors enter the t cburetoh boresh b way of tie
inside bowl vents. mnixing wilth rte idle air and causing an
extremely rich mixture. This will result in loss ol engine 1p

and, eventialirv in stallin To overcome this cndition (on
Carter AFB cairiretiors fr example) a hot idle omtpersar

valve is placed in thelecnidary side of the carbure . T1isi

calibraed to permit additiotl air to enter thet manilfOld helo
the secondary ltrottle valve, where it mixe'with the uel

vapers to provide a more combustible miure.
On Rochester 4GC carburetors, the hot idle compensator is

placed oni the secondary side of Ete float bowl and permits
additional air to enter the primary bores under extreine hot
idle unditions, Fig. 21-23.

ANTI-STALL DASHPOT

Most older cars with aurto tic ftarnssionls have art
anti-stall dashpot cete" d to theI carburetor linkage. Fig.
21-24. The proeo this dashpor is to prevert the throttle
valve fromtc si a. Toot rapid clog ften causes the
engine o istal. ITntallaior oftedshpot preverts the thrtl
fron beingclosed to oi qckly, thereby evoidingstalls.

This cnionwould nlot oul ihamna rnmsin
since thermomentum I the vel would ont-ne :odrive

the engine througtthe stalperiod

Also, to Insureeasy starting, some engines have special
carhuretor linkage desiginedio auomatica9lly holdftethrottle
valve slightly open during craning:5.

Fig, 21-23. Hot idlecoropensatopermits 8dmIna1iair to 2ntar
primary boresof atrburetorunder Lxtreme lit dieconditions.

Fig. 21-24. Showing antistall dashpot mounted orsideof Ford carbu-
riror, Some carburetors have rttirsall dashpor bui ito carburetor.

Note provlon for adjustment of accelerator pump.

VACUUM ADVANCE

Sfedto onTrol the spark
advace n th Fod Lodomticdistributor, By design.

vacum strasmitedto heisthutr diarpluragm fromt hee

intrconeced assgesin he aruresor. Fig. 21-25. All
manfl aumt h itiuo asses through the spark

Unde nonaloadconltinsthespark valve lsheldpent
agaist prig pessue b a ombnation otf atmospaheri:
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VA5L

I
5

RQ EQ-

POINT A-

Fig. 21-25, ,, i -ssa fl osil-qOCU. vacuur

conrol ai I, Dd% nss.

11105155s11Vto

p!se anmd t-attiioldssc~a ,/lie: 'rtis~aiiod

vaseoutodrops land~it5 Cs[ spmqs tI5 aI[1vawhc

shots oifft .sevacuume ndplvnie'csiepar 1das

's/it~irvas50111s~evetsullatrd. l IeTsoilvactutr

increasesj(' thJakaeilcialw )Itislsr aCLoum t

dvIsce lhedl ihuis~F

GOVERNORS

G~sesov s :irC used/ pOjcIipall's -,en 
mdlusmLO  

s.t'lt"5ad

esososercililessStso t nonsiIlandx:,Iped' Irs1115

execd tSipe olllsrt-Fs.2 isLAbEe

be te' he carbaresorads in a1 1t- o whr is

ss osted byv [ie nsesssnrr ditierercta actitin g atlstls 111c

-,,iver ".s; ialphraei h (jwiffienil is providedi' byVaciCuO

be :low i` eaep srtsnhtanarIQ- iophtipressure

At lowx eo'ote Fpm thie govpntrci olalveWeighsis

heLld qcxxak' fl itsseI hV she lensixmil thesavewe -Vighl
spring. Dtis this pestioLd lhQ valve .s wideopetit10salloW

0ofsid& -Irsit tOw 1 1e',ovavnor so itsinoverrtmiIsg cx
o~cuLrs A . en~gemspcd iceses, the differeritial 'Letween

atimosphericprsue df~--eaumereslcausingie~

aovernoi il tlpa o e0xeCij apull0 ( hegoernoreverThis
I to)1t Ill' F Ssl II -", i tasc111 IR lV C1 SeS hetlrosI

AIS'lh~l seshodflimirig Liespeedofannginej s

rIII u -'-"I 10 tltttil As ihi a getroihh

AS een oe livrea s theol is whr h h

snifsold senids. asy shelS5Oit, t 1101 xx tF

thi lsdk o[ ball 'LII h to [he - Thrwe L) >1th

carur1) s1 x iir ~ k Po. r.k me i siro aca-itezIt

ieron iller o ri,

Priming Ptug ThotePlate
Wde Adusting lIdle PCisons)

N e eK, leAmi

Passage

IDLE SYSTEM

F:g. 21-27. Swul view oi upidraft cnrburec n,! an-Lr at sighsl

snd peascs ull thFOughNrworuri andlpasi trotleplate.

D4HA61VALVE 551IGHT SPRING R0505

~~ ~ VALVE ~O SCREw

-DSvOER NO 0 R AV I tA v

lj ~ os -E5 AI _ - AJUTN

GOVER NOR 5SRWLUG
I T~~~~It~~f ESPACSt -N----ET--

5~~~~ t~Is,5OERC

F~ GOVERNORNO

TH ItE01 m MA NSIF

Pr s'iT VACIJUl 0550
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0

-i

F ig 26, This-to- cy.. Ls& hsVascUlsbel-w Q0veT0 r 'h ilsp
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TYPES OF CARBURETORS

While there ire [Iiny1 variatioits in the desgnaconl-

trutijon eaturetors. ther2 are three basic tIes:
I. UpdruI.

SidedraftE
The direction0 of ie ir flw at the Carb1reslOr outlel tO the

mlanifol dcetermines the classification.
The updraft carburetor, Fig. 2-27. is placed low ontihe

side of the engine, It is supplied with fuelr bygravity teed.

However, the fuel ixture must be lifted from the caburetor,
through the maniold and into the enine. Air velocities must

he high: a requiremnte that can be attained Only by usine
carburetors and manifold passages of small diameter. As a

result, power output is limited.

7n AD-JUS METERING ROD
BtENO HERE

PUMP LIFTER LINK
METERING ROD ARM

NOZaLE
-j- METERING R

-- U UPPR PUMP SPRING

METI

VACUUM
RS TRIIOT\N LOWER PUMP DIAPHRAGM SPRING

VACUUM AIR BLEED

OD

ERING ROD DET

DIAPHRAGM

Fig 21-28. Typical sidedraft, or crossdraftcarburetor.

C 7-Ly-

ATC

RicER

-ig. 21-29. Typical sinle-barret downdraft C-urOtor,

The sijedraft or Crossdraft, carburetor shown in Fig 11-

isused where there is littce space over the engiTe. The air

cleaner naturally is positioned lower in a sidedraft carburetor
installatio Another applicationof this carburetor is where

the vaporized mixture is estedby water in the engine water

jacket.

U.S. passenger car engines are equipped almost exclusively

with the downdraft carburetor, Figs. 21-14 and 21-29. In this

design, the air-fuel mrture will reach the engine even though
the air velocity is low. The carbuieortltroat and marifold ca
be made larger, by design. This. in turn inreases the size of

the air-Fuel tke systetm[, tiakitig high speeds and hich
specific otput possible

SINGLE-BARREL CARBURETOR

While there are three basic types uf carbLuretors, they also

may be classed by number of throats, or barrels. A single-
barrel carburetor, Fig. 21-29, has one outlei to the intake
nfold. It is desined to take care ofall the requirements 0o

the enginefall operating conditions. Such carburetors are
'aed exeivey o enginet hing six cylinders or less.
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BOWL VENT

CHOKE CRUEi
DIAPHRAGM

I -<-

T

- THROTTLE P0517ION PREP
TRANSDUCER TPT: DEMXU

TO ESAVCU SCREWS'2

IDENTIFIC~aT[Ov TRANSDLCER
NU.MBER

FAST IDLE

N~L'I'00'~I CLURB IDLE
IDLESTOPADJUSTMENT

TO AIOCRANKCASE

HEA'TEDIN!11LT

Fig. 2'-30, Twooiview I- L ass 2260tEi 1'ilTJ 'a ,nl[-Uri a S inS18llodn 0 hv1 . 3 1 U.. .2 OljL)V-8nogS
Tins rA,r~oin has wl loon slmonoLrj i -nm jOn0,slai iosides orxtrafor idleandloSpeed; caeons8or poo-p

ssen pk.oops DadtiioaIa f-1 forz, .oc[Oo , rIn o-il ,LoooaSaMmer an acoromical mixtu oiOrSOmal CrUiSMng
confillos, pow.v~ noorooo osrooclimbinn a nocaonica[ and vacuum operad 10w-er vavI, io P-o~e

sr'oionol fuelformaximumrfpoweor-

TWO-BARREL CARBURETOR

CVtlolo t01 j S 1th o qld011( oH L11 ((1(56(ll.Iaf

I-Ts~iasrn-ailrpIt ar tsIsi bup o~so l i n a

Bascaly~hcs 1011k 00Qto(0~ o l ' U Io

Vo a~o-ba rrelahiinicch-:eIo o
Ifpl flalcCIN'jjldej'S O l t ie firing lld I HiaC 1%,l211ltlI-

Wiile tle C''I Ierhu~e sulilies cylideso aid-4.

POUR-BARREL-CARBURETOR

Ill dlc toool- I ] - 0`1Hi 1-ia-. l 21-1 faeal -[05Cc 'On

-S oli'L'to. It1 , - toi-four opeli11 tO( -'' ( fl ( 1, [itt1010 old
tin~ L(itS[t '00015n~ i i thot,Isrotsatmst

kil) to cl ilell I0' a] '161on 10 501k lS I052

Si~o1ploocn i.o ha: ets ar1510i ina 0he~C~ad

L z

diil

b~
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COLTE 4300CARBURETOR

1 nL, liI m 0 - cabIeo Fig ' 1-3 1 -0

AfU cas-in U cete 04 i ha priion 1w a 
' 

s upplem ntar

fulinilt sysem Th' h bowl is ventedI bylIU i ani'nen

Theidl byp-ias systemh is d isied t povtde mode
to( hto adl stb iy

1tihe am PUme. Opening the dl air screw to incUease enghine

Ipml leans the 1 airfu id t u i Co sqet ly, the 1d fuLK

n10xIIuri muttl also be adjusted. A1 Lo tL po ithe co11rectirE-uiel

m Ir for smooth eng11ineii tidle

'YA

-burctrs on a Chevolet V - lnine.
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H>07

Fig 231 Daa ' utli 40 4-c creo.N ed

2IVA:i Ldustmen

IDL [I T R

Fig. 21 035. D Ct i i mad Y b

12 ii 1 (o i ii'2 Fk ]m Ii i'i I i l i - M4 i3 \li

SI t I w 'iih % ll N m Io l Iaibure 111 h 0ve 1be()[

CI ILJLL 2 L I I i ! Ii li AL i I? IiI l? I l'"

(oin -'\ I i I i 113r Lilt flhkli I iiv ILnhen t s111

modViLfid Wriel br di iLLL ovidiii1lI11 ner L itr uel mJixturcsti

sins. L_
TI s m lea e mI11:II 1i llre rs l prn1il fro be e ds a 1 mI\IlC

1! LIII \ 1 1

Fid.21-34 aoile l imier .ei13e i F ti -34. icrhu, se

ChevroLe, BuILk Pontia ndL Olds nob eL eni ihAt

matei an msso s an id] St'op sln i is s- to so:

cIle rpmtl wi it' exhiut 'iss}i on coniiii rbuea

Slightly higher t n normal nd in ILr

the idtle 'p1 isI du eI I h Ot m Iin driv

IDLE VENT

Kr'
md FUEL INLET

Fig. 21-36. Roch12str inoji curatoL s useS on six cn

Buic5L Chevoiet, Oirnobeid31 Penticeng;net
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POWER PVSTON

METERNG ROD

PwER PISTON

MAN METERING
JET I

CAL BRATION
~SCREW
POWER PISTON
ACTUATING
LINKAGE

LOWER IDLE AIR BLEED

TONVACUUM

MAIN METERING SYSTEM

Fig. 21-37, Deals of min metaring system on MOnciet carburetor.

posit-i When teowineris abotlI 1o tir olT (he Igneitin. he
places shetralsiission in "park' or neutra]." With tile lad

ofthei nei idle speed will rise o tie 700 rpm ange Will

le nInc1 unnoing at that speed. ilus higher operatinIg

temperatures and slighltly retarded spark. -'disehing' may

occur. The idle stop solenod eliminales the possiilit by
Closing lhe1ihrottle valve wien the ipitio keyis turned of

The mainn m ringsyiseno 01 the Monojet carbLretor. Fig.

21-37. feeds fuel whenever air flow thoui the veiL is ligreat
e'sotgh to maintin iuel f lo t1hrur t1he nisnill discharae

nuzzle. The tile venlri Slack-up sparl rl\ sensiie to
air flow. This easi Ii'e aiidmore stableo ieteing :ontrol

!,Im lighS o heate l iads an iiportan actor IS tie control
of exhast em5isi5ons.

Themain meterins system consists of the meTering jcta
niechaticls andvacuum-operatedmielng d IHmain itoes wel.

main well air bleeds1 1oel dischare nozzle uta the stiple

Vontuli

Power eiricihmet in the Msaojt is obtainid by the

movemens if a springdoadled vactimll pistol that senses

haIes i maintllolLd vaCI1. The amto1t of enaCIhImflent IS
controlledh b the clearance beween the groove int Ie power

isaonaid the diameer l iusepower pistondivesod.

CARTE THERMO-QUADCARBURETOP

Onetmethod0o controllig he'roesibon end cbo oni-
oide isto reducesthedbe risfer the uiel. The Carter

Thermo-Quadcarburesneinstalled tonson iChryserDodge
aod Plymuiengnles has a floa boxy! itade of' aded

phenolic resini whslicssas at effectiveheattisulatorFig.

2038.A reduoctin of 20 deg.Fsveollmetalcrbutretos is
claimed. The Therm'o-Qiad ebiretor aisd oth'ers of thle

MAN WELL AIR BLEEDS

MAIN

BOOST ENTURI

MAIN VENTURI

MAIN

ELL -

THROTTLE POWERP5
VALV F

252

Fig.21-38 Fiasibowl of thisCartrThrmo-Cuadcirburator smade
of molded pherolic resin to reduce Trha ansfer,

Chrysler line lorni a part of !he proportioas exhaust gas

iecirculation (ECR) stem, Fni 21-3 9 The ssStem inclIdes a

e-sIrcLation control valve and viCuum senSor 10 insure

properPfleoSofehaus51gasn iipopt inalto vacuum sensedim

the carboretor.

In his EGR system. a slot type port in thecarburetor

throttle body is exposed to an increasing percentage of

muanifold vICLum a ithe throttle vale opens. This throttle

bore port is comiected through an extermalnipple direct to the

EGR salve. The flow rate is dependent on the manifold

v'acuLton throtte position and exhaust back pressure.

Recycling of exhaust oases is elininaied at side-open

thottle. This is done by calibrating the valve oening point

bovemanifold vacutoniavailable when the throttevalvessar
vide open Since port vacuml cannos exceed nifold

vacuum. Elimination of wide-open throslde recycle poLvides

maximi per ormsance.

ROCHESTER 2GV CARBURETOR

Tl currelu Rochestr "M crretorhasmanyfeatLres

desianed to redtue exhaust eascausslonsThisirhureCtor uss

aibirted lusser desin o tha places the main well tudes, idle
tubes,mixiure passagesi ibleeds and punpjets in a compacI

assembly The cluster is removable for cleaigandsinspecr on

purnposes
Theentuielusfi s hison a sit portion 'ifd e carburetol

hoi in frot of the main venturi wiih a gasket ntdrneath.

The idle and min well ibesi are permanently islitalled i) the
cluster body by means of a precision prcss fit,

The mai nozzles and idle obes are suspcIndd iii heis ai
we of 1he float owl Remiovable ilastic mai welll iseris

sirrotid ihe main suelnOZi zles toisslate the nozzles an

prevenl perclaion- The plastiinsrts also providesmonoth

uelflow 'hroughthle maintmeterig system duloghot engice

operation,
Rochester 2GC-2GEcarboreors have similar construltiol

Asecionild drawig in Fg. '1-40 shows the majorparis 

tiese carbLuresorS

CFUEL
AIR-FUEL

4 VACUUM

...........
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Fq.2 -39, No dtails 0f proporioilI exhaust gas recirculation
Y m isi led on le mo-del Chrysler Corp .ngine.

PULL-OVER
ENRICHMENT

MAIN WELL
AIR BLEED 0XU

NOZZLE SPa PASSAGE
AIR BLEEDS LEE

FUEL PICKUP J VENTUR
TUBE Is

MAIN NOZZLE

MeAN METERINGTU BElL /
.IF ~~ IN, sEZR T /MAIN VENTURI

METERING
ORIFICEU

PARTTHRO -TN TIROTTLE
ADJUSTMENT MAINWELL VALVE
SCREW'

-CACTORY ADJUSTED

'ig 21-40. Detals o roai or ats of Rocheirre 2GC-2GEcAruretrs,

HOT AIR INTAKE -RAM AIR

Man o t ca r et deily lo haar envsaton

le r e a c h 1 ! .1 1 1l J ; .2 I' I r- 1orttikmp titn 'ilviiteodawenotrim -rat seri f-
SetL un h rr t d Idexhatst bry-prodcts The

aIF i SrFotd Wal' 01 e e iert

-rise- Ford F r-it crio21l-c so see tie laltOs

rC 11 -s I ITT r. f r . s oi- 1 < m c
>-tt-5ott0,rrIedn li iinaopnthepor< id re t ai la s uf 1 I rF 0 air t ea

I rirrue noti re ox sf1 - UFC ale s LA X'rI tiJJ sns nteeud iaLa:u

hi'1lvoum0 ruiirMr lnr rec, 4c Ieeessra

VA T4AK5

Ai i

V

Fig. 21-41 Therrnostaticaly controlied hated air make is provided
on modern carburetors. Ford 302 c. in. V-8 is shown.

Ile selector valve returns to the position indicated by
underhtood temperatureas.

By phaingitcarburetor intake air scoops at the front of the
vehicle, fuladvantageis taken of air motion due to tie speed

of 11e0car. This pr:ides ararnming effect to the air entering
toe carburetor. and a degree of superchargine is obtained.

Some Oldsmobiles with 400 cI1.in. (6.6 litre), 10.5 to I
compressIon ratto V-8 nines have scoops with 13in.x 2 n.
openings toi eed rit air co the twin snorkeis of the air cleaner.

FORD'S VARIABLE
VENTURI CARBURETOR

Fords Motorcraft odel 700 variable vcentri Ca]retor.

Figs. 2-42and .2143.varies the area0 to hec1et as

function of speed and load. Moss ther cArburctors rave

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



PAGE 26 of 30 HMC EXHIBIT 1009

Automotive Encyclopedia

v1 .

. II.

VACUUM
DIAHRaAGM

COD

FU-E

7--,---
EL

Fi'g.21-42, in Ford varialbianur carburctor ate ventura ve Ia post on is cotro lcd b spr ng pressure andcal

vacuum. The spatag pressure tends to acil ith valva Con-r - a- c uum achs lhrough a rubberdaphragm tl open healve.

Cotrol vaacau is vacuurn tlow a -anturi wive andabovaiaal,-lie the thrcvtle valves. Sei arcra s a dagria.

1J

Fa9 . 21-42 Faard Clworaat aaeaaal avaloluf Ca-rbaen t

LIatiC aut a a-nA , -1 ala a1a
vl i L! Ti er ;sn Th lu l T i 0

3JI C 1C iL l I b a- '

car[)- EiC llr Tle uI b a a

i j aaa l ., lla 1 C- i a - Iti C

Lihe a t r t1 I - . aa I tI 1 I -i '
die saCLLY ICCtC1liI1 II ta aI 'aL 'C a I C a 1-i

me~a-C. Ftp2I-I2

SPEC'AL FEATURES

-T 1h be o I 1 1[1- -. 1
I It I I I Il i a - I ba ii 11i1t-1 -

Jii [ I l a i r I ' F-i la - i 1 L lILOF. a

L iit I 1

1 iaJIal~, Ll aa-ia i t l ull 1

CuCr I'I |1 iila'11a 1 1a I al ai ial

il- 11 i L- a- l1i C 1' a 1 -Cal'

1 r a r I i a a L'-e~ ' a E ayl -aCCa 1 la-IeualuiN' LI .1l< ] La 1

a-of ai ia iialid pile uL l IC atlal i

a- ila Lia I a ata 1 \Oili~il I lials lu tl a - 1

C liII CC ai a , il 11C C Cltla Iiia [ la lie

%rBU ETORDEIGASSER

a - I w A e b ul

aP a ialiatl. I C C. a C-ai iCC 'lCTil l IT l l~
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F . 1- F! o It iee srn helps Steady acton fMotn

mF' 1 Con, to 1, l i o v

Secondary
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5 0 riorCh ckB I_

Didophr iInu

Charn k enu

2I

Did Secondary Th it 12P aote
Diaphragm Rod

.21-45 sh-irig con-nectrios for operation o o r ti

plate in a Holley u r or

Dnertisaphnragm Se)ouiary h Vlcum Pck1-dsup aoe

eeh The ll

Doget hr wih a iprg ad ihdbtente .Te

Ce alvmshldofb sa te spcgh uppr
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on 2ng5 Snooheintakrecmaio ldc o ao e rotled" tci
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1
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With thi desse jn oe jr , the anoral yi01 vaiutn

duringdeLeaon i nsr l h Lhamber abv h

dtiiphragmi riin'e thie plunge2r ndcompresnthe 5dhlunIn

isp1ri . This m aomst itiutesilC t he wnln Uea Se the

needle valve agaNtiiin sit the flow of Clio] we the ide

11hrough 1125dichol.

AFs engine speed approatches idle arnd iniakes mai1ld

vahcuumii decreaeto 11rnal tediaphiagm ifocddnb

the spring' Ttts backs off thealking beam. whichm'uet th

ineedlecvalve and restores the flow of['uel a'itheidletahe .

DECEL VALVE

Sorme rcn i ct such St i i hIo Ford -io- :tr:

Jtl tt Iit atiittca Ie t ta 1 ft h r e -' l t~~5 (tl:
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Fig. 21-48. Throttl talenid adjustmeni on Autaliw-Weber model
5200carburi(or.

1h bhandt tliowthe piungei to extend. 11, Set the

ilespeed by uiinlg the s0Olid iptiner Fie.

I--ij

jtso intorpora'd in eaburtor used iitomllengines. [his5i

tmwrs Fig AL49 Carboi oi sng Lhe 'ooi systm of

cotrun felflw regod xaph od t in imi arty

ntw le nn digned Iio r at yinanl

(Canst'W)' it otqeoepiedici I xiLeS CDiurt. On i

these it '110ons, a itL 1l0ti re Cad~urtoir iued.

- - -

g.214 Seonlviwofdce a eto ig aver

I pen D Slton

256

NsEE-OLE VALVE

PIRING

CLIP

eg 21-49 Somesm I engInes us 1e ' type cIbur tors.Note

similai of al how perttto large Eutomotive cerbur:tor parts.

becasie 1 wvilunrtint l e10c anale o even in an incV'te>

posi'sit ashoirt tne.

Diaphrmntyivie carburetors Iuse e parttofitheunt

fo i arbutin. whilethe lIeri ars bIses a e lputP, The

two parts are btedtoeheits om tsine assembly.

The pump tizes t posicti and negative pressure

pulsaions in thecrancasefori sis orion Fuel is delivered

b, the inlet supply hannel eiher b the integral fuel tank or

by'gravity,
Wten tie engine is idl at nsarl cIlosed throttle, fuel is

drawi throughan idle tubeo, lot inried operatioi, past thle

1ie djustin1 screwoande in the engine via ihe primary idle

dischareeport.

Asthei hrotle is opened progressively, tl vacuum at ide

postin is nearly einminated, bul the increase in air velocity

throurh the venltu puis increasedvuuin thenozzleito

u1seat a nylon baTl The inozl then delivers the power

mixtue metered inrelation to the demands ofthe engine.

In the caseL o1 1e suction feed carburetor fuel system. the
fhuel tank is ncunItd helow the carburetor. Fig. I-50.

(Jj ~ TMROTTCLL-

VALVE

TANK

Ig. 21-30 Sect coal vIc ot suction feed carburetor used on imn

mowers aniirI small eneines
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Amosplheric pressure is mlized as the force to mover the Wfel

Thefuel Rtank cap is vented to allow pressure in the tak to
remaiconstant.As he piston goes dow on t ntake stroke

with the thtrori open, a low pressure ks ecrated i- the

carburetor throai Astigh.resirrction is placedltwen Le air

horn and tho carbutrert throat and the chok. This helps

maintain the low pressure.

Theire thedifference inpressre ine talnk and in rhe

carbureror thinat forces thuel up the tel pipe. past the

nedie valve. through tE two discag honle. The throtle is

relatively ick ont tp oab'urewt so terin efec

a venturi at thispoin t a oition A 1piralt is plaed in
trie throat to help iccecrtil and a:so to hepkep rhe
engine fromt din when dir thttl is opeetlsdionlt.

The amiount0 of feltfoing atoperting speeduis tere
by the needle valve and sea. Because of its onpat design,

the suction feed carburetor fuesystem issed primarily on

lawnwnier engines.

REVIEWQUESTIONS- PRINCIPLES OFCARBURETION

j What is th' iurpoSe o the 1 ueC Stcm in anl intenal

1 is the main00paCEs tofai'tuelstemt

3 The mte o lwhrough a ureor is tie am under

al Opelngonditions. True or Fole

1 When stirtliri interna combustion enginc thI fuel

mixture shou be:
a. Rich.
b. Leai,

SAverage.

5.Which spleedlrequtire a richer mooture?

a. adline.

b.30 mph .
0- Will all cylinders of a muideylinder engiine receive an

atrfluel lmittire having thesame Oct~atn tine'?

7- For normal operating conditions what ai-fuel ratisill

give thebest ciotnm?

a. 16 to 1.
b. 20 to 1.
c. 25 to L

8. For quick acelertimon. wha is the best ir-iel rai'?

a. 5 to LI

b. 10 to ,
0. 2 to 1.
d. 20 to 1

9, Are tre mtlecules foring a gas hed more tighllv

ogethier than those of ametal?

10. Name two facttoroffectingthe rapidity oevaprrtton.

- What caises thoiir-f'ual miUre to K drawn ito the

combustiocn lch berofanlinrtrialcombstio engine?

12.Thepurpose a venturi ina caruretor in.

a. Iicreasespeed ofairpassingthruchcarburetor.
b. Maintain correct air-fueciratio.

c. Provide etat el for accelerarion.

13. There ar .five main cruit In mdernc arburetr Na1me

foa of them.
4. Itn a c'arbureOtr vetIrI. 0Whic point has the higes

vacuum?
a. Entrance to theventti.

bh Narrowest pontofrithe venturi.

t: o i lo e nc-h bei n d (1hC ventJurC.

i h ile s m or a eairttre r SuPp is .a . .

speedsped 3

b. Sped up to40 1h,
c SpeetdsL u to 25 imph.

6. HlesI inn fuel discharge pirts doestLe 'tnLtional de
sy t emlclhave?
a. Otto.

b. Two.

c. Three.
d. Four.

SWhe tsho idle sstemis Iotlonger sulin; fueto the

engineWhichsysemWthenstppliesuiel?

a. Air bleed sstet.
b. Mlaiiisystem.

, Vaprizin system.

18. The purposeO of an economizer valve is 10 supply more

fuel. or less fuel'?
19, The netering rod is designed to vary the size of which

je0ts?
a. idle jets.
b. Acceerating jeis.
c.. High speed jets.
d. Float love jets.

20. Under what condition iis ice 1Rs like s to form &ni

carbureat?
a, 20 dee.hbelo riioin hih huidityr,

i. 32 deg.-h oveteir ad i"h himiitly

e. Zerodog' nd Low humidit,

2L On what type o 1a trares ot most ikely to hnd an

anti-stalldashpot?
a. Carswi'h automatic transmission.
i Cars ithCO co ntinalransmtission.

Cas fitted wit IcarburetOts.

d. CarsH tited with 4 S. carbureors.

21 in addition to updraft an downdrafcarbureors. wihat

otter basictypes there?

23. Thecalibr'ated cltsterink e Rochester 2GV carbureto

cannOt be remlioved from the carburetor. True or False?

257
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Comprehensive information made easy

Automotive electrics
and electronics
Vehicle electrical systems,
Symbols and circuit dia-
grams, EMODinterference-
suppression, Bateries,
Alternators, Starting
systems Lighting tchnol-
agy Comfort andcon-
venience systems, Diesel-
engine management
svsterms. Gasoline-engine
"anagement systems.
3 updated edition,
314 pages.
ISBN 0-7680-0508-6

Gasoline-engine
management
Cornbuston in the gaso-

SA)engine, Exhaust-sontrol, Gasoline-en-
e management. Gaso-

fu-infection system
onic, Ignition, Spark

z Engine-manage-
. uystems (Motronic).

370-pages.
fSBN U-7680-0510-8

Diesel-engine
management
Combustion in the diesel
engine, Mixture formation.
Exhaust-gas control,
In-line fuel-injection
pumps, Axiaf piston and
radial-piston distributor
pumps, Distributor injec-
lion pumps, Common Rail
(CR) accumulator injecion
systems, Single-plunger
fuel-njectior pumps
Start-assist systems.

2' updated and expanded
edition.
306 pages.
ISBN 0-7680-0509-4

Driving-safety systems
Drvng safety in the
vehicle. Basics of driving
physics, Braking-systems
basics. Braking systems
for passenger cars, ABS
and TCS for passenger
cars. Commercial vehicles
- basic concepts, systems
and schematic diagrams,
Compressed-air equip-
ment for commercial
vehicles. ABS. TCS, EBS
for commercial vehicles.
Brake testing, Electronic
stability program (ESP).
21 updated and expanded
edition,
248pages.
ISBN 0-7680-0511-6

Automotive terminology
4,700 technical terms from
automotive technology,
in German, English and
French, assembled from
the above Bosch Technical
Books:
'Automotive Electrics and
Eleclronics ,
"Diesel-engine
management",
"Gasoline-eng ne
management"and
"Driving-safety systems"
1s edition. 378 pages
ISBN 0-7680-0338-5

BOSCH e

Automotive
Handbook-----

2 I )
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Foreword to the 5th Edition

e -'Automotive Handbook", a reliable
4 lde full of up-to-date and concise infor-

tion, has grown over a period of six
:ecades trom a calendar supplement of
8 pages to a 960-page reference work.
nthat time over a million copies have
een produced worldwide and the text

-anslaled into numerous languages.
The 5th edition, in common with its prede-
ressors. is supported by wo main pillars
te expertise of the technical stall at our
:ompany and in the automotive industry.
Theyhavefulryrevisedthecontentsofthis,
manual and brought it completely up to
late. Thanksareduetoallhose involved,
This book is intended prinarity as a
source of important facts and figures and
as a review of present-clay tecnnology for
rhe automotive engineer and technician,
Out alsofor anyone else with an interest in
rechnical matters. Accordingly. the auto-
motive technology content is restricted to
Dassenger cars and carmercial vehicles.
and the remaining content to that required
For practical purposes.
Within the framework of a pocketbook it is
impossible to present detailed coverage
of individual technical subjects. On the
other hand, bearing in mind the very wide
range of readers, we do not want to dis-
pense with generally applicable topics
and data. However, we have dispensed
with the Conversion Tables" as the calcu-
lator is now an everyday item of equip-
ment and any figure required can easily
ce calculated using the conversion formu-
ias provided. The chapter Road Traffic
Legislation (Germany)" has also been
deleted due to the international usage of
the booklet.
These deletions have made way for new
and updated topics which have added an
extra T0 pages tothe book.
We recommend readers to scan through
the 'Automotive Handbook" in order to
gain an overall impression before using it.

The Editors

ND1

For your information

The following topics have been up-
datedlextended since the 4th edition:
Vibration . Acoustics s Electronics (ine-
grated circuits. micromechanics, mecha-
tronics, sensors) e Statistics. Reliability.
Closed and open-loop control systems *
Materials technology (basic principles,
materials, lubricants, fuels, consumabes)
* Corrosion a Hardness a Calculating fuel
consumption *Vehicle dynamics.
Internal-combustion engines (direct fuel
injection, diesel combustion systems) .
Engine coolng Icooling-module technol-
ogy, thermomanagement, exhaust cool-
ing) * Turbochargers and superchargers
(multistage) a Engine management on
gasoline engines (miixture control, fuel-in-
jection systems,fuelinjectors, sparkplugs.
ME-Motronic, exhaust gases) * Engine
management on diesel engines (axialra-
dial-piston purnps, injectors, exhaust
gases. start-assist systems).
Electric drive units * Drivetrain (transmis-
sior, Iraction control systems (TCS) for
passenger cars and commercial vehicles)
a Steeringi* Braking systems (ABS for
passenger cars. ABS and EBS for com-
mrcial vehicles) * Bodywork, commercial
vehicles * Lighting systems (stepped re-
flectors, Bi-Litronic, headlamps and lights).
Car radios e Park Pilot systems* Naviga-
tionsystems.Vehicleinformationsystems
* Mobile phones* Saety and security sys-
tems(impactdeatection,interior-movement
detection).Automotivehydraulics(electric
proportional conlrol valvees
Circuit diagrams and symbols a Vehicle
electrical system (batteries, ballery
testers, water-ccoled alternators. electro-
magnetic compatibility (EMC}
Passenger-car specifications.

The following topics have been intro-
duced:
Fuel fillers . MED-Motronic e Natural gas
operation (spark-ignition engines) * Fuel
cells a EHB for passenger cars * Auto-
malicCruiseControlfACC)aInstrumenta-
lion s Traffic telematics* Car radios (DAB)
* Connectors a Carronic.
and the following have been dropped:
Conversion tables * Road traffic legisla-
lion (Germany).
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Fuel delivery 456
AiF-mixture formation 458
Carburetors 460
Galine njection sysems 483

Snrgie-goirt injection systems 485
(tordn-Jetronic
Multipoint injection systems 467
(K. E-Li LH-Jetronic)
Elecrromagnetic fulnjectors 476

Ignition 477
loniton coil. spark plug 481
Ignition systems 487
(Cl, Tl. CDI, El, DLi) Knock control 496

mbned ignition and injection system
V'otronic)

S rview 498
-. c~onic498

507

rg ne-tes technology 510

Scark-ignition engines for alternative

?s~sems 512
s-gasoperation 515
tenon alcohol 516
ton on hydrogen 517

xhau emissions from spark-gniton
Cgilnes

oustion products 518
Sson control 519

cda closed-loop control 522
! eshaust and evaporative

noons528.
cycles 528

aust-gasanalyzers 532
sins imits 533

esel-engine management
- etering 534

- -etl-injection pump (PE) 536
- -econtrol-sleeve fuel-injection

542
- -utor-iype fuel-injection pump IVE) 543

'echanic control 543
EC with solenoid control 544
jenoid-controlled axial- and
-Al-prision distributor pumps 548
ccenoid-controlleddistributor

nmps with integral ECU 548
c-controlled single-cylinder

--cnystems (UIS/UPS) 548
-- on-rail system (CRS 551
u-:on-pump lest benches 552

'-z es and nozzle holders 554

aEhaust emissions from diesel
engines
2- ssons control 560

E suonsrtesting 561
Scycles andexhaust-msion limits 563

-c-KeEmission Test Equipment 566

StArt-assist systems (diesel engines)
'thed-eleent glow plugs 568

-controlunit 569

-tarting systems
- -rs 671
- -11 protection 574

Alternative drives
Electric drives
Hybrid drives
Fuel Cells

Drivetrain
Basic principles
Power take-up elements
Transmission control
Final drive units
Differentil
All-wheel drive and Irarster case
TCS traction control system
Chassis systems
Suspension
Suspension linkage
Wheels
Trss
Steering

Braking systems
Definitions, Principles
Legal regulations
Design and components of a
braking system
Braking-system design
Brake-circuit configurations
Braking systems for passenger
cars and light tility vehicles

Control devices
Wheel brakes
Braking-force metering device
ABS antilock braking system for
passenger cars
Electrohydraulic Brakes (EHD)

Braking systems lorcommercial
vehicles

System and configuration
Braking-force metering
Wheel brakes
Parking-brake and retarder
braking systems
Components for compressed-air
brakes
Antilock braking systems (ABS)
tor commercia vehicles
Electronically controlled braking
systemjfli

Brakeltest stands

Electronic Stability Program (ESP)
Basicprinciples
Venicehandling
ESP control systems
System realization

Adaptive Cruise Control (ACC)
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rnevices

ran regulatons
control

ctroI
- -aningsystems

- ' glamps

an icators
- aing and tum-signlo devcs

S r learance ano tal ams
- [-aoaeampsatopap

rninglamps (rear fog lamps.
vr nglamps

Y -:ecle bulbs

S gnaling andtheft-deterrent devices
c signaling devices

troatarrent systems

Windshield and rear-window cleaning
-dhield wiper systems

,e- indow cleaning systems
sjamp cleaning systems

asningsystems
.rnaive windshield and window glass

Heating, ventilation and air conditionig
Ssemns deriving heatfrom the engine

rconditioners -7-

-txiiary healer installations -Z

onmunications and information

Systems

7n 7

Isystem

stemstems

eat-belttighteners
nag
systems

Co'9ra ndconvenience systems

Lmn adjustment

atz e hydraulics

ors
0 motorsa

nDs and
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Aoa'pneumatics

Elee wer supply

-tor sizes
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56 Heat

Heat
Symbols and units

See PP 12 .18 for names o units P 26
conversion of net unit and P. 80 for

-rmhl expa[lsiei eal offuson, heal of
p~norton_

Ae, cross-secon rni
5steiltt earapaciy Ji kg K)I

is'abaric~COsastpressre

rrhrapyloe'aconteht J
ettransrr'usson otre~cin VY m )

0
rusauro Pa -hNrmr.tea J m

Hear tlO W
'lar gas constanl Jrol K)
-03144 Jlol K}

e s coi rsll k K}

Enracapy J

rermudyramic rem perature K
S=-273 15

Tesperature diioernc K
Tr -T , - r ,
nigier temperature

I;.l Iowar orroisture
Celsius remperatue G

inrs volmeag

Tp iime lo e e
eur an s

no - rdernalM
Enisesiv
Thr'ol conerity Wile K1
(see P 17 ovalue i

Conversion from outdated units
see also PP, 16 and 17)

1 kcal (kilocalorie) -486.8 4
4200 4 .J g 1

I Xco jm to1 gird =183 W4/lm K)

Enthalpy heat content)

H4 =,i - I
Enthalpy difference (A H) is the quantity of
heal released (Q) as a result of a change
in temperature (ATT - T72)

Heat transfer
Heat transferredin three different ways:
ThIerrn cjOnducotn: Heal is conveyed in-
side a solid, liquid of gaseous body by
contact between the paricfes
Qonvection: Heat is conveyed by the par-

Ies ofa moving liquid or gaseous body
i natural or free convection, the state o
motion is brought about by the effect of
buoyancy: in forced convection. however.
the motion is maintained artificially
RAOiin: Heat is transferred from one
body to anfther by electromagnetic
waves without a material carrier,

Thermal conduction
Toe heat flow in a body of constant cross
section A between two parallel cross-sec-
honal planes sepaated by a distance at
a temperalure difference AT is

y -- A 17

Thermal radiation
Empty space and air are pervious to ther-
mal radiation. Solid bodies and most liql-
cids are impervious to thermal radiation,
as are various gases to certain wave-
lengths.

The thermal radiation emited by the
area , at temperature f i

Gt 1 o0 

whereo=5.67 10'iW/ K')isthe
raditon constant othehlack-boly roci-
ator) and z is the emissivity of te surface
area (see !able on opposite page).

Emissivily e
up to a temperature of 3001C (573 K)

Black-body radator 1.00
Alumnuraruornaclined 0.07
AlumInum, polished 0.04
Ice o99o
Enamel pati, ohilte )
Glass 1.93
Casrron rough oxided 1D94
Gaston luried 0.44
Wood.srm.dil 0"go
Iramd t,,rough, we D.90
Coppero ,dd 0.54
Copper,polluted 0.0D5
Brass, mal 0.22
Brass,polishe 0.05
Nicke, polished a07
0Il 0.52
Paper 0.80
prcolair, glazed 0.9
5001 0.93
SBlver.polished 002
Steel, maeidizec 0.96
Steel, polrbdo..Ilfree 0.06
Steel, poiished, oiled 040
Water 092

zins. mat 0.23
Zirc. polsed 0.05
Tenmpomlished 0.065

Transmission of heat through a wall
The heat low through a wall of area A and
thicknessa a atemperature difference %7
Is:

The heat transmission coefficient a is cal-
Culated as follows:

1/A = 1/, + s/. + /ru,

Thermal resistance
Thermal resistance is composed of the
thermal resistance of the indiviOual layers
of the wall:

s5/A= i/A! , s.m5¼ ±

See R 186 for the Itermal conductivity4.
of various materials.

iia'black-baclyradiaor completely absurbs all
noidt anealma on 2t ,I-aed ga
it and I eoriorwhhored'1 1adalesltemai.

mumamou t 0lg 1"whican t hemotted by a
body. Aseaample ci a black-body raditor is the
opening in a carbor ube.

Heat transfer coefficients 
convction + radiation)

Tpe of matenal
wallsogts6etc.

Natural airnmoeent

winaosea io's;

Exteriiondows
Flours, ceilingsr
fromboo upwaids
from top downwards

Forced air movement
onaflatwall
Men wind velscIty

=2 mis
Menwid lity

Wateranalatwall
Still
Moving
BofIng

a

is

.an

500., 2000
2000 4000
2000 .7000

Thermal resistance of air layers /.
(conduction + convection + radiation)

Poston of Thwoiess Thermal resis-
air laor of air layer lance )

mm r 'W

Verticat 10 0 14
air layer 20 0.1

Hoizonial

HorizEntal

air layer
Heatfow 10 t a1o

lromrsa50 30 013

rpsngarea000'

Horizontatl
air layer
Heal fce 10 0,10

dusewuIrds to 021

Heal required to heat dwellings
50to 60 Wis raqiruedto heat eachmW o
living area.

I I

womommoommmuw

I

Heal 57
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58 Heat

Technical temperature measurement
-- VDI Guideline 3511)

Thermodynamics

nnt Mesreme thodooperti Examplesof appircation
range

Thrar-las 200 of m roursis For liquids and gases. for
rmoneers 0r   r in a rarrom glass te ir rorin steam, heatina

LiuridPenarre(-200.W ), and drying systens; rerig-
Alcobol (-100 21 . 1eration equipment media

Tolene1-9 10) C. 1lowai throug h pipes,

Gallim. 1000'it

Pre-ssre-spring Due lositseansionpressurefiner- For miontring and record-
nermmeters son-csry foluenei ar vapor pmsnrn Ig tempenratrres (including

(dher. frxano toloene ayfeei. remote applicatons up to
a iquidiarimmersionosselOILu- 30rm)fin power plants,tacts-
altssapoirfer or aresoraig nsir. ores, thoing p!.oers. cold
intent a anrdotube, rooms,

Sold expansion 0... Diflerent mermal expansion oftIwo Temperalurerugualaors
tnermsrneters 1CDO metals froditube)

Bimetallia 035t) Cur-vatureofastrpoconsrstirg ofmajoTompralrregolatrs
!irer eeters 4100C dtforr rutlos.

leistarce -220. Change iri resistance caused by Temperaturemeasurnments
thermoneters as0C rchrangeintamperatore on machinnswsdings re

PltnmwireS -22D 850 C, frigeraton eupet
Nickel mires -60.O 250'C Ramloe tra nsion pos-

Cpericors - t C abl.

Thernistars 0.500 C Sharp drop i electrical resistance Measurement or minor em-
4220-f as the temperature increases. perature differences due to

Ihigh sensitivity.

Tiemoaauplne 200 .. Thermoelectromotise lorce 0 r twol Temperatureneasarerints
1oo0 metals whose rurctiors are at difer- on and in macines on-

err temperatures. gines, etc. Remote iraris-
mission possible.

Raciatism ther- 10. The roadtion emitted by a body is Mailing and nnmaling su-
mmers 35000 an indicator of itsl emperature It 

is 
neces. Surface temperatures.

sense by axing etler thermo. Moing abjects theims-
-- amera. couplesorphtnocels,orbycompar. gravm ery exiranly rapid

o rulbminaace bearuen. response.
-, 0cr-Emissions leve nuot bnobseron

Temperature- Color changes when specific nte- Temperature measuremns
sensiive paints, 40.. peralures are exceeded Paints on roating parts in Inae-ternerature- 350 C and crayons ar available with one cesabla places, in mcir-
'dicating orec olorchangeso410 .The ng processes waring of
rayons ne acolorrenains tar coling. excessive temperature, ma-

tarial testing (crakl

suion ther- 100 Gas is extracted fromtheflame. Msearment oflame le-
meters. 2000 perature (delayed display

-y-srmteIrs I

parature-measuremesl methods spectroscapy interlnrometry, Quartz Ihermomery Poise
-etry liquid crysials. accustic and magnetic thermometers

-aralIw of thermodynamics:
-- nrgy can be neiher createc not de-

oyed.Onlytheforminwhichenergyex-
is can be changed, e.g.. heat can be

afsorfmed into mechanical energy.

Second lawof thermodynamics:
eai cannot be completely converted 10
other form of energy, e.g., mechanical

ork. All natural and synthetic energy
oansformation processes are irreversible

and occur in a preferred direction (ac-
ording to the probable state). On its own.
sal passes only from warmer to colder
ndes the reverse is possible only it en-
ergy is supplied.

Changesofstateforgases
general equation of state p I, = R 1)

-eat 59

Entropy S is a measure of the thermal en-
ergy in a system which is no longer capa-
ble of performing work. That proportion of
energy available for work is referred to as
exergy.

For reversible processes, the sum of
the entropy changes is equal to zero.

The greatest efficiency in the conver-
sion of heat to mechanical work is
achieved in a reversible process. The fol-
lowing then applies for thermal efficiency:

Q11 = (Q - Q)/Q 17r - I ''
(Carnt cycle)

Themaximumworktobegainedhereis:
I Q, (T - T)l)t,

Change Characr Eamps
'islate stics re

constanlsf

isobaric Constant < 0 "Constant pressure" oimbustion Pi
pressure v= 0 T iosel engines: heaing or onring in

onice-through bilers.

isochoric Constant a -A "Constani volume orombuslion in
volumn i - f spark-ignition engines hnating or

cooling in closed boialers.

Isothermal nt T 4 Slow change o state (heat flows
eeratr p = K through partitions).

Adiabatic Heal etno T Pr I Compression or eapansion stroke
sipplien nor witirutlnaiintIlossesfInnidal M-
dissipaed dition wich is virtually achieved in

T - = k high-speedmachines).

isentropiC, Adiabatic tiel Thecoretically optimum atlainabte -oan-

trce Tn = e pariscm processes.
(reverable)

Pfolyropin General Compression end power Sirokes in

change of iternal-combustion engines stiam
state langmne (,, = i.2 ... 1.4).
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Engine management (spark-ignition engines) 453
452 Engine management (spark-ignition engines)

Engine management
for spark-ignition (SI)
engines

Requirements

SI-enginetorques
The power output P from a spark-ignition
(Sieg ine is determined by the available
clutc torque and the engine speed

The clutch tcrque is produced from the
torque generated by the combustion
process, reduced by the friction torque
(triction losses in the engine and the
charge-cycle losses, and the torque re-
quired for operating the auxiliary systems.

The combustion torque is generated in
the power cycle and determined by the
folowing variables:
- the air mass that is available for com-

bustion once the intake valves have
closed.

- the fuel mass availale at the sams
time, and

- the point at which the ignition spark in-
liates combustion of the air/usl mix-
ture,

Drivetrain torques
iAriary systeims

(a i
oipressor etc.

2 T mio 5 2,
4 Trai'snritmsn

Primary function of engine
management
The primary function of angine manage-
ment is to adjust the torque generated by
the engine. For this purpose. all the var-
ables thatinfluence the torque are con.
trolled in the various engine-managemelnt
subsystems,

Co1inder char contro
n oac engne-managemenlt systems

with an electronic accelerator pedal
(EGAS), the required charging of the en-
gine cylinders with air is determined and
the throttle valve opened accordingly inthe
cylinder-charge control" subsystem. In

conventional injection systems, the driver
directy controls the opening of the throttle
valve by pressing the accelerator pedal.

A/F mixture formation
emixtureo rmstion" subsystem, the

associated fuel mass is calculated and
trom this the necessary injection tinesandc
the optimum injection point are deter-
mined.

Itnition
Intheignition subsystem.thecrankshaft
angle is determined at which the ignition
spark ignites the mixture at the correct
time.

AirmasS fresh Cmbs M corn ion Engine Crairie

FSahrass rque torkior lvur Iorqier

rk advance a r ;

Clutch osses id clutch rat
Trannsmsirn losses and trarsmsson wh

The objective oi this management sys-
tem is to make available the torque re-
quested by the driver, and at the Same
time to satisfy the exacting demands
placed on exhaust emissions, fuel con-
sumption, power output, comfort and
safety-

Cylinder charge

Constituent elements
The gas mixture in the cylinder after the
Intake valves have closed is termed the
cylinder charge This charge consists of
the supplied fresh NF mixture and resid-
ual exhaust gas.

Fresh NF mixture
Tieconst1tuent Elements of the fresh rmix-
lure drawn in are tresh air and the ue
suspended in it, The maorty of the fresh
air flows througt he throttle valve: addi-
tional fresh mixture can be drawn in
through the evaporative-emissions con-
Irol system (if fitted). The air supplied via
the throttle valve and present in the cylin-
der after the intake valves have closed is
the decisive factor in the work performed
at the piston during combustion, and thus
in the torque delivered by the engine

Cybvrlder charge in the S1engine

2Purge valve wih variable valve-opering
cross-sectio,

3CoCnntion to evaporative-emiionS
cenitral555Wmv

4Sataust gas
S Extust-gas reorculatron valve (EGP varve)

with varable eava -prenin cross-section,
7Airmassoelsmiealpressure pt)
7 Airmassflwfinak-arifold pressurejp
8 FreSh AF-mixture harge

rconbfistrn-chamberpressremPr).
9 Rsidai exhaust-gas cearge

(c -mbstron -harber pressuretpl
0 Exhaus gas

(exaset-gas back pressure- p)
I I IaeSalve.
12 Exairitreed.
Trrnta-aigfe.

Measures for increasing maximum torque
an maximum engine power thereaore al-
most always necessitate an increase in
the maximum possible cylinder charge
The theoretical maximum charge is pre-
determined by the piston displacement.

Residual exhaus s
he shareo exhaust gas in the

charge is termed
- by the exhaust-gas mass which re-

mains in the cylinder and is not dis-
charged during tire period when the ex-
haust valve is open, and

- in systems with exhaust-gas recircul-
hon (EGR), by the mass of the recircu-
lated exhaust gas.

The residual exhaust-gas share is deter-
mined by the charge cycle.

Ti residual exhaust-gas mass does
not contribute directly to the combustion
process but does influence ignition and
the course of the combustion process.
This residual exhaust-gas share can
therefore be perfectly desirable when the
engine is in part-load operation.

In order for a desired torque to be gen-
erated, the reduction in the Iresh-mixture
volume (due to the residual-gas quantity
musIh e compensated for by increasing
the throtile-valve opening. This reduces

I I

4

> 7 '101 >

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



PAGE 10 of 42 HMC EXHIBIT 1010

Engine management (spark-Ignition engines) 455
454 Engine management (sparklgltidflengines)

theegi pumpingt losses and fuel

onsumpin drops as a result. A specifi-

cally introduced residuenc exhust-gon
share can tiewise influenceomnuison
and thus the emisasonofr(ogen oxides
(NOx) and unburnt ydro bons kC)

control I with external
in a spar-ignition engn i output is
mixture fonation, thepowrawif ,
proportional to the airmass tlow drawni

n futureitmillalsoe possible todirectly
cotrtol theidirectInlectiOn st engineoWer-
ating with ean lFmixturesviavariation
of the injected fuel mass.

hrottle valve hentheengine

Power. ar v thus fa specific engine
speed) theengine torque. are to be con-

troled bymeansothes air mass flow.

trol e t tme s alve is not flily open.
heir drawni bylthe engine is throttled,

the rbreucing the torque generated

This throttling eetis dependent on the

Position and thuson the opening cross-

setion of the throttle valve,
e oanimumina torque is

The on uettvalve is fully
achieved whenlbs trotts iu
open (see Fig)

Chrarg le
ce offehAF mixtur e and

e charge cycle oft resh contend

residual exhaust gas Is conroed by the

appropriate opening andetcansof the I-
take and exit ausievatves-Tne cartisOn the
tamaatdetermine the points at which
camsaf deemndcoe (valve tirtl)
the valves open andclsevaletrilf
and the course otthe a3elift. This itah
sndethe ure cyleprocess and thus
ences the chareI0-ccl r1s A/ ixuealso the amount ofra IFmature
availablefor combusthon.

Theavesoverlap. a. the oVerapprog
ofthe opening times ot the intake and ex-

bastValves has a mpsaconth

residual ehaust-gmass intoe cylindet.

This situation involve nterior exhaust-

gas recirculation.The residualexhust-

gas mass can also einceasedbyx te
rior", eshetust-l recirculetion In tffs
case enadoital EORvalve connects
theintake manifoldand exhaust manifold,
Whenthe alv is open the engine draws
ihnamsttr ashve1mixturesandexhauat
in a mix of fresh pj r d xas

gas,

Suoerchffrfin
obtainsletorue is proportional to

te harge offresh AF mixture, it is there-

tore Sible to increase the maxiLmm
torque bycoplesing the sir in the cylin-
drbyeanof dynamic supercharging,
merycmanstetchargin or exhaust

gas turtocharging (P392

Toruer Cf odiah'haged engine

ThroMt f apanatngineabo~cVW Lco'qucwite natraly -Platet C"iC
- -iitrrrdiipsit'r~nr~vle at same rated powersm-

ev o~l , nn. dtn.`Y 1

h~~vsa v5i \\vfeisroti.2varluidrJ

0Trotl I ;~\
rot rr'P0 3.4 'n

Fuel delivery with
electric fuel pump

Function
The electric fuel pump must deliver suffi-
cient quantities of fuel to the engine and
maintain enough pressure for efticient in-
jection under all operating conditions. Es-
sential requirements include:
- maintaining flow rates between 60 and

200ilrs/h at the rated voltage,
- maintaining fuel-system pressures of300 450iPe,

- the ability topressurize the system dur-
ing operation at 50.60% of the rated
voltage, important for cold-starting re-
sponse.

In addition, the electric fuel pump is in-
creasingly being used as the presupply
pump for modern direct-injection sys-
tems, both for gasoline and for diesel en-
gines. For gasoline direct-injection sys-
tems, at limes pressures of up to 700 kPa
must to be provided. This, together with
the very high viscosity range when pump-
ing diesel fuel, signifies new challenges
facing the hydraulic and electric systems
of the electric fuel pump.

Design
The electric fuel pump consists of:
- the end cover including the electrical

connections, non-return valve (to main-
tain system pressure) and the hydraulic
discharge fitting. Most and covers also
include the carbon brushes for the drive-

motor commutator and interference-
suppression elements (inductance coils,
with condensers in some applications).

- the electric motor with armature and
permanent magnets. Electronically
commutated (EC) uelpumps are being
developed for use with special fuels
which featureforinstancemarked elec-
trolyic effecs, and for use in other en-
vronments which have negative effects
on caron-brush and commutator as-
semblies

- a positive-displacement or flow-type
pump assembly.

Positive-distacement pump
As The posiie-displacement uni's pump
element rotates it draws in fluid through
the suction side and through a sealed
area on its way to the high-pressure side.
Electric fuel pumps fall into two cate-
garies, the roller cell and theIn ternal-ear
unit, Positive-displacement pumps pro-
vide good performance in high-pressure
(400kPa and above) systems. They also
perform well at low supply voltages, ie
the flow rate curve remainsrelativelyIat'
and consltn throughout a wide range of
operating voltages. Efticiency ratings can
be as high as 25%- The unavoidable
pressure pulses may cause noise; the ex-
tent of this problem varies according to
the pump's design configuration end
mounting location. Yet another disadvan-
tage may be encountered with hot fuel,
when the uni tends to pump gas instead
of fuel, eading to reduced tow rates
(problem potentia varies according to in-

Electic fuel pump (example)
I irpeltv 2 Pump secon, 3 Electricmtor, 4 Gon'cton cover

t 2 3

%l
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stalation location). Standard positive-dis
placement pumps usually incorporate pe-
rilierai primary circuits to deal with this
problem by discharging the gas.

While theflow-type pump hasica large
extent replaced the positive-displacement
pump in electronic gasoline injection sys-
tems for performing the classical function
of the electriciuelpump.a newfieldoi ap-
plicaton has opened up for the positive-
displacement pump in terms ofthe above-
mentioned presupply for direct-inectin
systems with their significantly increased
pressure requirements and viscosity
range This is especially true for the pre-
supply of diesel ard biodlesel.

Flow-tvpePjpRp
ffesgns based on the principles used for
the peripheral pump andthe side-channel
pump have become the standard for elec-
tic fuel pumps. with a slight preference
tor theside-channel pump as this tendsto
provide higher pressures and improved
efliciency An impeller equipped with nu-
merous peripheral vanes rotates within a
chamber consisting of two fixed housing
sections Each of these sections features
apassage along tepathothe impellers
vanewithhe openingson oneendof
the passage on a plane with the suction
openings. From here hey extend to the
peot where the fuel exits the Pump at SYS-
tem pressure Within the passage is a
baftle selment designed to prevent inter-
nal leakage. A small gas-discharge orifice
(not necessary in diesel applications) lo-
cated at a specified angular distance from
the suction opening. improves peror-
mance when pumping hot fuel; this orifice
facilitates the discharge of any gas bub-
bles which may have formed (wth mini-
mat leakage)

The pulses reflected between the im-
pslir vanes and the fluid molecules result
in pressurization along the length of the
passage, inducing a spiral rotation of the
fluid volume in the impellers and in the
passages.

Because pressurization is continuous
and virtually pulse-tree, flow-type pumps
are quiet in operation. Pump design is
also substantially less complex than that
of Ihe posiive-displacement unit Single-
stage pumps generate system pressures

Electrictuel-pumpdesigns
a)Rover-ce pump

o) See rarpump

aA,

- 3

d

extending up to 450 kPa Stll higher sys-
lem pressures, as will become necessary
for brief periods in future tor highly super-
charged engines, and for engines with
gasoline dired injection (see above), are
possible, but under contnuous-duty con-
ditions sUc pressures would overload to-
day's conventional electrical systems
(permanert-mgnet DC motors with con-
ventional electromechanical commuta-
tion) and would result in a significantly re-
duced service life The following remedial
measures are being considered:
- High-pressure operation only when re-

quired - demand control of the electric
luel pump, e.g. with the aid of a timing
module or another upstream device.

-Equipping of the fuel-pump motor with a
carbon commutator in place of the con-
ventional copper commutator so as to
safeguard the service life also at high
current and addilionally with corrosive
and/orhigh-vscosily fuels

-For applications where the wide range
Of operating conditions and fuels place
particulaly high demands on itre
pumps versatility, work is proceeding
on electronically commutated (EDfuel-
pump drives. Such an electrical system
features unlimited service life

Theefficiencyrangesbetween10andap-
pro 20% The fuelsystemsof newly de-
signed vehicles wth spark-ignition en-

gines rely almost exclusively on flow-type
pumps for fuel delivery

Electric fuel pumps: Integration in
injection system and in fuel lank
Whereas the first electronic lul-injection
systems almost always featured electric
fuel pumps designed for in-line instalia-
tion outside the tank, current and more re-
cent applications tend to have in-tank in-
stallation as a standard feature. The elec-
tric fuel pump is one of the elements
within the in-tank units now being de-
signed to nclude an increasingly wide ar-
ray of components such as the suction fil-
ler, a fuel-baffle chaiber to maintain de-
livery during cornering (usually with its
own "active" supply base on a suction-jet
pump or A separate primary circuit in the
main electric pump), the fuel gauge sen-
sor, and a variety of electrical and hy-
draulic connections.

Another advance is the returniess fuel
system (RLFS). usually in the form of an
in-lank unit with an integral fuel-pressure
regulator designed to maintain a continu-
cus return circuit within the in-tank as-
sembly. Apressure-sidefinie-mesh fuelfil-
ter can also be incorporated in this unit.
Further functions will in future be inte-
grated in the delivery module, e.g. diag-
nostic devices for tank leakage, liming
module for fuel-pump control.

in-tank unit: complete integratedassembly or returnless fuel systems
I Fuellet 2 Electric fuelpmp 3Sur-jetpuprla upssurergao
SFuel-gaugesensor, CSuctionstrainerF

I I i4
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AIF-mixture formation

influencing variables

Atir-fuef IKFki misf ire
To be able to operate, aspark-grition en-
gine requiresaspecificair-fuel mixture ra-
tio. Idealt heoretical complete combustion
is available at a mass ratio of 147:1, This
is also termed the sloichiometric raio
le:- an air mass of 14-7 kg is needed to
burn a fuel mass of 1 kg. Or expressed as
a vlume:1 1 fuel burns completely in
roughly 9500 ) air

The specific fuel consumption 01 a spark-
ignition engine is essentially dependent
on the mixture ratio of the A/F mixture. It
is necessary to have an excess of air in
order to ensure genuine complete com-
buston, and thus as low a fuel consump-
lion as possible Limits are imposed
though by the flammability at the mixture
and the available combustion time

The PF mixture also has a decisive im-
pact on the eiciency of the exhaust-gas
treatment systems. State-of-lhe-art tech-
nology is represented by the three-way
catalytic converter This though. needs a
stoichiometric NF ratio in order to operate
with maximum efficiency, Such a catalytic
converter heps to reduce harmful ex-
haust-gas constituents by more than
98-

The engines available today are therefore
operated with a staoichiometric mixture as
soon as their operating status permits
this.

Certain engine operating states require
mixture corrections. Specific corrections
of the miKlure composition are necessary
e.g. when the engine is cold. The mixture-
formation (carburatioin system must
therefore be in a position to satisfy these
variable requiremenis.

Excess-air factor
The excess-air factor A (lambda) has
been chosen to designate the extent to
which the actual air-iuel mixture diters
from the theoretically necessary mass
ratio (14.7:1 ):
A, - Ratio of supplied air mass to air re-
quirement with stoichiometric combus-
tion.
A.= 1: The supplied air mass corre-
sponds to the theoretcally necessary air
mass.
z < 1: There is an air deficiency and thus
a rich mixture. Maximum power output at
A=085., 0D.9t
A > 1: There is an excess of air or a lean
mixture in this range This excess-air fac-
tar is characterized by reduced fuel con-
sumption and reduced power output. The
maximum value for)A that can be achieved
- the so-called "lan-burn limit" - is very
heavily dependent on the engine design
and on the mixture-formation system
used- The mixture is rolongerignitable at
the lean-burn limit. Combustion misses
occur and thes is accompanied by a
marked increase in uneven running-

Spark-ignition engines with manifoldinjec-
ion rachieve their peak power output at an

air deiciencyof 5...15 (A 0.95...0.85)
and their lowest fuel consumption at an air
excess of 10..20% () = 1t1...2).

Effect of excess-atr factor, on power P
and specific teatconsumpto
a Richrsturx iar c
b0Lean eriurctirencXeSnl 1

The graphs snow the dependence of
power output, specific fuel consumption
and pollutant buildup on tMe exess-air
factor for a typical engine with manifold in-
jection It can be deduced from these
graphs that there is no ideal excess-air
factor al which all the factors assume the
most favorable value For engines with
manifold injection, excess-air factors of
A= 09... 1.1 have proven effective in real-
izing optimal" consumption al oplimal'
power output.

Engines With direct injection and
charge stratification involve different com-
bustion condilons such that the lean-burn
limit is significantly higher. These engines
can therefore be operated in the part-load
range with significantly higher excess-air
factors (up to A= 4)-

For the treatment of exhaust gas by a
three-way catalytic converter, it is ab-
solutely essential to adhere exactly to
A= 1withtheengineatnormaloperating
temperature. In order to do so, the air
mass drawn in must be precisely deter-
mined and an etly metered fuel mass
added to it.

For optimum combustion in today's
common manifold-njection engines, not
only is a precise injected fuel quantity
necessary, but also a homogeneous NAF
mixture. This necessitates efficient fuel
atomization. It fhis precondition is not sat-
isfied, large fuel droplets will precipitate
on the intake manifold or the combustion-

Effect of exces-air factor .on polutani
composition iMuntreated exhaust gas

HC NOX
C.

U).6 0.8 1'o 12 IA
Ec-

chamber walls. These large droplets can-
not fully combust and will result in in-
creased hydrocarbon emissions,

Mixture-formation systems
It is the job of fuel-injection systems, or
carburetors, to furnish an A/F mixture
which is adapted as well as possible to
the relevant engine operating state. lInec-
lion systems, especially electronic sys-
tems, are better suited to maintaining nar-
rowly defined limits for the mixture com-
position. This is advantageous with
regard to fuelconsumption, driving perfor-
mance and power output. The result of in-
creasingly stringent exhaust-emissions
legislation in the automotive sector s that
today, injection systems have completely
superseded carburetors.

Today, the automotive industry almost
exclusively uses systems in which the
mixture formation takes place outside the
combustionchamber.However,systems
with interior mixture formation, i.e. where
the fuel is injected directly nto the com-
buslion chamber. already formed the ba-
sis of the first gasoline injection systems,
These systems are increasing In impor-
tance as they are very well suited to re-
ducing fuel consumption even further

a I
2

00 12
Ecess-ale factor
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5chematic a CrbF T Cie.nsted

'k2 FE supply pimp, aN elc4 Cahrrcr5 intake marfofd

3
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Carburetors

Carburetor systems
Tnsefoalaistransportead from nthefluel tank
tothie carburetor by afuel Pump gener-
ally a diaphragm unit) powered by the
amshalt or distributor sha. The system
odesigned to limit the maximum supply
pressure. A fine-mesh fuel filter can be in-
stalled upsirea or downstream from the
pumpasrequired

Carburetor types

Downorai carburetors
Downdrati carburetors are the most com-
mon type. Designs featuring optimized
float chamber and metering-etconfigura-
lens result in efficient units. These de-
signs work in conjunction with the corre-
sponding inlake-manifold layouts for opti-
mum mixture formation and distribution.

I-orizontal-drat carburetors
Horizonta-draft carburetors (Iamiliar as
fixed-venturi and constant-depression
unitsa are useful for minimizing engine
height.

Constant-dopression carturetors fea-
ture venturi cross sections which vary in
size during operation to maintain essen-
tially constant vacuum levels at the fuel
outlet The variation in intake cross sec-

tion is provided by a peumatically-actu-
ated plunger attached to the plungeris a
needle which regulates the fuel quantity,

Ventur rnn
Thesingle-throatcarburetorwithoneven-
turi is the least expensive design.

The two-stage carbuttor featuring Le
venturis provdes convenient tuning for in-
dividual applications and has become the
standard in 4-cylinder applications. The
first barrel controls part-throttle operation.
while the second venturi opens for maxi
mum power

The double-barrel carburetor features
two carburetor sections sharing a single
float chamber and operating in parallel,
maing it ideal for use on t-cylinder en-
gines. The two-stage four-barrel carbure-
tor has four venturi fed from a single float
chamber.

Design and operating princlples
The driver uses the accelerator pedal to
vary the throttle valve's aperture so that
the airflow into the engine a varied an
withit the engine's power output. The car-
buretor varies the amount of fuel metered
to the engine to reflect the current intake
air flow. Together with the needle valve
the float regulates the fuel flow to the car-

tretor while maintaining a constant fuel
level in the float chamber.

Engine management (spark-Ignition engines) 461

Airow is monitored by an air funnel de-
signed to induce a venturi effect. The pro-
gressively narrower diameter increases
the velocity of the air, producing a corre-
sponding vacuum at the narrowest point.
Thresulting pressure differential relative
to the float chamber - which can be fur-
ther augmented with a boost venturi - is
exploiled to extract fuel from tie float
chamber. The ets and metering systems
adapt fj delivery to airilow

Fuel-metering systems

Main system
The fuel is metered by the main jet. Cor-
rection air is added as a delivery aid to the
fuel through side orifices in the venturi
tube

dle nd progression system
At lethe vacuum which the air stream
produces atthefuel outlet is not sufficient
to withdraw fuel from the main system.
For this reason, there is a separate idle
system withanot locateddownstream
from the throttlecvalve at the nointnifao-

imum vacuum. The emulsion required for
idling emerges from the idle circuit after
initial processing by the idle fuel and air-
correction jels.

During transitions to the main metering
system the throttle valve controls a series
of orifices, or a slit, drawing fuel from the
dIe circuit.

Other systems
These basic devices are supplemented
by a range of additional systems. These
are designed to adapt carburetorperfor-
mance for warm operation (part-throttle
control, tull-throttle enrichment), to com-
pensate for fuel accumulation within the
intake-maniold during acceleration fac-
celerator pump) and to meet the special
engine requirements encountered during
starting and in the warm-up phase. Other
supplementary systems include lambda
closed-loop mixture control and devices
to deactivate the fuel supply during trail-
ing-throttle operation.

Schematic of a two-stage cabsureor
a)Prmaryastage, 0)iSecondary ssgs.
li lecuredal Vede cArlrar pump,3tdreCircuit 4 Choke, 5 Bost verlurl

6MainsystemssihrventurruhsPFull-troe wer t.8at 9 Fuesuppy
tONeedevrve ttampasspug, 12 Ide mixture crew1 lThrotrevaves,74Venturi wa
t5Par-nlr cratorve,1aventurichamber

a 4 s 6 T 5 a 9

2-F
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Electronically-controlled carburetor
system (ECOTRONIC)

seroetor
Trebasic carburetoris restricted to the

..,rtevalve. float system, idle and tran-
onsystems, main sysrem and choke.A< die-ar control system with a choke-

a aited eedle let is also provded.

Ai"tionat components and actuators
-e throtle-valve actuator is an electrop-neumatic servo device for controlling thue
*%Ander charge The actuator's plunger

es the throttle valve via a lever at-
racned to the carburetors throttle shaft.

Thechokevalveactuatorisafinal-con-
element designed to adapt the mix-

tre in response to variations in engine
:srat ng conditions. This un 1tcoses the
nokeaalve to enrich the mixture by rais-

the pressure differential (vacuum) at
-emain jets while simultaneously in-
easing fow rates from the idle circuit.

Sensors
'e Throttle-valve potentiometer monitors

the throttle valve's position and travel.
One temperature sensor monitors the sn-
gone s operating temperature while a sec-
ond sensor can be installed if necessary
a mentor tIe temperature within the in-
rake manifold.

The idle switch serves to identify trail-
ng-throttle operation: it can be replaced

by appropriate software in te electronic.
control unit fECU),

Electronic contrl Lnil (ECU)
The ECUs input circuit converts incoming
analog signals into digital form. The
processor performs further operations
with the input data in order to calculate
output values with reference to the pro-
grammed data map. The output signals
control several functions, including regu-
lateon of the servo elements that operate
the choke valve and main throttle valve.

Basic functions
The basic carburetor determines the pri-
mary functions of the system. The idle
transition andfull-throttlesystems all con-
fribute to matching performance to the
programmed curves. The base calibre-
ions can be intentionally "'lean", as the

choke-valve control can provide a correc-
tive enrichment.

Electronic functions
Electronic open and closed-loop control
circuits regulate a number of secondary
operations within the ECU. Several of
these are illustrated below Further fuc-
tions may include: ignition control, trans-
mission-shift control, fuel consumption
displays and diagnosis capabilities.

Gasoline injection systems

Systems for external A/F mixture
formation
Gasoline injection systems for external
rrixure formation are identifiedbyhe fact
that the air-fuel mixture is created outside
the combustion chamber (in the intake
manifold)

Single-point injection (SPIl
Singfe-point injection is an electronically
controlled injection system in which an
electromagnetic fuel injector injects the
fuel intermittently into the intake manifold
at a central point ahead Of the throttle
valve The Bosch single-point injection
systems are called Mono-Jetronic and
Mono-Motronic.

Mulloint iniection (MPII
Multipoint injection creates the ideal pre-
conditons for satisfying the demands
placed on a mixture-formation system.In
multipoint infeclion systems, each cylin-
der is assigned a fuel injector, which in-
jects the fuel directly ahead of that cylin-
der's intake valve. Eamples of such sys-

Singte-poilruelinjection

2 Ai,.
r Thomovalve,

4 rnevemanifojo
5 [njector

Fri-5

4

tems are KE- and L-Jetronic with their re-
spective varianis

Mechanical iniection sysfem:
The K-Jetronic system operates without a
drive and injects the fuel continuously.
The injected fuel mass is not determined
by the fuel irletor but rather prespecified
by the fuel distributor.

Qgrenbinedrivrjiaiggi-sctlironic
Lnvotion sysferm
KE-Jetronic is based on the mechanical
basic system of K-Jetronic. Thanks to the
extended acquisition of operating data,
this system facilitates electronically con-
trolled supplementary functions in order
to adapt the injected fel quantity more
exactly to the different engine operating
states.

Electronic injeciion systems:
Electronicaly controlled injection systems
inject the fuel intermittently with electro-
magnetically actuated fuel injectors. The
njectedfuelmassisdeterminedbythein-
actor opening time (icr a given pressure
drop across the injector).

rlttpi/Vorfl/inection

3Throuie ae.
4 Wnake ma~oid.

5 latectors,
6 Engine 2,D

,,o3

4

iTsU

Schematic of an electroniatliy controlled carbar(tor (ECOTRONIC)
CU. 2 Temperasre sensor. 3 Carburor 4 Trcitle actuator, G)Oke actuator, 5 Chok valve

id@ switch, a Truie vaha 9 Throffe ptontioetoer

2 365
44Tei~.., 1-

Engine management (spark-ignition engmes) 463

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



PAGE 15 of 42 HMC EXHIBIT 1010

Engine management (spark-ignltlan engines) 465

Examples: L-Jetronic, LH-Jetronic, and
Iotronic as an integrated engine man-

agemeni system

The high standards required of a vehi-
cle's smooth running and exhaust-emis-
sons necessitate high demands being
made on the AIF mixture composition of
each working cycle. Precisely timed injec-
tion is significant as well as precise me-
tering of the injected fuel mass in accor-
dance with the air drawn in by the engine.

In modern multipoint injection systems,
therefore, not only is each engine cylinder
assigned an electromagnetic fuel injector
but also this fue injector Is activated indi-
vidually for each cylinder In this way, both
the fuel mass appropriate to each cylinder
and the correct start of inection are cal-
culated by the control unit (ECU). Inject-
ing the precisely metered fuel mass di-
rectlyaheadothecylinderintakevalve(s)
at the correct moment in time improves
mixture formation. This, in turn, helpsto a
large extent in preventing wetting of the

ntake-manilod walls with fuel. which can
result in temporary deviations from the
desired lambda value during transient en-
gine operation. The advantages of mult-
point injecton can thus be fully exploited.

Diretinjection10ry

3Tretrie-valveE1AS).
4 re rr anit .

6 Engine,

1 
c

The engine intake manifolds thus carry
only the combustion as and can therefore
be optimally adapted to the gas-dynamic
requirements of the engine.

Systems for internal A/F mixture
formation
In direct-injection systems for internal mix-
ture formation, the fuel is injected directly
into he combustion chambers by sleotro-
magnetically actuated fuel injectors Each
cylinderis assigneda fuel injector. Mixture
formation takes place inside the cylinder.
To ensure efficient combustionf it is es-
sential that the fuel te finely atomized
when leaving the injectors.

in normal operation, a direct-injection
engine draws in only air and not an air
tual mixture, as s the case in conven-

tional injection systems. Herein lies an
advantageofthisnewsystem:nofuelcan
precipitate on the intake-manifold walls.
With external mixture formation, the air-
fuel mixture is generally present through-
out the entire combustion in a 1omoge-
neous stale and in a stoichiometric ratio
On the other hard, formation of the mix-
ture in the combustion chamber permits
two completely differeni operating modes:

Stral liedi-charge opertion
In stratified-charge operation, te mixture
only has tobe combustible in the ares
aroundthespark plug The remaining
section of the combustion chamber thus
only contains fresh mixture and residual
exhaust gas without unburnt fuel. In the
idle and part-load ranges, this creates an
altogether highly lean mixture and thus a
reduction in the fuel consumption.

In homogeneous operation. as with exter-
nal mixture lormation. there is a homoge-
neous mirxture throughout the entire com-
bustion chamber, and the entire fresh air
available in the combustion chamber
takes part in the combustion procedure.
For this reason, this operating mide is
used in the full-load range

MED-Motrorric is the management sys-
tem for direct-injection gasoline engines.

Single-point injection
systems
Single-point fuel injection has advanced
beyond the compact fuel-injection system
stageto become partof a comprehensive
engine-managerent systam

The various single-point injection sys-
tems differ in the design of the central-in-
jection unit. Allsystems feature an injector
located above the throttle plate: they differ
from multipoint injection units in that they
frequently operate at low pressure
(0I... bar), This means that an inexpen-
sive, hydrodynamic electric fuel pump can
be used which is generally in the form of
an in-tank unit. The Injector is flushed
cotinuously by the fuel flowing through it
in order to inhibit the formation of air bub-
bles.This arrangement isan absolute ne-
cessity in such a low-pressure system,
The designation "Single-Point Injection
(SPIf corresponds to the terms Central
Fuel Injection (FI, Throttle Body Injec-
ion (BI) and Mono-Jeronic (Bosch).

Mono-Jetronic
Mono-Jetronic is an electronically con-
Iolled, low-pressuresingle-poinlinjection
system for 4-cylinder engines, and fea-
tures a centrally located solenoid-con-
troted fuelinjector. A the heartofthe sys-
tem is the central injection unit, which
uses the throttle valve to meter the intake
air while Injecting the fuel intermittently
above the throitle valve. The intake mani-
told then distributes the fuel to the individ-
ual cylinders. Various sensors monitor all
important engine operating data. which
are then ore used to calculate the trigger-
ing signals for the injectors and other sys-
tem actuators.

Central inection unit
The injector is located above the throttle,
in the intake-air path, in order to ensure
homogeneous mixtures and consistent
cylinder-to-cylinder distribution. The fuel
spray is directed into the sickie-shaped
orifice between the housing and throttle
plate, whereby fuel weting of the intake-
tract walls is inhibited to a great extent,
and the high pressure differential pro-

schiematicofa Mono-Jetwnicsystem
I Fueank, 2 Etctrie ue pump, 3 Fuel tiier 4 Pressrereutor, 5 njer Ar-emperare
sensor 7 EU, T, rotte actuatore Throtle potenier 10 anito erpue vaes I r Carbtr
-a s lrtt10 Oamsa sernso ar iesorfr jrr e 1 r "nd rs bor siut 15artery
165Ignierion seSi,t17Relay,1Oriagnosic coecatr19Ceraeetiaon unft.

Ii

- - a
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-:esoptimumrmixture formation, The in-

oroperates at a system pressure of
att raferred t1 atmospheric pressure).
zenta fue atomization ensures consis-

-r good mixture distribution, even in
- cntical full-load range. Injector trigger-
v is synchronizee with the ignition
Ju5es.

System control
n addition to the engine speed a. the

n actuating variables lot the injection
system can include the air volume/air

-ass flow, the absolute manifold pres-
sua. and the throttle position a. The

)- ,system applied with Mono-Jetronic
:an meet stringent emission require-
ments when used in conjunction with
amoda closed-lop control and a 3-way

catalytic converter, A sell-adaptive sys-
tem employs the signal from the lambda
sensor asa reference to compensate for
component tolerances and engine
changes, thus maintaining high precision
rhroughout the service ile of the system.

Adaptation funictions
Tinjeciontlimeisextended to provide

addiional fuel for cold starts and during
the post-start and warm-up phases.
When the engine is cold, the trontleactu-
ator adjusts the throttle poaltion to supply
more air to the engine, thus maintaining
idle speed and exhaust emissions at a
constant level. The throttle potentiometer
recognizes the change in throttle position
and initiates an increase in the fuel quan-
tity via the ECU. The system regulates the
enrichment for acceleration and full-throt-
lie operation in the same way. The over-
run fuel cutoff provides reductions in fuel

consumption and in exhaust emissions
during trailing-throttle operation. Adaptive
idle-speed control lowers the idle speed
and stabilizes it For this purpose, the
ECU issues a signal to the servemotorto
adapi the throtle-valve position as a func-
tion of engine speed and temperature

Meno-erroerentralijecrion uait
SPressure regutator2A-rrrmperarev
sener renter. 4 Upperartf r rakesf.
5 Fuelsapl.5,raters.um,7nvArOplah
857roret"fve,5jLowr par-

1 32 4

r

MureecentraleJvctinnur( iOpel
I Prossureragulatr 2 Irjec 3Fue rsurn
4Steppnrerforidle00speedoestrai.

5 Toleirarro arovtivNvave
7 Fuo-Iraer

1 2

/ 7

Multipoint injection systems

K-Jetronic

Operating principle
- Continuous injeclon,
-Directar-flowmeasurement

K-Jetronic is a mechanical system Which
does not require an engne-driven injec-
tion pump. I meters a continuous supply
of luel proportional to [he quantity of air
being drawn into the engine.

Because 01 direct air-flow measure-
ment, K-Jetronic also takes into account
changes caused by the engine and per-
mits the use of emission-control equip-
ment, for which precise intake-ir moni-
toring is an essential requirement.

Operation
The intake air flows through the air filter,

the air-flow sensor, and the throttle valve.
before entering the intake manifold and
continuing to the individual cylinders

The fuel is delivered from the fuel lank
by an electric (rolle-cell) fuel pump. It
then flows through the fuel accumulator
and fuel filter to the fuel distributor A
pressure regulator in the fuel distributor
maintains the fuel at a constant system
pressure The fuel flows from the fuel dis-
tributerort the inectors. Excess fuel not re-
quired by the engine is returned to the
tank.

Mixture-control unit
Themisture-cotrol unit consists of the
air-flow sensor and the fuel distributor

Air-flow sensor
The air-flow sensor consists of an air fun-
nel and a pivoting air-flow sensor plate . A
counterweight compensates for the
weight of the sensor plate and pivot as-

Schemi of a Jelocic system
1 Fue tack. Zecric ferpump 3 Fueaccumuelatr 4 Fe filer 5 Warm-up reguiator 6 Ineor,
/ lAramclE,5S cnstarrevalve,Sqj~eidiseliusenl 10Ar-acevsnr1requecyvave.
tS Lambda ser, 0 Tlrrwmovseich,t14 griidixrrib15riAxsosr-irValvV
iS Thioeese/loll i7E, 1 a gislircr, a-9Sa(?are

--.4 4

1 14

15 1 C-

17 BOame
18I19

I II
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serbly. The sensor plate is dplaced by
the air flow, while rhe control plunger in

the fuel distributor exerts hydrauic coun-

terpressure to maintain the system in a

balanced state. The poti of the air-
flow sensor plate provides an indes of in-
take air flow, and is transmitted to the fuel
distributores control plunger by a lever

Fuel distribltr
The amount of fuel supplied to the 'nod-
vidual cylinders is regulated by varying
the aperture of the metering slots in the
fuel-disiributor barrel The number of ret-
tangular-shapedmeteringslotsnthebar-
rel corresponds to the number of engine
cylinders. The specific size of the meter-
ing-sit aperture depends on the control-
plunger's position. In order to ensure con-
stant pressure drop at the slots for various
lw rates, a differential pressure regula-

tor is located downstream of each meter-
ng slot.

Hexag.n2 Aubber meding RFar-mne
strainer 4 Valve body 5 Va sraede

1 2 3 4 5

Fuel distrlbuaor a in/xtre-corarrolsUit
I 1raphiragin, 2 Tojector 3 Cotnrpuge
4 Melerp sut, 5 Otrenii-prssumir
rsguIator

12 45

Irnector
The injector opens automatically at a
pressure of approximately 3.8 bar, and
has no metering unction. It provides efi-
cient mixture lormation by opening and
cosingataifequencyof approX 1500H-

rchatterl.
11is held in place by a rubber molding. It

s pressed, not screwed into position
The hexagon serves to brace the injector
when the fuel-supply lme is screwed on.

The warm-up regulator is controlled by an
electricaly-heated bimetallic element: it
enriches the mixture in the warm-up
phase by reducing the counterpressure
(control pressure) exerted against the
control plunger. A reduction in this control
pressure means that the stroke of the air-
flow sensor plate for a given air flow in-
creases (reflected by a correspondingly
larger metering-slot aperture). The result
is a richer mixture during warm-up

Whe desired, the warm-up regulator
can be expanded to incorporate the tol-
[owing functions,
- full-Ibrottle enrichment.
- acceleration enrichnent,
- altitude compensation.

The auxiliary-air valve, controlled by ei-
ther a bimetallic spring or an expansion
element, supplies the engine with addi-

tional air (which is monitored by the air-
low sensor, but bypasses the throttle
valve) during the warm-up phase. This
supplementary air compensates for the
cold engines higher triction losses: it ei-
ther maintains the normal idle speed or in-
creases it in order to heat the engine and
exhaust more quicly

Eit-cli atart salve, thermitite switch
The thermo-time switch activates the
electric start valve as a function of engine
temperature and elapsed time During
low-lemperature starts, the start valve in-
jects supplementary fuel into the intake
manifold fcold-start enrichment),

Open-loop contrao systems do not regu-
late te A/F ratio with enough accuracy to

F

allow compliance with stringent er-s-
sions limits.

Lambda closed-loop control is required
for operation at the 3-way catalytic con-
verter. When it is installed, the K-Jeronic
system must include an electronic control
unit which uses the Lambda sensors sig-
nal as its main input variable.

A solenoid frequency valve regulates
the AiF mixture ratio by controlling the
pressure differenial at the meteringslots.
However, this principle cannot be applied
to meet the more stringent emissions re-
quirements scheduled for the future.

KE-Jetronic

KE-Jetronic is an advanced version of the
K-Jetronic system. KE-Jeronic includes
an ECU for increased flexibility and sup-
plementary functions. Additional compo-
nents include:

- a sensor for the intake air flow,
- a pressure actuatortor mixture ratio ad-

justment, and
- a pressure regulator which maintains

system pressure at a constant level as
well as providing a fuel-cutotf function
when the engine is switched off

Operation
An electric fuel pump generates the sys-
tem pressure. The fuel flows through the
fuel distributor, while a diaphragm regula-
tor maintains the system pressure at a
constant level. With K-Jetronic the con-
trol circuit performs rixture corrections
via the warm-up regulator, In contrast,
with KE-Jetronic the primary pressure
and the pressure exerted upon the control
plunger are equal. The ratio is corrected
by adjusting the pressure differential in all
the fuel distributors chambers simultane-
ously

Schrematc of a KE-atrnnic system
I Fvrlank, 2 Etrin loelpemp, 3 Fuel aco Stior 4 Flier Fuer prssrreglatr

sl ror 7Intake mandal a Elcrair start vIave 9 Fue distrbutor 0 Air wsenso
i t E rcydraua prvSSU e actlUaor, 12 Lambda srenso, 13 Thermo-imvswilh.14ola-

temperatuO e/rr Io Ignitiondistriter ?S Auxsi ary-ar valet 17 Throttie swich, 18 ECL
1.9 feisoensaice. 20catrery

1 3

V 92irh - I - si t

-ow - -

18 
-9 BiO--A
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Tne system pressure is present up-
sram from the metering sots, and ap-

Ss a counterpressure to the control
trger. As with K-Jetronic, the control

-nger is moved by an ir-flow sensor
pA damper unit prevents the oscilla-

1s tat could be induced by the forces
cererated at the sensor flap. From the
::ntrol plunger the luel flows through the
,esure actuator, the lower chambers of

m differenlial-pressu rovalve, a fhied flow
strctor. and the pressure regulator, be-
Tereturning to the fuel lank. Together
ih the flow restrictor, the actuator forms

a pressure divider in which the pressure
2n be adjusted electrodynamically. This
Dressure is present in the lower chambers
:' the differential-pressure valves.

A pressure drop corresponding to the
cuator current occurs between the actu-

store two connections. This causes varia-
tna in the pressure differential at the me-

tering slots, and alters the amount of fuel

Electrohydraulc pressure actuator
SNOze1. 2 Valvepate, 3 Cod 4 Mayne ic
te 5 Fuenet 6 Adiusirtmn screw

2

4'

81

injected.Thecurrentcanalsobereversed
in shut down the fuel supply completely,

This feature can be employed for such
functions as overrun fuel cutoff and en-
gine-speed limitation.

Electrohydraulic pressure actuator
Thiselectrohrydraulicactuaforistlange-
mounted on the fuel distributor. It is an
electrically-controled pressure regulator

which operates using the nozzlefflapper-
plate system. The mixture enrichment is
directly proportional to the current flow.

Electronic control unit (ECUt
The ECU processes signals from the igni-
tion tengine speed), temperature sensor
(coolant lermperature, throttle poten-
tiometer (intake air flow). throttle switch
(die and overrun. WOT), starter switch,
Lambda (02) sensor, pressure sensor
and other sensors Its most important
functions are the control o:t

starting and post-start enrichment,
-wam-up enrichment,
-acceleration enrichment.
-full-throttle enrichment.
-overrun fual cutoff,
-engine-spee limitation,
-idle-speed control.
- altitude compensation.
-closed-loop lambda control.

A coding switch (trim plug) makes it pos-
sible to select between operation with

lambda control (with catalytic converter)
and without it. This permits a choice be-
tween leaded and unleaded gasoline.

Lambda c op control
The signal from the Lambda sensor is

processed in the KE-Jetronics ECU. The
pressure actuator carries out the neces-
sary adjustments.

L-Jetronic

oealn pri
- Air-flow measurement.
- Main controlled variables: air flow and

engine speed.
- Intermittent injection,

L-Jetronc combines the advantages ofdi-
rect air-flow measurement with the unique

possibilities afforded by electronics, It is
similar to K-Jetronic in that it recognizes
all changes in engine condition (due to
wear, combustion-chamber deposits,
changes in valve setting) This ensures
consistently good exhaust-gas composi-
lion

Operation
The fiel is injected through the engines
solencid-operated injectors A solenoid
valve assigned to each cylinder is trig-
gered once per crankshaft revolution. All
of the injectors are wired in parallel to re-
duce the complexily of the electrical cir-
cuit. The pressure differential between
fuel and intake-manifold pressures is
maintained at a constant level of 2.5 or
3 bar such that the injected fuel quantity is
only dependent on the opening period of
the valves. For this purpose, the ECU de-
livers control pulses whose duration is de-
pendent on the intake air flow, the engine
speed, and other influencing variables.

These are monitored by sensors and
processed In the ECU

Fuel supply
An electric fuel pump supplies the fuel
and generates the injection pressure. The
fuel is pumped from the fuel tant. through
a paper fiter, and into a high-pressure
supply line at the other end of which there
is a pressure regulator (spring-foaded di-
aphragm). The pressure regulator main-
tains a constant pressure at the metering
orifice, regardless of the injected fuel
quantity.

Schematic ofan L-Jetronic system
I Fu- tank. 2Electricfuelpump.3Fuefltee,4EcuIctorr6Feresurergulafru,
7 fiakwe mnitkiE r 6 Evleric arevlv59Thrre swich, 0Ai-fiew sensor rf Lmtda sensor
12 Therri-irne switci, 13Coolanrtempersturserner. f4 lgnitrriiunbut-r 15 Auxili-arr
valve Battery 17gniton swtci

2 3

L j 1

- H13r,14 15

16

- m17
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- ?Asrn'ough the high-pressure
:Dintoe engine-mounted fuel

--niectors. The pressure regu-
saieo on the fuel rail. After flow-
-hnthe ralthe portion of the fuel
edbythe engine flows through

ine attached to the regiZaOr
tothe tank. Because the return-

jetas been warmed on the way
rnthe engine fuel temperatures

:e tans rise,
jvaor i generated in the tank as a

onof fuel temperature. For environ-
-apurpose these vapors are routed

eo thetank ventilation system for
-c in an activated charcoal canister
- eycan be returnl through the in-
manifold for combustion within the

-e.

BRns cyteM:
A returniess fuel-supply system reduces
the tendency of the fuel in the fuel tank to
heal up, thus making it easier to comply
with the legal requirements governing ve-
hicular evaporative emissions. The pres-
sure regulator is located either in the fuel
tank or in its immediate vicinity, w ich
means that the return line from te engine
to the luel tank can be dropped. The
amount o fuel pumped to the fuel rail is
limited to the quantity being used by the
iactors. The excess tow volume emerg-
ing from the pump returns directly to the
lank without the round Irip to the engine
and back. Assuming equivalent operating
conditions, and depending upon the spe-
cific vehicular application, this system can
reduce in-tank iuel temperatures by up to
10 K cutting vaporization by roughly one
third.

Fue supply

-vs turs. 2seccfepuM3Fuel Oer 4 Pressure Je, 5 Fue-presuremrglatr
r crrFuel atcontlvous flw,,8Retr n Fue reail (no retiem o-w.

a b g

4 4

6

2-

2 P2

Air-flow sensor
1 dle-mitureaous screw 2Air-flow
sensor lap, 3Stop, 4 Compensatn iap.
5Oanpivg chamber 6A-remperasiur
sensor

1 2 3

4 5 6

Air -flow sensor
The intake air flow deflects a sensor flap
against the constant return force of a
spring to a defined angular position,
which is converted by a potentiometer
into a voltage ratio. This voltage ratio de-
termines the pulse length of a liming ele-
ment in the ECU. A temperature sensor in
the air-yow sensor indicates changes in
air density caused by temperature varia-
tions.

Fuel injectors
Fuel injectors serve to meter and atomize
the fuel- When the solenoid winding is an-
ergized, the nozzle needle is lifted a mere
0.05 mm off its seat.

Throttle-valve switch
This transmits a control signal to the ECU
when the throttle valve is either corn-
pletely closed (idle or fully opened tull-
throttle [WOT]).

Engine-lemperature sensor
The ngine-termperature sensor is de-
signed as a temperature-sensitte resis-
tor (thermistor) and controls the warm-up
enrichment.

Auxiliary-air valve, electric start-valve,
thermo-time switch
Design and function are similarto those of
the corresponding K-Jetronic compo-
nents.

injector
I Pile, 2Needle. 3Arrture 4 Spng,
5 Soleirosdn.ng. c Electcol ari.
7Fuelarrainer

12 3 45 6 7

Electronic control unit ECUj
This ECLI converts the engine variables
into electrical pulses Transmission inter-
vals for these pulses are correlated with
ignition timing, while their duration is tasi-
cally a function ol speed and intake air
flow. Since all injectors are activated si-
multaneously, only a single driver stage is
required. The temperature sensors re-
spond to lower engine and air tempera-
tures by increasing the injection duration.
The throttle-switch signals allow mixture
adaptation for idle and full-throttle
operation,

Lambda closed-loop control
The ECU compares the signal from the
Lambda sensor with a setpoint value be-
fore activating a two-state controller. The
control adjustment is then performed, as
areallcorrections,bymodifyingtheinjec-
lion duration.

L3-Jetronic
L3-Jetronic ncorporates functione ex-
tending beyond those provided by the L-
Jetronics analog technology. The L3sys-
tem's ECU employs digital technology to
adjust the mixture ratios based on a
toadlengine-speed map. In order to save
space, the ECU is installed in the engine
compartment, directly on the air-flow sen-
sor, where the two components form a
single monitoring and control unit
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LH-Jetronic

LH-Jetronic is closely related to I
Jetronic. The dfsrence lies in the method
of intake air-flow measurement, with LH-
Jetronic using a hot-wire air-mass meter
to neasure the mass of the intake air.

Thus the results no longer depend on the
air density, which varies with temperature
snrtpressure,

The other H-Jetronic components and
the basic system concept are to a large
extent the same as those in -Jetronic.

Opretin -da1al roceasininthetEu
LH-Jetronc inis equipped with a digital
ECU Arrangements for adjusting the mix-
tre ratio vary from those used with L-
Jetronic in using a loadrengine-speed
map programmed for minimum fuel con-
sumption and exhaust emissions The
ECU processes the sensor signals when
calculating the injection duration that de-
termines the injected fuel quantity. The
ECU includes a microprocessor. a pro-

gram and data memory, and an A/D con-
verter The microprocessor is provided
with a suitable voltage supply and with a
stable clock rate for data processing, The
clock rate is defined by a quartz oseillator.

Hot-wire air-mass flow meter
The stream of intake air is conducted past

a heated wire (hot wire). This wire forms
part of an electrical bridge circuit. The
flow of current through the wire serves to
maintain it at a constant temperature
above that of the intake air. This principle
makes it possible to employ the current
requirement as an nde of theair mass
beingcorawn into the engine-.Aresistor
converts the heating current into a voltage
signal, which the ECU then processes
along with engine speed as a main input
variable. A temperature sensor is
mounted in the hot-wire air-mass flow me-
ter to ensure that its output signal is not in-

Iluenced by the temperature of the intake

air. The NF ratio at idle can be adjusted
withapotentiometer Ascontaminationon

the surface of the hot wire could affect the
output signal, each time the engine is shut
down the wire is electrically heated for
one second to burn-off any contamina-
lion. The hot-wire air-mass flow meter has
no moving parts, and its aerodynamic re-
sistance within the intake tract is negigi-
ble,

Hot-film air-mass flow meter
The operatirg principle of the hot-lm air-
mass flow meter is the same as that of the
hot-wire sensor. However, in the interests
of simplified design, a substantial portion
of the electrical ridge circui is installed
on aceramic suostrate, in the form ofthl-
film resistors. In addition there is no need
to burn contaminants off the film.The
contamination problem is solved by plac-
ing the areas on the sensor element
which are decisive for thermal transmis-
seon at a downstream location. This pre-
vents them from beling affected by de-
posits on the sensor element's leading
edge.

Hot-elma ariaflowemater

reareraofhousn oIt-teat sikr.ISpace,
SDOrir sas 4 Hybrid. 5 Sensor element

4

Karman vertex volurmetric flow meter
Yet another option for measuring intake
airis providedby a sensor which uses the
Karman vortex principle to measure the
volumetric flow rate. This meter monitors
vortices generated as the intake air flows
past vortex generators. The frequencyof
these vortices is a measure of the ou-
metric [low rate. This frequency is mea-
sured by emitting ultrasonic waves per-
pendicularto the direction of the intake-air
flow. The propagation velocity of these
waves as modified by the vortices is ce-
tected cy an ultrasonic receiver and the
resulting signals are evaluated in tie
ECUJ

CnateinataikHernifo sthotemsic 0Htwr i as lwmtr1Lmd esr
JFirstrrik.5FirrcrirrraPrrrrg3F~euer4ECU.50litelur11Feir 7Fa-psrr

rPcnot emperatrr ser13tInietinr4srbuor 1rrdespeerdactaorl 5iBatery
16l gricrrrr

11
11 [- -

BOSCH

15 16

KArmn vertex vatrneti flu.wmee
I Osnllsata'.I'Varies goessasr,3arrasnrr
4 iJfwssnic dran, 5 Eddycu rs6BRee-

e7 Arphier58Fllet.RPolseshaper

2 1 5
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Electromagnetic felt injeCtOrS

swn and operation
niectors essentially consist of a

.awehousing with current coland electri-
25 connection, a valve seat with spray-

tice disk and a moving valve needle
wn solenoid armature,

A ftiter strainer in the fuel teed protects
ne nector against contamination. Two

-ngs sual the injector against the fuel-
ruirbution pipe and the intake manifold.

When the coil ade-energized. the spring
uno the force resulting from the fuel pres-
sure press the valve needle against the

alve seat to seal the fuel-upply system
againstithe intake manifold (see Fig.).

When the injector is energized, the coil
generates a magnetic field which attracts
thearmature and lilts the valve needle oft
of its seat to allow fuel to flow through the
injector,

The injected el quantiy per unit of
time is essentially determined by the sys-
tem pressure and the free cross-section

IFuat injectorEV6(ampne)
I 0-rgs, 2lterstrairo 3ielverin9
wtth eleicilcairrecair, 4 curreni
5,priny, 6Vlvere wreeii with no
ufraiere Salve seatr/thsyirey-roftcn dr

4

1

of the sprayentiices inthe spray-oriice
disk The valveredl closes again when
the field current is switched of

Spray formation
The fuel injectors' spray formation, i.0
spray shape, spray angle and droplet
size, influences the formation of the NF
mixture. Individual geometries of intake
manifold and cylinder head make it nec-
essary to have different types of spray for-
mation,

iagedr aLray
individual fuel sprays emerge through the
openings in the spray-orifice disk These
fuel sprays combine to lorm a tapered
spray. Tapered sprays can also be ob-
tained by means of a pintle proecting
through the injector needle lip. Tapered-
spray injectors are typically used in en-
gines with one intake valve per cyindr
The tapered spray is directed into the
opening between the intake-valve disk
and the inake-manifold wall.

DiUalspay
Dual-spray formation is used in engines
with two intake valves per cylinder The

openings in the spray-orifice disk are
arranged in such a way that two fuel
sprays emerge from the injector. Each of
these sprays supplies an intake valve.

Air-shiroudi;g:
in thecaselanair-shroudedinjector, the
pressure drop between intake-manitfold
and ambient pressures is used to improve
mixture formation. Air is routed through
an air-shrouding attachment into the out-
let area of the spray-orifice disk. in the
narrow air gap, the airis accelerated to a
very high speed and the fuel is finely at-
omized when it mixeswith it

Ignition
The ignition system's function is to initiate
combustion in the flammable air-fuel mix,
ure by igniting it at precisely the right mo-
ment, In the spark-gnition (Otto) engine,
this is achieved with an electrical spark,
i.0. an arc generated between the spark
plug's electrodes. Consistently reliable ig-
nition under all circumstances is essential
for ensuring fault-free catalytic-converter
operation.

Misfiring results in damage to or nestruc-
tion of the catalytic converter dueto over-
heating during afterburning of the uncorm-
busted mixture.

Mixture Ignition
Providedthecompositionof themixture is
stoichiometric, an energy of approxi-
mately 0.2 ml is required for eachindivid-
ual ignitionr of e AIF mixture via electric
spark. Over 3 mJ are required for a rich or
lean mixture This energy represents only
a traction of the total energy in the ignilion
spark, the actual ignition energy If suffi-
cient ignition energy is not available, there
will be no ignition, the mixture cannot ig-
nite, and misfiring will result.

The system must therefore deliver
enough ignition energy to ensure consis-
tently reliable ignition of the mixture, even
under unfavorable conditions, Igniting a
small flammable mixture cloud flowing
past the spark can be enough to initiate
the process.

This mixture cloud ignitee, the flame
spreads to the remaining mixture in the
pltnder, and the fuel starts to combust
Ignitability is enhanced by efficient fuel at-
omization and good access of the mixture
to the electrodes, as well as through ex-
tended spark duration and spark length
Ilarge electrode gap),

Thesparkplugdeterminesthelocation
and length of the spari spark duration
depends upon the type and design of the
igniton system. as well as on the momen-
tary ignition conditions

Spark generation
Adequate voltage must be present before
a spark will arc from one electrode to an-
other. At the moment of ignition, the volt-

Spark-gagcotrag. eltacterttliWith ta-
tionary or stm-ato-ary A/Fmifum
I Inition vortpge. 2 Spark vwnge
sparkeuraton

kv

102

It Tim2 C ms

age across the electrodes abruptly rises
from zero up to the arcing lignition) volt-
age arid the plug fires. Once the spark
has ignited. the spark-plug voltage drops
to the sparking voltage. The AF mixture
may ignite at any point during the tiring
period of the ignition spark (spark dura-
tion). Once the spark has broken away.
the voltage is damped and drops to zero

Although intense mixture turbulence is
basically desirable, it can extinguish the
spark, thus leading to incomplete com-
bustion. The energy stored in the ignition
coil should therefore suffice for one or
more consecutive sparks, depending on
individual requirements.

High-voltage generation and energy
storage
Baltery-ignition systems generally em-
ploy an ignitio coil to generate the high
lension voltage needed to generate the
spark. The ignition coil operates as an au-
totransformer but within coil-ignition sys-
tems it also assumes the further impor-
tant function of storing the ignition energy,
When the contact breaker closes. energy
from the vehicle's electrical system flows
into the coils primary winding. This en-
ergy is then stored in a magnetic field un-
til the firing point, when the secondary
winding discharges it to one of the en-
gine's spark plugs. The ignition coil is de-
signed to ensure that the available high-
tension voltage in the coil is always well in
excess of the spark plugs maximum pos-
sible ignition-voltage requirement. Energy
levels of 0 .120mJ within the coil corre-
spend to an available voltage of
25.30 kV

The operational reserves of high volt-
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age and ignition energy are sufficient to
compensate for all electrical losses.

inadequate maintenance reduces these

high-voltage reserves, and leads to g0-
tion and combustion miss. Erngine power
drops and fuel consumption increases. in
addition, this phenomenon can result in

damage to or destruction of the catalytic
converter should one be installed. Is ex-

treme cases, the engine either fails to
start - especially when cold -or stalls.

ignition systems are also available wit
capacitive energy storage (Dil or

Capacitor-Oscharge Ignition) for use on

high-pedrormanice and racing engines.
These systems store the ignition energy
in the electrical Ield of a capacitor before
a special transformer transmits it to the

spark plug in the form of a high-voltage ig-
nition pulse.

ignition timing and adjustment
Approximately two milliseconds elapse
between the mitures initial ignition and

its complete combustion, The ignition
spark must therefore are early enough to
ensure that main combustion, and thus

the combustion-pressure peak in the

cylinder, occur shortly after piston TDC.

The ignition angle should thereiore move
furtherin the advance direction alongwith
increasing engine speed. The chosen fir-

ing point should ensure that the following
requirements are met:
- maximum engine performance
- low fuel consumption
- no engine knock
- ciean exhaust gas.

Since it is impossible to obtain optimal

compliance with all of these requirements
simultaneously; compromises must he
found on a case-to-case basis Optmal
ignition timing is detined according to a

variety of parameters. The most important
are engine speed, engine load, engine
design, fuel Quality and momentary oper-
ating conditions (starting. idle and trailing
frottleetc-). In the simplest case. spark-

advance mechanisms sensitive to varia-

tionsin engine speed and intake-manifold
vacuum adapt the ignition timing tosuit
the engine's current operating conditions.,

In modern engine-management sys-
tems with etended functions. additional

Examipl ofcomet aiVgvlioitiil rig
consistungotftentruttjeuand vacuum

advance
iParr loadoperato, 2Fulload

20 -

2

010 I

t

adjustments can be usedl e~g for rapid

torque adaptation or for swift heaiting 01

the Catalytic converter.
All the adjustment strategies Can opet-

ate either ;ndiviay or simultaneously.

The degree to which the ignilikon timing is
advanced or retarded is determined by

the ignition-advance curves calibrated

specifically for each individual engine

configuration.
At lull load. the accelerator pedal is de-

pressed fully andi the throttle is wide open

(WOT). Along with incr easing engine

speeds, ignition takes place earlier in or-

der to mnaintai the combustion pressure

ait The levels required for optimal engine

performance The leaner A/F mixtures en-

countered during part-i operation
ate move difficult to ignite. Because this

means that more time is required for igni-

tion, it must be triggered earlier, with the

timing being shifted further in the 'ad-

vance direction The manifold vacuurn

employed to determine the necessary de-

gree of spark advance is monitored down-

stream from the throttle valve. If the vac-

uum bore is located near the throttle valve

(P. 489). the vacuum initially increases as

the throttle is opened wider and begins to

F

CombuDsilin-pmssur curve for viars
ignition firingprateIOrres egniion reurs e1
2 Lvcassuraijgniie vad ce
3 rcc51scil nnldr.

.bafor eT OG aftrTO

40EiS

20

a 3
71, 7c I

C 5 o0' 2s' 0' -2i - n-7
Itrtiron advance ange re

tall in the proximity of the full-throttle
(WOT) position, The progressivelywider
throttle openings required to increaser-
gine speed on the operating curvefor
part-throttle road operation are rtted
in Ihe relationship between vacuumand
nin-- shown in the diagram

Yet another diagram shows the curses
or combusltion-chamber pressureina

--stroke engine with correct and incorrect
gnitns timing. Even if the timing in nitially
:arrect neglected maintenance can allow

to drift over the course of time Iftetim-
'a shits towards a later firing point
reiard). the result is a gradual dropin
"gine power and increased fuelcon-

Overview of various Ignition systems

voltae genratin

sumption. Excessive 'advance" may re-
suIt in extreme cases in serious damage
to spark plugs or to the engine i the en-
gine knocks. The level of exhaust emis-
sions also increases,

Ignition and emissions
Owing to the fact that it directly affects the
various exhausl-gas components, the ig-
nition has a significanteffect upon ex-
naust emissions Because various - and
Othis contest sometimes mutually antag-
onisic - tactors such as uel economy,
driveability. etc., are also potential opti-
mization criteria, it is not always possible
to specify the ideal Ignition timing tor in-
imum emissions.

Shifts 1n ignition timing induce muuarly in-
verse response patterns in fuel consump-
lion and exhaust emissions While more
spark advance increases power and re-
duces fuel consumption, it also raises
HC and, in particular, NO, emissions.
Excessive spark advance can cause en-
gine knock and lead to engine damage
Retarded ignition results in higher ex-
haust-gas temperatures, which can also
harm the engine Electronic engine-rran-
agenent systems featuring programmed
ignition curves are deslgned to adapt ign-
l ontiming in response to variations in fac-
tors such as mm-r. load, temperature, etc
They can thus be employed to achieve the
optimum compromise between these mu
tually antagonis objectives.

initin system
c l TI I kIDLt

Coisl r v E vgine -riqenmet

r uvric Electronic Deituv s-
stsle igniicI ltio n le srni -

sy51cm system conductur g-

indactive

1 Electroiir

nee a mp to m lmnclm as
or2550 ic pr r Mr a niclronl
U- ndnvr lbiicrruuercerulr.a tacscwrner ra n=-mna rsiin
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iiffunce of excess-air factor and ign-
onpoint onppaltan emissions

D3 1.0 1.2 "4

Excess-air factori

kVX

200
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12

7 4

0
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.e400~

so V40,1
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neneor arfactorA and igrituio im-
iag on feconsumption adorgu

Nm

701

so

50 to 12
Escessir lactor

20

5000

420 /-- 1
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leaner mixtures require substantially
higher levels of spark energy. Excess en-
ergy. i.e., from an ignition syslem de-
signed to generate a high-energy spa of
extended duration fransistorized or elec-
Ironic ignition) stabilizes flame propaga-
tion and reduces the fluctuations from cy-
cle to cycle The reduction in fluctuations
results in smoother engine operation and
lower HC emissions. Increased spark pro-
tection, larger electrode gaps and thin
electrodes also nave a positive iniluence
on the engine's smoothness and HC
emissions.

ignition energy
Theignitionsystemgeneralesahigh-vot-
age spark at the spark plug to iniliate
combus.io An intion-park energy of
approx.02ri isadequate toite aso-
ichioimefric air-fuel misture. while richer or

Ignition colt
The ignition coil functions as both an en-
ergy-storage device and a transformer.
The coil, which is powered by DC voltage
from the vehicles electrical system, sup-
plies the ignition pulses for the spark
plugs at the required high voltage and dis-
charge energy The ignition driver stage
with its defined deactivation current com-
bines with a primary winding featuring
specific resistance and inductance char
acteristics todetermine the amount of en-
ergy stored within the ignition coil's mag-
netic field. The secondary winding can be
designed to provide peak voltage, spark
current and discharge duration in accor-
dance with individual requirements.

The contact-breaker points used with
coilallon (CI) can only handle interrupt
currents of up to approx. 5 A. TI, El and
DU ignition systems and Metronic ECUs
can handle much higher interrupt cur-
rents. The series resistors generally em-
ployed with coil ignition (they can be by-
passed to increase energy during cold
starts) can be omitted in electronic igni-
tion systems. Here the electronic circuitry
activates the ignition coil depending on
battery volage, engine speed and other
influencing variables in such good time
that full energy is available at the ignition
point.

Each ignition coil is designed to meet
the requirements of a particular applica-
tion. It must charge quickly in order to fur-
nish the voltages and ignition energies re-
quired at high engine speeds. Important
priorities thus include low primary induc-
tance and. in some cases. higher primary
interrupt currents (for adequate energy
storage).

Design and operation
Traditional ignition clls with asphalt or oil
insulation enclosed in metal casings are
being increasingly replaced by units fea-
tunng an epoxy-resin filler. These not only
allow more latitude in the selection of
geometry, type and number of electrical
terminals, cut also provide more compact
dimensions, better vibration resistance
and lower weight. The ignition coil is gen-
erally attached byway ofthe ironcoreto
the engine orvehiclebody, od-typeigni-
lion coils are installed In the cylnder-head

recess above the spark plug.
The coil's synthetic materials provide

good adhesion between all of the high-
voltage components and the molded
epoxy resin, which penetrates into althe
capilary spaces. Supplementary iron
cores are sometimes embedded on the
inside of the synthetic rolding

The secondary winding is mostly de-
signed as a disk or sandwich coil, with the

Ignition coils (schematic)
Rotatong distribuiion,- Single-sparignition
Coil .ostribuforlss ignition
b) .Srrgg-spairk ririrr ccii
c) Vuea-spark Inilurcil.

S b c

is 15 a 4 151

04 4 0--

4a

Singlo-spark giton coil
I External5ow-iago srmWim,
2 Lamina (rca core, 3 Fnrary wding
4 Scondary winding. snrernahigh-woltage
cornecon viaspringconact Sparkptug

a-

4
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windings distributed among aseriesof
segments. Even distribution ostresses
among the insulating elerenta in all
chambers combines with high deectric
strength to permit compact dimensions
while at the same time making tail and pa-
per between wire layers redundant. The
winding's self-capacitance is also se-
duced.

Because lower breakdown voltages are
required for the negative (relativeto on
gine ground) ignition spark, In positive
terminals for the primary and secondary
windings are generally combined on
those ignition coils used with rotating

igh-voltage distribution
Single and dual-spark ignition coils are

ar atternave for use in ignition systems
with distributoriess ignition (DL .

When a single-spagrk coil per spark plug
is used, the primary current is controlled
to furnish the relevant spark plug with an
ignition pulse at precisely the right mo
menit in lime High-voltage diodes are
used to prevent the postive 1 _.2 1 high-
voltage pulse generated when the pri-
mary current is activated from causing the
spark plug to fire prematurely

On the dalsPark ci. Mthe secondary
winding is galvanically insulated tro the
primary winding. Each of the two high-
voltage outputs are connected to a spark

plug. gnition sparks are created at the
two spark plugswhenIhe primary current
is deactivated. As with rotating high-vl-
age distribution, this system does not
usually require any special precautions to
prevent activation sparks,

Connection and installation are lacili-
lated by combining several ignition coils in
a common casing to torm a single assem-
bly. However, the individual cois continue
to operate as independent units, The inte-
gralion of output stages in the ignition
colis means that short primary leads can

be used (lower voltage drop). This
arrangement also prevents power loss in
the driver circuits from overheating the

ECU.

Daul-sparkIgnitiancol(astributoresS
ignition)
1Low. ageoernal2LamIntei Poncr11.

r 7r-S darywndig

I5 -

2 -

3-
4

Spark plug

Function
The spark plug introduces thegnition en-
ergy generated by the ignition coil into the

combustion Chamber. The high voltage
creates an electric spark between the
spark-plug electrodes which ignites the
compressed A/F misture. As this functioi
must also be guaranteed under extreme

conditions (cold starling, full load), the
spark plug playsa decisive role in the op-
timum performance and reliable operation
of a spark-ignition engine These require-
ments remain the sane over the entire
service life of the spark plug.

Reourrements
The spark plug must satisfy a varietyof
extreme performance demands I sex-
posed to the varying periodic processes
within the combustion chamber as wellas

external climatic conditions. However, the
combustion chamber must remair
sealed.

During spark-ptug operation with elec-
tronic ignition systems, ignition voltage,
of up to30,000 V may occur and must nc
damage the insulator This insulation ca-
pability must also be guaranteed at tem-
peratures in the region of 1000 a

Because the spark plug is subjected::
mechanical stresses in the lorm of expc-
sure to periodic pressure peaks lup .

80 bar) within the combustion chamber.
its materials must exhibit etreme resis-
lancetothermalloadsandcontinuousvi-
bratory stress, At the same time, that sec
ion of the spark plug that protrudes into

the combustion chamber is exposed to
high-temperature chemical processes,
makingresistancetoaggressivecombus-
tion deposits essential. Because it is sub-
jected to rapid variations between the
heat of the combustion gases and the
cool A/F mixture, the spark-plug insulator
Must feature high resistance to thermal
stresses (thermal shock). Effectve heat
dissipation at the electrodes and the nsu-
lator is also essential for reliable spark
plug performance.

Design
In a special high-grade ceramic insulator,
an electrically conductive glass seal
forms the connection belween the center
electrode and terminal stud. This glass el-
ement acts as a mechanical support for
the components while providing a gas
seal against the high-pressure combus-
Ion gases It can also incorporate resistor
elements for interference suppression

nd burn-ol,
The connection end of the insulatoris

g t
azed for improved protection against

rnetamination. The connection between 11
and the nickel-plated steel shell is gas-

ghI. The ground electrode. like the cen-
yr electrode, is primarily manufactured
-sgnickel-based alloys to cope with the

Ih thermal stresses. It is welded to the
.The thermal conduction properties

nh the center and the ground elec-
des are improved by using a nickel-al-

[acket material and a copper core
or and platinum, or platinum alloys,

- employed as electrode material forDiat applications. The spark plugs
- either an M4 or a standard SAE

d, depending upon the type of high-
ge connection, Spark plugs with

- shields are available for watertight
-ms and for maximum interference

'ession,

Spark plug
I .i -ioieageconnector terminarui
2A , ,Ceramicinsular
aasei,
4 Heat-shrnkagezone,
5 conducv lass

7Composite cenrereetroeN/Cu,
SGroud electrode

2

I -

-3

-

- ~ 1 -

-5
6

7

I I
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-- oeratingtemperature of the spark
Srprsents a balance between heat
ortion and dissipation The aim is to

as easeif-cleaning temperature of
.Ox.500 C even at low engine power

tnetemperature drops below this
a.ere is the danger that unburnt hy-

carbons and oil residue from incom-
rucombustion sequences will settle
te id areas of the spark plugs (par-
anywhentheengineisnotatnrmal

-rtg temperature, at low outside
revratures. and during repeated
rsy This can create a conductive
cecton (shunt) between the center
lectrode and the spark-plug shell by

*auy of which the ignition energy leaks
.say in the form of short-circuit current

Sisr of misfires). At higher tempera-
a"es the residues containing carbons

curn on the insulator nose: the spark
lugl thus cleans itself.
An upper temperature limit o approx.

900 C should be observed because in
this range wear of the spark-plug elec-

spark-ptugrerrrperaitureresponse
2 ig-2medi, and3 owhea rie

1500-

1000
2

500 3

0 Engine power output 10

1 2 3

-t-

L-

trodes increases markedly idue to hot-
gas corrosion) and if this limit is signh-
cantly exceeded this increases the risk
of auto-ignition (ignition of the air-fuel
mixture on hot surfacel. Such auto-igni-
tion subjects the engine to extreme
oadlsand can result in the engines de-

struction within a short period of time
The spark plug must therefore be
adapted accordingly in terms of its heat-
absorption capability to the engine type.
The identifying feature of a spark plug's
thermal loading capacity is its heat
range, whichis defined by a code nurn-
bar and determined in comparison mea-
surements with a reference standard
source

The Bosch ionic-current process pre-
sents possibilities (or adapting the heat
range to each engine. Characteristic
changes in the combustion procedure
due to increased thermal loading of the
spark plugs can be detected using ionic
current and used in the assessment of
the auto-igntion process. The spark
plug must be adapted r, such a way as
to preclude any possibility of premature
ignition.

The use of center-electrode materials
with high thermal conductivity (silver or
nickel alloys with copper core) makes it
possible to substantially extend the Insu-
later nose without changing the plug's
heat range, thus extending the plug's op-
erating range downward into a lower
thermal-load range and reducing the
probability of fouling. These advantages
are inherent in all Bosch Super (thermo-
elastic) spark plugs

Peducing the likelihood of combustion
miss and ignition miss - with their atten-
dant massive increases in hydrocarbon
erissions - provides benefits in exhaust
emissions and fuel consumption in part-
throttle operation at tow load factors.

Electrode gap and ignition voltage
The electrode gap should on the one
hand be as large as possible so that the
ignition spark activates a iarge volume el-
ement and thus results in reliable ignition
of the air-fuel mixture due to the develop
mentofastableame-core

It is frequently impossible to achieve a
smooth idle when the electrode gap is too

Sparkgap
a) Sparkairgap,
b) Serisurke gap.
; Sveraeac

a

l-a

b

C

narrow On the other hand, the electrode
gap mostbe narrow enough to guarantee
that the ignition voltage will continue to
produce a reliable arc, even at the end of
the spark plug's service life and under un-
favorable circumstances.

The required ignition voltage is
influenced not only by the size o the elec-
Irode gap, but also by the electrodes'
shape and temperature and the
materials used in their manufacture.
Parameters specific to the combustion
chamber such as mixture composition
(lambda value), flow velocity, turbulence

and density of the gas to be ignited, also
play an important role

On today's high-compression engines
which frequently feature high charge tur
bulence, electrode gaps must be carefully
defined in order to guarantee reliable igni-
ton and thus misfire-free operation
throughout the required service life

Soark ga
The configuration of the arcing path is de-
fined by the mutual arrangement of the
electrodes.

Sparkairgap a):
Alinearsparkarcingtdirectlybetweenthe
center and ground electrodes ignites the
air/fuel mixture between the electrodes

Semi-surface gap(W
The semi-surface gap is created by pos-
lioning the ground electrodes (at a de-
lined distance to the insulator end face) to
the sides of the center electrode. Under
certain conditions, the ignition spark
forms between the center electrode and
the surface of the insulator tip before arc-

g acrossa gas-filled gap to the ground
electr ode.

Shitting a portion of the sparks propa-
gation travel tothisshuntpath extends the
gap across which any given voltage can
produce an are,

The increased electrode gap improves
the ignition properties

Surface gap lot:
On surface-gap spark plugs, te ground
electrodes are positioned to the sides of
the ceramic body. The sparks thus form
over the surface of the insulator tip before
arcing across asmall gas-filled gap to the
groundelectrode The arrangementofthe
ground electrode 10 the side of the ce-
ramic body helps to reduce the quenching
losses, i.e. the flame core can extend
more effectively into the combustion
chamber. thus enhancing the ignition
properties of the plug.
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Conventional coil ignition (Cl)

Many vehicles are still equipped with con-
ventional coil ignition. When the contact
breaker closes with 1he ignition switched
on current from the battery or alternator
tlows through the ignition cols primary
winding generating a powerdu magnetic
field in which the energy is stored. At the
ignition point, the contact breaker inter-
rupts the current, the magnetic field co-
lapses and the high voltage necessary for
ignition s induced in the secondary wind-
ing, This voltage is fed frot terminal 4to
the ignition distributor via a high-tension
cable and trom there to the individual
spark plugs.

The following is a basic definition of the
relationship between the speed of a four-
stroke SI engine and the number of
sparks generaled per minute:

f= -- - n/2

/ Spak-generation rate. Number of
cylinders, n Engine speed.

At low engine speeds the contact-
breaker points remain closed long
enough to exploit the coils full energy-
storage potential. At higher engine
speeds this contact period - the dwellan-
gle - is shorter, and the primary current is
interrpte befove maximum energy can
be transferred to the coil. The resulting re-
duction in stored energy means that less

Secondary votage as a fnctioneotspark-
ing rate
a Withoutl ohicShones

SSirraimarr- MiL
CRelrqrw~erl Volise

kV

20

0 b

0

0 6000 12000 min
Sparking rate

high-tension current is then available from
the coil.

In response, ignition coils are designed
10 provide high-iension volage well in ex-
cess of the spark plugs requirements,
even at maximum engine speeds.
Contamination on the insulatirg compo-
nets acts as a capacitive and ohmic
shunt. increasingthe ignition loads placed
upon the system, with combustion and ig-
nition misfiring as the ultimate conse-
quences.

ConaanieaatrWcoimiisystem (Cf).ar-npae-bat lt,-r-cr diaramat right
IDarte-p fqiel1Sri Sm~h Cart,4Orsirrirrrlr-'igrrinrdmrsr, C-aiicirrraka

7-7-
15a

4
RV I

t 2 341

RV11 I
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Ignition coil
- ton:see P.481.

Ignition distributor
-istributor is a separate. sel-con
ocrmponent within the ignition sys-
thas the following functions,

- stribtites the ignition pulses to the
ninesapark plugs in the deined se-
ee(CI TI, and electronic ignition),

ggeisthe ignition pulse, either when
e contact breaker interrupts the pit-
stry current, or. with breakerless Sys-

.ns Ci. Ti El in some cases), using a
oIse generat

- sdjuststhe ignition timing with a spark-
advance mechanism on conventional

nlion systems (Ci T).

in modern electronic ignition systems
-- rating either alone or in combination
ttne fuel-knjection system (Motroic),

eisiblor generally comprises only a
"Ior arm connected to the camshaft and

'i distributor cap with high-vollage
rebs

The contact-breaker points and the
50ark-advancemechanismperformSaepa-
-e functions fromhose of the distributor
-ooper They are combined with it in a sin-

le unit because they require a synchro-
nued drive.

The ignition pulse passes through the
c-nter connection and the carbon brush
r the center-tower spark gap to the dis-
tibutor rotor arm which then distributes
trs ignition energy by arcing it tofed
eoctrdepressed inte the periphery of
toe distributor cap. From here, the ignition
pulses ravel through the igncton cables to
the spark plugs, A dust cover is some-
times installed to separate this high-volt-
age section from the Test a the unit.

Contact breaker
A cam opens the contact-breaker points
to interrupt the flow of primary current to
the coil for ignition. The number of cam
lobes corresponds to the number ot en-
gine cylinders. The portion at The distribu-
tor shaf's rotation during which the points
remain closedis the dwell angle.

The contact-breaker points are subject
to three types of wear:

Contat breaker
SMving-rmeaker-peassembly 2 r Eriker
terr,3 Disrxurshi,..4Distribuaorcam.

2

4

Centrifugaladvancemechanism, at rest
(above), In operation (beftw)
Idupporam.20Cisibutorcar,3Cotrit
pai 4 Advaruce iyweigh, 5DisriIor shart.

, -__ -2

-3

.4

-contact pitting
- contact arm (ruabing-block) wear.
- plastic deoermation and local compes-

Sion Of the contact metal.

Contact pitting stems from the breaking
sparks (residual arcing)induced by induc-
tion voltage during interrupion of the pi-
mary current. The ignition condenser is
designed to suppress this type of arcing.
but residual sparks continue to occur
Although contact wear and rubbing-block
wear are mutually counteractive, the el-
fects of the latter are generally more pro
nounced, resulting in a tendency for the

igniion to drift in the relard" direction. to-
ward a later agnition poit.

Spark-advance mechanism
Ignitton distributors are generally
equipped with twospark-advancemecha-
nisms: a speed-sensitve centritugal ad-
vance mechanism and a load-dependerit
vacuum-controlled device.

Centrifugal advance mechanism
The centrifugal advance mechanism ad-
just the ignition timing in response to
changes in engine speed. The support
plate upon which the flyweights are
mounted rotates with the distributor shaft-
The ilyweights move outward as engine
speed increases, thereby turning the dri-
ver over the contact path to the distributor
shaft in the direction of rotation. In this
way, the distributor cam also turns to-
wards the distributor shaft by the ignition
advance angle v. The point of ignition is
advanced by this angle

Vacuum adjustment mechanism
The vacuum mechanism adapts the igni-
tion timing to changes in engine output
and load factor. Intake manifold vacuum is
monitored or tapped off in the vicinity of
the throttle valve. The vacuum acts upon
two aneroid capsules

Operation of advance mechanism
Becausethe air/lul mixture combusts
more slowly during operation at low lead

factors, it must be ignited earlier to com-
pensate Meanwhile, the proportion of
those residual gases which have been
burned buf not discharged from the cam-
bustion chamber increases, and the mix-
lure leans out. Vaccum for the advance
mechanism is tapped off immediately
downstream from the open throttle valve.
As the engine load decreases, the vac-
uum in the advance unit rises, causing the
diaphragm and its control arm to move to
the right The control arm Turns the
breaker-plate assembly against the dis-
tributor shaf's direction of rotation the
point of ignition is advanced still further,

Operation of retard mechanism
Here the connection with the intake man-
itold's internal vacuum is downstream
from the closed throttle. The ring-enaped
vacuum retard unit reduces exhaust emis-
sions hy reducing ignition advance under
specific operating conditions le.g. idle.
trailing throttle The ring diaphragm and
its control arm move to the left when vac-
uum is applied The control arm rotates
the breaker-plate assembly together with
the contact breaker in the distributor
shaft's direction 01 rotation,

Thaa spark-retard systern operates in-
dependently ot the advance mechanism.
The advance mechanism has priorily: si-
multaneous vacuum in both units during
part-frottle operation shis the unit to its
advanceposition

Vacuum advance mechanfsm with ignition advance and retard units
a Advanc adfustmn up isOp, b Retard adiusient up to stop
I ignition ditibautr 2 Breaker-plate asrmby 3 Ophragr, 4 Vacuum retardtu

, Vacumriadvance unit 6 Vaurn urt, 7 Thrxle va iritrake manod.
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Transistorized ignition (TI)

int convientional coil-ignition systems,
canon energy and maximum voltage are

stricted by various electrial and me-
cnanical factors limiting the breaker
coonsswitching capacity. The demands,

:aced upon battery-ignition systems are
oren more than the contact-breaker as-
cerbly can salisfy in its role as a power
sitch In electronic ignition systems. the

pints are assisted or replaced entirely by
tear-free control devices. Transistorized
coil) ignition is available ins bth breaker-

triggered and creakerless versions.
Transistorized coil igntion witn contact

control isespeciallysuitale for upgrading
existing coil-ignition systems (Cl).
Breaker-triggered transistorized coil igni-
tion systems are no longer installed as
original equipment,

Breakeress transistorized ignition
On breakeriess transistorized ignition
systems. the cam-actualed contact
breaker is replaced by a magnetic pulse
generator This generates current and
vollage pulses agnetically (without con-
tacts) to trigger the high-voltage ignition
pulse through the system electronics. The
pulse generator is installed in the ignition
distri.utot

These triggering devices operate ac-
cording to various principles

1nduoipggyp e lpulse gnerators TI-l
The nduclinn-type pulse generator is a
perwanently-excited AC generator con-
sisting of stator and rotor. The number of
teeth or arms corresponds to the number
of cylinders in the engine. The frequency
and amplitude of the alternating current
generated by the uni vary according to
engine speed The ECU proceesthis
AC voltage and uses itor ignition control.

Hall-Silect pulse generators (TI-H)
This type of gilion-pulse generator uti-
lizes the Hall effect. A speed-sensitive
magnelic field produces voltage pulses in
an electrically charged semiconductor
layer to control activation of the ECUs pri-
mary current.

Ignition pulse generators (impulsers)
display clear boneits over mechanical

nreakedresstransistorizedignitionsymM
I ititre2i rwidon svich 3Ci 4 Etectronic
irgge, Q.5igniter Uin -tr iiacnriifg 3i
ard raicur advance mezrcaism
6ainduction-typpursegenr tDrbHai-trpa
puseygnr-rr(afterri, Sparkpugs,

7

2

contact breakers: They do not wear, and
are thus maintenance-free. They allow
precise control of ignition timing with at-
trendant benefits in engine performance.

ignitiondistributor withInduct le-te
pulse generator

AP-rnarirtmagnet 2 nductonwn ing
w' core. 3 Arasteagn ga 4 Tggeri whe

1 S

Time -

Electronic control units
Virtually all of the electronic control units
(trigger boxes) in use today are equipped
with primary-current regulators and
closed-loopdwell-anglecontrol.

The primary-current regulator limits the
current in order to protect the ignition coil
and the driver stage. When used in con-
junction with a coil featuring low primary
resistance. it provides high starling cur-
rent at low battery voltages. This makes it
possible to dispense with series resistors
upstream of the coil as well as with the
bridging lunction for starling.

Cloed-.toop_.dlil-ang!.e.._control en-
sures that the desired primary current is
obtained in the cotrol range as tar as
possible at 1he point ot ignition. This re-
ducesthe powerlosses in the ECU. italso
compensates for battery-voltage fluctua-
lions and ignition-coil temperature effects-
Depending on system deslgn this dwell-
angle control is effective up to medium
engine speeds. Al high engine speeds,
Ihe dwell angle is determined by the
break time required to achieve adequate
arcing durations. The residual energy te

Ignition distribstorawhHalsensor
I Vase wirh widir b.2So-magnettc
,co.ndctieeier eens 3Ha t. 4 Air gap.
Iir-Srnoretalorarsfornredlat asaeJi

4 2

irim

maining in the Coi after the break time
promotes optimal coil charging with re-
ucad dwell times.

The sparkiessclosedizci currentide-
activatio switches off the primary current
with the ignition on and the engine ofi to
ensure that no sparks occur at the spark
plug. However. there are also
TiC- systems (ith induction-type pulse-
generator) with intrinsic closed-circuit cur-
rent deactivation.

Transistorized ignition is sometimes em-
ployed together with auxiliary devices to
adjust the spark advance. An example
would be the idli-speeeonrl which is
installed between the Hall generator and
the ECJ below idle speed it reacts to fur-
ther decreases in engine mir by ad-
vancing the ignition, thus increasing
torque and preventing engine speed from
dropping any further. The ajetfouacre-
tard device reduces ignition advance at
high engine speeds to prevent knocking.
It is connected in parallel with the ECU.
Today, both of these functions are inte-
grated in the electronically adjusted igni-
tion systems within the engine-manage-
ment system.

Hybrid units have become the ECU stan-
dard for transislorized ignition systems
owing to Iheir ability to combine high
packaging density with low weight and ex-
cellent reliability. Hybrid technology re-
places the printed-circuit board. with an
At2O substrate bearing conductor paths
and resistors applied in a silk-screening
process. Semiconductor devices and ca-
pacitors in chip form complete the circuit.
As the Darlington power transistor chip is
mounted insulated on the metallic base
plate, cooling is excellent, permitting op-
eration at high temperatures.

Ignition coils (description on P. 481)
The performancespecificationsof ignition
coils for conventional ignition diflertros
those of ignition coils with electronic cir-
cuil-brealkers (transistontied ignition, see
P 490). A coil designed cr one applica-
tion should never be employed in the
other

Fi nr, nLgemuunt (spark-Ilignition engines) 491
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Unike with breaker-triggered igni-
l- .~inaltofthe systems mentioned

on snortedtopgroundfleg during
0stsiontestng) as this would over-

low-resisance primary winding
- mtion coil-

Capacitor-discharge ignition
CCDI)

- oerang concept behind CDI, or
torqnition; as it is also called, dil-
cm that of the ignition systems de-

ed above. CDI was developed for
th nigh-speed, high-output multi-

der reciprocating IC engines in high-
'mance and competition applica-
and for rotary-piston engines

salient characteristic of the CDI
n isthat it stores ignition energy in
electriial field of a capacitor.

ciatand charge voltage of the
0o±itrdetermninethIeamorintofenergy
cv'.isstoed. Toeignition transformer

nverts the primary voliage discharged
om the capacitor to the required high
crepe. Capacilor-discharge ignition is

Capaitor-dischargeeignItion system
with induction-type pulse generator.
swhematic

available in both breaker-triggered arid
bresielsversions3.

Tremajoradutage of the CDI is that
it generally remains impervious to electri-
cal shunts in the high-voltage ignition
circui easpecally those stemming from
spark-plug contamination. For many
applications, the spark duration of
0.1..0-3 ms is too brief to ensure that the
air-fuel mixture will ignite reliably. Thus
ODI is only designed for specific types of
engine. and today its use is restricted to a
limited application range. as transistor-
ized ignition systems now afford virtually
the same performance. Cl is not suted
for aftermarket installations

CDI can also be employed for distrib-
toriess ignition fLl) with the installation
of one ignition coil per cylinder. with en-
ergy distribution taking place at the
mediurn-voltage level

Sonrol unit 5 agratiraitnrfor
2 Charger, 5 To inducton-type pulse
3 Pusshraper generator
4 Corerolstage 7 To ignitron disulor

--- -- - c
2

Thm

a T7

Accident hazard

All electronic ignition systems including ca-
pecitor discharge. transistorized ignilion
and all systems with partial orcomprehen-
sive electronic control) are potentially dan-
gerous. Always swch off the ignition ord-
connect the battery before performing any
serviceorrmaintenanceincluding:
- Replacing components such as spar-

plugs coils. transormers, distributors,
high-tension cables, etc

- Connecting engine test devices such as
stroboscopic lamps. dwel-tach testers
ignition oscillographs etc. Dangerously
high voltage levels are present through-
out the ignition system whenever it is
turned on- All service operations should
be performed exclusively by qualified
technicians

Electronic ignition
(El and DLI
Electronic ignition derives its name from
the fact that it calculates the Ignition point
electronicaly. The characteristic curves
provided by the conventional distributors
centrifugal and vacuum-advance units
are replaced by an optimized electronic
ignition map. Mechanical hign-lension
distribution is relained with El ignition.
Fully electronic distribulorless semicon-
ductor ignition (l) uses stationary elec-
Ironically controlled components to re-
place the mechanical, rotating high-ten-
sion distributor,

Electronic ignition systems operate
more precisely than mechanical systems.
with maor benefits originating in the fact
that the ignition process can be triggered
from the crankshaft instead of from a dis-
tributor (distributor drive tolerances are no
longera actor) The limtetions wich me-
chanical adjustment mechanisms place
uponthe performance curve (summation
of curves for load and engine speed in a

single progression) are also avoided The
numberof input variable s also thereti-
tally unlimted, usuallyatlowing eten-
sions in the ignilion angle's adjustment
range. The fixed-drive ignition distributor's
limitations regarding the engine's ignition-
voltage requirements and ignition-angle
adjustment range are such that it has dif-
fitulty coping with larger numbers of cylin-
ders; efficient spark distribution cannot al-
ways be guaranteed. Corrective mea-
sures include dividing the ignition into Iwo
circuits (e.g. for a- and 12-cylinder en-
gines) and static voltage distnbiution.

Electronic ignition can be combined
with electronic fuel-injection (Motronic).
knock control, ASR, etc., making it possi-
ble to employ sensors and/or signals from
other units in more than one system. A
serial bus (CAN, P 884) further reduces
the number of inputs aid processing cir-
cuits on the ECU's input-side.

Schemataic a a an secttei gntion system(i)
f ignition coliith ignition driver stage. 2 Hg-toagdsriulr. 3 Spark plg. 4 ECU
5 Engine-isrperature sensor 5 Knock sensor 7 Engin-speed and refrence-mark sensor
8 Rng gear for sensor, 9 Throttle witch, 10 Bartery I t Ignition switch

13

- +
7

SBOSCH

4[
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Ectro gnitisignalprocessing
co 1- 1S Lrignais.

p'e~ranre6totkeuir temspora-

,cut Ele:trousitcontrol unit ignition
sqials IECUI coil

10 1

2

4

7

gititoin maps

-re el-riuaicaby optimdio rechaiedAdvan ce ngle

Operation
The engines speed and crankshaft posi-
tion are monitored directly at the ring
gear, using either a separate rotor or a
specific pin sequence employing an in-
ductive, rod-type sensor, with two sensors
being employed on older units Triggering
is either incremental or segmentary, ac-
coroing to whether the information is
taken from teth distributed evenly
around the crankshaft or a crankshaft
segmentper cylinder pair:
- Beginning of segment = maximum

spark advance angle,
- End of segment= starling angle.

Inthe norementalsystemillustrated here,
the reference mark (shown as a tooth

gap) represents a defined crankshaft po-
sition, providing a reerence ior electri-
cally monitoring crankshaft angle using
the ring-gear teeth. A distributor without
an advance mechanism can also be em-

ployed for triggerng; here the control sig-
nat isprovidedby a Hall generator An ab-
solule-pressure sensor in the intake man-
itold is the best way to monitor load. This

provides a better gauge of cylinder
chage than the spark-advance or retard

bores on the throttle valve. It is also pos-
sible to incorporate load switches thro-
tle-vave potentiometersor electronicload

Advance ange sinas from the mixture-preparation sys
tem. The microcomputer in the ECU
processes the engine-speed and load sig-
nets prior to using them to calcurate the
precise ignition angle within the ignition
map The computer can also process
other input variables, such as e.g. engine
temperature, or information on trailing
throttle or full-load operation from the
throttle-valve switch. to derive correction
values and regulate other vehicle-specific
lunctions as required. The dwell angle for
charging the ignilion coil is also specified

Advanceangle by the computer. The battery voltage is
monitored here to enable voltage correc-
lion. Te system responds to deviations
in battery voltage trom the specified base-
ine by extending or reducing coil-charg-
ing times accordingly. This ensures con-
sistent availability of maximum voltage

Sse whIat the same time limiting the accu-
mulation of heat in ECU and coil to a min-

imum. At speeds below the starting

speed, the computer interrupts the cur-
rent flow through the ignition coil in order
topreventoverheating Thedriverstage
can be either integrated inside the ECU or
installed externally P g.on the ignition
coil.

Signal processing in the ECU
After initial processing the digital signals
go directly to the processor. Analog sig-
nals are first converted into digital form.
There are also ECUs whch can transmit
supplementary digital or analog signals
(e-g., for overrun fuel cutoff and exhaust-
gas recirculation). There exists a range of
El ignition-system versions of varying
complexity. A comparison of the ignilon
map with the response curve of a distrib-
utor shows that it is possible to program
each point in the ignition map indepen-
dently from every other point Thus the
optimurn ignition timing (eg,, for maxi-
mumr fuel economy) can be selected for
every operating condition. according lo
the limits imposed by factors such as ex-
haust erssions, pre-ignition limit and dr-
yeability. The entire system is completely

maintenance-tree and does not require
any adjustments during the engines ser-
vicetlie.

Rotating voltage distribution
A high-voltage distributor distributes the
ignition pulses to the spark plugs of the in-
dividual cylinders (as described earlier. If
thedistributor's adjustment range is insuf-
ficient for handling a larger number of
cylinders, then two ignition circuits are
employed, i e., two 4-cylinder distributors
can be used for one 8-cylinder engine.
Synchronization through the crankshall
can be used for 'wo limes 4 cylinders"
whereas twol imes 3 cylinders" with con-
slant ignition-angle spacing (not em-
ployed up 10 row) must be controlled by
thecamshall

Distributorless (stationary) voltage
distribution

Systems with single-spark ignition coil
Each cylinder has its ownignition coilwith
driver output stage. installed either di-

Schemaic ofa tufly-erectroncdisributoess ignirion system (OD)
I Sparkplg, 2 3Sn sparko,3Throttleswich, 4 ECU, S Engine-eperature senso
6Knock senso, 7 Engine-speedandreferenc r sensor8 nggearlrsnsor
9 Battery t g o wes
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ractly above the spark plug or separately.
Either synchronization vith the camshaft
sensororamethodfordetecting thecom-
pression cylinder is required. On engines
with an even numberof cylinders, the sys-
tem reverts to crankshaft triggering in the
event of camshatt-sensor failure, al-
though two coils are then always acti-
valed simultaneously (one of the sparks is
discharged during an exhaust stroke)
This system, suitable for engines with any
numberof cylinders, providesthegreatest
latitude for adjustment, as there is only
one spark per cycle. All these advantages
mean that the single-spark ignition coil is
being increasingly used and is taking over
from the dual-spark ignition coil in spite of
costing more.

Sstems wilh dual-spark iqniion coil
One ignition coil is requiredfor every two
cylinders. The crankshaft can be used for
synchronization. The high-vottage end of
each ignition coil is connected to the
sparkplugsfortwocylinderswhoseoper-
ating cycles are 360 ourof phase with
each oher.

As there is an additional spark during
the exhaust stroke, it is important to en-
sure that residual mixture or fresh mixture
is not ignited. Furthermore. the dual-
spark system is only suited for use with
even numbers of cylinders. Owing to its

SchematicofknoCk-Conrnosyremri

Igitn En, Knoek
ataor) cnrodtatiuater srnwr

I atia
circuit

_171

cost advantage relative to the single-
spark unit, the dual-spark ignition system
is the most common distributoriess igni-
lion in use today.

Knock control

Application
Electronic control of the ignilion point o-
ters the possibility of controlling very pre-
cisey the ignition angle as a function or
engine speed, load and temperature

Nevertheless, without knock control a
clear safety distance to the knock limit is
required. This distance is necessary to
ensure that even in the most knock-sensi-
tive case with regard to engine toier-
ances engine aging, environmental con-
ditions and fuel quality, no cylinder
reaches or exceeds the knock limit. The
resulting engine design leads to lower
compressions with retarded ignition
points and thus worsening of fuel con-
sumption and torque figures

These disadvantages can be avoided
through the use of knock control.
Experience shows that knock control in-
creases engine compression and signifi-
cantly improves fuel consumption and
torque. However, the pre-control ignillon
angle now no longer needs to be deter-

Knockeooi Concrlalorithmtrigaonou
ndjuetrrrnswire a 4-cainer anine
X, knck in cydinder r. Cylndw-4,
no kn.
a Delay pror toigitio retard
b Retardation, c Delayhebre turn to
origio ignitonpinrt dSparSkdvance.

ats

S 1342132 
a Comtuslleaon cesino

indiidaltaylitters

mined for the most knock senaitive but
rather for lire most insensitive conditions
(e.g. engine compression at lower toler.
ance limit, best possible fuel quality, most
knock-insensitive cylinder) Each individ-

ial engine cylinder can now be operated
over its entire service life in virtually all op-
erating ranges at its knock limit and thus
at optimal efficiency.

The essential precondition for tiigni-
tion-angle configuration is reliable knock
detection for each individual cylinder as
from a particular knock intensity, and over
the entire engine operating range

Combustion knock
The characteristic vibrations of combus-
lion knock are detected by knocksensors.
converted Into electrical signals and for-
warded to the Motronic,

It is essential to work out carefully the
number and installation cositions of the
required knock sensors. Reliable knock
detection must be guaranteed foral cylin-
ders and for all engine operating points,
particularly at high engine speeds and
loads. Asa rule, 4-cylinderin-lineengines
are equipped with one knock sensor,
5- and 6-cylinder engines wilh two sen-
sors and 8- and 12-cylinder engines wih
two or more sensors.

Knock detection, evaluation
For the purpose of knock detection the vi-
brations characteristic to knocking are
converted into electrical signals by one or
more knock sensors mounted at appropri-
ate positions on the engine, and then for-
Warded to the Motronic for evaluation It is
here that the corresponding evaluallon al-
gorithm is applied to detect knock for each
cylinder and each combuston. Deftected
combustion knocks result in a retardation
of the ignition point by a programmable
amount at the cylinder in question. If
riock stops. the ignition point is ad-

vanced again in stages up to the pre-con-
tro value.

The knock-detection and knock-control
algorithms are matched in such a way as
to eliminate any knocking that is audible
und damaging to the engine.

Knock sensor
r Sesmicmmas.2Paftingconpour
3Piezoceraminnenent 4Conra5Termcias,

2

- -

Adaptation
Real engine operation produces
knock limits and thus alsodiffes
tion points for the individual cy
order to adapt the ignition-pointn--
trolvaluestotheparticularknon--
ignition-poin retardation values-
to each cylinder and dependen
operating point are stored.
They are stored in non-volaile
the permanently powered RAM-
toad and engine speed. In this
enginecanalsobeoperated I- -
of rapid load and speed chances
operating point at optimalatticse :
without audible combustion knoc

The engine can even be app--
fuels with lower ani-knockp-r-C
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Combined ignition and
injection system (Motronic)

'1 engine-managemenl Sys-
sbstanil dCevelop-

5i 'nroduction in 1979.
_ hratowasbased en the ba-

--- eclton systemsin combi-
S. isLutorles semiconduclor
a 'eeailble in the following

-ten0,cased an KE continuois
-!cion (P 469).

,it roncbased on intermilent
- _unt irnection (P 465).

-one,ebased on intermittent multi-
ection(F471).

as ,of M-Mctronic, and by apply-
i -tegralion steps, the Motronic:

--asslmed control of all the manip-
nblesof a spark-iUnition engine

ence torque:
- Mnoronic with electronic accelerator

a ETC) for controlling gasoline in-
n igntion and fresh-air charge for

sAoldinjection (R 498).
M-Motronic with further integrated

-cn- and closed-loop control lunctions
te high-pressure fuel circuit With

rect injection and realization of the
anous operating modes ti this engine
cpP 507).

System overview
- Motronic system comprises all the
s'sors for recording the current engine

vehicle operating data (P. 501
Ocrating-dataacquisition) andalltheae-

aorst or the adjustments to be carried
on the Si engine (P 503, Oprating-

a processing).

ectronic Control unit
ECIemploys sensors to monitor the

elevant status of engine and vehicle at
asremely short intervals (milliseconds),

ptrIciricits suppress sensor-signal
nterference and convert the signals to a

single unitied voltage scale. An anig
cigitakcnverr then transforms thecon-
ditioned signals into diqital values.
Furmer signals are received by way of a
digital interface. Using tiis information
te rmqnrpgoc sq identifies the operat-

ing state desired by the driver and romit
Calculatestoristance:
- therequsred torque,
-the resulting cylinder charge with the

associated injected fuel quantity, and
- Ie correct ignition timing.

The low-level signal data from (he micro-
processor outputs are adapted by the dri-
ya staesto the levels required by the
various actuators. A aeicoinducr mem-
ory chp stores all programs and perfor-
mance maps, ensuring system corsis-
lency which remains completely impervi-
ous to fluctuations resulting from
signal-level and component tolerances,

Digital accuracy is a Junction of word
length. as elas of the consistency of the
quarzs basic clock frequency and the
types of algorithms used for the calcula-
tions. The consistency and precision of
the reference voltages and the compo-
nents installed in the analog input circuits
influence the analog accuracy.

Program design must satisfy the en-
gine's severe real-lime demands: in an
8-cylinder engine at maimurn speeds,
less than 2-5 ms are available between
two ignitions. All essential calculations
must be completed wilein this period, in
addition to these crankshat-synchronous
processes, there are also fime-synchro-
nous operations Both types can be sus-
pencied by interrupts.

ME-Motronic

Design

Basic functions
In order to set the operaling state desired
by the driver (main funcion, the position
of the gas pedal is converted by the mi-
croprocessor into a setpoint value for the
engine torque. Then, while taking into
consideration the highly varying current
operating data from the ME-Motronic.
these are converted into the variables for
determining the engine torque:
- the charging of the cylinders with air,
- the mass of the injected fuel and
- the ignition angle.
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fitunctions, the
--- a v arge numberofaddi-

no -l
5'oopcontrolfunc-

-virsuch functions are:
cmrol,

- imbda control,
vaporative-emiSsionscontrol

- as recircuition for educing
0ons,

-econdary-air system for re-
-C emissions, and

-- cn'tol

-.- Dons have been madeneces-
- - egislatron covering the reduc-
-- uslemissions. the calls for a
- nuei consumpton but also in-
demands placed on driving com-

or the ME-Motronic system can
-r extended with the fllowing

ta chrbochargercontrolandvari-
i-tctntake manifold for increasing

amnopower output
f shacontrol for reducing exhaust
e ions and fuel consumptionandfor
easingpower.
oxcontrol. engine'speed limitation

ehicie-speed limitation for protect-
-'wponents in the engine and va

eguided control concent
orque-guidance principle is aimed at

piying the many and sometimes very
_rt assignments placed on the en-

- and thevehicle. Only then is it pos;si-
cc-pending on the engine or vehicle
to determine the required functions

each case and to integrate them in the
-, vant otronic version,
,lost of the additional open- and closed-

oecontrol functions likewise influence
neengine torque in a torque-guided sys-
tem all these functions behave like the
over: they request an engine torque irre-
spectiveofeach other, The torque-guided
ME-Moronic uses coodnatinto
sort the often contradictory torque re-
ourenfents and to then put the most in
cortant requirementnto effect,

Vehicle managemeot
The ME-Motronic can communicate Via
the CAN bus system (P. 884) wth the
ECs of other vehicle systems Among
other things, in conjunction with the auto-
matic-transmission ECU, it reduces
torque at the gear-shift point so that the
transmission is subjected toless loading
and wear, When wheel spin occurs, the
ECU belonging to the Traction Control
System (TCS) signals to the ME-Motronic
to reduce the generated torque

Diagnosis
The ME-Motronic incorporates compo-
nents for on-board monitornng (OBD) It
thereforecomplieswiththe most stringent
emission limits and the demands placed
on the integrated diagnosis functions

Cylinder-charge control systems

Throttle-valve control
In an SI engine with external AlF mixture
formationthe cylinder charge is the factor
that determines torque output and thus
power output The throttle valve controls
the air-flow intake into the engine and
thus the cylinder charge.

In conventional systems, a cable or a
linkage transfers the movement of the ac-
celerator petal to the throttle valve
Requirements for additional air are cov-
ered by a bypass air actuator which di-
rects an additional air flow around the

Air cotrol with bypass alracuatr

IIde actuator ypass air antuatr
2SCo, 2Th1fremc4cypass.

-

- t

throttle valve (see Fig.). or a throttle-valve
actuator allers the sop for minimum air
quantity. However, the air flow required by
the engine can only be electronically in-
Iuenced to a limited extent (idle-speed
controif.

S45ers with ETC (electronic throttle
control integrated in the engine control
unii for ignition, infection and other auxil-
iary functions detect the position of Ihe
accelerator pedal with a pedal-travel sen-
sor (potentiometer}.

Taking into account the current engine
operating status, the ECU calculates how
far the throttle valve needs to open and
actuates the throttle-valve drive accord-
ingly (see Fig ) A throttle-valve angle
sensor (potentometer) monitors exact
compliance with the desired throttle-valve
position. Two potentiometers (for redun-
dancy reasons) at the accelerator pedal
and throttle device are part of the ETC
monitoring system which, while the en-
gine is running, continually checks all he
sensors and calculations which affect
throttle-valve opening.

Charge-ccle control
The behavior of te gas columns flowing
into and out of the cylinders changes con-
siderablyasafunctionforinstance,ofen-
gine speed or throttle-valveopening. With

sixed valve timing the charge cycle can

E ystern I
Jcceleao-Sensors Actuators Acea
pedal

module

I N I

Monitoring ( fl~7
module ~t ~ j~

Engine ECU Throttle device

only be optimized for a specific operating
range

(amsahafttcontrol or camshaf-lobe
control (P. 387) permits not only ariable
valve limirn and thus adaptation tovari-
ous engine speeds. but also enables the
residual exhaust-gas mass in the cylinder
to be influenced ("internal EGR).

f External) EGR effectively reduces
the temperatuie-dependent NOx emis-
sions Exhaust gases which have already
been combusted are added to the AF
mixture in order to reduce peak combus-
lion temperatures. For this purpose, the
Motronic triggers the exhaust gas recircu-
tation valve asa functionof the engineop-
eraing point The EGR valve then adds a
partial flow of exhaust gas to the tresh mix-
lure, thereby increasing the total charge
while the fresh-air charge remains con-
stant. In this way, the engine must be throt-
tled less heavily in order for a specific
torque to be reached (lower fuel consump-
lion)

The achievable torque, whch is propor-
tional to the fresh-mixture charge, can be
increased still further by compressing the
air in the cylinder. This the purpose of
dynamic supercharging. exhaust-gas tur-
bocharging, ormechanical supercharging
JP 390).

Operating-data acquisition

Vehicle-operator command
In the case of engine management with
an electronic throtite valve (ETC). there is
no longer a mechanical connection be-
tween the acceleratorpedal and the throt-
tIle-valve actuator. Instead, the position of
the accelerator pedal is sensed by a
pedal-travel sensor or accelerator-pedal
module and converted into an electrical
signal. The engine-management system
interprets this signal as the vehicle-oper-
ator command.

Airocharos
Inengine concepts with manifold injec-
tion, there is a linear relationship between
the air charge and the torque generated
by comustion In the lorque-guided ME-
Moronic the air charge is therefore not
just one of the main factors nvolved in
calculating the injected fuel quantity and
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uv .i RJ_ 2 Eecupneurnia conver3EGR -u 4EC.
uror nEngepeod

4 2

3

on angle, but also serves to calculate
orque currentlybeingdelivered by the

sgne The followang sensors can be
cfor this purpose
-oc-film air-mass meter.

- tate-manifold pressure sensor,
- -ient pressure sensor,

-Bost-pressure sensor iBPSi and
- rottle-valve sensor.

i ! nc sped rnrh position and
arishaft pPyfon
speed sensor on the crankshaft moni-

ers the crankshaft revolutions per minute
rtarionals oadr it then forwards this in-
rimation on the crankshatipalJor ithat

The piston position of all cylinders, as
an important input variable to the ME-

oatronic. The cylinders piston position is
sed, ftor instance, to determine the njec-

O0 and ignition points.
Totriggerthesingle-sparkignitioncoils.

neME-Motronic with static voltage ditri-
oution also requtes additional information
on the famnbtipastion This information
is mostly monitored with a Hat-effect sen-
sor and forwarded to the ECU as a switch
sigial.

AF mixture composit on
The lambdafactor (A) is the figure which
quantifies the NF mass ratio of the mix-
ture. The catalytic converter only per-
forms optimallyat A= 1. The lambda sen-
sor measures the oxygen concentration in
the exhaust gas and provides information
on the current value of the excess-air fac-
for (P 458)

Combuerion snook~s
Thecharacterstic vibrations of combus-
tion knocks are oetected by knock sen-
sors converted into electrical signals and
forwarded to the ME-Motronic tP 498)

Engine ad inake-air texoeraures
The volage at the NTC resistor of the en-
gine-temperature sensor is a function of
the coolant temperature. It is input via the
analog-diglial converter and is a measure
of the tmperature. In the same way. a
sensor in the intake port measures the
temperature of the intake air.

Operating-data processing

Torgtguidance
Torque guidance is a eature of the ME-

Molronic. Numerous subsystems within
the Moronic (e.g. idle-speed control, en-
gine-speed limitation), and the systems
for management of the driverain (e.g.
TOS or transmission-shiti control) or of
the complete vehicle (e.g. air-conditoner
control). direct their torque requirements
to the basic Motronic system with the aim
of modifying te engine torque which has
just been generated. The ME-Motronic
evaluates and coordinates these require-
ments and implements the resulting set-
point torque using the available maipi-
lated variables (optimum engine opera-
tion in terms of exhaust gas and fuel
consumption at each operating point)

An essential precondition for torque
guidance is the electronic accelerator
pedal ETC with the throttle valve con-
troted independently of the accelerator
pedal.

Calculation of sepoint torque
The basic variable lor the MEMotronic
torque structure is the internal torque aris-
ing from combustion. The function of
torque guidance is to set the internal
torque, through appropriate selection of
the manipulated engine variables, in such
a way that the vehicle-operator command
is satisfied, and all the losses and addi-

influencing torque in a gasoline engine

Staling.
vtalYi Coertc ar

Ensal reqiremets, Coordinationxci
Accelieracltor queaI iarid

Erverf a fi c c
-CrueentIre requireernt

Dtriig y nflc

letsin-speednrualin
menprvinecifonConaetrreli

tional requirements are covered. Because
the Mofronic 'knows Ihe optimum values
for charge, inection time and ignition an-
gle for each and every desired sepoint
torque it can ensure optimal engine oper-
alon in terms of exhaust gas and Lue
consumption.

Setting of setpoint torque
For setting the internal torque, the ME-
Motronics torque converter has a slow
path (cylinder-charge palh, steady-state
operation) for the throttle valve IETC). and
a high-speed path (ignition-angle path.
dynamic operationi for variation of the ig-
nition angle and/or injection bliank-ouf
individual cylinders.

Calculation of cylinder ihaare
The air mass in the cylinder after the in-
take valves have closed is termed the air
charge. Referring the actua air charge to
the maximum obtainable charge pro-
duces a variable that is independent of
the engine piston displacement: the rela-
live (air) charge' The associated inected
fuel quantity can be calculated from the
relative air charge.

The relative charge cannot be mea-
sured directly but it can be determined
from the available measurement signals.

Conversion of
torqueintoavail-
able manipulated
vanatias

Throttle valve

Adnneeanale

Ingdonblack-oul
er atiornoiiln
afinniepeix
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- rn's purpose an intale-maniold
:5calciation is used in Which all the

-ass flows into the intake manilod
Somte intake manifold to the cm-i

Drn chamber are calculated. The
-tmportant measured variable in this
a iseither the air flow through the

alve (measured with a hol-lim
.55 meteri or the absolute intake-

a oI pressure (measured with a pres-
auesensori

rting out from this intake-mairold
m i it is then also possible to deter-

ne toe actual relative air charge

,iner-charge control
today'spark-ignition engines, the rot-
cyl vinder charge is also the main facor

nuencing the engine torques and is
roreused in the torque structure as a

marnipulated vanable. The intake-mani-
tod model is also used to control the

cyl'nder charge by means of the throttle
valve: for this purpose, a required cylinder
cnarge is first of all calculated from the
gaesred torque (which was calculated by
ME-M-lotronotorque guidance). This cyin-
der charge is then converted into an as-
,ociated throttle-vaive angle and finally
Dassed on as the sepoint value to the po-
sOion controller of the throttle-valve actu-
ator.

Calculation of iniection period
The fuel mass for a stoichometric ar-fuel
ratio can he calculated from the air charge
in the cylinder. When the tul-injectorcon-
stant (hi is a function of the fuel-injector
properties) s taken into consideration,
this turnishes the durajfin_f injecotgo,

The duration of infection is also depen-
dent on the pressure differential between
fuel-supply pressure (approx. 300 Ps)
and injection back pressure. Fuel-supply
systems with fuel recirculation keep the
supply pressure constant with respect to
the intake manifold. This ensures that. in
spite of a changing intake-manifold pres-
sure, the sane pressure differential is ap-
plied at the fuel injectors. On the other
hand. fuel-supply systems without fuel re-
circulation keep the supply pressure co-
slant with respect to the environment. As
the intake-mraniold pressure changes.
the pressure diffearitiat varies between

fuel supply and intake manifold, A corn-
pensation uncion corrects this error.

A further adaptation factor individual to
each cylinder serves to accommodate
fuel-pressure pulsations caused by the
opening and closing of the fuel injectors.

The atlective opening duration calcu-
lated in this way svalid under the precon-
dition that the fuel injector is already

pan. it must therefore be extended by
he opening and closing time of the injec-
for An additional, battery-voltage-deperi-
dent duration of injection, whichis added
to the valve-opening period, compen-
sates for this etdect.

I the effective injection duration is too
short, the influences of the valve-opening
and closing time become excessive. In or-
der to ensure exact fuel metering, the in-
jction duration is restricted to a minimuri
value This value is below theinjaction dlu-
rationassociatedwiththeminimumposs-
ble cylinder charge,

To ensure optimum combustion, it is nec-
essarytopreciselydefinetherinjectedtuel
quantity and the exact Pointfrlthet liart o
ijection The fuel is generally injected
into the intake manifold while the intake
valves are still closed. The end of injection
is determined by the fuel-hold angle'
which is specifiedin "crankshattdegrees.
The point at which the intake valve closes
serves as the reference point. it is then
possibletouse the duration of injectionfr
calculating, as a function of engine speed,
the start of injection as an angle. The fuel-
hold angle is determined taking into ac-
count the current operating conditions.

The ME-Motronic triggers a (uet injector
for each cylinder. The fuel can thus be
field (stored) separately [or each cylinder
to Optimum effect (sequential injection).

qalculation ofignition and dwell angles
When calculating the ighionsnow, the
first step is to determine the `basic ignition
angle" while taking into account the cur-
rent engine operating conditions. This ba-
sic ignition angle can be adapted in spe-
cific operating states.

When calculating the dwllbangle, the
first step is to determine the dwell period
from a speed- and ballery-votage-depen-
dent rap. Once a temperature-depen-

dent correction has been taken into ac-
count, the associated dwell angle is de-
terminled by means of atime/angl con-
version.

The difference between the end of
dweli (determined from the resulting igni-
lion angle) and the dwell angle deter-
mines the start of dwell

Operating states
In some operating states, the fuel require-
meet differs markedly from the steady-
&late requirements of an engine at normal
operalng temperature, with the result that
corrective intervention in the mixture for-
mation becomes necessary.

Starting
Intake-air adjustment, lust injectin and
ignition are specially calculated during the
slatting procedure. An increased injected
luel quantity adapted to the engine tern-
peraure serves to build up a fuel film on
the intake-manifold and cylinder walls and
covers the increased fuel demand while
the engine is running up. The ignition an-
gle is likewise adapted to the starting pro-
cedure, The air charge whiletheengine is
at a standstill is not affected by the throt-
ile valve, which howeveris opened slightly
in anticipation of the post-start phase

Posi-start
In this phase, the still increased charge
and injected fuel quantity are reduced as
a functin of engine lemperature and time
at the end of the starting procedure. The
ignition angle is adapted accordingly,

Warmi
After starting at low engine temperatures,
the engine's increased torque demand is
covered up to a specific temperature
threshold by adaptation ofthe charge, fuel
injection and ignition.

Calalytic-converter healing
Highly retarded ignition angles generate
very hot engine exhaust gas, thereby
quickly bringing the catalytic converter up
to operating temperature.

Idle
At idle, the engine-generated torque is
ust enough to permit sustained engine

operation and running ottheauxiliary sys-
tems. With idle-speed control, the desired
idle speed remains stable under all condi-
tions.

Full load
Atfulload, the throttle valve is wide open
(WOT) and there are no throttling losses
The engine delivers the maximum torque
relative to the current engine speed.

Acceleration and deceleration
Heavy acceleration and deceleration re-
suit in rapid changes in the intake-mani-
told pressure and thus in the conditions
for the fuel film on the intake-manifold
walt In orderto prevent leaning during ac-
celeration, additiona fuel is injected to
build up the Wa film During deceleralion,
the injected fuel quantity is reduced ac-
cordingly.

Overrun fuel cutoff and restart
During the transition to no-combusion
overrun conditions, the ME-Motronic cuts
off the engine torque without jolting. and
also provides for a smooth torque buld-up
when fuel feed starts again,

Additional closed- and open-oop
control functions

Idle-speed control
Idlespeed control specifies a torque at
which the desired engine speed is main-
tained under the given operating concli-
tons. This torque increases as engine
speed drops and decreases as engine
speed rises.

Lambda closed-icop control
It is only possible to convert the nxiOus
exhaust-gas constituents in the three-way
catalytic converter in a very narrow range
("tambda window" where A = 0.9..1).
Larbda closed-icopcontrolis essential in
order to remain inside this window
(P 522)

Evaporative-em issions control system
The function of evaporative-emissions
control systems is to limit the HC ems-
sions. Such systems are equipped with a
carbon canister, which accommodates
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of the vent line from Whe nItl lank.
nd fuel is retained ito tie cans-
iaed carbon, When the engine is

g.a vacuum is createi the intake
old which causes air to oraw In
ire environment throrntes ac-

,ved carbon and into the inae manisoer
7ne fuel vapors trapped in hcanistet
ae entrained with this air and caried to
The engine for comustion A canister-
purge valve meters this scaenang low

Knock control
Knoc sensomrs convert the Vibrations
characteristic 0 knocking i tecrical
signals. These are used oy the Motronic
to adjust the ignition poitin orcer to pre-
vett audible knocking and iuc-iing which
could damage the engine P P -1

Boos-ressure control
On engines with exhaust-ga rurbc:harg-
ing, the selpoint value Othe nesired
boost pressure is adju stedbyactroni
boost-pressure control.ir is converted0into
a setnoint value for the desired Maximum
charge and then by means of torque rian-
agement into a sepoint value tobthethrot-
tle-valve angle and a cntrol du' factor
for the 'wastegate". In the "wasegate", y
means ofa change in the control pressure

and strokethis signal leadsto a change in
Ine cross-section at the bypass valve

Safety and security, comfort and
conivenience functions
Thesaety andsecurity unctions include
- Engine-speedivehicle-sPeed imitation,
- Torquelpower imitation.
- Limitation Of ehaust-gas temperature.
- Vehicle immobitizer

The comfort and convenience functions
nclude:
-Load-change damping,
- Surge-damping function,
- Cruise contrl

Integrated diagnosis (08D)
On-board diagnosis" (OfD is a basic

feature of the ME-Motronic. During nor-
mal operation, it continually compares the
systemsresponseswith the ECU's com-
mandsaswellascomparing the various

sensor signals with each other for plausi-
bility

aringiveticle inspection, a tester con-
rctedto a tandardized interlace reads
outthe stred fautlis and displays them
Due to the demands of the Californian
Environmental Protection Agency, an ex-

iwmreevmrrari -,nirtrmetr~itutlana :a5 ? Cabo n 3 4 Can -purg.all,

5 Line to inroke mnan to d. 6 T71 Joedeaeh rel vle

r 6 2

I' -

7TL
5p

.. . . .

panded diagnosis system (CBD II
adapted for Europe: EOBD) monitors all
those components which it they fail could
result in a significant increase in noxious
emissions (fault indication with diagnosis
lamp).
Examples of systems subject to diagno-
sis:
- Air-mass meter,
- ETCthrottle-valve actuator,
- Combustion misses,
- Catalytic converter.
- Lambdasensor,
- Fuel supply
- Tank system.
- Secod air injection.
- Exhaust-gas recirculation (EGR)

Faullmemory
If exhaust-gas-related faults are detected,
an entry is made in the non-volatile fault
memory. Apart from the officially slipu-

led faull codes. each entry includes a
"freeze frame", which contains additional
information on the general conditions un-
der which the fault occurred (e.g. engine
speed, engine temperature), Service-
related faults can also be stored

Limp-home operation
It a fault occurs during driving (e.g.I alure
of a component), this leads not only to an
entry in the fault memory. Substitute val-
ues and emergency finctions now come
ino force for calculating cylinder charge,
fuel injection and ignition in such a way
that the vehicle can continueto be driven,
albeit with restricted comfort.

For this purpose, the ETC1hrottle-valve
actuator has a limp-home position. an
which the throttle valve is held in place by
spring force. The engine speed is then re-
stricted to low values so that the vehicle
can continue to be driven (with impaired
functions) in spite of this important actuat-
ing device having failed

MITED-Motronic

Requirements
Nith gasoline direct inection in SI en-
gnes, fuel consumption can he reduced
by up to 20% when compared with con-

ventional manifold injection, and the C07
emissions caused by road traffic can be
reduced with lasting effect

In order for direct injection to he at all
feasible, it must be possible during engine
operation for coordinated alternation to
take place between charge stratification
at part load and operation with a homoge-
neous mixture at full load.

Essentally, the features required of the
MED-Motronic engine-management sys-
tem are:
-precise metering 01 the required in-

aectedfluanity
- gneration of the necessary injection

pressure,
-definitionof the start of injection, and
- introduction of the fuel directly and ac-

curately into the engines combustion
chambers.

It must also coordirnae the various torque
demands on the engine in order then to
be able to perform the required adjust-
ments at the engine

An important system interface delivers
the internal torque from combustion. The
1orque-conlrol structure is divided into the
following areas of Operation
-torque demand,
-torque coordination and
- torque conversion.

The most important torque demand de-
rives from the vehice-operator command
generated by the accelerator pedal, from
the position of which the engine-manage-
ment system interprets the demand to be
made on the IC engin tor a particular
torque.

Further torque demands can also origi-
nate, for instance, from the transmission-
shift control, the traction control system,
or the electronic stability program.

Torque coordination is performed cen-
trally in the engine-management system

Design
As withmanifold njection, the high-pres-
sure direct-injection system is designed
as a rail, or accumulator-type, injection
system. In such systems, the fuel can be
directly injected into the cylinders at any
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alo tadmoment in Itme using electro-
erichigh-pressurefuel injectors.
comproison to the ME basic ECU.

ECU for the MED gasoline direct-in-
stm also incorporates a driver

fringgering the pressure-control

intake air mass can be freely ad-
by the electronically controlled

Svalve (ETC). Precision measure-
of air mass is made by means of a
rn alf-mass meter. The Amixlute

-nitored by universal lambda sensors
aid LSU in the exhaust-gas flow up-

-am and downstream of the catalytic
unerter hey serve to control A= 1 op-
oeand lean-burn operation, and are
esponsible for the precise control of

Sayt-converter regeneration. It is im-
o tant to set the exhaust-gas reciua-

rate exactly, particularly in dynamic
raion.

Operation

Fuel delivy
The MEO-Motronic accumulator injection
system injects the fuel stored under pres-
sure in the ral, injection can take place at
any moment in time, whereby electro-
magnetically controlled fuel injectors in-
ect the fuel directly into the combustion
chamber 11 thus offers the following lunc-
tions:
-free selection of the injection point,
-variable system pressure.

Lom-poseure circuit:
A primary pressure of 035 MPai (35 bar)
is initiallygenerated in a low-pressure cir-
cuit on the tank side which comprises an
electric fuel pump with a mechanical pres-
sure regulator connected in parallel- This
feeds the high-pressure pump driven by
the IC engine.

High-pressure circuit:
HLh-raure oum; :The function of the
H.P pump is to increase the fuel pressure

Onect-incije engine with AEL-Moltra alcomPonens
Fesipily(:highpressre)
ccumwiistornd. 1 2 3 4 5

-ti ctotr ., i 1 -
n conrtwrh spark pa.

- t ltsocor-

iae-s oeno -- -
Caiegarmpcratrtsenses - ___

Lambda sensorLSF. 9

13

14

from 0.35 MPa .5 bar) primary pressure
to 12 MPa (120 bar) to ensure that pres-
sure fluctuations in the rail remain at a
minimum, and to ensure operation exclu-
sively wth fuel (to prevent any mixing with
engine oil).
Fa.: The rail must on the one hand fe-
ture sufficient elasticily to damp the pres-
sure pulsations arising from the periodic
feel-extraction processes when injection
lakes place, and frorn the fuel-delivery
pulsation generated by the H.P fuel
pump, On the other hand, it must be rigid
enough for the rail pressure to adapt
quickly to the requirements of engine op-
eration,
_Pssuresetnsor: The pressure sensor
fwelded diaphragm of high-grade steel as
sensor element with measuring resistors)
serves to register the pressure level in the
rail.
Preseure-conto valve: The pressure-
control valve adjusts the system pressure
across the entire engine operating range
according to the map specifications, and
irrespective of the injected fuel quantity
and pumpdelivery rate. Excess fuel is re-
turned to the inte side of the H.P. pump
.luLinaoto-a The fuel injectors are the
centralcomponentsofthegasolinedirect-
injection system and are directly con-
nected to the rail. Start of injection and in-
jected fuel quantity are defined by the trig-
gering signal for the fuel injectors.

Mixtureformationandcombustion
A complex engine-management system
isnecessaryr the gasoline ect-injec-
lion systemtobe eploited to the full in
terms of low tuel consumption and high
engine power output, A distinction is
made between two basic operating
modes in this respect:

LoWir load range
In this range, the engine is run with a
heavily stratified cylinder charge and a
high level of excess air in order to achieve
the lowest-possible fuel consumption.
Retarded injection just before the ignition
point is used with the aim of achieving the
ideal state of having two zones in the com-
bustion chamber: In one zone the com-
bustible air-fuel mixture cloud at the spark
plug, embedded in the second zone in the

form of an insulating layerof air and resid-
eal exhaust gas, In this way, the engine
can be run to a large extent unthrottled
while gas-exchange losses are avoided,
In addition, thermodynamic efficiency in-
creases due to the avoidance of heat
losses at the ombuslion-chamber walls.

Jlpper load rane
As engine load and thus the inected fuel
quantity increases, the stratified-charge
cloud becomes increasingly richer This
would result in a deterioration in exhaust
emissions, particularly with regard to
soot The engine is therefore operated
with a homogeneous cylinder charge in
this higher torque range.

Lambda coordination assumes the
control function between .= and lean-
burn operation. The fuel is injectedduring
the intake stroke in order to ensure That
luet and air are thoroughly mixed.

Alternation between iue ranqes
in the eventofa swi between homoge-
neous and stititie-charge operation, it
is crucial to control njected fuel quantity,
air charge and ignition angle in such a
way that the torque delivered by the en-
gine to the transmission remains con-
stant. The lorque structure means that
here also the important functions for con-
trolling the electronic throttle valve have
been transferred directly from the ME-
Motronic. The throttle valve must be
closed prior to the actual changeover
fromstratifiedtohomogeneousoperation

Exhaust-gas treatment, catalytic-
converter control
An important consideration with gasoline
direct injection is that in stratified-charge
operation the NO content in the very lean
exhaust gas cannot be rediced by a
three-way catalytic converter. Exhaus-
gas recirculation with a high EGR rate
helps to reduce the NO, content of the ex-
haust gas by rougly 70%, To comply
with emissions-control legislation, it is
also absolutely essential to treat the NO
emissions To reduce this exhaust-gas
content, the NOx accurmulator-lype cat-
alytic converter offers the greatest poten-
tial
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Engine-test technology

5vice and maintenance requirements for
-pe vehicles aredeclining steadily:
actrenic systems are essentially mainte-

-ance-ree. But malfunctions can still oc-
- 3 :r Factorsuchas wear, contamination
an corrosion canmpairthe oerati nof
vgne and electronic systems, and set-

togscan drift over time. Rapid and reliable
-agnesi of mallunctions is the most i-
co-rt function of any service facility. It is
,rnortant to distinguish between testing
endoragnosis. Testing entails thedetrm
nationof certain measured values foroear-
pansriso ih the prescribed specifications
Diagnostic procedures (e.g- engine diag-
nostics) attempt to correlate deviations
frm specified values with system func-
ionsmalfunction patternsand eperience
n order to determine the lalre mode or to
locate the detective component.

Engine diagnosis
Engine, ignition and fuel-metering sys-
temsarebecoming more complex and
less accessible. Universal. automated
procedures, free from the effects o sub-
eclive influences. are thus essential ele-

mentst 0 the computer-contlrolled testing
program in the automotive service faclity.
These include:
-comparison of cylinder output byselec-

live snortingof [he ignition or smootn
running analysis via current engine
speed,

-comparison of compression via the
shape ofthestartecurrent utvio.

- determination ol naxture disttihution
performed by selective measurement of
te exhaust-gas - conlent,

- analysis of the primary and secondary
ignition-voltagepatterns.

Electronc-system testing
Testing of engine-related electronic sys-
tens is carried out using test equipment
specifically designed to utilize on-board
engine monitoring technology.

The test connection is established by
inserting a universal test adapter between
the plug and socket at the junction linking
the peripheral device with the ECU.if only
the peripheral device {sensor, actuator,
wiring and power supply) is to be sted,

Peripherdand funtioial testing
I CCU,2sysiai regrnarvss. 35Cysiim

restadaptor 6Soc estorestrUnit
2

11 ---
_- |

System test with EClidiagnioatk
I Tesiveil 2 Test vri0, 3 inhioration

system 4 Modem5 Long dstace data
iansmission

ISO RS 232

4 I2_ [4

ennita suffcentto onnectthe aster to
the peripheral's plug while the ECU is
also connected lot tests embracing
dynamic operation. The individual elec-
tronic system requires only a single inter-
changeable. system-specific adapter ca-
ble. The program switches on the univer-
sal lest adapter are then used to establish
a logical lest sequence Specifically tai-
lored to the requirements of the system.

Once connected, the test unit provides
a display of both measured values and of
signals such as Ignition and fuel-injection
pulses.

When the ECU remains connected for
operational testing, keys can be used io
enter simulations of various operating
conditions for test-unit evaluation.

ECU diagnostics
The dominant role being assumed by
electronic systems in the vehicle makes ii
necessary to devote increased attention
to the problems associated with service.
In addition, because essential vehicle
functions are becoming iocreasingly de-
pendent upon electronics, these systems
must satisfy stringent reliability require-
mnts.Whileemergencydefaultprograms
are required to deal with system errors.

The solution is to incorporateeectronic
system-diagnosis functions in the ECU
These rely on the electronic 'intelligence-
already in place in the vehicle to cotini
ously monitor the systern, detect faults,
store the faulta and perform diagnos-
tics

For instance, the ECU carries out its
own self-check as follows: Programmed
memory chips are provided with lest pat-
terns Which can be retrieved and used for
compar sons. For program memories, a
compar son with lest sums is employed to
ensure that data and programs are cor-
recily stored. The data and address
buses are included in the test program

Sensors are tested for plausibility within
specified limits. while open and short cir-
cuits are also recognized, Final-controlel-
ements can be tested during activation
using current-draw limits.

The olf-board test units used for the
evaluation of on-board diagnostics" em-
ploy a communications interface as de-
fied in ISO 9141. The serial port can
naiintain communications at rates ranging

from 10 baud to 10 kbaud. It idesigned
as a single- or twoire port,, allowing co-
nection of several control unite to a central
diagnosis plug.

A stimulation address is transmitted to
all of the connected ECUs, whereupon
each unit recognizes its address and re-
spends by transmitting back a baud-rate
recognition word.

The test unit monitors the period be-
tween pulse flanks to determine the
sender's baud rate, which i1 ten adopts
automatically. The key bytes that follow
(assigned by the DIN Motor-Vehicle
Commitee) specify the protocol lor sub-
sequent data communications.

The programmable test unit converts
the received data into diagnosis se-
quences and plain-text information de-
signed specifically for the respective sys-
tem.

The ECU diagnostic capabilities include:
- identification of system and ECU,
- recognition, siorage and readout of sta-

tic and sporadic malunctions together
with the error path, failure mode and as-
sociated parameters,

- readout ofcurrentactual values. switch-
ing conditions, specifications,

- stimulation of system functions, and
- programming of syster variants.

Individual programs for the test unit are
stored in plug-in modules, while updates
and communications with data systems
are supporled by a data interface.

ECUdFagnosisofelectrnicsystems

sensors
Measuremrn:

srscrw'ce

opncir-u A

Pr

Ecu
Final-cotaIre
mentsfactualors

vmj.inivnrviii,
nyurerun;
rimsiiivrii
iii!mi.iiirv
ianrns.5
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LPG systems

Liquefied petroleum gas
Liqueied petroleum gas assumes a liquid
state at pressures of 2.20 bar, depending
on the propaneibutane ratio and the tem-
perature (see chapter on "Fuels'.P 238)

At the end of the '90s LPG was being
consumed by internal-combustion (IC) en-
gines at a rate of approximately 10.3 mil-
lion metric tons annually (of which 2.6 mil-
lion tons were consumed in Europe).
Should efforts to utilize the gas contained
in petroleum succeed, then these ligures
could increase expanentially. The mineral-
cil lax is a decsive factor in determining
the profitability of liquefied petroleum gas.

Natural gas as engine fuel
Reserves of natural gas are extensive
Together with it being used nowhere near
as much as crude oil, this fact makes nat-
ural gas a very interesting alternative fuel

for automotive applications. Both the LPG
equipment configurations and the emis-
sions produced would be similar to those
for the combination of propane and bu-
tane known as LPG (see ilLstralion).
Natural gas can be transported inthevehi-

le either as a high-pressure gas (160.200
bar) or in liquefied form (at -160 'C) in an
insulated tank; the disadvantage of the for-
mermode lies in its limited operating range

The only real difference between con-
cepts based on natural gas and LPG is
the way the gas is transported in the vehi-
cle; actual differences in operating princi-
pies are minimal,

Operation on LPG
Anyvehniceequippedwithan Cenginecan
be converted for operation on LPG. For the
most part, spark-ignition (SI) engines are
re-equipped for dual-fueloperation (system
can be switched between gasoline and
LPG) LPG-powered taxis and buses are

generally set up for single-fuel (LPG only)
operation, while regulations require lis
configuration on gas-powered industrial
trucks intended for indoor use. When en-
gines are converted. it should be remem-
bered that they operate as naturally aspi-
rated engines while running on LPG (con-
sumption in liters increases by approx.
25% as compared to gasoline)

Exhaust emissions
BecauseLPG mixes well with air emissions
(ofCO and other components such as poly-
cyclic aromatic hydrocarbons) are substan-
tially lower thanrithose produced by gasoline-
burning engines, and are lower even than
those produced by fuel-injection engines
equipped with tree-way closed-loop cat-
alylic converters. LPG contains no lead or
sulphur compounds, Its very goodcombus-
tion characteristics are complemented by
excellent mixture formalion and distrbton
properties. These characteristics are even
moresignificanatlowtemperatures.

Advantages
- Extremely economical for drivers who

cover large distances,
-Assuming the same level of technology

(electronic control systems. etc.), emis-
sions from an LPG engine are substan-
tially lower than those achieved win
gasoline or diesel fuel.

Disadvantapes
- Lower cruising ranges and increased

fuel volumetric consumption compared
to gasoline (alhough actual energy use
is not higher than with gasoline. lowest
with diesel engine).

-Special safely precautions are neces-
sary.as LPG is pressurized.
Pressurized gas cylinders require a lot
of space. as the actual capacity is only
80% of cylinder volume (the remainder
serving as expansion room for the gas),

LPG system
in Germany. professional installation ol

Schematic diagram ofa LPG system carburetor principle)
1 Vnt,6iir n torenk fitrtas. 2 LPG tank, 3 Housing wih rank fings, 4 Externll NilerV Iave
degneinteruprefueliigat 80% f conorcapacfy) 5 Gas sh!-offrvave 6 Pressure
reoulatr or vporn7 Sevmorr or gas control 8 ECU 9 Gsgasolrnhannor swieCn
r ,egdrur' reins devcy Lamboa eyenaeort 12 Vcum senSor 13 ater
14Ilert ogsfwveich,75 Relay

Eqipmntforgasolie operalion 1

110

125

_ _ _ _ _ _ _ _ _ +

- ----------

-(I CH 4'e

Exhaust emissions and effects with gasoline. LPG. CG and diesel
Empirical Vaies taken fro rme spari-igniotin ard fiv dese-engine vehfles. sletus 1993 in Erop.
ncluding indireci emissionrs rmararcne fransport. etc.).
Al Piotnt erreenti ) Pofllelni effec (greenhouse gas" ssessmn, stas 19908)

CO HC NOx   Particulates:
(g/kmn) (g/km) (g/km) (gfkm)

a 2.0 2,0 2.0 0,15

1. .5 - 1.5

1.0 - i 1.0 1.00.1

1,5 -. 5 -0.5-.5

0 \_ 0. - 0 )--_I,- 0 -

Summer smog Winter smog Acid formation 'Greenhouse
mp/fm) (mg/kn) (mmol Hf/km) gas" (/kn)

b 400 400 40 - 400

300 - 300 - 30 - 300

200 - :7 200 20 20

100- 100L 10- 100

ED Gasoline [ Uquefied petroleum gas (LPG) El Natural gas (CNG) IB iesel
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PC yster in a specialist workshop
ioed by a trip to the TUV or TJA

-man inspectionautsotreselto secure
taon approval. This nspeclion is

d on the -Guidelines for inspecting
e with engines powered by lique-

gases as issued by the Federal
n-r of Transportation Uniform regu-

tor Europe are being drawn up.
L ndern LPG systen will incorporale
- -ioowing components:
-PG tank

- 'eternal iller valve designed to interrupt
uerrg at 80% of container capacity.

- tiew-ihterruptvalve,
esoorator pressureregulator with cool-

ngsystem
- leturi mixing unitinjector
- eectronic control unit (ECU)
- servornotor for controlling gas flow,
- switch for alternating between LPG and

gasnine operaion-

The LPG flows from the LPG tank to the

evaporator pressure regulator. where it is
vaporized and its pressure reduce. The
ECU processes the signate from the
Lambda (O) and vacuum sensors, which
serve as references for controlloig the
servomotor used to regulate the flow of
liquefied gas to the venturi mixing unit.

The flow-interrupt valve shuts immedi-
ately when the ignition is switched o-
A gasolinetLPG switch installed in the in-
strument panel allows the operator to al-
ternate between fhe two fuels.

LPG tanks
As LPG lanks are used to store pressur-
ized gas, they are subject in Germany to
the TRG 380" technical regulations. At
the factory, each rank receives official
technical approval with certification-

They are equipped with an external filler
valve (designed to interrupt refueling at
80% of container capacity) as well as an
electromagnetic discharge valve, and have
a capacity of 40.. 1281 for passenger cars.

Schematic digram ofan LPG system fnection principle)
r 5Gt. 2 DOignsi iug. 3, Fuselecion sirch. 4 Rny 5 r-iake preCSsursensor
6 Evpooatopr-sirerui-rU 7Flows-nterrot val. 6 Disriibuor With sep Mofor
9 RPrsgnl10 L-mbdal(O.sensor rOvas ornozzle

3 4

7
11 -

>n-i -_-

-ym' - - ~ -

- -1'

10 - - 7

Natural-gas operation
of spark-ignition engines
Against the backdrop of worldwide efforts
to reduce CO, emissions and to comply
with ever more stringent exhaust emis-
seon limits, natural gas is gaining increas-
ing significance as an alternative fuel,

Properties and storage of natural gas
The main component of natural gas is
methane (CH), making up 80..99%. The
remainder consists of inert gases soon as
carbon dioxide. nitrogen and other
low-order hydrocarbons. A differentiation
is made belween L-gas (80..90%
methanef and H-gas (>90%) depending
on the gas quality

Natural gas can be stored both in liquid
form at -152-C as LNG (Liquefied
Natural Gas) or in compressed form at
pressures of up to 200 bar as CNG
(Compressed Natural aas) in view of the
great expense involved in storing the gas
in liquid form, natural gas is used in com-
pressed form in virtually all applica-
IronsThe low energy density of natural
gas is a particular disadvantage, making
large storage tanks necessary Metal-hy-
dride storage tanks represent a further
storage option, although they are not
used for reasons of cost.

Mixture formation
In most systems, gas is injecied into the
nrtake manifold es in conventional multi-

point gasoline-injnction systems. A low-
pressure common rail supplies the injec-
tor valves that inject intermittenity into the
inlake ranifold Mixture formation is sim-
plified by the completely gaseous supply
of fuel, as natural gas does not condense
on the intake manifolds and does not form
a film on the walls. This has a favourable
sffect on emissions, particularly during
the warm-Up phase,

The output of the natural-gas engine is
3pprox. 10.15% lower than that of the
gasoline engine due to the lower fuel
-nass necessary lor sloichiometric cot-
nustion (17.2:1 ratio) as well as a lower
volunetric efticiency due to the injected
-atural gas. Higher compression can
cost performance while simulaneously
creasing efficiency The extremely high

antiknock qualty of natural gas 1t20
RON) enables very high compressions of
approx 13:1 (8. ifor regular gasoline).
As a result, the natural-gas engine is ide-
ally suited for lurbocharging. As piston
displacemen1 decreases, efficiency in-
creases due to additional de-throttling
and reduced friction.

A further improvement in efficiency can
be achieved by lean-mixture operation up
to A = 1 7 A lean mixture reduces com-
bustion temperatures while at the same
time further de-throttling the engine.

Emissions
Natural-gas vehicles are characterized by
low C emissions due to the favourable
hydrogenicarbon ratio (H/C ratio) of al-
most 4:1 (gasoline: 2.3:1) and the result-
ing shifl in the main combuslion products
CO and H. Apart from the virtually par-
ticle-free combustron, in conjunction with
a three-way closed-loop catalytic con-
verter only very low levels of the pollu-
lants NO, CO and NMHC (non-methane
hydrocarbons": the sum or all hydrocar-
bons minus methane are emitted.
Methane is classified as nontoxic, and is
therefore not considered to be a pollutant

In lean mixture mode the N3 emis-
sions are higher than in A= 1 mode with a
three-way catalytic converter. In rho same
way as in gasoline operation, this disad-
vantage can be largely eliminated by us-
ing more eXpensive exhaust-gas treat-
ment methods (eg. NOx catalytic con-
verterl

Natural-gas-engine applications
In view of their limited range, natural-gas
engines are used almost edtivey in lo-
cal public transportaion fleets (e-g. buses
and taxis). Bivalent systems which can be
easily changed over from natural gas to
gasoline operation are used primarily in
passenger cars.
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Operation on alcohol
(spark-ignition engines)
The limited availability offossil fuels has

led to an increased effort to develop en-
gines and injection systems capable of
using alcohols such as ethanol and
methanol as alternative luels ("Alternative
fuels". P 246). Due to its non-availability,
virtually the only place where ethanol is

used is Brazit In the USeand in California
in particular). increasing attention isbeing
focused on methanol. which generates
lower emissions: reduced NOi and CO
along with reduced ozone and smog for-
mation.

in the absence of comprehensive
methanol-distribution networks to ensure
universal availability, engines and engine-
control systems must be designed for
flexible dual-fuel operation (ranging frm
pure gasoline to max. 85% rnethanol)
Alcohol places special, particularly critical
demands upon engines and fuel-delivery
components. Moisture, acids and gums
contained in the fuel pose a hazard to

metals, plastics and rubber, Because

methanol has a high antiknock quality, en-
gines designed to run exclusively on
methanol have substaritialtyhigher com-
pression ratios than gasoline engines
making them more efficient. On the other

hand, methanol's low calorific value

means that tuel consumption is almost
doubled, necessitating higherl uel supply
rates, greater Tnk volumes and special
injectors.

Suitable Lambda (OJ sensors can be
employed for Optmal emissions control
withacatalyt converter Speial lubri-
cantsaireabl~e to maintain long-termalta-
biityin the face of this aggressive fuel
and its combustion products.

Pilot control of the luel mixture is lacili-

tated by afuel sensor which sends a sig-
nal to the ECU reflecting the proportionofl
methanolin the fuel

Suitable programs implement the nec-
essarymixture and ignition corrections
applicable to a particularset of engine op-
erating characteristics

Hydrogen-pOWered paessenger car with spark-ignition engine en 7 G

Li-ib2 l qiihydrgen.t-i.Gaseousv fydrogcrj, TVOWiWsblor LH.iuhig n Hm .I

lIcuurn-amniate 2 H drgd e oc-ilivess. ulcuaM-iVe!Cd. 3 L- Evaporator 4 Metering valve (or

reguligr power w tleroomccnvrotSHydragen injecors. aOercrrent and safety ves,

7Liqu--tryrogn anI wir iIacun? SUPerdnlationB Hydrogni 5nsors lorautomarcleak

monitringiiThro lValve forgasoreopOperatiorias ielecroicconrol 10 virtable-speed
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Operation on hydrogen
(spark-ignition engines)
Although the production of hydrogen, the
required infrastructure and refueling all
pose difficult problems. technically leasi-
ble solutions are on the horizon,
Producing hydrogen by means of elecirol-
ysis necessitates sufficient quantities of
electrical power in the form of solar en-
ergy or nuclear power,

Storing hydrogen in the vehicle

Gaseous storage in pressurized tanks
High pressures (300 bar) are required
for storage in gaseous form. This resuls
in high weight along with safety risks.

Liquid storage (cryogenic tank)
Liquid storage represents the bes alter-
native with regard to both weight and en-
ergy density (present operating range ap-
prox. 300 km). The extremely low temper-
alure required ( 253 C) places sub-
stantial demands on thermal insulation.
Residual heat causes loss of hydrogen
via the safety valves at a rate01about 2%
per day when the vehicle is parked. An
electric evaporator maintains the speci-
fied lank pressure during operation.

Mietal-hydride tanks
Hydrides are produced as hydrogen is ab-
orbed by a metallic powder This is an

exothermic process, i.e. heal must be dis-
ripated during fueling. There are no stor-
age losses.

The disadvantages associated with the
OW energy density (range: 120 kn) and
igh materials costs are to a degree offsel

uyuncomplicatedsafetytechnology.

Jethylcyclohexanoti sftage
i.s type of storage employs a catalyst to
sehydrate Ihe hydrogenous methycyclo-
aexanol at 500 C. The by-products are
drogen and recyclable ioluene,

Mixture formation
-gardless of storage mode, up to now all
-terns inject gaseous hydrogen into the
-aemanifold. Although a number of ad-

-ntagos could be gained by injecting ex-

Iremely low-temperature hydrogen di-
rectly into the combustion chamber (im-
proved charge for higher output cool mix-
ure for low NOx emissions. no danger of

backfiring). the short injector-valve ser-
vice life means that this type of system is
not likely to appear in production in the
near future.

Current external mixture-formation
concepts rely on a continuous-injecion
system in which a central electric meter-
ing valve and a hydrogen distributor con-
duc the vaporized hydrogen to the indi-
vidual intake tracts

Backfiring into the intake passage is
prevented by lean mixtures or supple-
mentary water injection. A supercharging
device can be used to compensate
for a portion of the power loss associated
with lean operation,

One allernative, based on intermittent
sequential injection of hydrogen into the
intake manifold, is currently in the devel-
opment stage.

This system's unlimited range of op-
tions for injection timing allows it to inhibit
backfiring almost completely, even with
rich mixtures,

Injector valve and electronic-control
system must operate with extreme preci-
sion and short valve-opening times: the
technical requirements are thus substan-
tial.

Emissions
During combustion, pure hydrogen (HA
oxidizes to form water H20). No CO, is
produced by the combustion process.
Provided no fossil fuels are used in its
production. H, is thus the only fuel which
can be used to avoid all CO,.

Electric drive is the only alternative
which can make a similar claim Future
NOx emission limits can be met by lean
mixtures or a system for catalytic control
o emissions (still to be developed).
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Scott Andrews

(650) 279-0242 scott@cogenia.com Petaluma, CA

Summary
Creative, energetic, and innovative internationally recognized technical executive 
experienced in general management, systems engineering, advanced product 
development, advanced technology, business development, strategic planning, and 
program management 

• Vehicle Electrical/Electronics Systems • Enterprise Software 
• Vehicle Information Systems • Multimedia/Internet Computing 
• Communications Systems • Vehicle Safety and Control Systems
• ITS and Related Industries • Spacecraft Electronics 
• Program and Project Management • Mobile Information Technology 

Experience
12/2001-Present Cogenia Partners, LLC  
Systems engineering, business development and technical strategy consulting supporting 
automotive and information technology.  
Current Engagements:

• Technical consultant for connected vehicle security credential management 
system deployment; Sponsored by US DOT FHWA 

• Expert witness for: 
o ZTE, related to cell phone navigation systems 
o Broadcom, related to vehicle infotainment systems 
o Club Car, related to golf cart navigation systems 
o Hyundai Motors, related to vehicle control systems 
o Delphi, related to automotive safety systems 
o LG, related to cell phone sensor systems 
o Wasica, related to tire pressure monitor systems 

Prior Engagements/Projects:
• Subject matter expert and co-principle investigator on DSRC performance 

Measures development project for U.S.DOT NHTSA. 
• Subject matter expert on communications data delivery system study to 

understand optimal roadside unit placements to support security credential 
management in connected vehicle systems ; Sponsored by U.S. DOT RITA 

• Developed systems engineering methodology for vehicle E/E systems; Applied 
methodology on project for Yazaki to reverse engineer the E/E architecture for a 
2004 BMW 5 series vehicle. 

• Co-Principal investigator for Integrated Advanced Transportation System; A 30+ 
year future technical feasibility assessment and strategy for U.S. DOT Federal 
Highway Admin. (FHWA). 

• Technical consultant to American Association of State Highway Transportation 
Officials (AASHTO) for connected vehicle deployment analysis and strategy. 

• Chief System Architect for the Vehicle Infrastructure Integration (VIIC) program 
(BMW, Chrysler, Daimler Benz, Ford, GM, Honda, Nissan, Toyota, VW); A 
connected vehicle research program funded by U.S. DOT FHWA.

• Technical consultant to Michigan State DOT (Enterprise Pooled Fund) to develop 
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a system architecture and deployment strategy for Rural ITS. 
• Telematics delivery architecture development for a Fortune 100 service provider  
• Technical consultant to the Vehicle Safety Consortium developing Dedicated 

Short Range Communications (DSRC) standards for safety systems;
• Designed novel super capacitor based high performance hybrid vehicle as part of 

an early stage startup company; Developed performance requirements, conceptual 
designs and patented integrated electrical system architecture concept.  

• Toyota Motor Sales – 10 year technology survey; 
• Connected Vehicle Trade Association- Transferred AMI-C specifications to ISO 

TC 22, TC 204 AND OSGi. Developed OSGi Vehicle Interface Specification; 
• Expert witness for:

o ATT vs. Vehicle IP relating to cell phone navigation systems 
o VW/Audi vs. Beacon, relating to traffic information systems 
o VW/Audi vs. Blitzsafe relating to mobile device integration and mobile 

audio systems 
o T-Mobile vs. TracBeam relating to wireless location technologies 
o VW/Audi vs. Joao relating to remote service architecturesApple Computer 

vs. Porto relating to cell phone navigation systems 
o Mercedes vs. Adaptive Headlamp Technologies relating to adaptive 

headlamps
o Liberty Mutual, Geico and Hartford vs. Progressive Insurance relating to 

usage based insurance systems 
o Toyota vs. American Vehicular Sciences (AVS) relating to occupant 

sensing systems 
o Lenovo and Amazon vs. Pragmatus relating to device tracking 
o Ford in a patent vs. Eagle Harbor Holdings relating to Bluetooth systems 

and mobile device integration in the vehicle 
o Bentley vs. Cruise Control Technologies relating to adaptive cruise control  
o Google vs. Walker Digital relating to 3D navigation displays 
o Volkswagen/Sirius-XM vs. case relating to traffic information systems
o Volkswagen, Ford and GM in patent cases vs. Affinity Labs, relating to 

the iPod interface
o Honda vs. American Calcar, relating to telematics equipment and user 

interfaces
o Alpine, Denso and Pioneer Corporation in an International Trade 

Commission patent case vs. Honeywell, related to navigation systems 
o BMW vs. American Calcar, relating to telematics equipment and user 

interfaces

4/2000 to 12/2001 Cogenia, Inc.
President and Chief Executive Officer, Founder 
Founded company in 2000 to develop enterprise class data management software system.  
Responsibilities included development of business concept and plan, corporate 
administration including financial and legal management, leadership of executive team in 
product development, fundraising, business development, organizational development, 
and investor relations. Raised $2.2M between 8/00 and 5/01 from individuals and funds; 

1996 to 4/2000   Toyota Motor Corporation, Japan 
Project General Manager, R&D Management Division 
Responsibilities included the conceptualization and development of multimedia and new 
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technology products and services for Toyota's future generations of passenger vehicles in 
the United States and Europe, Heavy emphasis on strategy for information systems, and 
on development of technical concepts for computing and Internet oriented systems.  Led 
automated vehicle Development program leading up to 1997 Automated Highway 
Systems (AHS) demonstration in Sand Diego, CA; Supported technology acquisition for 
hybrid vehicle control systems; Working under direction of Toyota board members, 
established the Automotive Multimedia Interface Collaboration (AMI-C), a partnership 
of the world's car makers to develop a uniform computing architecture for vehicle 
multimedia systems, and led all early technical, planning and legal work. Provided 
technical management of technical contracts with Carnegie Mellon University Robotics 
Lab (Image based collision warning systems), and the development of Toyota's position 
on the US Intelligent Vehicle Initiative. 

1983 to 1996 TRW, Inc. 
Held a series of increasingly responsible positions in program management, technology 
development and business development. 

1993 to 1996   TRW Automotive Electronics Group 
Director, Advanced Product Planning/Development 
Specific responsibilities included leadership and overall management of advanced 
development programs such as Automotive Radar, Adaptive Cruise Control, 
Occupant Sensing, In Vehicle Information Systems, and other emerging 
transportation products; Managed remotely located advanced development laboratory 
performing approximately $6M in annual development projects.    
1983 to 1993 TRW Space & Electronics Group 
Manager, MMIC Products Organization 
Developed TRW's commercial GaAs MMIC business. Responsibilities included 
development of business strategy and business plan, and overall management of 
customer and R&D programs. Developed extensive international business base and 
took operation from start-up to $5M sales per year in under two years. Developed the 
first single chip 94 GHz Radar (Used for automotive cruise control and anti collision 
systems).

1979-1983  Teledyne Microwave 
Developed high reliability microwave components. Developed CAD tools.  
1977-1979  Ford Aerospace, Advanced Development Operation 
Designed, tested and delivered microwave radar receiver systems  

Education
MSEE Stanford University, 1982 
BSEE University of CA, Irvine 1977 
TRW Senior Leadership Program 1992 

Publications

1. Two Dimensional Vehicle Control for Obstacle Avoidance in Multi-Lane Traffic 

Environments; Published in the proceedings of the 1998 IEEE International 

Conference on Intelligent Vehicles. 

2. Automotive Multimedia Interface Collaboration; Briefing Presented to the 9th

VERTIS Symposium, April 1999, Tokyo Japan. 
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3. Privacy and Authenticity in Telematics Systems; Published in the Proceedings of 

the Society of Automotive Engineers World Congress, 1999 

4. Automated Highway Systems Acceptance and Liability; Briefing presented to the 

Automated Vehicle Guidance Demo 98 Conference, Rinjwoude, The Netherlands, 

June1998.

5. What is Telematics? Briefing presented at IIR Telematics Conference Scottsdale, 

AZ, December 2001 

6. Advanced Telematics Services: A Hard Look at Reality; Briefing presented at IIR 

Telematics Conference Scottsdale, AZ, December 2001 

7. Consumer Electronics and Telematics; Briefing presented at Eye For Auto 

Telematics Update Conference Las Vegas, NV, January 2003 

8. The Automotive Multimedia Interface Collaboration Software and Network 

Architecture: Extending the Concept of Platform Independent Computing; 

Briefing Presented to the Future Generation Software Architectures in the 

Automotive Domain Conference, San Diego, CA, January 2004 

9. Quality, Choice and Value: How New Architectures are Changing the Vehicle 

Lifecycle; Briefing presented at IEEE Convergence Conference, October 2004 

10. Critical Standards for the Next Generation of Telematics Systems and Services; 

Briefing presented at the Telematics Update Conference, December 2004 

11. VII System Overview; Briefing presented To Transportation Research Board, ITS 

and V-HA Committees 2007 Mid-Year Meeting; July 2007 

12. Testing and Development of In-Vehicle Equipment and 

Private Applications (P08-1634); Briefing presented to the Transportation 

Research Board Annual Meeting, Washington, DC, January 2008 

13. A Comparison of Communications Systems for VII; Presented at the ITS World 

Congress, New York, NY, October, 2008 

14. Vehicle Infrastructure Integration Systems Overview; Presented at the ITS 

America Annual Meeting, June 1 2009, National Harbor, Maryland 

15. Telematics Standards: Logical Next Steps; ITS International, August 2009 

16. IntelliDriveSM Overview; ITS International, May 2009 

17. Time Synchronization and Positioning Accuracy in 

Cooperative IntelliDriveSM Systems; Presented at the 2010 ITS America Annual 

Meeting, June 2010, Houston, Texas 
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18. Systematic Development of Positioning Requirements for Vehicle 

Applications; Presented at the 18th World Congress on Intelligent Transportation 

Systems , November, 2011, Orlando, Florida 

19. The Interpretation of GPS Positioning Accuracy and Measurement Integrity in a 

Dynamic Mobile Environment; Presented at the 18th World Congress on 

Intelligent Transportation Systems, November, 2011, Orlando, Florida 

20. Connected Vehicle Positioning Requirements and Possible Solutions; Presented at 

the 22nd  World Congress on Intelligent Transportation Systems, October, 2015, 

Bordeaux, France 

21. Connected Vehicle Performance Requirements; Presented at the 22nd  World 

Congress on Intelligent Transportation Systems, October, 2015, Bordeaux, France 

Patents

1. Mobile Body Reporting Device And Its System; Patent Number: JP11118902; 

4/30/1999

2. Multiformat Auto-Handoff Communications Handset; Patent Number: 

US5649308; 07/15/1997

3. A Communications Terminal Device, A Communications System, And A Storing 

Medium For Storing A Program To Control Data Processing By The 

Communications Terminal Device; Patent Number: EP0867850, A3; 09/30/1998

4. Communication System For Controlling Data Processing According To A State 

Of A Communication Terminal Device; Patent Number: US 6122682 3/23/1998

5. Method And Apparatus For Controlling An Adjustable Device; Patent Number: 

US5864105; 01/26/1999

6. Automatic Brake Device; Patent Number: JP2000108866; 4/18/2000

7. Visual Field Base Display System; Patent Number: JP2000029618; 01/28/2000

8. Intersection Warning System; Patent Number: US5926114; 07/20/1999

9. Security For Anonymous Vehicular Broadcast Messages; Patent Number: US 

7742603 3/27/2006

10. Digital Certificate Pool; Patent Number: US7734050 3/27/2006

11. System, Method And Computer Program Product For Sharing Information In A 

Distributed Framework; Patent Number: US 7802263 12/15/2003
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12. System, Method And Computer Program Product For Sharing Information In A 

Distributed Framework; Patent Number: US 8566843 12/15/2003
13. System, Method And Computer Program Product For Sharing Information In A 

Distributed Framework; Patent Number: US 8209705 12/15/2003
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PREFACE

Automotive electronics as we know it today encompasses a wide variety of devices and sys-
tems. Key to them all, and those yet to come, is the ability to sense and mcasure accurately
automotive parameters. lqualy important at the output isthe ability to initiate control

actions accuratcly in response to commands. In other words, sensors and actuators are the
heart oftany automotive electronics application.That is why they have been placed first in this
handbook where they are described in technical depth. In otherchapters,application-spcific
discussions of sensors and actuators can be found.

The importance ofsensors and actuators cannot be overeniphasized.The future growth of
automotive electronics is arguably more dependent on sufficiently accurate and low-cost sen-

sors and actuators than on computers, controls,displays, and other technologies. Yet it is those
n Wosensor, 110nactuator tchnologies that ar to many engineers the more "glamorous" and
exciting areas of automotive electonics.

In the section on control systeis, a key in-dcpth chapter deals with atootitiv mcrocon-

trolleis. Without them, all of the controls described in the chapters that follow in that see-
tion-engine transmission, cruise, braking traction, suspension, stecring, lighting, windshield
wipei, air conditioner/heater-would not be possible.thosecontrols, of coarse, are key to car
operation and they have made cars over the years more drivable,safe, and reliable.

Displays trip computers, and on- and off-hoard diagnostics are described in another sec-
ion,asi resystems for passenger safety and convenience, antitheftentertainment,and multi-

plex wiring.Displays and trip computers enable the driver to readily obtain vtluable
informatiiin about the car'soperation and anticipated trip time. On- and off-boarddiagnostics
haveof necessity becoe highly sophisticated to keep tip with highlysophisticated electronic
controls.Passenger safety and convenience items and antitlict devices add much to the feel-
ing if security and pleasure in owning an automobile. Entertainment products arc what got
automotive cloctronics started and thcy continue to be in high demand by car buyers. And
niltiples wiring,offtoa modest start in priductioncars,holdsgreatpromiseforthefuture in
reducingthe unbersoime wiringiarncsses preseintly used.

T'he section on elctromagnetic interference and compatibility emphasizes that interfer-
ence from a variety of sources, if not careftlly taken into account early on, can raise havoc
with what otherwise would he elegant automotive electronic designsAnd automotive systems
themselves, if not properly designed,can cause interference both inside and outside the auto-
mobile.

In the final section on emerging technologies,some key newer aeas are presented:

* Navigation aids and intelligent vehicle-highway systems are of high interest worldwide

since they hold promise to alleviate many of vehicle-caused problems ard frustrations in
our society.

" While it may be argued that electric vehicles are not an emerging technology, since they
have been around for many years, it certainly is true that they have yet to come into their
own iil ani really meaniful way.

" Electronic noise cancellation is getting increasing attention from automobile designers
seeking an edge over their oipetitors.

xvii
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xviii PRFTACE

The final chapter on future vehicle electronics is an umbrella discussion that runs (he

gamut of trends in future automotive electronics hardware and software. I[ identifies poten-
tial technology developments and trends for future systems.

Nearly every chapter contains its own glossary of terms.This approach, rather than one

overall unified glossary, has the advantage of allowing terms to be defined in a more applica-

tion-specific manner- in (he context of the subject of each chapter. It should also be noted

(hat there has been no attempt in this handbook to cover, except peripherally,purely nechan-

ical and electrical devices and systems. To do so would have restricted the number of pages

available for automotive electronics discussions
Finally, the editor would like to thank all contributors to the handbook and particularly

two individuals: Otto Holzinger of Roiert Bosch GmbH in Stuttgart, Germany and Randy
Frank of Motorola Semiconductor Products in Phoenix, Arizona. Ilolzinger organized the

many contributions to this handbook from his company. Frank, in addition to contributing

two chapters himself and cocontribiung a third, organized the other contributions from

Motorola Without their help, this handbook would not have been possible.

Ronald K-Jurgen
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CHAPTER 1

INTRODUCTION

Ronald K. Jurgen
Etditor

1 THE DAWN OFA NEWERA

In todaysworld of sophisticatedautomotiveelectronics,it is easy to forget how far the tech-
nology hascome in a relatively short time. In the early 1970s, other than radios and tape play-
ers, the only standard eletronic components and systems on most automobiles were
alternator diodes and voltage regulators.' Ry the fall of 1974,"there were twelve electronic
systems available, none of which were across the board standard prodUction items. . The
twelve electronicsystems orsubsystemswere: alternator diodes, voltage regulators, electronic
fuel injection, electronic controlled ignition, intermittent windshield wipers, cruise control.
wheel lock control, traction control, headlamp control, climate control, digital clocks, and air
bag crash sensors,"

1.1.1 Car Makers and the Electronics Industry: Friendly Adversaries

In the early days of autonmotive electronics, the automotive industry and the electronics indus-
try were often at odds, Carmakers needed inexpensive components and systems that would
operate reliably in the extremely harsh automotive environmentThe electronics industry,on
the other hand, used to producing high-quality but expensive parts and systemns for the mili-
tary, was skeptical about its ability to produce the components the automobile industry
wanted at the prices they demanded. But both industries realized that electronics could pro-
vide thie capability tosolve automotive problems that defied conventional mechanical or elec-
troniechanical approaches.

Some of the leading electronics engineers who worked in theautomotive industry-as well
as their cotnterparts in the electronics industry-realized that this existing friendly adversar-
ial relationshiphad to be converted to a mutual effort to find cost-effective and reliable solu-
tions to urgent automotive problems.

Thus it was in 1973 that Trevor Jones (then with General Motors), Joseph Ziomek (then
with Ford),Ted Schaller (Allen Bradley), Jerry Rivard (then with Bendix), Oliver McCarter
(General Motors), and William Saunders (Society of AutomotiveEngineers), proposed that a
new conferelice he held in 1974,' Dubbed Convergence to signify the coming together of the
two industries, the first conference was successful and, sponsored alternately by the Society of
Automotive Engineers and the Institute of Electrical and Electronics Engineers, it has been
held successfully every other year ever since-

1.3
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1,4 IN[T RODAC ION

1.1.2 The United States Government Forces the Issue

One of the major problems facing the automotive industry at the time of the first Conver-
gence conference was upconing stricter governmnt-nuindaed exhaust emissions controls.
When the United States government first mandated emissionsstandards for all United States
cars,car makers met the challenge through the use of catalytic converters for hydrocarbon
and carbonnionoxide emissions and exhaust gas recirculation techniques for nitrogen oxides
emissions. But they knew that in 1981, when the standards would be tightened from sle pre-
vious limit of 2.0 grams per muile to I Jgram per iile, those approaches would no longer in
themselves be sufficient. A new approach was necessary and it involved use of a three-way
catalyst for all three emissions together with a closed-loop, engine control systern?

Tighter emissions control solved one problem but created another-fuel economy.'The
two seemed to be muttually exclusive. Charles M. Ileinen and Eldred W. Beckman, writing in
IEEE Spectr n in 1977, said, "The simple truth is that there is very directinteraction
betweenebmissoand fuel conomy. Probably theclearest example of that interaction is the
fact that automobilesequipped to meet California's ight emissions control regulations have
consistently demonstrated about 10perceit poorerfuel economty tha have comparable cars
equipped to meet the less stringent Federal (IS. standards." As a result of thisinterdepen-
dence, eiissions and fueleconomy measures tended to be compromises. Gretter fuel
economies Could be achieved if enissions levels were not a problem.

1,2 THE MICROCOMPUTER TAKES CENTER STAGE

The microcotmlputer, introduced in 1971, had yet to make tajor inroads in atitomobiles. But it
became increasingly obvious thatitS asthe key to meeting governent exhaust emission and
fuel economyi emands whilealso providing car buyers With cars that performed well Meeting
these needsr ncessitated precise engine control in such areas as the air/fuel ratio and idle speed.

1.2.1 Early Applications of Microcomputers

One of the first microcomputer applications in cars was an advanced ignition system built by
Delco Reny for the 1977 OldsmobileToronado. Called the MISAR (microprocessed sensing
and automatic regulation) system, it controlled sparkiming precisely no matter what load
and speed conditions prevailed while meeting emissions control requirementsand providing
good driveability. Input signals from sensors provided data on crapkshf positionmanifold
vacuumn,coolant tcmperature,and reference timing.'[ he microprocessor used hada capacity
of 10.240 bits.

Early applications such as the MISAR paved the groundfor what would later becomethe
prolific use of microcomputers in cats. Once reliable microconmputers met the cost restraints
of carmakers, there was no crd in sight to microconpuler applications in cars. In the late
197)s, total enginecontrol with microcomputers became widespread and,astime wenton,use
of microcomputers spread to other controls for transmission, braking, traction, suspension,
sterin'lighting,air Conditioning, and so fotth,

1.2.2 The Bells and Whistles Period

There was also a time in the early 19s whencarmakers, heady with success with icrocon-
puters in other areas, went through a period of electronicoverkill.Notable in this regard were
voice conunands and warnings that tended to wear out their welcon quickly with car drivers
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INIRODUC71ON 1.5

and claborate and flashy information displays that also turned off many car buyers. It was a
peridofdoing things with microcomputers because they could be done rathertian doing
them because they were needed.

That overindulgent microcomputer period quicklywaited as car buyers made their feelings
known. Voice conmands were all but totally abandoned and displays were made less garish.
There was even a return to analog displays for speedometers for example,albeit electron[-

cally based rather than the old mechanical or clectromechanical system Carmakers returned
to using microcomputers in truly functional ways to answer real needs.

1.3 LOOKING TO THE FUTURE

The future for automotive electronics is bright. Electronic solutions have proven to he rel-
able over time and have enabled carmakers tosolve problems otherwise tisolvable.But what
does the future hold? Some predictions for the future have been discussed in the following
pages by contributors.

1.3.1 Contributors' Predictions

Although there have been many significant attomotive electronics advancesover the years,
the end is certainly not in sight.The final chapter in thishaTidhook describes many upcoming
advances in detail.Atthors Frank and Mominforexample,stae thatalikely futurescenario
"will he a combination ofcentralization and distributed iitelligence where the centralization
would be based along theI ies of body, chasis and safety, powertrain, atd udioetertain-
ment andcommunications.Withinthese centralized systemnswould bedistributed intelligence
based o multipleX wiringwithsnart sensors, switch decoders, and smart actuators all con-
trolled by a central intelligence."

Ilere arc additionalselected future developments cited by contributors in other chapters:

*Expansion of the air bag system to include side impact protection (Dunn,Chap.7)

*Magnetic transistors and diodes that can be directly integrated with signal conditioningcir-
cuits (Dunn, Chap 7)

*Electronic switched s
t
op lamps involving a rate-of-closure detector system to determine if

the vehicle's speed is safe for objects ahead of it.If the losure rate is unsafe, the stop lights
could be activated to alert trailing drivers to a pending accident (Valentittei Cp. 14)

*The integration of watchdog and failsafe functions onto a micocotroller (Bebtnier I hia.11)
*Microcontrollers that operate at frequencies of 24 MItt or 32 MI to allotw m'ore code to

he executed in the same amount of time (3oeiner, Chap. II)

*In tie mid-90scars will have twice the electronic content of today's cars but will be easier
to manufacture because there will be half the number of modules due to feature content
integration.h LIdata network interconnecting the modules will reduce the size and number
of cables and cut the number of circuits by 50percent (Misterfeld,Chap.26)

*A move from switching units to stepped operation actuatos and the subsitution ofontin-
uous for discrete time control (Miller Chap.10)

*Electrorbeological and magnetorhleogical fluid actuators (MWller, Chap. 10)
*Micrortnechanical valves as actuators for converting low control power as in regulating tle

flow of fluids in hydraulic or pneumatie systems (Mller,Chap. 10)
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CHAPTER 2

PRESSURESENSORS

Randy Frank
7i'ehnical Miarketing Maniager
M'oorolra SemicondttPrnrroducts

2.1 AUTOMOTIVE PRESSURE MEASUREMENTS

Various pressure measurements are required in both the development and usage of vehicles
0 optimize perormanec, determine safe operation, assure conformance (a government regu-
Iations, and advise the driverTIheesensors monitor vehicle fuctirsprs'ieinformation to
control systems, and me Isure parameters for indication to the driver. The sensors can also
provide data lag inforation for diagnostic purposes

Depending on the parameter being teasured, differen units for indiating pressure will
be used.Since pressure is force per unit area, basic units are pounds per square inch (psi) or
kilogramsper square centireter. For example, tire pressure iS usiiyt irdiCated in psi. Mani-
fold pressure is typically specified in kiloPascals (kPa). A Pascal, which is the international
unit (SI or Systemsitterrationale) for pressure, is equal to I Newton per meter' or I kg nt-

s .Other common units of pressure measurement include: inches. feet, or cntireters of
watitei; illibrs or bars.inches, ormillimeters of mercury (Hg), and tor.The conversion con-
stantsas defined per internatinconvention are indicated in Table 2.1.

Pressure can be measured by a numIber ofdevices that providea predictable varation when
pressure is applied. Sensors Used on vehicles range from mechanical devices- -with rpotion
movement when pressure is applied-to a rubber or clastomer diaphragmto semconlductor-
based silicorl pressure sensors Various pressure-sensing techniques are explained in 23.

The type of pressure measurement that is nade can be divided into five basic areas which
ire independent of the technology used for the measurement:gage, absolutedifferential, li-

uid IlvIland pressure switch.

2.1.1 Gage Pressure Measurements

'he silicor piessrie sensor technology expliied in Sec.2.3.5 is used to visualize tire differ-
ence between gage, absolute, and differential tr'csure (refer to Fig. 2.1). For gage pressure
rnetasurere1ts, te pressure is pplied to the top of a (silicon) diapragi (Fig.2.1),creating a
positive output. The opposite (brck) side of the diaphragm is exposed to atmospheric pres-
sUre. Gage vacuum is a special ase of gage pressure. For gagevacuum measuremlents vactun
is applied to the back side of he dipIragT resulting ina positive output signaln ge and
gage vacuum ire single-sided pressure measuremeints. Gage pressure is frequently indicated
by psig.

2.3
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2.4 SINSORS AND ACTUATORS

TABLE2.1 PrssureUCInCCCnvcrsion(Costants

(Adosturcnr ndl}'nu /tlpuitnatiaYIlfetios)

Iv1H0' la Hg' K Pascal Millibar cm H,O ICinn H

psi I.010 27.6 2.036 6.8947 6R947 70.308 51.715

In II 0 3.6127 x10 I 1'0 7,3554 10 0.2491 2.491 2.54(1 1.8683

il Hig 0[4912 13.596 1.0100 3.3864 33.864 34.532 25,400

KPscal [114504 4.0147 0,2953 I.000 1[.000 11 [111973 75006

1ihhr 01450 0-4(1147 0.02953 0.1010 1.00Ki 1.01973 0.75006

CIIO 1.42 II' 0.93 2.8958 x 1 0,09806 0.9806 !.000 0.7355

Inin HL' 193aC i 0.5325 3.9370 x 1I 0.13332 I.3332 1.3595 1.000

P ISI-piiiilpLciqm~rl,c

'Al 3)'1;
At FT

2.1.2 Absolute Pressure Measurements

An absolute pressure measurement is made withrespect to a fixed (aally a vacuum) refer-

ence sealed within the sensor (Fig. 2.1) For a 100-kPa-raed ahsolute unit, the diphragm is

fully deilected with standard atospheric pressure. Application of a vacuum restores the

diaphragni to its undefleced (flat) position.1h1 result is a high-level output wii no vacuum

applied and a low-level signal at full vacum unless the zero is established at the full-scale
deflection of the diaphragm. Pressurecan aC s Che applied to absolute units with appropriately
iesigned diaphragms to withstand the additional applied stress. Absolute pressure is fre-

quently indicated by psia.

2.1.3 Differential Pressure Measurements

Differential or Della-P measurements are also shown in Fig, 2.1. The higher pressure is

applied to the top ofthe diaphragm and [he lower pressure, possiblyy eterencpressueis
applied to the opposite side.The diaphragm's deflection is a result ofthepessure difference.

Gage

Absolute

Differential

FIGURE 2.1 Types of pressire nmasurements: (a) gage,
(h) absolute, and (c) differential,
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PRFxSSURE SENSORS 2.5

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

2.1.4 Liquid Level Measurements

The height ofa column of liquid canh e measured by a pressure sensor.Tie tern head is fre-
quently used in hydraulics t idenate pressure. Measurements of inches or feet of waterand
centimeters of mercury are direct indications of the effect of pressure on liquid leveLOIlher
liquid levels are dependent on their specific weight and can he calculated by h = (P - Pij)/w,
where (PI - Pr) is the pressure differential caused by the height of the fluid column andi v is
the specific weight of the liquid.The vapor pressure in asaled enclosure will have an effect
on the measurement of liquid height. Returning the reference side of a differential pressure
sensor to the top of the enclosure will compensate for vaporpressure.

2,1.5 Pressure Switch

A pressure switch is typically achieved by mounting an electric contact on a diaphragn (rub-
ber or any elastic material).The applicationofsufficient pressure (or vacuum) on one side of
the diaphragm causes the movablei cntact to meet a stationary contact and close the circuit.

A pressure switch can also he achieved by any of the previously described techniques
merely by establishing a reference threshold voltage that is calibrated to indicate the point
that the pressure changes from an acceptable to unacceptable (or low to high) level. Once the
thresholdvoltage is achieved, additional electronic circuits can be used to produce an elec-
tronic switch that can control loads such as an indicator lamp.

2.2 AUTOMOTIVE APPLICATIONS FOR PRESSURE SENSORS

Automotive requirements for pressure measurements range from thebasic-oil pressure 10
the sophisticated air pressure differential from one side of the vehicle to the otherThissee-
tion elaborates on the various possibilities for pressure measuremienls that exist either in the
development, laboratory, or pilot phases of the vehicle, to actual volume production.Tahle 2.2
lists a number of potential pressure measurements versus vehicle systems and provides an
indication of the pressure range and type of measrement.

Automotive specification and testing guidelines have been developed and published by the
Society of Automotive Engineers (SAE) specifically for matnifold absolute pressure (MAP)
sensors These documents are intended to assist in establishing test nehodsand specifications
for other sensors.Other SAL documents that may apply nseisors are sunimarized inTable 23.

The packagingand testing requirements for automotive sensors can represent 50 (to 80 per-
cent of the sensor cost and over 90 percent of the warranty and in-service problems.The pres-
sure-sensingapplications that are presented in the following sctions will include packaging
requirementsthat art of particular concern.

2.2.1 Existing Applications for Pressure Sensors

A late twentieth century production vehicle is likely to havea numberofpressuresensors for
measurements such as manifold pressure and engine oil pressure, and has the potential for
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2.6 SENSORS AND ACTUATOR1S

TABLE 2.2 Pressure Sensing Reqiemets for Various Vehicle Systems

Patarmeter

Ertgintcrottrol

Elect transmrssiont
(conaiuusly variable
tranIssion )

Idle speed cIItrol

Elect powersteeitg

(alst elect assisted)
Antiskid brakes

Iractiarticostol
Air bags
Suspetnsion
Security/keylesentry
HVAC (climatecontrol)
DIriver informatlion

MeorIT'y seat
Mlultiplesdlagnoistics

Maifold absolute pressure
'urbi bost pressure
Barontoeric epesue (altitaue)
ECR pressure
Furelpressure
Fuel vaporg pesture
Mass air flow
Corbustion pressure
Exhaust gaspressure
Secondaryair pressure
Trarnsissios oil pressure

AC clutch sensoriswitch
Power steering pressure
Hydraulic pressure

Brake pressure
Fluid level
Bag pressure
Pucuinaticespring pressure
Passengercopartment tpressure
Air flos (PC) Compressor prensure
Oil pressure
Fuel level
Oil level
Coolant pressure
Coolnt level
WindshiclkI ashlerlv cl
Iranrission oil level
lire pressure
Battery fluid level
Imbtr pressure
Multiple usage of sensors

Pteswure ratnte

loll kPa4
21111 Pa
11) kPa

7.5 pai
15 psi -45 kPa
15 in I1.0,

100 Biar, 16,7 Mpa
101 kPa
100 kva
8[ psi
110 kpa

300-500 psi
500 psi
500 psi

500 psi
12 inl l
7.5 psi
1 Pa
10liPsa

300-500 psi
80 psi
15 in 11,
15 i ,
21 11kPa
24 i H I)
12 n (0
12 in HO
5o psi
1 -2 il helow
75 pst

*Gage measuiTnien t absolte sensors used for failsde

TABLE 2.3 SAL SpecificEtionslhat Effect Pressure Sensirs

Recommended envitron ental practices for eleronie equipment design
Performance levels and methods of measrrment o elcctronagrintiec radiationfron

vehicles and devices
Performancel eIls and methodsofteasuremeisi o EMR from vehicles aid devices

(V1urrowband11 RF ;
Electronagriticti usceptibili procedures for vhic componentst (except aircraf)

Vehicle eleeromiagtic radiated susceptibilitr tesrirg isinga largeTM cell
Opesfield wIle-vehicleradialed susceptibilit 10 k7l-18 G(nz,electric field
Class B daa communication network itlerface
Diagnostic acronymsterTs, a3d defiitios for electrical/electronic cinponents
Failure mode severity classification
Guidetoir aaifold absolte pressuretratnsducer represeitative tent method
Guide to manifold absolte presstre trarsducer representalive specificaion

Type

Absotlute
Absolute
Absolute
Gage
Gage
Gage
DifferetiIl
Diflerenlial
Gage
Guge
Gage
Absolute

Absolute*

Alsolute*

Abasoltute'
Gage
Gage
Absolute'
Absolute
Absolutc
Gage
Garge
Gage

Gage

Gage
Gage/absolute
Optical
Gage

SA U11211

SAFJ55I

SAE1l16
SA3 1113
SA- 1107
SA F11338
SA.11850
SAF J1930
SAE1J1812
SAP 11346
SA F11347
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