trol and Changing Pressure Drop

g 's duty cycle increases so that it is
w"bd;t\:,%?\g mf:yre fuel to the tank, lower-
and is reduced. The differential-pressure valve
e further, reducing upper-chamber pressure.
: ressure drop at each metering slit and

s through the slits for any given p[unger lift. In
o the duty cycle, the richer the mixture.

or hand, reduced duty cycle means less fuel
_ the lower chamber; that increases chamber

decreases deflection of the diaphragm. This
X ure drop and fuel flow at the slits. So, less
4 :a |eaner mixture. See Fig. 5-8.

Lambda Closed-Loop Control

ol of enrichment of the basic mixture by the
ontrol system is closed-loop, based on the signal
. lambda sensor. The control system continuously

air-fuel mixture for a given plunger lift so that the
d near the ideal, stoichiometric ratio necessary for
nverter operation.

haust gas passes the lambda sensor, oxygen-content
re sent to the lambda control unit. The control unit
the duty cycle of the lambda-control valve to change
drop at the slits and adjust the mixture. The resulting
' | exhaust-gas oxygen content changes the lambda-
al, The control unit senses the change and contin-
changes the duty cycle of the lambda valve. The cycle
ous. See Fig. 5-9.

‘oxygen content of the exhaust is continuously chang-
1@ lambda-control system averages to achieve the
ure. It tends to correct to either side of the stoichio-
fatio, but always in a very narrow range. For more on
gystems and the operation of the lambda sensor,

Lambda Thermoswitch

lambda sensor operation depends on high tem-
8, the system operates open-loop before the sensor

P |§ €an cause driveability problems and increased
EMiSsions due to imprecise mixture control. To correct
fly cars have a lambda thermoswitch, located in the
i . onthe cylinder head of air-cooled Porsches) to give
Ol Unit an additional input and insure proper fuel
during engine warm-up.

x " englne‘is cold, the thermoswitch is closed. The
3 ends afixed, slightly-rich duty-cycle signal of 60%

e °:°er| valive, V\(hen the thermoswitch warms
Uy cycle 'W r? control unit sends a fixed middle signal,
Rirs so: hen the lambda sensor reaches operating

its signals are valid, the control unit switches to
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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 (A\) = one.

More fuel
to injector

Increased pressure drop,
and increased fuel flow

Fuel -

F:‘J——[

More fuel returned

L

Lower
pressure

-

Diaphragm

Lambda valve
open more time
(increased duty
cycle)

to tank
Less fuel
to injector
Decreased pressure drop,
and decreased fuel flow
Fuel =l
inlet ==
Restrictor
Higher
pressure
Lambda valve

open less time

(decreased duty
I I cycle)

Less fuel returned
to tank

Fig. 5-8. Klambda valve adjusts mixture by changing pres-
sure drop at the metering slits. Top: More open
valve returns more fuel, decreases lower and upper
chamber pressure, and increases pressure drop
and fuel delivery at slits, enriching the mixture. Bot-
tom: Decreased opening of valve decreases fuel
return, increases lower and upper chamber pres-
sure, and decreases pressure drop and fuel deliv-
ery at slits, leaning the mixture. Note that fuel is
metered at the slits, not at the diaphragm.
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Exhaust

: gas Lambda |
Engine

g S Catalyst [

Mixture
i

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 stoichiometric mixture as burned in the
engine.

5.3 KE Systems—Changing Pressure Drop

The KE controt 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.
Il call this injector fuel. The basic rate of injector fuel flow is
determined by the ift of the control plunger by the air-flow
sensor, just as in the other systems.

Control Systems
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In the other path, fuel at system pressure first f
something called the pressure actuator. Fuel then flows
reduced pressure through the lower chambers and a regty:
and back to the fuel tank. I'll call this actuator fuel. The
restrictor controls the rate of flow out of the lower chamby,
The variable pressure actuator controls the amount of
throughflow passing into the lower chambers, and they
controls lower-chamber pressure and pressure drop at
slits. The operation of this control system is in addition to thgl
basic fuel metering of the control plunger.

from control-pressure
regulator

B208CIS.BCH

from Fuel pump
KE: System pressure

K: Controt pressure

Flg. 5-10. KE meters with constant system pressure on the
control plunger, so for any given air flow plunger lift
is constant and slit size stays the same.

Injector fuel

Actuator fuel
Diaphragm

Control unit
connector

Pressure
actuator

B206CIS.BCH

Actuator fuel

Flg. 5-11. KEinjected fuel flow through each upper chamber
is separated from actuator fue! flow below the
diaphragm, which is spring foaded from below. KE
actuator fuel flows continuously through the lower
chambers. This throughflow is controlied by the
pressure actuator.

HMC EXHIBIT 1007

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



KE pifferential Pressure and Pressure Drop

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

stment of the basic fuel metering, is controlied by the
: ' sure drop at the entrance to the pressure actuator. This is
o0 KNOWN 88 the Differential Pressure, the difference between
S uator fuel pressure in the lower chambers and system
oressure entering the pressure actuator.

The differential pressure directly affects the deflection of the
Jifferential-pressure valve diaphragms and so controls the
ressure drop at the slits. Rerember, by changing the pres-
re drop at the metering slits of the control plunger, fuel flow
1« 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
nroughflow is by the pressure actuator at its inlet. See Fig.

| here by position of {fs
actuator plate

R
R O
B183bCIS.BCH

Flg. 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 lower chambers. For any

on air flow and its related control-plunger slit opening, the
p ator compensates the mixture by changing actuator fuel
0w to change the differential pressure. The actuator is shown
Ounted on the fuel distributor in Fig. 5-13.

The keyto the operation of the pressure actuator is the small
Pt valve that controls fuel throughfiow. See Fig. 5-14. A small
Tomagnet causes the plate to move closer to or farther
ty from the fusl inlet to the actuator. For example, fuel flows
th, @ actuator inlet at system pressure. Increased current flow
ough the electromagnet increases the magnetic force and
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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 fue! through the lower
chambers.

~ Acluator ;;lal-!e ¥
| Fuel outlet . s
| (to lower chambers of |

fuel distributor)

Flg. 5-14. KE pressure-actuator plate valve contrals fuel flow
through pressure actuator,
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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,

| Normal |

0.2 bar pressure 4.8 bar 4.6 bar
drop at slits upper-chamber lower-chamber
pressure pressure
z

7 A . N—
50 bar/ _ 0.4 br differential Eressure
system
pressure I

5.0 bar system pressun,Lt A
B183CIS.BCH
To Enrich
1.2 bar pressure 3.8 bar 3.6 bar
drop at slits upper-chamber lower-chamber
pressure /pressure

5.0 blar/ 1.4 bar differential pressure
system A
pressure P\____/—-— I J

5.0 bar system pressure

I——*

Fig. 5-15. Pressures in the KE differential-pressure vaive
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
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You can think of the pressure function of the actuator this
way: Pressure drop at the metering slits is equal to System
pressure minus upper-chamber pressure. Upper-champgy
pressure is equal to system pressure plus the 0.2 bar Spring
pressure, minus the differential pressure. See Fig. 5-16, Re-
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 pressurg
to get the differential.

System pressure plus

0.2 bar spring force, Pressure drop at

minus lower-chamber slits equals system

pressure pressure minus upper-
Y chamber pressure

iystem pressure minus
pressure drop at
pressure-actuator valve

Spring pushes up
with 0.2 bar (3 psi) force

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.
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Distributor ) il

Control

unit

switch

Lambda
sensor

=]

Engine-
lemparatura
sEensor

/// | Throttle

;

Pressure
actuator

Sensor-plate
potentiometer

B223CiS.BCH

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
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of the differential-pressure valve diaphragms, and more pres-
sure drop at the metering sfits, 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 curve does not
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 siit: 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
|-— (System pressure minus upper-chamber pressure; start 611

1.0 12  the force that controls amount of fuel injected)

'_,.-""-’J "-_,.p-""/ Warm!up —
Differential pressure ;
Id !

05 0.7  (System pressure minus lower- 7 4 CHG AR 81
chamber pressure — -
specified diff. pressure)

/ Air
fuel
ratio 1011
121
Closed-loop
fiuctuation Ideal —stoichiometric 1411
0.2 04— e Sia . 147
n. —
} iaca pen-loop —fixed at sea leve
| compensation
y
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 1811
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 | imp home e 2011
bg—] snp 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

B181CIS.BCH
Fig. 5-18. 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 8-12 mA, and the limp-home setting at
lean stop. These 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
ator current is not fine-tuning the mixture. In this circum-
gtance, mixture is determined solely by the basic mechanical
metering of the air-flow sensor and contro! plunger. The un-
controlied plate in the pressure actuator allows just enough
ressure drop et the slits to keep a warm engine running. The
engine may not start, butif it's running, it will get you home. You
can simulate the limp-home condition on a running wam
engine by disconnecting the pressure-actuator connector.

Logic Circuits

Beginning in 1986, some KE systems have logic circuits In
the control unit which help it to recognize and ignore erroneous
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
nomally change rapidly. If 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, K

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

CONTINUOUS INJECTION—THEORY 29

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 difierent 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 6.0 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 it to 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 System pressure Lower-chamber Upper-chamber Pressure drop at Enrichment
pressure pressure siit (system method

pressure minus
upper-chamber
pressure)

K-Basic 5.0 bar (73 psi) 5.0 bar (73 psi) 4.9 bar (71.5 psi) 0.1 bar (1.5 psl) Increase slit size
(lower-chamber (by reducing control
pressure minus 0.1 pressure)
bar (1.5 psi) spring
pressure

K-Lambda 5.0 bar (73 psl) 5.0 bar (73 psi) Lower-chamber Varies: 0.1 bar (1.5 Increase slit size (by
minus reduction pressure minus 0.1 psl) control pressure},
caused by return of | bar (1.5 psi) spring plus the reduction in | increase pressure
fuel at lambda valve | pressure lower-chamber drop (by lambda

pressure valve)

KE 5.0 bar (73 psi) 5.0 bar (73 ps)) 5.0 bar (73 ps)) Varies: Increase pressure
minus reduction plus 0.2 bar (3 psi) differential pressure | drop (by pressure
caused by pressure | spring pressure, minus 0.2 bar (3 actuator)
actuator minus differential psi) lower spring

pressure (difference | force
between system
pressure and
lower-chamber
pressure)
Control Systems
PAGE 97 of 105 HMC EXHIBIT 1007

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



30 CONTINUOUS INJECTION — THEORY

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.

Fue! pressure in the lower chambers is controlled by the
lambda control system. To enrich as a resuit 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 at the slitis 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 currentfrom the 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
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Fig. 5-19.

Comparison of differential-pressure valve pres-
sures in continuous systems. Lift of plunger by air
fiow determines basic fuel quantity. Control sys-
tems then manipulate pressure to change mix-
ture. All three have system pressure inside the
control-plunger sit.
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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 tumned to start, the fuel pump is turned on
through the safety circuit to 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 idie-speed stabilizer adds air,
bypassing the throttie 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-lambdea, 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.

-
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Hot start
pulse relay
(some cars)

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

Start

Cool

B =T

mA|

I

T
3 Seconds 40 B182CI5,BCH

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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Throte vake
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Sensor-piate travel

Enging speed

0 0.1 D2 0.3 0.4 5
Seconds

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 lift. 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

Functions and Compensations
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increases, depending on sensor plate movement and on ep.
gine temperature and rpm. The greatest enrichment is whep,
the engine is cold; middle enrichment when the engine is cool;
no enrichment when engine temperature is above 175
(80°C). Mercedes-Benz has added an Intake Air Temperaturg
Sensor to further compensate acceleration-enrichment for colq
air, a refinement for better driveability.

Wiring connechion
to control unit

Proitarticrmeler

—
Flg. 6-4. Location of potentiometer on KE mixture-control
unit.
Vaoltage signal
Sensor
plate
position
U
A 1T
B
G T
W T Air-low sensor
lever angle
o d - + |
5 10 5

Flg. 6-5. KE adds signal from sensor-plate potentiometer to
enrichment from sensor-plate overswing. The more
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.
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KE enrichment usually continues as long as the throttle
gwitch signals a full-load condition, adding enrichment by con-
trol of the pressure actuator. Some engines, particularly VW,
need full-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-
trol Systems. Note that closed-loop operation switches to
open-loop under these conditions:

o lambda sensor cool, not ready to send valid signals
e engine cool, usually below about 105°F (40°C)

e WOT, full-load

# coasting cut-off

e 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 vaive 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 8to 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 cut off fuel injection, such as during coasting or for
'pm 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,
bpth 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
felay. On most cars, coasting cut-off is inhibited during cruise-
ontrol operation.

P -

]
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B184CIS.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-Jetronic and 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 contro! 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 lll. The first use of KE-Motronic is on the 1988 4-cylinder
Audi 80; Audi calls this system CIS-Motronic.

Inthe 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.

KE3-Jetronic and KE-Motronic
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Pressure
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Knock
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Lambda
kgrilion sensor
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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
controfled by separate control unit.

Cold-start
injector g —
3 " ] - l
Pressure > “ . E.' =
actuator Idle-speed N\‘\
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i temperature {
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with Hall full throttle switches ~ S€NSor
sender potentiometer

Fig. 7-2. KE-Motronic has special Motronic controf unit with
special internal data maps to determine operating
points for actuator current and other functions. In-
puts include Hall sender in distributor, and knock
sensor. Outputs include ignition coil for ignition
timing control.

KE3-Jetronic and KE-Motronic

PAGE 102 of 105 HMC EXHIBIT 1007

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



CONTINUOUS INJECTION—THEORY 35

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
tambda sensor. Most of 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.

[ p— -

For KE-Motronic, a typical rich limit is +23 mA, with a lean
limit of —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
= B207CIS.BCH
e KE-Motronic .
rich limit
+20 1
Older engine
New (minor air leaks)
engine
+10 4= . -_
L pgapive e of
Closed { e Closed-loop
-loop
04+ —
=104
Lean fimit
0 Mileage driven 100,000

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.

PAGE 103 of 105

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 signais. 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. 7-6. The fault codes are read out by inserting a spare fuse
into the top of the fuel-pump relay.

Inclicatar light
1

r 7 G
", ¥, A v,

[ ANTL ) [ =—~ ]
LOCK :D
JLoFF [ =
r‘:t_“_‘j‘ PARK |[ & |
|| BRAKE

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

Test kad %\ ’

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 fauits 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

PAGE 104 of 105

HMC EXHIBIT 1007

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



Bosch Fuel Injection & Engine Management

By Charles O. Probst, SAE

pr e T B S—

Unlock the mysterles of BOSCH fuel injection!

Master the technology
of the world’s leading
innovator and manu-
facturer of automotive
fuel-injection and engine
management systems,
This book takes you
step-by-step from the basics of air-fuel mixtures fo a clear
understanding of the most sophisticated electronic controls
— for all European cars.

» |dentify each type of Bosch fuel injection and engine
management system

e Learn the basics of air flow measurement and fuel
metering

» Understand how engine management confrols both
fuel delivery and ignition to improve driveability

» Perform routine service with simple tools

¢ Diagnose problems with detailed troubleshooting
charts

* Racing and high-performance modifications — what
works and what doesn’t

Author Charles Probst worked directly with fuel injection
engineers, trainers, and fechnicians from Bosch, Mercedes-
Benz, Porsche, Volkswagen, Audi and other manufacturers
to create technical training materials. Now his complete
service and maintenance procedures, with expert advice
and froubleshooting tips, are available fo you.

With more than 350 detailed illustrations and photos, this
book is an essential reference for do-it-yourself mechanics,
performance enthusiasts, and professional technicians who
really want to understand
Bosch systems.

Covers Bosch Systems
Instalied On These
European Cars

Graduate, Milano

AMC Alliance (Califomia)
Audi 4000, 5000, Coupe,
Quattro, Fox 80, 90,

Alfa Romeo GTV 6, Spider,

BMW 318, 320, 325, 525,

528, 530, 533, 535, 633,
635,733,735,750,M3,
M5, M6

Delorean DMC-12
Eagle Medallion

Ferrari 308, 328, Mondial,

Testarossa
Fiat Spider, Brava, X1/9,

100,200 Strada
Bertone X1/9 Jaguar XJ6, XJS, XJSV12
Bitter Coupe Lancia Beta

Lotus Espirit Turbo

Maserati 228, 430
Mercedes-Benz 190, 280,
300, 380, 450, 500/560
Merkur XR4Ti, Scorpio, Sierra
Peugeot 405, 505

Porsche 911,912,914, 924,
928,930, 944, Cartera
Renauli R17 Gordini, Fuego,
18i, Sportwagon
Rolls-Royce Comiche, Silver

Saab 99, 900,9000
Sterling 825S, 8275
Triumph TR7

Volkswagen Type 3,Type 4,
Beelle, Bus, Dasher, Rabbit,
Scirocco, Golf GTI, Jetta,
Vanagon, Quantum, Corrado,
Passat

Volvo 1800E, 140E, 164E,
240E, 260E, DL, GL, GLE,
740,760,780

Spirit, Silver Spur, Bentley

ISBN 978-0-8376-0300-1

9llr80837

PAGE 105 of 105

603001 Book code; GFIB

[B:l BentleyPublishers®

Automotive Reference ™

1734 Massachusetts Avenue
Cambridge, MA 02138 USA
800.423.4595 / 617.5474170

HMC EXHIBIT 1007

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

61-8l4D



Modeling and Control
of Advanced Technology Engines

by

Anna Stefanopoulou

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
(Electrical Engineering:Systems)
in The University of Michigan
1996

Doctoral Committee:
Professor Jessy W. Grizzle, Co-Chair
Associate Professor James S. Freudenberg, Co-Chair
Professor Michael G. Parsons
Professor William B. Ribbens
Associate Professor Jeffrey L. Stein
Jeffrey A. Cook Principal Engineering Specialist, Ford Research Laboratory

PAGE 1 of 22 HMC EXHIBIT 1008

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



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 configurations (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 (ST) 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 configurations 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 tradeoffs, 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 tradeoffs among the dynamic performance of
different subsystems. Qur results demonstrate the advantages of a systematic approach to

developing advanced technology powertrain control systems.

PAGE 2 of 22 HMC EXHIBIT 1008

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



(© Anna Stefanopoulou 1996
All Rights Reserved

PAGE 3 of 22 HMC EXHIBIT 1008

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



Dedicated to George, Kaite, and Dolly.

ii

PAGE 4 of 22 HMC EXHIBIT 1008

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



ACKNOWLEDGEMENTS

My thanks go first to my advisors, Professors Jessy Grizzle and Jim Freudenberg. Their
guidance and support made this work possible. I wish to thank Mr. Jeff Cook. I sincerely
believe that this work would not exist without his inspiration. His constant encouragement,
intuitive wisdom, and resolute leadership were instrumental in completing this work.

1 owe special thanks to Professor Ribbens. He served on my dissertation, preliminary,
and qualification examination committees, and raised issues for me to consider that ulti-
mately led to a more thorough and complete dissertation. I would like to thank Professor
Parsons for giving me the opportunity to come to the University of Michigan. His support
during my first year of studies was invaluable. 1 would also like to thank Professor Stein
for serving on my doctoral committee. The insightful comments of Professors Parsons and
Stein exemplify the value of cross-disciplinary effort; my thesis would be less without their
participation.

I also gratefully acknowledge the financial support of the National Science Foundation
(Grant ECS-92-13551) and the Ford Motor Company.

I am indebted to the Ford Motor Company’s Control Systems Department. There 1
was given the opportunity to work and gain immeasurable experience while pursuing my
degree. My friends and colleagues Ken, Jing, Paul, Kip, Florian and Bill showed me the art
of welding innovative ideas with engineering practice and mathematical reasoning. I would
also like to thank Mrdjan, Steve, Ed and Chris for their valuable suggestions and friendly
chats during the last months of my studies.

There were many days during the three years of my studies that I found myself working
innumerous hours in the 4402 computer laboratory. This laboratory became my home, and
my lab-mates Meera, Jon, Raga, Cecilia, Brian, Al, Craig, Erich, Manish, Tyrone, Steve
R.. Yi-Liang, and Steve H. became my family. I want to thank them for their willingness
to help with any problem that arose, and I wish them the best.

There are a number of people without whose friendship my life in Ann Arbor wouldn’t
have been as meaningful and blissful. Chief among them are Ailan, Tayfun, Ruben,
Stephane, and Jong Gwan. I owe a huge debt to all of them.

And, finally, my ultimate thanks go to my loving companion Paul, who stood by my
side through all these years.

This thesis is dedicated to my father, George, who had decided that I will become an

iii

PAGE 5 of 22 HMC EXHIBIT 1008

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



engineer even hefore I was born, to my mother, Kaite, who encouraged all my ambitions, and
to my sister, Dolly, who always argued that engineering is a world bleak and monochrome,

and filled me with stories of magic, adventure and mystery.

PAGE 6 of 22 HMC EXHIBIT 1008

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



TABLE OF CONTENTS

DEDICATION . . . . . . ii
ACKNOWLEDGEMENTS . . . . . . . . e iii
LIST OF TABLES . . . . . . s Vii
LIST OF FIGURES . . . . . . e viii
LIST OF APPENDICES . . . . . . . .. . X
CHAPTERS
1 Introduction. . . . . . . . 1
1.1 Background on Advanced Technology Fngines. . . . . . .. ... .. 1
1.2 Engine Control. . . . . . .. . 3
1.2.1  FEngine Modeling. . . . .. ... ... o000 3
1.2.2  Air-Fuel Ratio Control. . . . . . . .. ... ... .. ... .. 4
1.2.3  Exhaust Gas Recirculation. . . . .. ... ... .. ... .. 6
1.3 Dynamic Interactions and Performance Tradeoffs. . . . .. . . . .. 7
1.4 Overview. . . . . . . . 8
1.5  Contributions of this Dissertation . . . . .. ... ... .. ... .. 9
2 Fngine with Secondary Throttles. . . . . . .. ... ... .. .. 11
2.1 Introduction. . . . . .. 11
2.2 Engine Model. . . . . . . . 12
2.3 Nonlinear Breathing Process. . . . .. .. .. ... ... ... ... 16
2.4 Feedforward Control Design. . . . . .. ... ... ... ... .. .. 18
2.5 Demand Map. . . . . .. . . 20
2.6 Feedback Control Design. . . . . . .. ... ... .. ... .. 21
2.6.1  Feedback Control Design using Secondary Throttles. . . .. 23
2.6.2  Fuel Feedback Control Design. . . . . . ... .. .. ... .. 25
2.6.3  Feedback Control Design using Flectronic Throttle. . . . . . 27
2.7 Simulation Example. . . . .. ..o 29
2.8 Conclusions. . . . . . .. 32
3 Modeling of Variable Cam Timing Engine. . . . . . ... ... ... .. .. 33
3.1 Introduction to the VCT Engine Control Problem. . . . .. .. .. 33
3.2 Dynamic Engine Model. . . . . . ... o000 35
3.2.1  Breathing Process. . . . . . .. ... ... 36
v

PAGE 7 of 22 HMC EXHIBIT 1008

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



3.2.2 Torque Generation. . . . . . .. ... L 38

3.2.3 Feedgas NO, and HC emissions. . . . . . ... ... .... 39

3.2.4 Process Delays. . . . ... ... Lo 42

3.2.5 Actuators and Sensors. . . ... 43

3.3 Region of Validity. . .. .. ... ... o000 o 43

3.4 Model Validation. . . . . . . ... 44

4 Control of Variable Cam Timing Engine. . . . . . . ... .. .. ... .. 47

4.1 Feedback Controller Structure. . . . . . . . . .. . .. ... ... .. 47

4.2 Performance Tradeoffs. . . . . .. ... ... ... 0. 47

4.2.1  Engine Torque Response versus Feedgas Fmissions. . . . . . 48

4.2.2  Nonlinear Breathing Process and Feedforward Fuel Control 50

4.2.3 Catalytic Converter Efficiency versus Feedgas Emissions. . . 53

4.3  Multivariable Feedback Control Design. . . . . .. ... .. ... .. 53

4.4 Nonlinear Simulation Example. . . . . ... ... .. ... ... .. 58

4.5  PI Feedback Control Design. . . . . .. ... ... .. ... ... .. 58

5 Consequences of Modular Controller Development for the VCT Engine. . . 63

5.1 Decentralized Control of Multivariable Plants. . . . . . . . .. . .. 64

5.2 Multivariable and Decentralized Controller: Design. . . . . . . . .. 64

5.3 Multivariable and Decentralized Controller: Analysis. . . . .. ... 69

5.4 Conclusions. . . . . . .. 73

6 Conclusions and Directions for Future Work. . . . . . .. ... .. ... .. 74

APPENDICES . . . . . . . 77

BIBLIOGRAPHY . . . . . . 126
Vi

PAGE 8 of 22 HMC EXHIBIT 1008

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



LIST OF TABLES

Table
A.1T The 120 steady-state experiments performed at 750 rpm and the associated input
variables. . . L L L L L L e e e e e e 79
A.2 The 150 steady-state experiments performed at 1000 rpm and the associated input
variables. . . L L L L L L e e e e e e 80)

A.3 The 150 steady-state experiments performed at 1500 rpm and the associated input

variables. . . . . L L e e e e e e 81

A.4 The 180 steady-state experiments performed at 2000 rpm and the associated input
variables. . . L L L L L L e e e e e e 82

vii

PAGE 9 of 22 HMC EXHIBIT 1008

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



LIST OF FIGURES

Figure
1.1 Typical three-way catalytic converter efficiency curves . . . . . . . . . . ... .. H
2.1 Schematic representation of 4-cylinder engine with secondary throttles. . . . . . . 12
2.2 FEngine model with secondary throttles. . . . . . . . .. ... 13
2.3 Trajectories of the air flow into the manifold (my for # = 10) and the air flow out of
the manifold (1m.y;) for several values of secondary throttles (6.). . . . . . .. .. 17
2.4 Block diagram of the linearized hreathing process. . . . . . . . . .. .. . .. .. 18
2.5 Static feedforward nonlinear term of the secondary throttles control signal (4.) . . 19
2.6 Schematic representation of the three control schemes. . . . . . . . . . . . . . .. 22
2.7 Simulation of the 0,-scheme and F.-scheme. . . . . . . . . . . . .. . ... ... 30
2.8  Closed loop response of the .-scheme and DBW-scheme for a square wave in the
demanded torque. . .. oL L L L e 31
2.9  Closed loop performance under uncertainty in the fuel puddling dynamics. . . . . 31

3.1 Valve lift profiles of a conventional and a variable cam timing engine. By retarding

the cam phasing the exhaust valve stays open during the intake event for a longer

time period. This causes the induction and reburn of the last part of the exhaust

gases which is rich in unburned HC'. The resulting diluent, also, lowers the combus-

tion temperature and suppresses feedgas N(O,, emissions. The amount of reduction

will vary with engine speed and load. . . . . . . . ... ..o, 34
3.2 Schematic representation of the unknown input-output relationship of the VCT en-

gine over the region of interest. . . . . . . .. .00 oo L 0oL 0oL 35
3.3  Mass air flow rate through the throttle body as a function of manifold pressure

for different throttle angles. Note the two distinct operating regimes of sonic and

subsonic flow. . . . . L L L L L 37
3.4 Engine pumping mass air flow rate as a function of manifold pressure for five different

cam timing values. . . . . L L L0 oL 38
3.5 Mass air flow rate into (1mg) and out (m.y1) of the manifold as a function of manifold

pressure for two different engine speeds and five cam timing values (07, 107,207, 30°,and

27 39
3.6 Engine torque as function of A/ F for different values of air charge at constant engine

speed (1500 RPM). . . . . . . L oL L0 o 40
3.7 TFeedgas NO, emission plotted versus A/ for different CAM timing values at con-

stant manifold pressure (P, = 0.4 har), and engine speed (N = 2000 RPM). . . . 41
3.8 Feedgas HC emission versus A/F for different CAM timings at constant manifold

pressure (P, = 0.4 bar), and engine speed (N = 2000 RPM) . . . . . .. . .. .. 42
3.9  Block diagram of the identified control-oriented VCT engine model. . . . . . . . . 44

viii

PAGE 10 of 22 HMC EXHIBIT 1008

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



3.10 Model and engine actual dynamic response to throttle step command. . . . . . . . 45
3.11 Model and engine actual dynamic response to cam phasing step command . . . . 46
4.1 Diagrammatic representation of the feedback controller structure. . . . . . . . . . 48
4.2 TLoad response of an engine with variable cam timing mechanism and mechanical

throttle for different scheduling schemes of cam phasing: (a) ideal schedule; (b)

realizable scheme. . . . 0 L0 o Lo 49
4.3  Steady state cam phasing . . . . . .. Lo Lo oL 50
4.4 Torque response (at 750 rpm) using different low-pass filters in the cam phasing

dynamics. . . L L L L e e e e e e e e e 51
4.5 Torque response (at 2000 rpm) using different low-pass filters in the cam phasing

dynamics. . . L L L L e e e e e e e e e 5?2
4.6 Bode gain plots of the closed loop transfer functions (frequency in rad/sec). . . . . a7
4.7 Simulation response of the conventional and the VCT engine. . . . . . . . . . .. 59

4.8  Diagrams of the MIMQ control scheme, and the “Pl-lowpass filter” control scheme. 60
4.9  Bode gain plots of closed loop transfer functions with the MIMO and the “Pl-lowpass

filter” feedback controllers (frequency inrad/sec). . . . . . .. ... ... 61
4.10 Simulation response of the multivariable and the PT control scheme. . . . . . . . . 62
5.1 Bode gain plots of the linearized plant (frequency in rad/sec). . . . . . . ... .. 65
5.2 Block diagram of the linearized plant. . . . . . .. ..o 000000000 66
5.3 Bode gain plots of the MTMO controller and the decentralized controller (frequency

inrad/sec). . ..o Lo L 67
5.4 Simulation using the linearized VCT engine model during cam phasing commands. 68
5.5 Block diagram of the decentralized control scheme. . . . . . . . .. . ... ... 69
5.6 Block diagram of the fully multivariable scheme. . . . . . . 00 000000 ... 70
5.7  Block diagram of the simplified multivariable control scheme. . . . . . . . . . .. 71
5.8  Bode gain plots of the closed loop transfer function (frequency in rad/sec). . . . . 72
5.9  Block diagram of the decoupling controller. . . . . . .. ... ..o oo 72
B.1 Comparison between the identified polynomial g2(6) and the experimental data. . 87
B.2 Comparison between the identified polynomial 1., and the experimental data. . . 92
B.3 Comparison between the identified polynomial T, and the experimental data. . . . 93
B.4  Comparison between the identified feedgas N, and the experimental data. . . . 94
B.5 Comparison between the identified feedgas H( and the experimental data. . . . . 95
C.1 The least squares solution w* to an overdetermined system Gw==5. . . . . . . .. 98

(.2 Simulation model of the mass air flow through the throttle body during sonic flow

programmed in the System-Build environment. . . . . . ..o 0oL 0oL L. 105

(.3 Simulation model of the engine pumping mass air flow rate programmed in the

System-Build environment. . . . .. L. L0000 0oL 109
C.4  Simulation model of the brake torque programmed in the System-Build environment. 114

C.5 Simulation model of the feedgas N, emissions model programmed in the System-

Build envirtonment. . . . . . . L L L L L e e 120

C.6  Simulation model of the feedgas HC' emissions model programmed in the System-

Build envirtonment. . . . . . . L L L L L e e 125

PAGE 11 of 22 HMC EXHIBIT 1008

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



LIST OF APPENDICES

APPENDIX
A Engine Mapping . . . . . . L 78
B Nonlinear Static Maps for the VCT Engine . . . . .. .. ... .. 86
C  Regression Analysis and Simulation Modeling . . . . .. ... .00 96
X
PAGE 12 of 22 HMC EXHIBIT 1008

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



CHAPTER 1

Introduction.

1.1 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, (i) 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:

e 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.

e The performance objectives are often conflicting, or at best interrelated. One way to
potentially meet these requirements is to introduce additional design parameters via
innovative mechanical configurations (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 affects 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 flow meter) have been introduced
each time designers needed to meet additional engine performance requirements [15]. 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 Fisenhower 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 (H (') 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,)
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 different 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 tradeoffs.
Without knowledge of this interaction the powertrain control problem involves an extensive
scheduling effort to define 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 tradeoffs 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 configurations 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 affect 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 fixed valve overlap.
This study is an assessment of the achieved performance when compared to conventional
engines, and an investigation of the effects 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 tradeoffs in transient
and steady-state engine operation, (iv) designing a controller that achieves a reasonable
tradeoff in the performance requirements, and (v) investigating the controller complexity

and the associated engine performance.
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1.2 Engine Control.

Engine performance is primarily characterized by emission production, fuel efficiency and
drivability. These in turn are affected 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 [66], and has increased the convenience and safety level of
the modern automobile [15]. 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 70’s, control applications in the automotive industry paralleled achievements in
engine and powertrain modeling. In this dissertation we model two innovative mechanical
configurations 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 significant engine modeling efforts, and provide a brief

description of the A/F and EGR control tasks and existing control designs.

1.2.1 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 significant phases: (i) thermodynamic models, (ii) input-output models,
specific to each application or engine configuration, and (iii) nonlinear models, physically
based (generalized) for wide range of operation.

In the first 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 [3]. Numerical simulations allowed
the designers to gain understanding of the engine behavior by performing numerical exper-
iments, and testing the engine performance. The first non-thermodynamic models can be
found in [32, 33, 34], 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 [65, 66], 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 [7] 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 identification of fuel puddling and wall-wetting became a pressing problem. The first
efforts led to the derivation of an input-output model of the fuel dynamics [75], and later
to a more detailed characterization of transient A/F response [85, 1].

In the early 80’s nonlinear dynamic models with wide range of operation (covering most
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urban driving cycles) were developed [18, 17, 86, 58]. The work in [17] provides the most
comprehensive model including actuator and sensors, and [86] incorporates exhaust emission
and rotational dynamics. The effort in engine modeling has been expanded to include
transmission and driveline characterization [60, 11]. In [13] the authors derive linearized
models and study an important issue of engine control, namely, how multi-rate sampling
affects engine control design. By the end of the 80’s control engineers had developed a
significant number of engine models, and a comprehensive list of them and discussion of
their development can be found in [60] and in [62].

Currently, stringent requirements on emission, fuel economy, and safety require high
performance and robust controllers. Complete, but generic, powertrain models are devel-
oped in [11, 23, 16, 35, 52], and are combined with modern control techniques in [10, 12, 76]
to satisfy these requirements. Meeting the new performance requirements often requires ac-
curate information and characterization of complicated phenomena [48], which is facilitated
by the increased computational power in on-board control systems. In [61] 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 effort.

1.2.2 Air-Fuel Ratio Control.

Vehicle feedgas emissions consist of carbon monoxides (C'O), hydrocarbons (H ('), and
oxides of nitrogen (NO,.). In the early 1970s, three-way catalytic (TWC) converters were
introduced to oxidize (HC and CO) and reduce (NO,.) pollutant species in the exhaust
gases. The efficiency 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 efficiency to A/F is shown in Figure 1.1. In this figure it can be seen
that there is a very narrow range of A/F where high conversion efficiency for the primary
three pollutants is attained. The A/F value were the highest efficiency is attained is the
stoichiometric value (for standard fuels, A/F = 14.64). Due to this sensitivity, A/F control
is an important task in controlling vehicle tailpipe emissions. In the 70’s, A/ F was based on
regulation of fuel flow into the cylinders via carburaters [73], and later, with fuel injectors
[69, 88]. After the development of the exhaust gas oxygen (EGO) sensor, electronic feedback
fuel control was possible. Flectronic 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 F.GO sensor, transport delays
that limit accurate response during transients and the combined dynamics of the hot-wire
anemometer used for the mass air flow 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 first of which addresses the scarcity and
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Figure 1.1: Typical three-way catalytic converter efficiency 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 configurations, i.e.,
modification of combustion parameters [3], and introduction of new actuators [8, 5] and
sensors [64]. The new parameters in these engine configurations can improve A/F, but
they often affect 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 different engine configurations after
the introduction of new actuators. In the first problem, A/F excursions are minimized by
the implementation of secondary throttles used to control air flow into the cylinders. The
presence of the secondary throttles however can adversely affect 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 configurations impose challenging multivariable problems that must be

addressed by the control designer.
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Previous work on the first category of A/F control studies consists of proportional-
integral control and classical pole placement techniques, both in the discrete and continuous
time domains [59, 46]. Furthermore, nonlinear analysis using describing functions has been
used to study limit cycle hehavior of the A/ F response due to the switching type EGO sensor
[63]. Multi-variable control with observers [57, 36] has been suggested as solutions to the
problem of high performance and robust A/F control. Nonlinear sliding mode fuel injection
controllers have heen developed and tested in [10, 12, 54] 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 [28]. In related work, estimation of the air
charge maldistribution in the cylinders is used in [47] along with a novel nonlinear observer
technique. Use of nonlinear estimation also occurs in [36], were an extended Kalman filter
is used for compensating the dynamics of fuel puddling. Adaptive compensation for the fuel
dynamics has been successfully employed in [49] and [82]. Tn both studies the ohjective is
the reconstruction of the A/ F signal using a switching EGO sensor hased on a fuzzy logic
algorithm in [49], and a model-based approach in [82]. On-line identification techniques of
the model used in [81, 39, 71] give promising results. In [71] the authors use a neural network
that deals effectively with the long delay in the A/ F process. On-line identification, 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 hased on
in-cylinder pressure measurements [64], and an electronically throttled engine [8, 39, 5].
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
flow into the manifold caused by the primary throttle movement. These schemes show very
good results in regulating A/ F, and reducing emissions. In Chapter 2 we use this idea, and
introduce secondary throttles in the inlet runners to allow coordination of air flow and fuel
flow 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 tradeoff

is made with drivahility.

1.2.3 Exhaust Gas Recirculation.

Exhaust gas recirculation (EGR) was introduced in the early 1970s to suppress the
formation of oxides of nitrogen (NO,). The inert exhaust gases dilute the inducted air-fuel
charge and lower the combustion temperature which reduces NO, 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 off 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 3 (engine model), Chapter 4 (control
design), and Chapter 5 (implementation issues). With this work we show that dynamic
VCT control is feasible.

1.3 Dynamic Interactions and Performance Tradeoffs.

To meet their stringent performance requirements, automotive engines have to be oper-
ated efliciently 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 defined 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 different processes at
higher frequencies. Furthermore, the new actuators in the advanced technology automotive
engines affect several subsystems, and cause severe performance tradeoffs. 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 tradeoffs that the control
engineer has to account for early in the design process. Briefly stated, the secondary throt-
tles and variable cam timing alter the engine breathing process which in turn affects fuel
economy, emissions, and engine torque response over a wide range of operating conditions.
In designing controllers, we shall encounter three fundamental performance tradeoffs 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 filling
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.

(i) NO, feedgas emissions and catalytic converter efficiency.
Exhaust gas recirculation, used to suppress N0, formation, alters the engine volumetric
efficiency. and changes the breathing process dynamics. Exhaust gas recirculation and
mass air flow into the cylinders are interconnected over a wide range of frequencies. High
bandwidth control of feedgas N O, 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 efficiency and may cause an increase in tail pipe emissions.

(iii) NO, feedgas emissions and engine torque response.
NO, feedgas reduction using exhaust gas recirculation affects the engine breathing process.
FExhaust gas recirculation affects adversely the air charge and the mixture formation which
is crucial to good engine torque response. The EGR control design must address the affects
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.

1.4 Overview.

Chapter 2 addresses the problem of controlling an engine equipped with secondary throt-
tles. The new control variables affect the nonlinear breathing process and are introduced
to allow joint management of air and fuel flow 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 effects of cam
timing and secondary throttles in the breathing process are similar. The understanding
gained from the control problem in Chapter 2 is applied to the modeling of the VCT
engine. A mathematical representation for the variable cam timing engine is identified in
Chapter 3. The variable cam timing engine allows the joint management of fuel flow 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 differential equations; all
parameters and key nonlinearities used are determined from regressed engine data. The
models are experimentally validated by engine dynamometer testing.

In Chapter 4, a control scheme is developed to minimize feedgas NO, 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 5. Finally, in Chapter 6

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

1.5 Contributions of this Dissertation

The contributions of this dissertation are :

e An existing nonlinear dynamical engine model by Crossley and Cook [16] was modified
to include the effects 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 effects of innovative actuation that

can affect the breathing process of the SI engine.

o Identification of different control authority regions for regulating the steady-state air
flow into the cylinders. This result, although well known in the thermodynamic com-
munity [37], has not been acknowledged by control engineers. Our ability to affect
(or not affect) the air flow into the cylinders is an important consideration in engine
control, because the air flow into the cylinders is a variable that affects 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.

e 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
[16], the VCT mechanism alters the mass air flow into the cylinders, the self-EGR,
the torque response, and the emissions of the engine. The developed model reflects
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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e 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 tradeofls better than the decentralized
controller. Moreover, the multivariable controller structure was simplified, 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.
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INTRODUCTION

The automotive service field offers excellent career opportunities for anyone who is
mechanically inclined and has the necessary educational background, including extensive
training in the fundamentals of service and repair work.

The AUTOMOTIVE ENCYCLOPEDIA is a book of fundamentals. [t covers
construction details, principles of operation, latest mechanical advances and basic service
procedures. This is the foundation on which a sound, thorough knowledge of auto
mechanics is based. Once you learn these fundamentals, you can quickly acquire the
know-how, through experience, that will enable you to diagnose trouble and perform the
service or repair needed on any make of car.

The ENCYCLOPEDIA tells you how each system works. It explains what happens
when you turn the ignition key or “step on the gas™ or apply the brakes. It shows by
clear illustration how the energy in fuel is converted into power, and how that power is
transmitted to the driving wheels of the car.

This book helps you explore the sciences involved in vehicle operation: the
fundamentals of electricity, hydraulics, pneumatics, internal combustion and exhaust
emission control. [t also gives basic information on hand tools, fasteners, measuring
instruments, service equipment and meters.

The purpose of the AUTOMOTIVE ENCYCLOPEDIA is to provide instruction in auto
mechanics as recommended by the Standards for Automotive Service Instruction in
Schools, prepared by the Automotive Service Industry -- Vocational Educational Con-
ference. It is intended, too, as a guide for car owners and prospective car owners who
want to learn more about the mechanical features of their cars.

William K. Toboldt

Larry Johnson
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PRINCIPLES OF
CARBURETION

The purpose of the fuel supply system, Fig. 21-1, is to
provide a combustible mixture of fuel and air to the engine
cylinders. The ratio of fuel to air must always be in the correct
proportion regardless of the speed and load on the engine.

Major elements of the fuel supply system include: fuel tank
and cap, fuel systemn emission controls, fuel lines, fuel pump,
fuel filter, carburetor, air cleaner and manifold. In addition,
there is the fuel gauge, which indicates the amount of fuel in
the tank.

CANISTER
PURGE VALVE
(ON CANI{I’\ERI

(!

=]

Ees

CANISTER

DOMED
FUEL TANK

Fig. 21-1. Details of fuel system on late model car.

PURPOSE OF CARBURETOR

The purpose of the carburetor is to prepare and supply a
mixture of fuel vapor and air, in proper proportion for
efficient combustion, to the engine cylinders.

Because of varying conditions of temperature, engine speed
and load on the engine, perfect carburetion is difficult to
attain. When an internal combustion engine is started. it is cold
and an air-fuel mixture containing a larger proportion of fuel is
tequired. When the engine reaches operating temperatures.
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better vaporization of the fuel is attained and, as a result, the
initial mixture of fuel and air is too “‘rich.” This mixture
contains more fuel than is normally required. It is not efficient
and the engine will not operate satisfactorily, particularly at
idling speed.

Still another difficulty must be overcome by the carbu-
retor. When the engine is idling or operating at low speed, a
richer mixture is required than when operating at medium
speed and power. Then, when maximum power is required, the
amount of fuel in relation to air must be increased. Similarly,
during periods of acceleration, a richer mixture is needed.

A problem encountered in designing carburetors results
from the fact that the rate of air flow through the carburetor
changes in a ratio of more than 100 to 1. This is a direct result
of the changes of engine speed. At low speed, the flow of air
through the carburetor is at a minimum. At maximum engine
speed, it will be at least 100 as great.

Variations in types and characteristics of fuels also com-
plicate the carburetor design operation. Gasoline is a blend of
various parts or fractions of crude petroleum. As a result, some
fractions contained in commercial gasoline will boil or
vaporize at 100 deg. F, others have boiling points ranging up
to 400 deg. F.

Depending on the temperature of various parts of the
intake manifold, some cylinders may receive a mixture with
some portions of the fuel completely vaporized, while other
portions of the fuel may be in liquid form. In addition, some
cylinders will receive fuel having greater antiknock qualities
than others. Consider, too, that when the engine and manifold
are cold, the problem is still more difficult.

AIR-FUEL RATIO

For normal operating conditions, the best economy is
obtained by a mixture of 1 part by weight of gasoline to
between 16 to 17 parts of air. For quick acceleration and
maximum power, a richer mixture of about 1 part of gascline
to 12 to 13 parts of air is needed. For idling, a somewhat
richer-than-normal mixture is required. When starting a cold
engine, an exiremely rich mixture is needed. (See the chapter
on MANUAL AND AUTOMATIC CHOKES.)
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EVAPORATION

All substances, whether solid, liquid or gas, are made of
molecules. In solids such as steel and copper, the particles are
so close together they seem to have no motion. In liquids, the
molecules are not held together so tightly. They can move
with respect to each other and, as a result, liquids flow. In
gases, such as air, there is even less tendency for the molecules
to hold together, so they move quite freely.

When molecules of a liquid move from the liquid into the
air, the liquid is said to evaporate. As this continues, the liquid
disappears from its container and forms vapor in the air.

Rapidity of evaporation varies with a number of factors.
These factors, include temperature, the pressure above the
liquid, the amount of liquid that has already evaporated into
the air and the volatility of the liquid.

The term volatility refers to the ease with which a liquid
vaporizes. For example, alcohol and benzene are more volatile
than water because they evaporate more easily. A highly
volatile liquid evaporates rapidly. A liquid of low volatility
evaporates slowly.

At higher temperatures, molecules move faster. As a result,
the rate of vaporization is increased. Furthermore, when there
is little pressure above the liquid, the molecules can escape
from the liquid more easily. If evaporation takes place in a
closed chamber, the evaporation of the liquid will soon stop
because the closed space above the liquid becomes filled with
escaped molecules of the liquid. When this occurs, the space
above the liquid is said to be saturated.

If a liquid is broken up into tiny particles or globules, it will
vaporize more easily. Breaking a liquid into tiny particles is
known as vaporization. Spray guns of the type used for
spraying insecticides or paint will vaporize a liquid. For
example, if gasoline is placed in an ordinary spray gun, Fig.
21-2, the fuel will be broken into a fine mist that will change
into vapor almost instantly.

Fig. 21-2. Fuel leaving jet in a carburetor is vaporized like a spray from
a conventional spray gun.

PRINCIPLES OF CARBURETOR OPERATION

Both air and gasoline are drawn through a carburetor and
into the engine combustion chambers by suction created by
the pistons moving downward in the cylinders. As the piston
moves down, a partial vacuum is created in the cylinder and
combustion chamber. The difference between this low pres-
sure within the cylinder and the atmospheric pressure outside
of the carburetor causes air and fuel to flow into the cylinder
from the carburetor.

238

Directly related to this air flow into the carburetor is the
principle or method whereby the moving air draws fuel from
the carburetor jet and fuel supply. It is called the venturi
principle, a means by which the suction within the carburetor
is increased. Actually, a venturi is an hour-glass shaped
constriction placed in a carburetor, so that incoming air must
pass through it on its way to the intake manifold and engine
cylinders, Fig. 21-3.

AlR HORMN

ATMOSPHERIC
PRESSURE

FLOAT BOWL

Fig. 21-3, Simplified carburetor consisting only of air horn, venturi,
float bowl! and nozzle.

A venturi is simply a specially designed section of a pipe
line or tube where the area of the tube is reduced. This
reduction in area increases the speed of the air that is passing
through the tube. The same volume of air or fluid flows
through all sections of the tube. Therefore, i the area of the
tube is decreased, the velocity of the air or fluid must increase
as it passes through the restricted area.

The venturi not only increases the velocity of the flow of
air which passes through it. but it also produces a vacuum at
its point of maximum restriction, Fig. 21-4. The outlet ofa
fuel jet is placed at that point, so that fuel is drawn from the
jet and immediately mixes with the passing air.

This mixing of the fuel with air is known as vaporization,
and it closely resembles the action of the familiar spray gun
used for spraying insecticides, Fig. 21-2.

Some carburetors have as many as three venturies, Fig.
21-15 and Fig. 21-37. This design permits a more accurate
metering of the flow of air and fuel for different conditions of
engine operation. It improves the efficiency of combustion,
which has become increasingly important in reducing exhaust
emissions.

Remember that the difference between the pressure at the
open carburetor jet at the venturi and surface pressure on the
fuel in the float bowl, Fig. 21-3, causes the fuel to flow.

e e A S
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Fig. 21-4. Note how vacuum varies through different sections
of carburetor.

CARBURETOR CIRCUITS

In order to supply an air-fuel mixture suitable for all the
different operating conditions of low to high speeds, and light
loads to full loads, a carburetor must be provided with
additional circuits and controls. These circuits include: float
system, idle system, main metering system, accelerating system
and high speed system. Under controls, there are: the throttle,
anti-percolator, fast idle, unloader, anti-icing, hot idle com-
pensator and anti-stall dashpot.

THROTTLE

One of the important controls on a carburetor is the
throttle valve, or valves, The throttle valve is a device for
varying the amount of air-fuel mixture that enters the intake
manifold. This control is necessary so the speed of the vehicle
can be changed.

The throttle valve, Fig. 21-5, is simply a round disk
mounted on a shaft, so that it can be tilted at various angles in
the carburetor throttle valve body. It is connected by means of
suitable linkage to the accelerator pedal in the driving
compartment of the vehicle. Depressing the pedal opens the
throttle valve, permitting an increased amount of air-fuel
mixture to reach the manifold.

FLOAT CIRCUIT

Fuel in the carburetor must be maintained at a specified
level for correct fuel metering under all operating conditions.
This is the function of the float circuit, Fig. 21-6. Maintenance
of the desired fuel level is accomplished by the float or

Principles of Carburetion

pontoon when its attached lever forces the needle valve closed
and shuts off the flow of fuel.

Then, as soon as fuel is withdrawn from the float bowl, the
float drops, the needle valve opens and fuel again flows into
the bowl. In that way the fuel level is maintained at the
opening of the main discharge nozzle,

The float level must be set with a high degree of accuracy.
If the level is too low, insufficient fuel will be supplied to the
system and engine performance will suffer. On the other hand,
if the level is too high, excessive fuel will flow from the nozzle.

Under conditions of a high fuel level in the float bowl,
excessive fuel consumption results and carbon will accumulate
in the combustion chambers of the engine. In actual operation,
the float and needle valve maintain a position that permits the
fuel coming into the float bowl to balance the fuel issuing
tfrom the carburetor jets,

o
R

77

Fig. 21-5. Illustrating position of throttle valve or plate.

VENT

NEEDLE VALVE

——=—FUEL INLET

;A-"—PIVOT

rI

Fig. 21-6. Typical carburetor float system.

LOW-SPEED CIRCUIT

The idle system or low-speed circuit, Fig. 21-7, is designed
to supply the proper amount of mixture for the engine at idle
and extremely low speeds. It operates from idle speed to
approximately 25 mph. Above that speed, the idle system
gradually passes out of operation and fuel is supplied by the
main metering system.

—-——————

PAGE 11 of 30

HMC EXHIBIT 1009

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



Automotive Encyclopedia

When the throttle valve is almost closed, there will be very
little air passing through the venturi. Consequently, there will
be very little vacuum to draw fuel from the fuel nozzle.

However, on the manifold side of the throttle valve, the
vacuum will be at a maximum as long as the throttle is in the
closed position. A fuel discharge port is located immediately
pelow the closed position of the throttle, Fig. 21-7. It is
supplied by fuel from the float bowl. Atmospheric pressure in
the float bowl will force fuel from the idle discharge port as
long as there is some degree of vacuum of the port.

When the throttle valve is opened, vacuum at the discharge
port decreases. It continues to decrease as the valve opens
further until there is no flow of fuel from that port. An
adjustable needle valve is provided, so that the amount of fuel
discharged from the idle port can be governed.

Immediately above the venturi is another port, Fig. 21-7,
which is designed to permit air to bleed into the idle circuit as
long as the idle circuit is operating. The air mixes with fuel to
help atomize it before the fuel leaves the idle discharge port.

AIR HORN

MNEEDLE
VALVE

AR BLEED [

IDLE AND LOW-
SPEED CIRCUIT

THROTTLE VALVE

Fig. 21-7. Details of carburetor idle system.

*E.G.R. (EXHAUST GAS
RECIRCULATION)

IDLE CHANNEL

RESTRICTION IOLE AIR BLEED

IDLETUBE
| LOWER IDLE
AIR BLEED
(]
-}
E.G.R.” TIMED
OFF-IDLE

VACUUM PORTS
PORT o

METERING ﬁHRG‘I’TLE

JET
ap

E.G.R." TUBE ",

IDLE DISCHARGE
HOLE
OFF-IDLE

0
VACUUM TO  MIXTURE OPERATION

EFE. VALVE NEEDLE

Fig, 21-8. Note location of idle discharge ports on this Rochester
M2ME carburetor.
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OFF IDLE OPERATION

In addition to the basic idle system, some carburetors
(Rochester 2GC and M2ME) are provided with an off idle
system. As the throttle valves are opened during acceleration,
more fuel is supplied by the off idle discharge port, Fig. 21-8.

The off idle port gradually is exposed to manifold vacuum
and supplies the additional fuel needed for the increase in
engine speed. Improved fuel control is achieved by an
adjustable off idle air bleed screw. The adjustment screw,
which regulates air passing from a separate channel into the
idle channel, is factory adjusted.

Fig. 21-9. Main or high-speed system.

AIR FLOW IS RESTRICTED

When the throttle is opened a little, the flow of air is still
too restricted for the venturi to discharge fuel from the main
jet or nozzle, Fig. 21-5. However, with the increased move-
ment of air through the carburetor, more fuel must be
supplied in order to maintain the correct proportions of air
and fuel.

To supply additional fuel during this stage of low-speed
operation, another port is included in the idle circuit. This
hole is positioned slightly above the closed position of the
throttle valve, Fig. 21-7. As soon as the valve is opened a small
amount, the port will be uncovered, intake manifold vacuum
will act on it and the additional fuel needed will be obtained.

Another type of idling system is used on Zenith carburetors
on many industrial engines. In this system, air mixes with the
fuel in proportions determined by the position of an idle-
adjusting needle valve. The tube of the idling jet projects down
into a well filled with fuel when the engine is at rest. As more
air is admitted by means of the needle valve adjustment, less
fuel will flow.
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MAIN CIRCUIT

As the throttle is opened. the flow of fuel from the idle
ports gradually decreases in volume. However, vacuum at the
venturi gradually increases. so fuel starts to flow from the
main or high-speed system. The main system consists essential-
ly of the main nozzle or jet, which is centered in the venturi,
Fig. 21-9, and supplies fuel from partly open to fully open
throttle positions.

Remember, as the rate of flow of the air through the
carburetor increases, the flow of the fuel also increases at a
much faster rate. This results from the fact that the density of
the fuel does not change, while that of the air does. So the
mixture in a simple carburetor will be much too rich under
wide-open throttle valve conditions. [n fact, with a simple
carburetor, the correct mixture of air and fuel would be
provided at only one position of the throttle valve. So
provision must be made to supply the correct ratio of air to
fuel for all positions of the throttle valve.

POWER ENRICHMENT SYSTEM
To supplement the main metering system, some carburetors

are provided with a power enrichment system, Fig. 21-10,
Power enrichment is designed to provide proper mixtures

MANIFOLD VACUUM

POWER ——— Lvacuum
BISTON —— RELIEF PASSAGE
\ q'\-:- i
! =N
| POWER N
PISTON “S
SPRING L
i ]
L\ @1"“/7‘?-
i e
‘_ 7
POWER 7
VALVE u]l /

POWER
RESTRICTIONS

MAIN WELL

Fig. 21-10. Details of a Rochester power enrichment system.

when more power is desired, or for extreme high-speed driving.
The system consists of a vacuum-operated power piston in the
air horn and a power valve located in the bottom of the float
bowl. The power piston cylinder is exposed to engine manifold
vacuum at all times through a connecting vacuum passage from
the base of the carburetor.

During idle and part throttle operation, the relatively high
vacuum holds the power piston against spring pressure, and the
power valve remains closed. The increase in engine load lowers
the manifold vacuum. When it has dropped sufficiently, the
power piston spring overcomes the upward pull of vacuum.
Under spring pressure, the power piston moves downward.
This opens the power valve to allow additional fuel to flow
through calibrated restrictions into the main well.
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Fig. 21-11. Main nozzle A secures fuel directly from float chamber.

Compensating nozzle C receives fuel from standpipe B. Fuel supplied

by nozzle C depends on size of metering orifice D which delivers fuel 1o
standpipe B,

COMPENSATION OR DOUBLE
NOZZLE PRINCIPLE

One method of controlling the mixture of fuel and air is to
provide, in addition to the main nozzle, another nozzle with a
constant rate of discharge. In combination, the two nozzles
give a substantially constant mixture.

In Fig. 21-11, the main nozzle is supplied with fuel directly
from the float chamber. The compensating nozzle, which has a
constant rate of discharge, is supplied from a standpipe that
receives its fuel from the float chamber. The upper end of the
standpipe is open to the atmosphere.

Fuel enters the standpipe through a metered opening.
Since the fuel in the float chamber is at a constant level, the
flow to the standpipe will be constant. In addition, the rate at
which fuel can be drawn from the compensating nozzle also
will be constant. At high engine speed, the compensating
nozzle delivers less fuel than at low engine speed. In this way,
it compensates for the natural tendency of the main nozzle to
deliver a mixture that is too rich at high speed.

Also at high engine speed, and when the compensating
nozzle is delivering smaller amounts of fuel (due to reduced
vacuum), the level of the fuel in the standpipe will rise until its
level is equal to that in the float chamber. Then, as suction on
the compensating nozzle draws fuel from it, the fuel level in
the standpipe will be lowered. If the throttle valve is
maintained at the same opening for a sufficient length of time,
all the fuel will be drawn from the standpipe. Then the
compensating nozzle will be supplied directly from the
compensating jet or submerged metering orifice.

AIR BLEED PRINCIPLE
The use of air bleeds is another method of compensating

for the increased richness of the mixture caused by increased
air velocity through the carburetor throat. Fig. 21-12 shows

[ ——————— U S
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Fig. 21-12. Illustrating air bleed principle used on Model 228
Zenith carburetor.

the air bleed system used on a Zenith carburetor. In this case,
the high-speed system of the carburetor consists of a primary
venturi, a secondary venturi, a main jet, a well jet and a
discharge jet.

The main jet controls the fuel mixture from about
one-fourth to about three-fourths throttle valve opening. The
mixture is controlled by a small amount of air admitted
through the well vent or high speed bleeder. The air bleed
holes are located in the upper section of the discharge jetata
point below the level of the fuel in the jet.

Introduction of air at that point reduces the surface tension
of the fuel and helps fuel flow at low pressures. This bleed also
restricts fuel flow through the main jets under high vacuum
conditions. In combination, these two factors control the
air-fuel ratio and offset the tendency toward increased richness
of mixture that occurs when a plain nozzle is subjected to
increased air velocity.

FULL POWER CIRCUIT

With its air bleed maintaining the air-fuel ratio at a constant
rate, the main circuit provides economical operation for all
speeds, from low speed up to but not including wide-open
throttle. However, for maximum speed and power, additional
fuel must be supplied. There are several ways that this
additional fuel is provided for maximum power. These
methods include the economizer valve or power jet, and the
metering rod.

POWER VALVE

The power valve, or economizer valve, depends upon
manifold vacuum for its operation. It is connected to a
vacuum port on the engine side of the throttle valve, Fig.
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POWER VALVE OPEN

Fig. 21-13. Motorcraft 2150 carburetor power valve, or economizer
valve, which supplies additional fuel needed for wide open throttle.

21-13. By design, when full throttle operation is approached,
engine vacuum acting on the diaphragm or plunger of the
power valve will permit the required amount of fuel to pass
through the main nozzle.

Another type of power valve is shown in Fig. 21-14. In this
design, the power jet valve is controlled by a vacuum-actuated
piston assembly, operating in accordance with throttle valve
opening. With the throttle closed (high manifold vacuum),
atmospheric pressure in the float chamber moves the vacuum-
controlled piston assembly to the top of its cylinder against
the tension of a spring. This closes the power valve. When the
throttle valve is opened to a point where additional fuel is
required, manifold vacuum has decreased sufficiently so that

VACUUM PISTON

SPRING

VACUUM
CHAMMNEL

Another type of power jet valve is controlled by
vacuum piston,
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IDLE AIR VENTURI

the spring moves the piston down, opening the power jet to
e 5 § ; e : BLEED  CLUSTER

feed additional fuel into the high-speed circuit. MAIN

REW.
Mechanical means are also used on some carburetors for g\glr)EngG § SCREWE @
supplying the additional fuel needed for high-speed operation. %
In this design, the power jet is opened by the accelerator pump §
when the pump is at the bottom, or end, of its stroke. IDLE FUEL %
PG:KE~UP V7w
TUBE 7 ?s %
AR
MAIN N N
METERING [/} 7> N
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JETS @ % //
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METERING ROD == %/ //
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Fig. 21-16. Metering rods (2) are operated by a vacuum piston on a
Carter BBD carburetor.

HIIGH-SPEED JET

STEP-UP PISTON ASSEMBLY

STEP-UP PISTON SPRING

Fig. 21-15. Metering rod varies amount of fuel flowing from a jet.

METERING ROD

: ’ § VENT
Instead of using a power jet, some carburetors accomplish ~ STEP-UP JET ! | TUBE

the same results by employing a metering rod that varies the

size of the high-speed jet openings. In this design, Fig. 21-15,

fuel from the float bowl is metered to the high-speed circuit MAIN METERING JET

through the calibrated orifice provided by the high-speed jet

and the metering rod within it. From this point, the fuel is

conducted to the nozzle extending into the venturi. VACUUM PASSAGE
As the throttle valve is opened, its linkage raises the

metering rod in the jet. The rod has several steps, or tapers, on

the lower end. As it is raised in the jet, it makes the effective

size of the fuel orifice greater, permitting more fuel to flow

through the circuit. Obviously, metering rod position must be Fig. 21-17. Details of vacuum step-up circuit designed to

carefully synchronized with every throttle position so that the supply additional fuel needed for full power operation.
correct air-fuel rtatio is maintained throughout all engine
speeds.

manifold (part throttle operation), atmospheric pressure holds
the step-up piston down against spring pressure. This, in turn,
holds the step-up rod down in the step-up jet, c]osingdthe jet.
With low vacuum in the intake manifold (wide-open
VACUUM STEF-OP throttle), the difference in pressure above and below t'he
The vacuum step-up circuit, Fig. 21-17, operates much like piston is small. Consequently, the piston is moved up h)_’ spring
the power jet. It consists of a step-up piston fastened to a pressure and the rod is raised out of its jet. In this way,
stepaup rod. When high vacuum develops in the intake additional fuel is supplied for maximum power.

Metering rods are also operated by means of a vacuum
controlled piston as shown in Fig. 21-16.
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ACCELERATING PUMP

When a throttle valve is opened quickly to produce rapid
acceleration of the engine, the carburetor fuel mixture tends
to become too lean and a “flat spot™ occurs. This results from
the fact that the fuel is of greater weight than air. Consequent-
ly, when the accelerator is opened suddenly the flow of fuel
will lag behind the flow of the air.

To supply the additional fuel needed to overcome this
condition, a small accelerating pump is incorporated in the
design of the carburetor, Fig. 21-18. This pump is operated by
the throttle linkage. In some designs, the strokes of the pump
can be adjusted to any one of three positions. The longest

L. PUMP
1 _ DISCHARGE

~| NOZZLE
OUTLET
BALL
CHECK
| THROTTLE
: VALVE

IMLET BALL
CHECK (Open

Fig. 21-18. Accelerator pump supplies additional fuel for
rapid acceleration.

NEEDLE
VALVE
SEAT

NEEDLE VALVE

stroke provides the maximum amount of fuel, so this is the
setting usually used during cold weather.
The accelerating pump circuit generally consists of
1. A pump cylinder.
2. A plunger, mechanically actuated by a lever mounted on
throitle shaft, or vacuum-operaied by intake manifold
vacuum.
An intake check valve located in bottom of pump cylinder
to control passage of fuel from bowl to pump cylinder.
A discharge or outlet check valve.
An accelerating jet to meter fuel used.
When the throttle is opened, the pump plunger moves
downward in its cylinder. In the mechanically-operated design,
the downward movement is obtained by direct linkage with
the throttle. In the vacuum-actuated design, a sudden throttle
opening will cause the manifold vacuum to drop, allowing the
accelerating pump spring to force the pump plunger down in
the cylinder.
In either case, the downward travel of the plunger forces
the fuel past the discharge check valve of the acelerating jet.
Fuel is supplied to the pump cylinder through the intake
check valve at the bottom. This valve permits a supply of fuel
to reach the cylinder, but closes on the down stroke of the
plunger to prevent fuel in the cylinder from being pushed back
into the float bowl.

3.

4.
T

ANTI-PERCOLATOR

During extremely hot weather, there is a tendency for the
fuel to vaporize in the fuel line, the fuel pump or within the
carburetor. When this condition occurs in the carburetor, it is
known as “percolation.”

To overcome percolation when it occurs, special provisions

VENT, TUBE IDLE AIR

BLEED
IDLE TUBE

IDLE TUBE
__ METERING
Zatew ORIFICE

SECONDARY
IDLE AIR
BLEED

THROTTLE
VALVE
(Closed)

IDLE DISCHARGE HOLES

Fig. 21-19. Vent tube from float bowl to air horn prevents vapor lock and equalizes effect of a clogged air filter.
This illustration also shows a typical idling system.
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are made. One method is to provide a passageway or vent tube
between the top of the float bowl chamber and the upper part
of the air horn, Fig. 21-19. By this means, any vapor
developing in the float bowl chamber will be drawn into the
air stream in the air horn. From there, it will pass through the
carburetor and into the intake manifold.

Venting the float bowl in this manner has the added
advantage that it will equalize the effect of a clogged air filter.
A clogged filter will cause a somewhat greater vacuum at the
venturi and consequent increased flow of fuel. Venting the
float bowl into the carburetor air horn relieves this condition.

Another method vents the float bowl chamber directly into
the atmosphere, Fig. 21-16. In this carburetor design, the vent
is provided with a cap to prevent dust and dirt from entering
the float bowl chamber.

Still another design incorporates a special valve that vents
the main discharge nozzle to the atmosphere. Linkage is
arranged so that closing of the throttle valve will open an
anti-percolator valve. Another method designed to accomplish
the same thing provides a vent for the passages to the discharge
nozzle without the use of a valve.

With the coming of evaporative emission controls, venting
of fuel vapors to the atmosphere was discontinued. See
Chapter 29.

FAST IDLE

To prevent an engine from stalling before it reaches
operating temperature, it must be operated at a faster-than-
normal speed. This is done by preventing engine speed from
dropping below a predetermined rpm. To accomplish this, the
choke shaft is linked to a cam on the outside of the
carburetor, Fig. 21-20. The linkage is arranged so that as long
as the choke is in a partially closed position, the high spot on

FAST IDLE ROD
(BEND AS
REQUIRED)

FAST IDLE STOP
ADJUSTING SCREW

IDLE SPEED
ADJUSTING SCREW

FAST IDLE
CAM

Fig. 21-20. Showing fast idle and choke linkage, together with fast idle
adjustment and idle speed adjustment.
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the cam comes under the fast idle speed adjusting screw. In
this way, the throttle valve will be held open a sufficient
amount to prevent stalling,

After the engine reaches operating temperature, opening of
the choke valve will move the cam from under the fast idle
speed adjusting screw, and the engine will idle at normal speed.

CARBURETOR UNLOADER

When an engine does not start immediately, prolonged
cranking will result in a flooded condition. The air-fuel
mixture in the manifold and engine is so rich that it is no
longer a vapor. Consequently, the spark plugs cannot fire it.
To overcome this condition, linkage is provided on the
carburetor which will hold the choke valve open when the
accelerator is pushed to the floor, Fig. 21-21. Then, as the
engine is cranked again, air will enter the manifold and
cylinders to clear excessive gasoline from the system. This is
accomplished by special linkage between the throttle and
choke levers, Fig. 21-21.

FAST IDLE CAM

UNLOADER LUG

Fig. 21-21. Showing relationship of unloader lug or cam, unloader
projection, choke lever and fast idle cam.

ANTI-ICING

When fuel is evaporated, it absorbs heat from the surround-
ing air and metal parts of the carburetor. When the humidity
of the air is high and temperatures are at approximately the
freezing point, the evaporation of fuel in the carburetor often
causes “icing.” The ice forms around the closed position of the
throttle plate, and the idle port becomes clesed with ice. This,
in turn, will cause the engine to stall at low speeds.

To overcome this icing condition, some carburetors are
provided with special passages that carry hot exhaust gases
around the carburetor, heating the area surrounding the

’
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WARM AIR FROM CHOKE
TILE PLATES
AND VACUUM PASSAGE PRIMARY THRO

_-a‘t

CHOKE LEVER

SECONDARY
CHOKE PISTON THROTTLE PLATES

THERMOSTATIC COIL
Fig. 21-22. Showing path of warm air from choke passing around

throttle valves to prevent formation of ice.

throttle plate, Fig. 21-22.
Another method of overcoming this difficulty is to provide

a water jacket for the carburetor. This water jacket, of course,

is connected to the cooling system of the vehicle.
HOT IDLE COMPENSATOR

During long periods of idling with an extremely hot engine,
the fuel in the carburetor bowl becomes hot enough to form
vapors. These vapors enter the carburetor bores by way of the
inside bowl vents, mixing with the idle air and causing an
extremely rich mixture. This will result in loss of engine rpm
and, eventually, in stalling. To overcome this condition (on
Carter AFB carburetors, for example), a hot idle compensator
valve is placed in the secondary side of the carburetor. This is
calibrated to permit additional air to enter the manifold below
the secondary throttle valve, where it mixes with the fuel
vapors to provide a more combustible mixture.

On Rochester 4GC carburetors, the hot idle compensator is
placed on the secondary side of the float bowl and permits
additional air to enter the primary bores under extreme hot
idle conditions, Fig. 21-23.

ANTI-STALL DASHPOT

Most older cars with automatic transmissions have an
anti-stall dashpot connected to the carburetor linkage, Fig.
21-24. The purpose of this dashpot is to prevent the throttle
valve from closing too fast. Too rapid closing often causes the
engine to stall. Installation of the dashpot prevents the throttle
from being closed too quickly, thereby avoiding stalls.

This condition would not oceur with a manual transmission
since the momentum of the vehicle would continue to drive
the engine through the stall period.

Also, to insure easy starting, some engines have special
carburetor linkage designed to automatically hold the throttle
valve slightly open during cranking.

AIR PASSAGE
TO OUTLET BELOW
THROTTLE VALVES

246

THERMOSTATIC
VALVE

SECONDARY
THROTTLE
VALVES

Fig. 21-23. Hot idle compensator permits additional air to enter
primary bores of carburetor under extreme hot idle conditions.

Fig. 21-24. Showing anti-stall dashpot mounted on side of Ford carbu-
retor. Some carburetors have anti-stall dashpot built into carburetor.
Note provision for adjustment of accelerator pump.

VACUUM ADVANCE

Vacuum from the carburetor is used to control the spark
advance on the Ford Loadomatic distributor. By design,
vacuum is transmitted to the distributor diaphragm from three
interconnected passages in the carburetor, Fig. 21-25. All
manifold vacuum to the distributor passes through the spark
control valve.

Under normal load conditions, the spark valve is held open
against spring pressure by a combination of atmospheric

e e e
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VENTURI
VACUUM
PORTS

11 THROTTLE BOREL |
VACUUM
TAKE-OFF

SPARK
VALVE

DISTRIBUTOR
YACUUM LINE

PRIMARY
TERMINAL

PRIMARY SPRING
SECONDARY SPRING
BREAKER POINT ADJUSTING 5LOT

DIAPHRAGM

Fig. 21-25. Method of using vacuum at venturi and at throttle valve to
control spark advance.

pressure and manifold vacuum. When accelerating, manifold
vacuum drops and spring pressure closes the spark valve which
shuts off the vacuum and prevents excessive spark advance.
Venturi vacuum prevents full retard. When manifold vacuum
increases, the spark valve will again allow a higher vacuum to
advance the distributor.

GOVERNORS

Governors are used principally on industrial engines and
commercial vehicles so that economical and safe speeds are not
exceeded. One type of Holley unit, Fig. 21-26, is inserted
between the carburetor and the intake manifold, where it is
actuated by the pressure differential acting against the

DIAPHRAGM

GOVERNOR
BY-PASS5 JET

governor diaphragm. The differential is provided by vacuum
below the governor throttle plates and atmospheric pressure
above the plates.

At low engine rpm, the governor control valve weight is
held away from its seat by the tension of the valve weight
spring. During this period, the valve is wide open to allow
outside air to flow to the governor so that no governing action
occurs. As engine speed increases, the differential between
atmospheric pressure and engine vacuum decreases, causing the
governor diaphragm to exert a pull on the governor lever. This
turns the throttle shaft and partly closes the throttle.

Another method of limiting the speed of an engine is by
means of a velocity type governor. In this design; the unit is
inserted adjacent to the throttle. As the gas goes through the
manifold, its velocity acts on a spring-loaded floating ob-
struction in the form of a ball or disk attached to the throttle
As engine speed increases, the gas flowing through the
manifold tends to carry the obstruction along with it. Since
this disk or ball is attached to the throttle plate of the
carburetor, its movement closes the throttle against the
tension of a spring. In this way, the speed of the engine is
controlled.

Al P.th Throttle Plate

Idle Actlfustmg . (Idle Position)
Needle 1 Idle Air
(From Behind

- Venturi)

Pickup -
Passage |

Fig. 21-27. Sectional view of updraft carburetor. Air enters at right
and passes upward through venturi and past throttle plate.

ROTOR
| ADJUSTING
SCREW

VALVE WEIGHT SPRING —

VALVE WEIGHT

VALVE SEAT

& GOVERNOR
o LEVER GOVERNOR
AIR LINE
""""" GOVERNOR
SPRING
. !
THROTTLE MANIFOLD

PLATES VACUUM GOVERNOR
ACCRGE BY-PASS JET

Fig. 21-26. This Holley governor uses vacuum below governor throttle plates and
stmosphere above to control speed of vehicle.
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TYPES OF CARBURETORS manifold determines the classification.

The updraft carburetor, Fig. 21-27, is placed low on the
While there are many variations in the design and con- side of the engine. It is supplied with fuel by gravity feed.
struction of carburetors, there are three basic types: However, the fuel mixture must be lifted from the carburetor,
1. Updraft. through the manifold and into the engine. Air velocities must
2. Downdraft. be high; a requirement that can be attained only by using
3. Sidedraft. carburetors and manifold passages of small diameter. As a

The direction of the air flow at the carburetor outlet to the result, power output is limited.

PUMP LIFTER LINK

METERING ROD ARM

TO ADJUST METERING ROD ".
BEND HERE

N
VACUUM &
RESTRICTION

VACUUM AIR BLEED

DIAPHRAGM

Fig. 21-28. Typical sidedraft, or crossdraft, carburetor.

e sidedraft, or crossdraft, carburetor shown in Fig. 21-28
CHOKE LEVER o sidedall, O CrowCtA, o i
~ % COLLAR ASSy 15 used where there is little space over the engine. The air
cleaner naturally is positioned lower in a sidedraft carburetor
installation. Another application of this carburetor is where

INTERMEDIATE
CHOKE ROD

PUMP !

PELTNGER .r.he vaporized mixture is heated by water in the engine water
P m jacket.
’ P T SN ; . U.S. passenger car engines are equipped almost exclusively
o~ | A A ‘o with the downdraft carburetor, Figs. 21-14 and 21-29. In this
f » = design, the air-fuel mixture will reach the engine even though
PUMP the air velocity is low. The carburetor throat and manifold can
LEVER CHOKE be made larger, by design. This, in turn, increases the size of
ROD the air-fuel intake system, making high speeds and high
PUMP D specific output possible.

SINGLE-BARREL CARBURETOR

i fr ) While there are three basic types of carburetors, they also
STATOR N ::S\LSET " may be classed by number of throats, or barrels. A §ingle~
LEVER barrel carburetor, Fig. 21-29, has one outlet to the intake

manifold. It is designed to take care of all the requirements of
the engine for all operating conditions. Such carburetors are

Fig. 21-29. Typical single-barrel, downdraft carburetor. used extensively on engines having six cylinders or less.
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S R FAST IDLE
ADJUSTMENT CURB IDLE

ADJUSTMENT

IDLE STOP

CHOKE CARBURETOR SWITCH

DIAPHRAGM

T
&%l

TO PORTED
EGR SYSTEM

TO CRANKCASE

1;:('.')& ;.g—’l'_gf PCY VALVE
THROTTLE POSITION FURGERORE Z%SbTé\;E;%léﬁgﬂ.\f
TRANSDUCER (TPT) IDLE MIXTURE TO AIR CLEANER
ADJUSTMENT HEATED INLET
TO ESA VACUUM  SCREWS (2) AIR SYSTEM
IDENTIFICATION TRANSDUCER
NUMBER

Fig. 21-30. Two views of Holley 2280 dual venturi carburetor as installed on Chrysler 318 cu. in. (5.2 litre) V-8 engine.

This carburetor has four basic metering systems: idle system provides mixture for idle and low speed; accelerator pump

system pumps additional fuel for acceleration; main metering system meters an economical mixture for normal cruising

conditions; power enrichment system which combines a mechanical and vacuum operated power valve to provide
additional fuel for maximum power.

TWO-BARREL CARBURETOR

Carburetors with two outlets to the intake manifold are
known as two-barrel or two-throat carburetors, Fig. 21-30.
Basically, these units are two carburetors in one, with two
complete idling systems, two high-speed systems, two power
systems, two accelerating systems, two throttle valves, two
choke valves, but only one float system.

With a two-barrel carburetor, each barrel or mixing tube
supplies alternate cylinders in the firing order. In a convention-
al six cylinder engine, one barrel supplies cylinders 1, 3 and 2,
while the other barrel supplies cylinders 5. 6 and 4.

FOUR-BARREL CARBURETOR
In the four-barrel carburetor, Fig. 21-31, generally used on

V-8 engines, there are four openings to the intake manifold
within the single unit. Some systems, such as the float system, Feiet 1dls Lv

may be common to all four barrels. In some four-barrel Cam
carburetor designs, half of the carburetor operates as a SL:;:;

two-barrel unit during light load and cruising speeds, while the
other half of the carburetor is supplemental for top speed and

full-throttle operation. The two barrels supplying fuel for light Fast Idle Screw
load operation are known as the primary side, while the . _
‘ supplementary two barrels are known as the secondary side. Fig. 21-31. Four-barrel carburetor. Note four openings to manifold.
|
|
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When two barrels of a four-barrel carburetor supply fuel to
the engine throughout the entire speed range, a portion of the
idle system fuel is routed to the secondary barrels for
satisfactory fuel distribution. Also in this design, the secon-
dary throttle plates remain closed at lower engine speeds. As
engine speed increases, the throttle plates of the secondary
barrels are opened.

In some designs, the secondary throttle plates are operated
mechanically through linkage. On other models, the secondary
throttle plates are controlled automatically by a vacuum-
operated diaphragm. In general, the secondary throttle plates
will start to open when the primary plates are open 50 deg,

In a four-barrel carburetor on a V-8 engine, primary and
secondary barrels form a pair to supply cylinders 1-7-4-6,
while the other primary and secondary barrels will supply fuel
to cylinders 3-5-2-8. However, this applies only to an engine
having a firing order of 1-8-4-3-6-3-7-2.

In general, manifolding for both two-barrel and four-barrel
carburetors is designed as follows: One half of the carburetor
supplies fuel to the end cylinders on one side of the engine and
two center cylinders on the other side. The other half of the
carburetor supplies fuel to the remaining cylinders.

MULTIPLE CARBURETORS

Maximum engine performance requires perfect distribution
of large quantities of the air-fuel mixture. One way to attain
this is by using several carburetors. One installation on a V-8
engine uses three two-barrel carburetors.

In this installation (Chevrolet), the center carburetor is
known as the primary, Fig. 21-32. It takes care of all engine

requirements up to 60 deg. opening of the throttle. Above
that, the secondary carburetors come into operation to supply
the additional fuel required for maximum performance.

The primary carburetor is a complete unit, containing all
the usual carburetor systems (float, idle, choke, port throtile,
power and accelerator pump). The front and rear carburetors
do not include idle, part throttle or choke systems.

A combined mechanical and vacuum linkage is used to
operate the throttle valves. The primary carburetor throttle
valves are operated mechanically. When they are opened 60
deg., a vacuum slider valve causes vacuum to act on a
diaphragm which, in turn, operates the throttle valves on the
secondary carburetors.

AUTOLITE 4300 CARBURETOR

The Autolite model 4300 4-V carburetor, Fig. 21-33,is a
three-piece, separately cast design consisting of the air horn,
main body and throttle body.

A cast-in center fuel inlet has provision for a supplementary
fuel inlet system. The fuel bowl is vented by an internal
balance vent; and a mechanical atmospheric vent operates
during idle.

The idle bypass system is designed to provide a more
consistent idle, and a hot idle compensator, Fig. 21-33, is used
to help idle stability.

These adjustments for idle air and idle fuel must be made at
the same time. Opening the idle air screw to increase engine
rpm leans the air-fuel mixture. Consequently, the idle fuel
mixture must also be adjusted to provide the correct air-fuel
mixture for smooth engine idle.

REAR CARBURETOR
(SECONDARY)

CENTER CARBURETOR

[PRIMARY)

FRONT CARBURETOR
(SECONDARY)
\

: \
VACUUM
SLIDER YALVE!

-

Fig. 21-32, Showing installation of three two-barrel carburetors on a Chevrolet V-8 engine.
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FUEL INLET

... SINGLE FLOAT CHAMBER
£% WITH DUAL FLOATS
HOT IDLE =1

COMPENSATOR CHOXE CONTROL ROD

AIR-VALVE CONTROLLED
SECONDARIES
THREE-PIECE 4

CONSTRUCTION
INTEGRALLY CAST

CHOKE HOUSING

CHOKE CLEAN AIR
PICKUP TUBE

IDLE AIR
ADJUSTMENT

HOT AIR INLET
FROM EXHAUST
MAHIFOLD

FAST IDLE

SECONDARY AIR VALVE
ADJUSTMENT

SPRING HOUSING

Fig. 21-33. Details of Autolite 4300 4-V carburetor. Note idle
air adjustment.

Starting with 1968 models, most carburetors have been
modified or recalibrated to provide leaner air-fuel mixtures to
conform to the Federal regulations governing exhaust emis-
sions.

These leaner mixtures result primarily from better control
of the idle mixture, and from better combustion during
periods of deceleration. In some cases the idle mixture screws
have a finer pitch, making for more accurate control of the
air-fuel ratio.

On Autolite carburetors, idle mixture adjustments are
provided with an idler limiter device, Fig. 21-34, which setsa
limit on enrichment of the idle mixture. Holley and single-
venturi Carter carburetors contain a preset fixed mixture
restriction in idle fuel passages that accomplishes the same
thing, Fig. 21-35.

In the case of the Monojet carburetor used on six cylinder

Fig. 21-34. Note idle mixture limiters on Autolite carburetor,
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IDLE LIMITER

Fig. 21-35. Details of idle fuel |limiter on Carter model Y F carburetor.

Chevrolet, Buick, Pontiac and Oldsmobile engines with auto-
matic transmissions, an idle stop solenoid is used to stop
engine “dieseling” after the ignition is turned off.

Idle rpm with exhaust emission control carburetors is
slightly higher than normal and, in every case, must be
accurately set to specified value. On the Monojet, Fig. 21-36,
the idle speed is adjusted with the transmission in “drive”

AIR CLEANER ROD
ATTACHMENT \__
CHOKE COIL LEVER

REW

IDLE MIXTURE SC

ojet carburetor is used on six cylinder

Fig. 21-36. Rochester Mon v ;
Oldsmobile and Pontiac engines.

Buick, Chevrolet,
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Fig. 21-37. Details of main metering system on Manojet carburetor.

position. When the owner is about to turn off the ignition, he
places the transmission in “park” or “neutral.” With the load
off the engine, idle speed will rise to the 700 rpm range. With
the engine running at that speed, plus higher operating
temperatures and slightly retarded spark, “dieseling” may
occur. The idle stop solenoid eliminates the possibility by
closing the throttle valve when the ignition key is turned off.

The main metering system of the Monojet carburetor, Fig.
21-37, feeds fuel whenever air flow through the venturi is great
enough to maintain fuel flow through the main discharge
nozzle. The triple venturi stack-up is particularly sensitive to
air flow. This means finer and more stable metering control
from light to heavy loads, an important factor in the control
of exhaust emissions.

The main metering system consists of the metering jet, a
mechanical and vacuum-operated metering rod, main fuel well,
main well air bleeds, fuel discharge nozzle and the triple
venturi.

Power enrichment in the Monojet is obtained by the
movement of a springloaded vacuum piston that senses
changes in manifold vacuum. The amount of enrichment is
controlled by the clearance between the groove in the power
piston and the diameter of the power piston drive rod.

CARTER THERMO-QUAD CARBURETOR

One method of controlling hydrocarbon end carbon mon-
oxide is to reduce the heat transfer to the fuel. The Carter
Thermo-Quad carburetor installed on some Chrysler, Dodge
and Plymouth engines has a float bowl made of molded
phenolic resin which acts as an effective heat insulator, Fig,
21-38. A reduction of 20 deg. F over all-metal carburetors is
claimed. The Thermo-Quad carburetor and others of the
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Fig. 21-38. Float bowl of this Carter Thermo-Quad carburetor is made
of molded phenolic resin to reduce heat transfer.

Chrysler line form a part of the proportional exhaust gas
recirculation (EGR) system, Fig. 21-39. The system includes a
recirculation control valve and a vacuum sensor fo insure
proper flow of exhaust gas is proportional to vacuum sensed in
the carburetor.

In this EGR system, a slot type port in the carburetor
throttle body is exposed to an increasing percentage of
manifold vacuum as the throttle valve opens. This throttle
bore port is connected through an external nipple direct to the
EGR valve. The flow rate is dependent on the manifold
vacuum, throttle position and exhaust back pressure.

Recycling of exhaust gases is eliminated at wide-open
throttle. This is done by calibrating the valve opening point
above manifold vacuum available when the throttle valves are
wide open, since port vacuum cannot exceed manifold
vacuum. Elimination of wide-open throttle recycle provides
maximum performance.

ROCHESTER 2GV CARBURETOR

The current Rochester 2GV carburetor has many features
designed to reduce exhaust gas emissions. This carburetor uses
calibrated cluster design that places the main well tubes, idle
tubes, mixture passages, air bleeds and pump jets in a compact
assembly. The cluster is removable for cleaning and inspection
purposes.

The venturi cluster fits on a flat portion of the carburetor
bowl in front of the main venturi with a gasket underneath.
The idle and main well tubes are permanently installed in the
cluster body by means of a precision press fit.

The main nozzles and idle tubes are suspended in the main
wells of the float bowl. Removable plastic main well inserts
surround the main fuel nozzles to insulate the nozzles and
prevent percolation. The plastic inserts also provide smooth
fuel flow through the main metering system during hot engine
operation.

Rochester 2GC-2GE carburetors have similar construction.
A sectional drawing in Fig. 21-40 shows the major parts of
these carburetors.
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Fig. 21-39. Note details of proportional exhaust gas recirculation
system installed on late model Chrysler Corp. engines.
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Fig. 21-40. Details of major parts of Rochester 2GC-2GE carburetors.

HOT AIR INTAKE — RAM AIR

Many of the carburetors designed for exhaust emission
control have thermostatically controlled air intake systems.
Hot air intake provides advantages ranging from improved cold
start-up through warm-up and, more particularly, in more
complete combustion and reduced exhaust by-products. The
warm air is obtained from a heat stove on the exhaust
manifold. See Ford design in Fig, 21-41. (Also see the chapters
on ATR CLEANERS and EMISSION CONTROL.)

The Ford carburetor heated air intake system is equipped
with a vacuum override control that opens the upper valve for
direct air intake of unheated air for maximum air volume at
full throttle opening. The override operates only when
maximum air volume is needed for rapid acceleration, When
high air volume is no longer needed, the override releases and
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HOT AIR STOVE

Fig. 21-41. Thermostatically controlled heated air intake is provided
on modern carburegtors, Ford 302 cu. in. V-8 is shown.

the selector valve returns to the position indicated by
underhood temperatures.

By placing carburetor intake air scoops at the front of the
vehicle, full advantage is taken of air motion due to the speed
of the car. This provides a ramming effect to the air entering
the carburetor, and a degree of supercharging is obtained.
Some Oldsmobiles with 400 cu. in. (6.6 litre), 10.5 to 1
compression ratio V-8 engines have scoops with 13 in. x 2in.
openings to feed ram air to the twin snorkels of the air cleaner.

FORD'S VARIABLE
VENTURI CARBURETOR

Ford’s Motoreraft model 2700 variable venturi carburetor,
Figs. 21-42 and 21-43, varies the area of the venturi as a
function of speed and load. Most other carburetors have
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Fig. 21-42. In Ford's variable venturi carburetor, the venturi valve position is controlled by spring pressure and control
vacuum, The spring pressure tends to close the valve. Control vacuum acts through a rubber diaphragm to open the valve.
Control vacuum is vacuum below the venturi valve and above the throttle valves. See arrows in diagram.

Fig. 21-43, Ford’'s Motorcraft variable venturi carburetor.

venturis that are fixed. In this design, changing the size of the
venturi maintains sufficient air velocity and pressure drop to
the main metering system. This is accomplished by means of
tapered metering rods attached to the venturi valve, which
changes the area of the venturi.

There is one rod and one jet for each bore of the
carburetor. The rod moves back and forth in the jet when the
air valve moves. When the venturi valve is closed, the largest
diameter of the rod is in the jet. When the valve is wide open,
the smallest diameter of the rod is in the jet. In that way,
effective metering of the fuel is controlled by the position of
the rod, Fig. 21-42.
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SPECIAL FEATURES

Float spring: A requirement of fuel metering systems is that
the fuel level in the float bowl be maintained at as near a
constant level as possible. In the Holley 41 50C carburetor, a
float spring is incorporated under the float to keep the float in
a stable position, Fig. 21-44.

Float needle valves: Instead of using steel for float needle
valves, most carburetors are now using nylon or a similar
material for their construction. A better seal is obtained and,
in addition, the material has better wearing qualities. Also it is
not readily affected by small foreign particles.

Secondary throttles: Four-barrel carburetors have two
primary bores supplying air-fuel mixtures throughout the
entire engine operation, while the two secondary bores
function only when speed and load require them. At lower
speeds, the secondary throttle plates remain closed.

When engine speed increases to a point where additional
breathing capacity is required, vacuum is used fo open the
secondary throttle plates, Vacuum taken from one of the
primary barrels, and the secondary barrels, acts on a dia-
phragm which controls the secondary throttle plates, Fig.
21-45.

CARBURETOR DEGASSER
The degasser, Fig. 21-46, is an auxiliary device built into

the carburetor. It is used to correct the over-rich mixture
condition that occurs when the throttle is closed suddenly.

e R e e R A R
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Leck Screw

Adjusting Mul

Fusl Inlet Valve

Fig. 21-44, Float lever spring helps steady action of float in
maintaining a constant fuel level in float bowl.

Secondary
Diaphragm Secondary Venturi Pick-up
Check Ball P
‘ rimary
Diaphragm Venturi
Chamber

Diaphragm Rod Secondary Throttle Plate

Fig. 21-45. Showing connections for operation of secondary throttle
plate in a Holley carburetor.

Under this condition, abnormally high vacuum builds up above
the throttle valve, resulting in too much fuel being drawn into
the engine through the idle system.

The degasser consists of two die-cast housings clamped
together with a diaphragm sandwiched between them. The
diaphragm is attached to a plunger which actuates a walking
beam, the end of which bears against a needle valve. Normally
the valve is held off its seat by the spring. The upper
diaphragm chamber is connected, by a bypass line, to an
opening into the intake manifold above the throttle.

With the throttle in the idle position and the engine turning
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Fig. 21-46. Details of Bendix degasser.

over at idle speed, the proper amount of fuel is drawn through
the idle jet. During periods of deceleration, the engine rpm will
be much higher than normal idle rpm, causing the vacuum in
the passages above the throttle plate to rise much higher than
at normal idle speeds.

With the degasser in operation, the abnormally high vacuum
during deceleration is transferred to the chamber above the
diaphragm, raising the plunger and compressing the diaphragm
spring. This movement actuates the walking beam to force the
needle valve against its seat to shut off the flow of fuel
through the idle hole.

As engine speed approaches idle, and intake manifold
vacuum decreases to normal, the diaphragm is forced down by
the spring. This backs off the walking beam, which unseats the
needle valve and restores the flow of fuel to the idle hole.

DECEL VALVE

Some recent model cars, such as the Ford Pinto, are
equipped with a decel valve which is designed to meter to the
engine an additional amount of fuel and air during engine
deceleration. This additional amount of fuel and air together
with engine modification, permits more complete combustion
with resultant lower levels of exhaust emissions.

During periods of engine deceleration, manifold vacuum
forces the diaphragm assembly against the spring, Fig. 21-47,
which, in turn, raises the decel valve. With the valve open,
existing manifold vacuum pulls a metered amount of air and
fuel from the carburetor through the valve body assembly into
the intake manifold. The decel valve remains open and
continues to feed additional air and fuel for a specified time.

THROTTLE SOLENOID

The Autolite-Weber model 5200 carburetor installed on the
Ford Pinto 2000 cc engine is equipped with a throttle solenoid
adjustment designed to control idling speed on automatic
transmission-equipped cars, The curb idle is adjusted by
turning the throttle solenoid plunger. First disconnect the
throttle solenoid wire, then, set the lower curb idle speed
screw. Connect the throttle solenoid wire, open the throttle

_——————
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Fig. 21-47. Sectional view of decel valve showing valve in
open position,

Fig. 21-48. Throttle solenoid adjustment on Autalite-Weber model
5200 carburetor.

slightly by hand to allow the plunger to extend, then, set the

higher curb idle speed by turning the solenoid plunger, Fig.
21-48.

SMALL ENGINE CARBURETORS

Many of the basic principles found in large carburetors are
also incorporated in carburetors used on small engines. This is
particularly true in the case of engines used on many lawn
mowers, Fig. 21-49. Carburetors using the float system of
controlling fuel flow are good examples of this similarity.

Two cycle engines designed to operate at varying angles
(chain saws) are often equipped with a floatless carburetor. On
these installations, a diaphragm type carburetor is used

NEEDLE VALVE

FLOAT

Fig. 21-49. Some small engines use float type carburetors. Note
similarity of float bowl parts to large automotive carburetor parts,

because it will function at a steep angle or even in an inverted
position for a short time.

Diaphragm type carburetors use the upper part of the unit
for carburetion, while the lower part houses a fuel pump. The
two parts are bolted together to form a single assembly.

The pump utilizes the positive and negative pressure
pulsations in the crankcase for its operation. Fuel is delivered
to the inlet supply channel either by the integral fuel tank or
by gravity.

When the engine is idling at nearly closed throttle, fuel is
drawn through an idle tube or, for inverted operation, past the
idle adjusting screw and into the engine via the primary idle
discharge port.

As the throttle is opened progressively, the vacuum at idle
position is nearly eliminated, but the increase in air velocity
through the venturi puts increased vacuum on the nozzle to
unseat a nylon ball. The nozzle then delivers the power
mixture metered in relation to the demands of the engine.

In the case of the suction feed carburetor fuel system, the
fuel tank is mounted below the carburetor, Fig. 21-50.

Fig. 21-50. Sectional view of suction feed carburetor used on lawn
mowers and similar small engines.
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Atmospheric pressure is utilized as the force to move the fuel.
The fuel tank cap is vented to allow pressure in the tank to
remain constant, As the piston goes down on the intake stroke
with the throttle open, a low pressure is created in the
carburetor throat, A slight restriction is placed between the air
horn and the carburetor throat and the choke. This helps
maintain the low pressure.

Therefore, the difference in pressure in the tank and in the
carburetor throat forces the fuel up the fuel pipe, past the

needle valve, through the two discharge holes. The throttle is
relatively thick on this type of carburetor, so there is in effect
a venturi at this point to aid vaporization. A spiral is placed in
the throat to help acceleration and also to help keep the
engine from dying when the throttle is opened suddenly.

The amount of fuel flowing at operating speed is metered
by the needle valve and seat. Because of its compact design,
the suction feed carburetor fuel system is used primarily on
lawn mower engines.

REVIEW QUESTIONS — PRINCIPLES OF CARBURETION

. What is the purpose of the fuel system in an internal
combustion engine?
List the main parts of a fuel system.

2

3, The rate of flow through a carburetor is the same under
all operating conditions. True or False?
4. When starting an internal combustion engine, the fuel
mixture should be:
a. Rich.
b. Lean.
c. Average.
5. Which speed requires a richer mixture?
a. Idling.
b. 30 mph.
6. Will all cylinders of a multi-cylinder engine receive an
air-fuel mixture having the same octane rating?
7. For normal operating conditions, what air-fuel ratio will
give the best economy?
a. 16tol.
b. 20tol.
e 25t L
8. For quick acceleration, what is the best air-fuel ratio?
a: Stal.
b. 10tol.
g A2t
d. 20tol.
9. Are the molecules forming a gas held more tightly
together than those of a metal?

10. Name two factors affecting the rapidity of evaporation.
11. What causes the air-fuel mixture to be drawn into the
combustion chamber of an internal combustion engine?

12. The purpose of a venturi in a carburetor is to:
a. Increase speed of air passing through carburetor.
b. Maintain correct air-fuel ratio.
¢. Provide extra fuel for acceleration.
13. There are five main circuits in a modern carburetor. Name
four of them.
14. In a carburetor venturi, which point has the highest

vacuum?
a. Entrance to the venturi.
b. Narrowest point of the venturi.
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c. Point one inch beyond the venturi.
15. The idle system of a carburetor supplies fuel at what
speeds?
a. Idle speed only.
b. Speedsup to 40 mph.
¢. Speedsup to 25 mph.
16. How many fuel discharge ports does the conventional idle
system have?
a. One,
b. Two.
¢,  'Three.
d. Four.
17. When the idle system is no longer supplying fuel to the
engine, which system then supplies fuel?
a. Air bleed system.
b. Main system.
¢. Vaporizing system.
18. The purpose of an economizer valve is to supply more
fuel, or less fuel?
19. The metering rod is designed to vary the size of which
jets?
a. Idle jets.
b. Accelerating jets.
c. High speed jets.
d. Float level jets.
20. Under what conditions is ice most likely to form in a
carburetor?
a. 20 deg. below zero and high humidity.
b. 32 deg. above zero and high humidity
c. Zero deg. and low humidity.
21. On what type of car are you most likely to find an
anti-stall dashpot?
a. Cars with automatic transmission.
b. Cars with conventional transmission.
c. Cars fitted with 1 Bbl. carburetors.
d. Cars fitted with 4 Bbl. carburetors.
22. In addition to updraft and downdraft carburetors, what
other basic type is there?
23. The calibrated cluster in the Rochester 2GV carburetor

cannot be removed from the carburetor. True or False?
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Foreword to the 5th Edition

The “Automotive Handbook”, a reliable
guide full of up-to-date and concise infor-
mation, has grown over a period of six
decades from a calendar supplement of
36 pages to a 960-page reference work.
n that time, over a million copies have
been produced worldwide and the text
translated into numerous languages.

The 5th edition, in common with its prede-
cessors, is supported by two main pillars:
the expertise of the technical staff at our
company and in the automotive industry.
They have fully revised the contents of this
manual and brought it completely up to
date. Thanks are due to all those involved.
This book is intended primarily as a
source of important facts and figures and
as a review of present-day technology for
the automotive engineer and technician,
but also for anyone else with an interest in
technical matters. Accordingly, the auto-
motive technology content is restricted to
passenger cars and commercial vehicles,
and the remaining cantent 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
be calculated using the conversion formu-
las 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 70 pages to the book.

We recommend readers to scan through
the “Automotive Handbook” in order to
gain an overall impression before using it.

The Editors

For your information

The following topics have been up-
dated/extended since the 4th edition:
Vibration e Acoustics e Electronics (inte-
grated circuits, micromechanics, mecha-
tronics, sensors) e Statisticse Reliability e
Closed and open-loop control systems e
Materials technology (basic principles,
materials, lubricants, fuels, consumables)
» Corrosion @ Hardness e Calculating fuel
consumption  Vehicle dynamics.
Internal-combustion engines (direct fuel
injection, diesel combustion systems) e
Engine cooling (cooling-module technol-
ogy. thermomanagement, exhaust cool-
ing) e Turbochargers and superchargers
(multistage) @ Engine management on
gasoline engines (mixture control, fuel-in-
jection systems, fuelinjectors, spark plugs,
ME-Motronic, exhaust gases) e Engine
management on diesel engines (axialira-
dial-piston pumps, injectors, exhaust
gases, start-assist systems).

Electric drive units e Drivetrain (fransmis-
sion, traction control systems (TCS) for
passenger cars and commercial vehicles)
e Steering e Braking systems (ABS for
passenger cars, ABS and EBS for com-
mercial vehicles) » Bodywork, commercial
vehicles e Lighting systems (stepped re-
flectors, Bi-Litronic, headlamps and lights).
Car radios e Park Pilot systems » Naviga-
tion systems e Vehicleinformation systems
» Mobile phones e Safety and security sys-
tems (impact detection, interior-movement
detection) e Automotive hydraulics (electric
proportional control valves).

Circuit diagrams and symbols e Vehicle
electrical system (batteries, battery
testers, water-cooled alternators, electro-
magnetic compatibility (EMC))
Passenger-car specifications.

The following topics have been intro-
duced:

Fuel filters @ MED-Motronic e Natural gas
operation (spark-ignition engines) e Fuel
cells » EHB for passenger cars » Auto-
matic Cruise Control (ACC) e Instrumenta-
tion e Traffic telematics e Car radios (DAB)
» Connectors e Cartronic.

and the following have been dropped:
Conversion tables e Road traffic legisla-
tion (Germany).
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Heat

Symbols and units

See PP 12...18 for names of units, P.26
sar conversion of heat units and P.180 for
thermal expansion, heat of fusion, heat of
=vaporation.

Cuantity ] Sl unit

) Area, cross-section
" Specific heat capacity
¢y lsabaric i P!
-, Isochoric (constant volume)
i Enthalpy (heat content)
C Heat transmission coefficient | W/(m? - K)

o
Jitkg - K}

»  Mass ol

g Pressure Pa=Nm?

¢ Heat J

¢ Heatflow= 0%t w

#- Molar gas constant Jifmal - K)
= B.3145 J/{imol - K)
(sarme for all gases)

®. Special gas constant Jikg K}
R, = R /M (M = molecular
weight)

:  Entropy JIK
Distance ud

7 Thermodynamic temperature | K
T=1+273.15

AT Temperature difference K
=Ty—Ta=ti—12
T, 1+ higher lemperature
T 2, 14 lower temperature
Celsius temperature “C

v Volume mi

v Specific volume m¥kg

W Work J

~ Time 5

o Heat transfer coefficient Wimz-K)
@, external, « internal

£ Emissivity -

4 Thermal conductivity Wim - K)
(see P. 17 for values)

g Density kg/m?

Conversion from outdated units

(see also PP. 16 and 17)

1 keal (kilocalorie) = 4186.8 J
=4200J=42k)

1 keal/(m - h - grd) = 1.163 W/(m - K)

Enthalpy (heat content)

H=m:¢c-T
Enthalpy difference (A H) is the quantity of
heat released (Q) as a result of a change
in temperature (AT=T, - T32)
AH=H,—H2=0
=m-c-AT=V-g-c-AT

Heat transfer

Heat is transferred in three different ways:

rmal conduction: Heat is conveyed in-
side a solid, liquid or gaseous body by
contact between the particles.
Convection: Heat is conveyed by the par-
ticles of a moving liquid or gaseous body.
In natural or free convection, the state of
motion is brought about by the effect of
buoyancy; in forced convection, however,
the motion is maintained artificially.
Radiation: Heat is transferred from one
body to another by electromagnetic
waves without a material carrier.

Thermal conduction

The heat flow in a body of constant cross
section A between two parallel cross-sec-
tional planes separated by a distance s at
a temperature difference A Tis

e=2a a7

Thermal radiation
Empty space and air are pervious 10 ther-
mal radiation. Solid bodies and most lig-
uids are impervious to thermal radiation,
as are various gases to certain wave-
lengths.

The thermal radiation emitted by the
area A at temperature T'is

Q=g-0-A: T4

where g =567 - 102 W/(m? - K*) is the
radiation constant of the black-body radi-
ator') and £is the emissivity of the surface
area (see table on opposite page).
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Emissivity ¢
up to a temperature of 300°C (573 K)

Heat transfer coefficients «
{convection + radiation)

Black-body radiator’) 1.00
Aluminum, unmachined 0.07
Aluminum, polished 0.04
lea 0.90
Enamel paint, white 0.91
Glass 0.93
Cast iron, rough, oxidized 0.54
Cast iron, turned 0.44
Woaod, smoath 0.80
Lime mortar, rough, white 0.83
Copper, oxidized 0.64
Copper, polished 0.05
Brass, matt 0.22
Brass, pelished 0.08
Nickel, polished 0.07
oil o.Ez
Paper 0.80
Porcelain, glazed 0.92
Soot 0.93
Silver, poilshed 0.02
Steel, matt, oxidized 0.96
Steel, polished, oil-free 0.06
Steel, polished, ciled 0.40
Water 0.92
Bricks 0.93
Zine, matt 0.23
Zinc, polished 0.05
Tin, polished 0.06

Transmission of heat through a wall
The heat flow through a wall of area A and
thickness s at a temperature difference AT
[:H

O=k A-AT

The heat transmission coefficient i is cal-
culated as follows:
A= Ve + s+ Ve,

Thermal resistance
Thermal resistance is composed of the
thermal resistance of the individual layers
of the wall;

S/k = syfy + splig + .

See P. 186 for the thermal conductivity 4
of various materials.

1) A *black-body radiator” completely absorbs all
incident light and heat radiation directed against
it; and therefore when heated radiates the maxi-
mum amount of light which can be emitted by a
body. An axample of a black-body radiator is the
opening in a carbon tube.

Type of material,

o OF 0y
wall surface ete. Wimz  Kj

Natural alr movement
in a closed room:
Wall surfaces, Interiar
windows B
Exterior windows 1
Floaors, ceilings:

from botlom upwards B

from top downwards 3]

Forced air movement

on a flat wall

Mean wind velacity

w=2ms 15

Mean wind velocity

w>5m/s G- 78
Water on a flat wall

Still 500 ... 2000
Moving 2000 ... 4000
Baoiling 2000 ... 6000

Thermal resistance of air layers =/4
{conduction + convection + radiation)

Position of Thickness | Tharmal resis-
alr layer of air layer | lance /4
mm ma KW
Vertical 10 0.14
air layer 20 0.16
50 018
100 017
150 0.18
Horizontal
air layer
Heat flow 10 0.14
from bottom 20 0.15
upwards 50 0.16
Horizontal
air layer
Heat flow 10 015
from top 20 Q.18
downwards 50 0.21

Heat required to heat dwellings
50 to 60 W is required 1o heat each m? of
living area.
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Technical temperature measurement
WDEN/DI Guideline 3511)

Mzssurement Measurement|Method of operation Examples of application
System range
Uiquid-in-glass |_ogg Thermal expansion of Ihe liquid is| For liquids and gases, for
thermometers. 1000°C |visible in a narrow glass tube.| monitoring steam, heating
Liquid: Pantane (-200 .., 30°C), and drying systems; refrig-
Alcohol (100 ... 210°C), eration equipment; media
Toluene (-90 ... 100°C). flowing through pipes.
Mercury (-38 ... B0D®C),
Gallium {...1000°C)
Pressure-spring |-50 ... Due to its expansion pressure (mer- | For manitoring and record-
thermomaters 500°C |cury, toluene) or vapor pressure| ing temperatures (including
(ether, hexane, toluene, xylene), | remote applications up to
a liquid in an immersion vessel actu- | 35 m) in power plants, facto-
ates a pointer or a recording instru- | ries, heating plants, cold
ment via a Bourdon tube. rooms.
Sofid expansion (0 ... Different thermal expansion of two | Temperature regulators.
thermometers 1000°C | metals (red in tube).
Bimetallic -50 ... Curvature of a strip consisting of two | Temperature regulators.
thermometers 400°C |different metals.
Resistance -220 ... Change In resistance caused by| Temperalure measurements
tharmometers 850°C | change in temperature on machines, windings, re-
Platinum wires  -220 ... BS0°C, frigeration equipment.
Nickel wires =60 ... 250°C, Remote transmission pos-
Copper wires 50 ... 150°C, sible.
Semiconductors 40 ... 180°C
Thermistors 0. 500°C |Sharp drop in electrical resistance | Measursment of minor tem-
(2200°) |as the temperature increases, perature differences due to
high sensitivity.
Thermocouples |-200 ... Thermoelectromative force of two| Temperalure measurements
180070 | metals whose junctions are at differ-| on and in machines, en-
ent lemperatures. gines, elc. Remote trans-
mission possible
Radiation ther- (100 ... The radiation emitted by a body is| Melting and annealing fur-
mometers 3500°C | an indicator of its lemperature. il s | naces. Surface temperatures,
sensed by using either thermo-| Moving abjects, thermo-
couples or photocells, or by compar- | gravimetry, extremely rapid
ing luminance values. response,
Emissions level must be observed,
Temperature- Color changes when specific tem-| Temperature measurements
sensitive paints, [40... peratures are exceeded. Paints| on rotating parts, in Inac-
temperature- 1350°C | and crayons are available with one | cessible places, In machin-
indicating or more color changes (up to 4). The | ing processes; warning of
crayons new colar remains after cooling. excessive temperature; ma-
terial testing (cracks)
Suction ther- 1800... Gas is extracted from the flame. Measurement of flame tem-
=omaters, 2800°C perature (delayed display).
syrometers L

e 1emperature-measurement methods: spectroscopy, interferomatry, quartz thermometry, noise
wmermometry, liquid erystals, acoustic and magnetic thermometers.
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Thermodynamics

First law of thermodynamics:

Enargy can be neither created nor de-
stroyed. Only the form in which energy ex-
=fs can be changed, e.g., heat can be
rransformed into mechanical energy.

Second law of thermodynamics:

=eat cannot be completely converted lo
another form of energy, e.g., mechanical
work. All natural and synthetic energy
rransformation processes are irreversible
and occur in a preferred direction (ac-
cording to the probable state). On its own,
heat passes only from warmer to colder
todies, the reverse is possible only if en-
ergy is supplied.

Changes of state for gases
(general equation of state: p - u=R- 7)

Entropy 5 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:

Tin = (01 — Q)@ = (Ty = T2WT
(Carnot cycle)

The maximum work to be gained here is:
W=y (T — T2T

Change Character- Specific heat | Equations Examplas

of state Istics capacity') (% K are
constanis)?)

Isobaric | Constant tp p=k "Constant pressure” combustion in
prassure v=Kk'T diesel engines; heating or cooling in

ance-through bollers.

Isochoric | Constant ©y u “Constanl volume” combustion in
volume p=K-T spark-ignition engines; haating or

cooling in closed boilers.

Isothermal| Constant = =k Slow change of state (heat flows
temperature pru=K through partitions).

Adiabatic | Heat neither | — Pop=k Compression or expansion stroke
supplied nor without cooling losses (the ideal con-
dissipated dition which is virtually achieved in

T-w-l=k high-speed machines).

Isentropic | Adiabatic and | — Theoretically optimum attainable com-
friction-free e pl=#= parison processes.
(reversible)

Polytropic | General i bi=) P-v=K Comprassion and power strokes (n
change of c=——— | T w-'=K internal-combustion engines, steam
state n=1 mopt-n=K | engines (n=1.2..1.4).

—— _lapa—lap

Yy &g, oy and 2 = epfe, see P 192 n= 1o th—1g v
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452 Engine management (spark-ignition engines)

Engine management
for spark-ignition (SlI)
engines

Requirements

Si-engine torques —
The power output P from a spark-ignition
(SI) engine is determined by the available
clutch torque and the engine speed.

The clutch torque is produced from the
torque generated by the combustion
process, reduced by the friction torque
{friction losses in the enging) and the
charge-cycle losses, and the lorgue re-
quired for operating the auxiliary systems.

The combustion torgue is generated in
the power cycle and determined by the
following variables:

— the air mass that is available for com-
bustion once the intake valves have
closed,

— the fuel mass available at the same
time, and

— the point at which the ignition spark ini-
tiates combustion of the air/fuel mix-
ture.

Primary function of engine
management

The primary function of engine manage-
ment is to adjust the torque generated by
the engine. For this purpose, all the: vari-
ables that influence the torque are con-
irolled in the various engine-management
subsystems.

Cylinder-charge conirol

n sch _engine-management systems
with an electronic accelerator pedal
{EGAS), the required charging of the en-
gine cylinders with air is deterr_mneq and
the throtile valve opened accordingly in the
“eylinder-charge control* subsystem. In
conventional injection systems, the driver
directly controls the opening of the throttle
valve by pressing the accelerator pedal.

AJF mixture formation

T the "mixiure formation” subsystem, the
associated fuel mass is calculated and
from this the necessary injection time and
the optimum injection point are deter-
mined.

Ignition

nihe fignition” subsystem, the crankshaft
angle is determined at which the ignition
spark ignites the mixture at the correct
time.

Drivetrain torques

1 Auxiliary systems
(alternator, A/IC
comprassor etc.),

2 Engine,

3 Clutch,

4 Transmission

.| forque

Load change and friction

Combustion Engine  Cluten
lc-ruue

Auxiliary systems

torqua
F'Q

Clutch losses and clutch ratio

Transmission losses and lransmission ratia

Engine management (spark-ignition engines) 453

The objective of 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 A/F mixture and resid-
ual exhaust gas.

Fresh A/F mixture

The canstituent elements of the fresh mix-
ture drawn in are fresh air and the fuel
suspended in it. The majority of the fresh
air flows through the throttle valve; addi-
tional fresh mixture can be drawn in
through the evaporative-emissions con-
trol 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.

Measures for increasing maximum torque
and maximum engine power therefore al-
most always necessitate an increase in
the maximum possible cylinder charge
The theoretical maximum charge is pre-
determined by the piston displacement.

Residual exhaust §;as
e share of residual exhaust gas in the

charge is formed

— by the exhaust-gas mass which re-
mains in the eylinder and is not dis-
charged during the period when the ex-
haust valve is open, and

— in systems with exhaust-gas recircula-
tion (EGR), by the mass of the recircu-
lated exhaust gas.

The residual exhaust-gas share is deter-
mined by the charge cycle.

The 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 exhausi-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 fresh-mixture
volume (due to the residual-gas quantity)
must be compensated for by increasing
the throttle-valve opening. This reduces

Cylinder charge in the SI engine

1 Air and fuel vapor,

2 Purge vaive with variable valve-opening
cross-section,

30 to evaporati Nissior
controf system,

4 Exhaust gas,

5 Exhaust-gas recirculation valve (EGR valve)
with variable valve-opening cross-section,

8 Air mass flow (ambient pressure py),

7 Air mass flow (intake-manifold pressure ps),

8 Fresh A/F-mixturs charge
(combustion-chamber pressure pg),

9 Residual exhaust-gas charge

10 Exhaust gas
(exhaust-gas back pressure py),
17 Intake valve,
12 Exhaust valve.
« Throttle-valve angle.

(combustion-chamber pressure pg), E> & F
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cally introduced residual bt o
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thus the emission of nitroge
?ﬁdox) and unburnt hydrocarbons (HC).
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i ower
rnixture formation, the p n et
.onal to the air mass flow dra 3
g ossible ta directly
future, it will also be p C /
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ating with lean A/F mixtures via variatt
of the injected fuel mass.
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ion of the throttle valve. -
se_‘cj':%n maximum engine florque ﬁs
achieved when the throttle valve is fully
open (see Fig.).

of an Sl engine
Ih:a f‘ﬁ.;::gsdfs!e position of throttle valve.

Thiottle valve fully open
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i Throttle valve
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%e cycle 3
Gh:rc arge cycle of fresh A/F mixture a‘?‘d
residual exhaust gas is controlled by the

i i ing of the in-
ropriate opening and closing
tagfe alrjld exhaust yalv?ﬁ. Tg; fﬁiﬁi ?:rﬁ::ﬁ
camshaft determine the wh
lose (valve timing)
the valves open and ¢ \ Yralbl
Ive lift. This Infiu
and the course of the val ki
s the charge-cycle process an
ZPSE)E the amount of fresh AIF mixture
combustion. !
av?riszam overlap, i.e. the overlapping
of the opening times of the nniake and g&;
haust valves, has a decisive ITﬁ:ztyﬁgder
residual exhaust-gas mass in ; l:
is situation i “interior” exhaus
This situation involves "INte psiinne s
circulation. The residual aust-
g:: rrr?ass can also be increased by exte
?‘lm" exhaust-gas rec‘lrculatlfn. I\[:n é};z
it e co
case, an additional EGR ;._:a e
in i ust manifold.
{he intake manifold and exhaust | i
he valve is open, the engine
Y:gerl:\itx of fresh A/F mixture and exhaust
gas.

ir in the cylin-
compressing the air intl /
g)ergl E? br;{aans of dynamic suparchargm%
mechanical supercharging, of exhaus

gas turbocharging (P. 392)-

rve for turbocharged engine
Z‘Sﬁﬁri‘é with naturally aspirated engine
wer _
stlmr::;g&u:ngma 2 Naturally aspiraled
angine.

Engine torque Mg —=

A 3

Engine speed ip —*=

a
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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 efficient in-
jection under all operating conditions, Es-
sential requirements include:
— maintaining flow rates between 60 and
200liters/h at the rated voltage,
— maintaining fuel-system pressures of
300...450kPa,
- the ability to pressurize 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 times 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-retum valve (to main-
tain system pressure) and the hydraulic
discharge fitting. Most end cavers also
include the carbon brushes for the drive-

motor commutator and interference-
suppression elements (inductance colls,
with condensers in some applications).
- the electric motor with armature and
permanent magnets. Electronically
commutated (EC) fuel pumps are being
developed for use with special fuels
which feature for instance marked elec-
trolytic effects, and for use in other en-
vironments which have negative effects
on carbon-brush and commutator as-
semblies.
- a positive-displacement or flow-type
pump assembly.

Positive-displacement pump
As the positive-displacement unit'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-
gories, the roller cell and the internal-gear
unit. Positive-displacement pumps pro-
vide good performance in high-pressure
(400 kPa and above) systems. They also
perform well at low supply voltages, i.e.
the flow rate curve remains relatively “flat”
and constant throughout a wide range of
operating voltages. Efficiency 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 and
mounting location. Yet another disadvan-
tage may be encountered with hot fuel,
when the unit tends to pump gas instead
of fuel, leading to reduced flow rates
(problem potential varies according to in-

Electric fuel pump (exampls)

1 Impeller, 2 Pump section, 3 Electric motor, 4 Connection cover,

3 -
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staliation location). Starl\lldard posnrn;;ae-:;i:—

lacement pumps usually INcorpore -
Elpharal priﬁwary cireuits to deal with this
problem by discharging the gas.

While the flow-type pump has foalarge
extent replaced the posiﬁve-cjngp'lmement
pump in electronic gasoline injection sys-
tems for performing the classical function
of the electric fuel pump, a new field oj ap-
plication has opened up for the positive-
displacement pump in terms of the above-
mentioned presupply for direct-injection
systems with their significantly increased
pressure requirements and  viscosity
range. This is especially true for the pre-
supply of diesel and biodiesel.

Flow-type pumps 0 53
gsigns based on the principles used for

the peripheral pump and the side-channel
purr?p hgve become the standard for elec-
tric fuel pumps, with a slight preference
for the side-channel pump as this tends to
pravide higher pressures and |m|:_:roved
efficiency. An impeller equipped with nu-
merous peripheral vanes rotates within a
chamber consisting of two fixed housing
sections. Each of these sections features
a passage along the path of the impeller's
vanes, with the openings on one end of
the passage on a plane with the suction
openings. From here they extend to the
point where the fuel exits the pump atsys-
tem pressure. Within the passage Is &
patfle element designed to prevent inter-
nal leakage. A small gas-discharge orifice
{not necessary in diesel app{tcanons) lo-
cated at a specified angular distance from
the suction opening, improves perfor-
mance when pumping hot fuel; this orifice
facifitates the discharge of any gas bt_ltq—
bles which may have formed (with mini-
mal leakage). ;
The pulses reflected between the im-
peller 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. i -
Because pressurization is continuous
and virtually pulse-free, flow-type pumps
are quiet in operation. Pump design is
also substantially less complex than that
of the positive-displacement unit. Single-
stage pumps generate system pressures
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Electric fuel-pump designs
a) Roller-cell pump,

b) Intarnal-gear pumg,

¢} Peripheral pump,

d) Side-channel pump,
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extending up to 450 kPa. Still higher sys-
tem pressures, as will become necessary
for brief periods in future for highly super-
charged engines, and for engines with
gasoline direct injection (see above), are
possible, but under continuous-duty con-
ditions such pressures would overload to-
day's conventional electrical systems

(permanent-magnet 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
fuel 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 5o as to
safeguard the service life also at high
current and additionally with corrosive
and/or high-viscosity fuels.

- For applications where the wide range
of operating conditions and fuels place
particularly high demands on the
pump's versatility, work is proceeding
on electronically commutated (EC) fuel-
pump drives. Such an electrical system

features unlimited service life.

The efficiency ranges between 10 and ap-
prox. 20%. The fuel systems of newly de-
signed wvehicles with spark-ignition en-

gines rely almost exclusively on flow-type
pumps for fuel delivery.

Electric fuel pumps: integration in
injection system and in fuel tank
Whereas the first electronic fuel-injection
systems almost always featured electric
fuel pumps designed for in-line installa-
tion outside the tank, current and more re-
cent applications tend to have in-tank in-
stallation as a standard feature. The slec-
tric fuel pump is one of the elements
within the in-tank units now being de-
signed to include an increasingly wide ar-
ray of components such as: the suctian fil-
ter, a fuel-baffle chamber to maintain de-
livery during cornering (usually with its
own “active” supply based 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 returnless fuel
system (RLFS), usually in the form of an
in-tank unit with an integral fuel-pressure
regulator designed to maintain a continu-
ous return circuit within the in-tank as-
sembly. A pressure-side fine-mesh fuel fil-
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, timing
madule for fuel-pump control.

In-tank unit: b

5 Fuel-gauge sensor, 6 Suction strainer.

e ———

grated ly for returnless fuel systems
1 Fue! filter, 2 Electric fuel pump, 3 Suction-jet pump lated), 4 Fuel

=T
Sy iad,

(r 0 ]
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y
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A/F-mixture formation

Influencing variables

Air-fuel (A/F} mixture

To be able to operate, a spark-ignition en-
gine requires a specific air-fuel mixture ra-
tio. Idleal theoretical complete combustion
is available at a mass ratio of 14.7:1. This
is also termed the stoichiometric ratio.
l.e.: an air mass of 14.7 kg is needed to
burn a fuel mass of 1 kg. Or expressed as
a volume: 1 { fuel burns completely in
roughly 9500 / air.

The specific fuel consumption of 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-
bustion, and thus as low a fuel consump-
tion as possible. Limits are imposed
though by the flammability of the mixture
and the available combustion time.

The A/F mixture also has a decisive im-
pact on the efficiency of the exhaust-gas
treatment systems. State-of-the-art tech-
nology is represented by the three-way
catalytic converter, This, though, needs a
stoichiometric A/F ratio in order to operate
with maximum efficiency. Such a catalytic
converter helps to reduce harmful ex-
haust-gas constituents by more than
98%.

The engines available today are therefore
operated with a stoichiometric mixture as
soon as their operating status permits
this.

Certain engine operating states require
mixture corrections. Specific corrections
of the mixture composition are necessary
e.g. when the engine is cold. The mixture-
formation (carburation) system must
therefore be in a position to salisfy these
variable requirements.
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Excess-air factor

The excess-air factor A4 (lambda) has
been chosen to designate the extent to
which the actual air-fuel mixture differs
from the theorelically necessary mass
ratio (14.7:1):

.= Ratio of supplied air mass to air re-
quirement with stoichiometric combus-
tion.

A=1: The supplied air mass corre-
sponds to the theoratically necessary air
mass.

i< 1: There is an air deficiency and thus
a rich mixture. Maximum power output at
4=0.85...0.95.

4> 1: There is an excess of air or a lean
mixture in this range. This excess-air fac-
tor is characterized by reduced fuel con-
sumption and reduced power output. The
maximum value for 4 that can be achieved
— the so-called “lean-burn limit" — is very
heavily dependent on the engine design
and on the mixture-formation system
used. The mixture is no longer ignitable at
the lean-burn limit. Combustion misses
occur and this is accompanied by a
marked increase in uneven running.

Spark-ignition engines with manifold injec-
tion achieve their peak power output at an
air deficiency of 5...15% (4 = 0.95...0.85),
and their lowest fuel consumption at an air
excess of 10..20% (A=1.1...1.2).

Effect of excess-alr factor . on power P
and specific fuel consumption ha

a Rich mixture (air deficlency),

b Lean mixture (air excess).

Specific fuel consumption A,

Pawer P,

08 1.0 1.3
Excess-air factor &
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The graphs show the dependence of
power output, specific fuel consumption
and pallutant buildup on the excess-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 at which all the factors assume the
most favorable value. For engines with
manifold injection, excess-air factors of
A=10.9..1.1 have proven effective in real-
izing “optimal" consumption at “optimal”
power output.

Engines with direct injection and
charge stratification involve different com-
bustion conditions 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 4 = 4).

For the treatment of exhaust gas by a
three-way catalytic converter, it is ab-
solutely essential to adhere exactly to
A= 1 with the engine at normal operating
temperature. In order to do so, the air
mass drawn in must be precisely deter-
mined and an exactly metered fuel mass
added to it.

Far optimum combustion in today’s
common manifold-injection engines, not
only is a precise injected fuel quantity
necessary, but also a homogeneous A/F
mixtura. This necessitates efficient fuel
atomization. If this precondition is not sat-
isfied, large fuel droplets will precipitate
on the intake manifold or the combustion-

Effect of excess-air factor A on pollutant
position in gas

Relative quantity of
CO; HG; NOy

LD T . |
0.8 1.0 12 1.4
Excess-air factor &

=
o

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
carburetars, to furnish an A/F mixture
which is adapted as well as possible to
the relevant engine operating state. [njec-
tion 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 fuel consumption, driving perfor-
mance and power output. The result of in-
creasingly stringent exhaust-emissions
legislation in the automotive sector is 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
combustion chamber. However, systems
with interior mixture formation, i.e. where
the fuel is injected directly into the com-
bustion 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.
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Schematic of a carburetor system

Y Fuel tank 2 Fuel supply pump, 3 Fuel filter. 4 Carburetar, 5 Irntake manifold.

1

Carburetors

Carburetor systems

The fuel is transported from the fuel tank
1o the carburetor by a fuel pump (gener-
ally a diaphragm unit) powered by the
camshaft or distributor shaft. The system
is designed to limit the maximum supply
pressure. A fine-mesh fuel filter can be in-
stalled upstream or downstream from the
pump as required.

Carburetor types

Downdraft carburetors

Downaraft carburetors are the most com-
mon type. Designs featuring optimized
float chamber and metering-jet configura-
tions result in efficient units. These de-
signs work in conjunction with the corre-
sponding intake-manifold layouts for opti-
mum mixture formation and distribution.

Harizontal-draft carburetors
Horizontal-draft_carburetors (familiar as
fixed-venturi and constant-depression
units) are useful for minimizing enging
height.

Canstant-depression carburetors fea-
ture venturi cross sections which vary in
size during operation to maintain essen-
tially constant vacuum levels al the fuel
outlet. The variation in intake cross Sec-
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tion is provided by a pneumatically-actu-
ated plunger; attached to the plunger isa
needle which regulates the fuel quantity.

Venturi configurations
The single-throat carburetor with one ven-

turi Is the least expensive design.

The two-stage carburetor featuring two
venturis provides 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,
making it ideal for use on 6-cylinder en-
gines. The two-stage four-barrel carbure-
tor has four venturi fed from a single float
chamber.

Design and operating principles

The driver uses the accelerator pedal to
vary the throttle valve's aperture so that
the airflow into the engine is varied and
with it the enging’s power output, The car-
buretor varies the amount of fuel metered
to the engine 1o reflect the current intake
air flow. Together with the needle valve,
the fioat regulates the fuel flow to the car-
buretor while maintaining a constant fuel
level in the float chamber.
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_Airflow is monitored by an air funnel de-
sngnet_:! 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.
The resulting pressure differential relative
to the float chamber — which can be fur-
ther augmented with a boost venturi — is
exploited to extract fuel from the float
chamber. The jets and metering systems
adapt fuel delivery to airflow.

Fuel-metering systems

Main system

The fuel is metered by the main jet, Cor-
rection air is added as a delivery aid to the
Iugl through side orifices in the venturi
ube.

Idle and progression system

At idle, the vacuum which the air stream
produces at the fuel autlet is not sufficient
to withdraw fuel from the main system.
For this reason, there is a separate idle
system with an outlet located downstream
fram the throttle valve at the point of max-

imum vacuum. The emulsion required for
idling emerges from the idle circuit after
initial processing by the idle fuel and air-
correction jets.

During transitions to the main metering
system the throttle valve controls a series
of orifices, or a slit, drawing fuel from the
idle circuit.

Other systems

These basic devices are supplemented
by a range of additional systems. These
are designed to adapt carburetor perfor-
mance for warm operation (part-throttle
control, full-throttle enrichment), to com-
pensate for fuel accumulation within the
intake-manifold during acceleration (ac-
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 carburetor
a) Primary stage, b) Secondary stage.

1 Idle cutoff valve, 2 Accslerator pump, 3 Idfe circuft, 4 Choki
3 ] @, 5 Boost venturi,
f Eﬁgg; ;,}::ror;:s u;f:]h genrurl tubes, 7 ﬁurf—u-rronra enrichment, 8 Float, EQ Fi nuaﬂuppty
valve, ypass plug, 12 Idle mixture screw, 13 Th v f
15 Part-throitle control valve, 16 Venturi chamber. b
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Electronically-controlled carburetor
system (ECOTRONIC)

Basic carburetor

The basic carburetor is restricted to the
throttle valve, float system, idle and tran-
sifion systems, main system and choke.
An idle-air control system with a choke-
activated needle jet is also provided.

Additional components and actuators
The throtile-valve actuator is an electrop-

neumatic servo device for controlling the
cylinder charge. The actuator's plunger
movas the throttle valve via a lever at-
1ached to the carburetor's throttle shaft.
The choke valve actuator is a final-con-
trol element designed to adapt the mix-
ture in response to variations in engine
operating conditions. This unit closes the
choke valve to enrich the mixture by rais-
ing the pressure differential (vacuum) at
the main jets while simultaneously in-
creasing flow rates from the idle circuit,

Sensors
The throttle-valve potentiometer monitors
the throttle valve's position and travel.
One temperature sensor monitors the en-
gine’s operating temperature while a sec-
ond sensor can be installed if necessary
io monitor the temperature within the in-
1ake manifold.

The idle switch serves 1o identify trail-
ing-throttle operation; it can be replaced

by appropriate software in the electronic
control unit (ECU).

Electronic contral unit (ECU})

The ECU's inpul 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-
lation 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 and full-throttle systems all con-
tribute to matching performance to the
programmed curves. The base calibra-
tions 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 func-
tions may include: ignition control, trans-
mission-shift control, fugl consumption
displays and diagnosis capabilities,

of an

fy trolled carburetor (ECOTRONIC)
1 ECU, 2 Temperature sensor, 3 Carburelor, 4 Throttle actuator, 5 Choke actuaior, 6 Choke valve,
7 Idie switch, 8 Throttle valve, 9 Throttle potentiometer,

1
Terrperatura 2
Starting and warm-ug o} TYA DOmIEN
control
Cat.-conv, pralwelion Engrnapesd
rl.‘pl d el
Ambda control
2 Lembda-senaot
An.z\‘j‘lnmlnu enrich- signal
g Orwerriin fuel cutoft [t
Engine stog J<be SWACH
iele-apaeq control
TV angle
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Gasoline injection systems

Systems for external A/F mixture
formation

Gasoline injection systems for external
mixture formation are identified by the fact
that the air-fuel mixture is created outside
the combustion chamber (in the intake
manifold).

Single-point injection (SPI

Single-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 Monoc-Jetronic and
Meno-Motronic.

Multipoint injection (MP1)

Multipoint injection creates the ideal pre-
conditions for satisfying the demands
placed on a mixture-formation system. In
multipoint injection systems, each cylin-
der is assigned a fuel injector, which in-
jects the fuel directly ahead of that cylin-
der's intake valve. Examples of such sys-

tems are KE- and L-Jetronic with their re-
spective variants.

Mechanical injection system:

The K-Jetronic system operates without a
drive and injects the fuel continuously.
The injected fuel mass is not determined
by the fuel injector but rather prespecified
by the fuel distributor.

injection :

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 fuel quantity more
exactly to the different engine operating
states.

Electronic injection systems:
Electronically controlled injection systems
inject the fuel intermittently with electro-
magnetically actuated fuel injectors. The
injected fuel mass is determined by the in-
jector opening time (for a given pressure
drop across the injector).

Single-point fuel injection
1 Fuel,

2 Alr,

3 Throtile valve,

4 Intake manifold,

5 Injactor,

& Engine. o2
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Multipoint fuel infection

1 Fuef,

2 Alr,

3 Throtife valve,

4 Intake manifold.

5 Injactors,

& Engine. 2 G

#3
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Examples: L-Jetronic, LH-Jetronic, and
Motronic as an integrated engine man-
agement system.

The high standards required of a vehi-
cle's smooth running and exhaust-emis-
sions necessitate high demands being
made on the A/F 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
put also this fuel injector is activated indi-
vidually for each cylinder. In this way, both
the fuel mass appropriate to each cylinder
and the correct start of injection are cal-
culated by the control unit (ECU). Inject-
ing the precisely metered fuel mass di-
rectly ahead of the cylinder intake valve(s)
at the correct moment in time improves
mixture formation. This, in turn, helpstoa
large extent in preventing wetting of the
intake-manifold walls with fuel, which can
result in temporary deviations from the
desired lambda value during transient en-
gine operation. The advantages of multi-
noint injection can thus be fully expioited.

Direct injection (Di)

1 Fuel,

2 Air,

a Throttle-valve (EGAS),
4 Intake manifold,

5 Injectors,

6 Engine.
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The engine intake manifolds thus carry
only the combustion air and can therefore
be optimally adapted 1o 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 the combustion chambers by electro-
magnetically actuated fuel injectors. Each
cylinder is assigned a fuel injector. Mixture
formation takes place inside the cylinder.
To ensure efficient combustion, it is es-
sential that the fuel be finely atomized
when leaving the injectors.

In normal operation, a direct-injection
engine draws i only air and not an air-
fuel mixture, as is the case In conver-
tional injection systems. Herein lies an
advantage of this new system: no fuel can
precipitate on the intake-manifold walls.
With external mixture formation, the air-
fuel mixture is generally present through-
put the entire combustion in a homoge-
neous state and in a stoichiometric ratio.
On the other hand, formation of the mix-
ture in the combustion chamber permits
two completely different operating modes:

Stratified-charge operation
i stratified-charge operation, the mixture

only has to be combustible in the area
around the spark 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.

Homogeneous operation ;
In homogeneous operation, as with exter-

nal mixture formation, there is a homoge-
neous mixture 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 mode is
used In the full-load range.

MED-Matronic is the management sys-
tem for direct-injection gasoline engines.
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Single-point injection
systems

Single-point fuel injection has advanced
beyond the compact fuel-injection system
stage to become part of a comprehensive
engine-management system.

The various single-point injection sys-
tems differ in the design of the central-in-
jection unit. All systems feature an injector
located above the throttle plate; they differ
from multipoint injection units in that they
frequently operate at low pressure
(0.7...1 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
continuously by the fuel flowing thraugh it
in order to inhibit the formation of air bub-
bles. This arrangement is an absolute ne-
cessity in such a low-pressure system,
The designation “Single-Point Injection
(SPI)" corresponds to the terms Central
Fuel Injection (CFI), Throttle Body Injec-
tion (TBI) and Mono-Jetronic (Bosch).

Mono-Jetronic

Mono-Jetronic is an electronically con-
trolled, low-pressure single-point injection
system for 4-cylinder engines, and fea-
tures a centrally located solenoid-con-
trolled fuel injector. At the heart of the sys-
tem is the central injection unit, which
uses the throttle valve to meter the intake
air while Injecting the fuel intermittently
above the throttle valve, The intake mani-
fold then distributes the fuel to the individ-
ual cylinders, Various sensors monitor all
important engine operating data, which
are then are used fo calculate the trigger-
ing signals for the injectors and other sys-
tem actuators.

Central injection unit

The injector s 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 sickle-shaped
orifice between the housing and throttie
plate, whereby fuel wetting of the intake-
tract walls is inhibited to a great extent,
and the high pressure differential pro-

of 8 Mono-

1 Fuel tank, 2 Electric fuel pump, 3 Fuel filter, 4 Prassurs regulalor, 5 Injector, & Air-temperatura

sensor, 7 EGU, 8 Throttle 3 Throttie p

canister, 12 Lambda sensor, 13 Coolant-temperature sensor, 14 Ignition disiribu
nf 4 * T tor, 15 Battery,
16 Ignition switch, 17 Relay, 18 Diagnostic connector, 19 Centraf f’ljecﬂm unit. ¥

10 Canister-purge valve, 11 Carbon
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motes optimum mixture formation. Thein-
|=ctor operates at a system pressure of
1 bar (referred to atmospheric pressure).
Efficient fuel atomization ensures consis-
tently good mixture distribution, even in
the critical full-load range. Injector trigger-
ing is synchronized with the ignition
pulses.

Svstem control

In addition to the engine speed n, the
main actuating variables for the injection
system can include the air volume/air
mass flow, the absolute manifold pres-
sure. and the throtlle position «. The
(/) system applied with Mono-Jetronic
can meet stringent emission require-
ments when used in conjunction with
jambda closed-loop control and a 3-way
catalytic converter, A self-adaptive sys-
tem employs the signal from the lambda
sensor as a reference to compensate for
component tolerances and  engine
changes, thus maintaining high precision
throughout the service life of the system.

Adaptation functions
The injection time is extended to provide

additional fuel for cold starts and during
the post-start and warm-up phases.
When the engine is cold, the throttle actu-
ator adjusts the throttle position 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-
tle aperation 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 servomotor o
adapt the throttle-valve position as a fune-
tion of engine speed and temperature.
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ic central infection unit

1 Pressure regufator, 2 Air-temperalure
sensor, 3 Injector, 4 Upper part (hydraulics),
5 Fuel supply, 6 Fuel return, 7 Insulator plate,
8 Throttle valve, 3 Lower part.

Multec eentral injection unit (Opel) —|
1 Pressure regulator, 2 Injector, 3 Fuel return,
4 Stepper motor for idle-speed conlrol,
5 Ta Intake manifold, € Throttle valve,
7 Fuel inlet.
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Multipoint injection systems

K-Jetronic

Operating principle
— Conlinuous injection,
- Direct air-flow measurement.

K-Jetronic is a mechanical system which
dpes not require an engine-driven injec-
tion pump. It meters a continuous supply
of fuel proportional to the guantity of air
being drawn into the engine.

Because of direct air-flow measure-
ment, K-Jetronic also takes into account
cl!anges caused by the engine and per-
mits the use of emission-control equip-
ment, for which precise intake-air 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 o the individual cylinders.

The fuel is delivered from the fuel tank
by an electric (roller-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-
tributor to the injectars. Excess fuel not re-
tquil;t-zd by the engine is returned to the
ank.

The mixture-control 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-

Schematic of a K-Jetronic system

1 Fuel tank, 2 Electric fusl pump, 3 Fuel accumulator, 4 Fuel filter, 5 Warm-up re, L

= a q 3 - wlator, & Injector,
7 Intake manifold, & Efectric start valve, 9 Fuel distributor, 10 Air-flow sensolr}.P 11 ‘?’raquen:ymva?vzr
12 Lambda sensor, 13 Thermo-time switch, 14 Ignition distributor, 15 Auxiliary-air valve,
16 Throttle switch, 17 ECU. 18 Ignition switch, 19 Battery.
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sembly. The sensor plate is dispiaced by
the air flow, while the control plunger in
the fuel distributor exerts hydraulic coun-
terpressure to maintain the system in a
balanced state. The position of the air-
flow sensor plate provides an index of in-
take air flow, and is transmitted to the fuel
distributor's control plunger by a lever.

Fuel distributor

The amount of fuel supplied to the indi-
vidual cylinders is regulated by varying
the aperture of the metering slots in the
fuel-distributor barrel. The number of rec-
tangular-shaped metering slots in the bar-
rel corresponds 1o the number of engine
cylinders. The specific size of the meter-
ing-slot aperture depends on the control-
plunger's position. In order to ensure con-
stant pressure drop at the slots for various
flow rates, a differential pressure regula-
\or is located downstream of each meter-
ing slat.

Fuel infectar
1 Hexagon, 2 Aubber molding, 3 Fine-mesh
strainer, 4 Valve body, 5 Valve needle.

Fuel dist. in mi trol unit

1 Diaphragm, & To injector, 3 Control plunger,
4 Metering slat, 5 Differential-prassure
regulator.
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Injector
The injector opens automatically at a
pressure of approximately 3.8 bar, and
has no metering function. It provides ffi-
cient mixiure formation by opening and
closing at a frequency of approx. 1500 Hz
("chatter”).

tis held in place by a rubber molding. It
is pressed, not screwed, into position.
The hexagon serves 1o brace the injeclor
when the fuel-supply line is screwed on.

Warm-up regulator
The warm-up regulator is controlled by an
electrically-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.
Where desired, the warm-up regulator
can be expanded to incorporate the fol-
lowing functions:
— full-throttle enrichment,
— acceleration enrichment,
— altitude compensation.

Auxiliary-air valve

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-
flow sensor, but bypasses the throttle
valve) during the warm-up phase. This
supplementary air compensates for the
cold engine's higher friction losses; it ei-
ther maintains the normal idle speed orin-
creases it in order to heat the engine and
exhaust more quickly.

lectric st v ermo-time switch
The thermo-time switch activates the
electric start valve as a function of engine
temperature and elapsed time. During
low-temperature starts, the start valve in-
jects supplementary fuel into the intake
manifold (cold-start enrichment).

Lambda closed-loop control
Open-loop control systems do not regu-
|ate the A/F ratio with enough accuracy 1o
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allow compliance with stringent emis-
sions limits,

Lambda closed-loop control is required
for operation of the 3-way catalytic con-
verter. When it is installed, the K-Jetronic
system must include an electronic control
unit which uses the Lambda sensor’s sig-
nal as its main input variable.

A solenoid frequency valve regulates
the A/F mixture ratio by controlling the
pressure differential at the metering slots.
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-Jetronic includes
an ECU for increased flexibility and sup-
plementary functions. Additional compo-
nents include:

— a sensor for the intake air flow,

— apressure actuator for mixture ratio ad-
justment, and

—a pressure regulator which maintains
system pressure at a constant level as
well as providing a fuel-cutoff function
when the engine s switched off.

Operation

An electric fusl 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 mixture 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 correcled
by adjusting the pressure differential in all
the fuel distributor’s chambers simultane-
ously.

Sch ic of a KE- f

11 Electrohy

o

13 lgnition switch, 20 Battery.

1 Fuel tank, 2 Electric fuel pump, 3 Fuel accumulator, 4 Fuel filter. 5 -Oress
s J i ] . & Fuel-| U lator,
& Injector, 7 h}tamg manifold, 8 Electric s;arr valve, 9 Fuel distributor, 10 Air-flow s;gnrsﬁcg!u i
P e act! 12 Lambda sensar, 13 Thermo-time switch, (&) [
temperature sensor, 15 Ignition distributor, 16 Auxiliary-air valve, 17 Throttle swv‘:‘ch.’z;ﬁ ggﬁnr
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The system pressure is present up-
stream from the metering slots, and ap-
plies a counterpressure to the control
plunger. As with K-Jetronic, the control
plunger is moved by an air-flow sensor
flap. A damper unit prevents the oscilla-
vons that could be induced by the forces
generated at the sensor flap. From the
control plunger the fuel flows through the
prassure actuator, the lower chambers of
the ditferential-pressure valve, a fixed flow
restrictor, and the pressure regulator, be-
fore relurning to the fuel tank. Together
with the flow restrictor, the actuator forms
a pressure divider in which the pressure
can be adjusted electrodynamically. This
pressure is present in the lower chambers
of the differential-pressure valves.

A pressure drop corresponding to the
actuator current occurs between the actu-
ator's two connections. This causes varia-
tions in the pressure differential at the me-
tering slots, and alters the amount of fuel

Electrohydraulic pressure actuator
1 Nozzle, 2 Valve plate, 3 Coll, 4 Magnetic
pole, 5 Fuel inlet, 8 Adjustment screw.

T |

e

Semmmeeeembe

Injected. The current can also be reversed
{o 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

This electrohydraulic actuator is flange-
mounted on the fuel distributor. It is an
electrically-controlled pressure regulator
which operates using the nozzle/flapper-
plate system. The mixture enrichment is
directly proportional to the current flow.

Electronic control unit (ECU

The ECU processes signals from the igni-
tion (engine speed), temperature sensor
{coolant temperature), throttle poten-
tiometer (intake air flow), throttle switch
(idle and overrun, WOT), starter switch,
Lambda (Oz) sensor, pressure sensor
and other sensors. lts most important
functions are the control of:

- starting and post-start enrichment,

— warm-up enrichment,

- acceleration enrichment,

— full-throttle enrichment,

— pverrun fuel cutoff,

- engine-speed limitation,

- idie-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 gascline.

Lambda closed-loop control

The signal from the Lambda sensor is
processed in the KE-Jetronic's ECU. The
pressure acluator carries out the neces-
sary adjustments.

L-Jetronic

Operating principle

- Air-flow measurement,

— Main controlled variables: air flow and
engine speed,

— Intermittent injection,

L-Jetronic combines the advantages of di-
rect air-flow measurement with the unique
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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
gonsimently good exhaust-gas compasi-
ion.

Operation

The fuel is injected through the engine's
solenoid-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 complexity 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 tank, through
a paper filter, and into a high-pressure
supply line at the other end of which there
is a pressure regulator (spring-loaded di-
aphragm). The pressure regulator main-
tains a constant pressure at the metering
orifice, regardiess of the injected fuel
quantity.

h ic of an L-Ji i

1 Fual tank, 2 Electric iuerlpumfo, 3 Fuel filter, 4 ECU, 5 Injector, 6 Fual-pressure regulator,
7 Intake manifold, 8 Electiic start valve, 8 Throttle switch, 10 Air-flow sensor. 11 Lambda sensor,
12 Thermo-time switch, 13 Coolant-ternperature sensor, 14 Ignition distributor, 15 Auxiliary-air

valve, 16 Battery, 17 Ignition switch.
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= g 1¢ 2
Tre fuel flows through the high-pressure
\r= on s way to the engine-mounted fuel
£24 wiin the injectors. The pressure regu-
\=tor is installed on the fuel rail. After flow-
= trough the rail the pertion of the fuel
=c: required by the engine flows through
e return line attached to the regulator
=nd back 1o the 1ank. Because the return-
g fuel has been warmed on the way
£=zck from the engine, fuel temperatures
within the tank rise.

Fuel vapor is generated in the lank as a
sunction of fuel temperature. For environ-
meantal purposes these vapors are routed
snrough the tank ventilation system for
storage In an activated charcoal canister
until they can be returned through the in-
w=ke manifold for combustion within the
engine

Returnless system:

A returnless fuel-supply system reduces
the tendency of the fuel in the fuel tank to
heat 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, which
means that the return line from the engine
to the fuel tank can be dropped. The
amount of fuel pumped to the fuel rail is
limited to the quantity being used by the
injectors. The excess flow volume emerg-
ing from the pump returns directly to the
tank without the round trip to the engine
and back. Assuming equivalent operating
conditions, and depending upon the spe-
cific vehicular application, this system can
reduce in-tank fuel temperatures by up to
10 K, cutting vaporization by roughly one
third.

Fuel supply
= Standard system, b) Returnless system,

+ Euel tank, 2 Elactric fuel pump, 3 Fuel filter, 4 Pressure ling, 5 Fuel-pressure regulator,
& Injectors, 7 Fuel rail (continuous flow), & Return line, 9 Fuel rail fno return flow).
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Air-flow sensor

1 Idle-mixture adjustment screw, 2 Air-flow
sansor flap, 3 Stop, 4 Compensation flap,
5 Damping chamber, & Alr-temperature
sensor.

Injector

1 Pintle, 2 Needle, 3 Armature, 4 Spring,
5 Solenoid winding, & Electrical terminals,
7 Fuel straingr.

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 timing ele-
ment in the ECU. A temperature sensor in
the air-flow 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 en-
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 com-
pletely closed (idle) or fully opened (full-
throttle [WOT]).

Engine-temperature sensor

The engine-temperature sensor is de-
signed as a temperature-sensitive resis-
tor (thermistor) and controls the warm-up
enrichment.

Auxiliary-air valve, electric start-vaive,
Design and function are similar to those of
the corresponding K-Jetronic compo-
nents.

Electronic control unit (ECU)
This ECU converts the engine variabies

into electrical pulses. Transmission inter-
vals for these pulses are correlated with
ignition timing, while their duration is basi-
cally a function of speed and intake air
flow. Since all injectors are activated si-
multaneously, only a single driver stage is
required. The temperalure 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 setpeint value be-
fore activating a two-state controller. The
control adjustment is then performed, as
are all corrections, by modifying the injec-
tion duration.

L3-Jetronic

L3-Jetronic incorporates functions ex-
tending beyond those provided by the L-
Jetronic’s analog technology. The L3 sys-
tem's ECU employs digital technology to
adjust the mixture ratios based on a
load/engine-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.

HMC EXHIBIT 1010

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



474 Engine management (spark-ignition engines)

LH-Jetronic

LH-Jetronic is closely related to L-
Jetronic. The difference lies in the method
of intake air-flow measurement, with LH-
Jetronic using a hot-wire air-mass meter
to measure the mass of the intake air.
Thus, the results no longer depend on the
air density, which varies with temperature
and pressure.

The other LH-Jetronic components and
{he basic system concept are 1o a large
extent the same as those in L-Jetronic.

Operating-data processing in the ECU

[H-Jetronic is equipped with a digital
ECU. Arrangements for adjusting the mix-
ture ratio vary from those used with L-
Jetronic in using a load/engine-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, & 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 oscillator.

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 fo
maintain it at a constant temperature
above that of the intake air. This principle
makes it possible to employ the current
requirement as an index of the air mass
being drawn into the engine. A resistor
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 s
mounted in the hot-wire air-mass flow me-
ter to ensure that its output signal is not in-
fluenced by the temperature of the intake
air, The A/F ratio at idle can be adjusted
with a potentiometer. As contamination on

ic of an LH-

16 Ignition switch.

1 Fuel tank, 2 Electric fuel pwnp,’:f Fuel filter, 4 ECU, 5 Injector, 6 Fuel distributor, 7 Fuel-pressure
regulator, 8 Intake manifold, 9 Throtlle switch, 10 Hot-wire air-mass fiow meter, 11 Lambda sensor,
12 Coolant-temperature sensor, 13 Ignition distributor, 14 Idle-speed actuaior, 15 Battery,
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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-
tion. The hot-wire air-mass flow meter has
no moving parts, and its aerodynamic re-
sistance within the intake tract is negligi-
ble.

Hot-film air-mass flow meter

The operating principle of the hot-film 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 bridge circuit is installed
on a ceramic substrate, in the form of thin-
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-
sion at a downstream location. This pre-
vents them from being affected by de-
posits on the sensor element's leading
edge.

Karman vortex volumetric flow meter

Yet another option for measuring intake
air is provided by 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 frequency of
these vortices is a measure of the volu-
metric flow rate. This frequency is mea-
sured by emitting ultrasonic waves per-
pendicular to the direction of the intake-air
flow. The propagation velocity of these
waves as modified by the vortices is de-
tected by an ultrasonic receiver and the
resulting signals are evaluated in the
ECU.

Hot-fiim air-mass flow meter

& Housing, b Hot-film sensor (installed in
center of housing). 1 Heat sink, 2 Spacer,
3 Driver stage, 4 Hybrid, 5 Sensor element
(metallic film).

Kdrman vortex volumetric flow meter
1 Oscillator, 2 Vortex g r, 3T i

4 Ultrasonic waves, 5 Eddy currents, 6 Recei-
ver, 7 Amplifier, 8 Fiiter, 9 Puise shaper.
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Electromagnetic fuel injectors

Design and operation

Fuel Injectors essentially consist of a
valve housing with current coil and electri-
cal connection, a valve seat with spray-
orffice disk and a moving valve needle
with solenoid armature.

A filter strainer in the fuel feed protects
the injector against contamination. Two
O-rings seal the injectar against the fuel-
sistribution pipe and the intake manifold.
\When the coil is de-energized, the spring
and the force resulting from the fuel pres-
=ure press the valve needle against the
valve seal to seal the fuel-supply system
against the intake manifold (see Fig.).

When the injector is energized, the coil
generates a magnetic field which attracts
the armature and lifts the valve needle off
of its seat to allow fuel to flow through the
injector.

The injected fuel quantity per unit of
time is essentially determined by the sys-
tem pressure and the free cross-section

Fuel injector EVE (example)
1 O-rings, 2 Filter strainer, 3 Valve housing
with electrical connection, 4 Current coll,
5 Spring, 6 Valve needle with solenoid
armature, 7 Valve seat with spray-crifice disk.
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of the spray orifices in the spray-uriﬁce
disk. The valve needle closes again when
the field current is switched off.

Spray formation v ]
The fuel injectors' spray formation, i.e.

spray shape, spray angle and droplet
size, influences the formation of the A/F
mixture. Individual geometries of intake
manifold and cylinder head make it nec-
essary to have different types of spray for-
mation.

Tapered spray:
Individual fuel sprays emerge through the
openings in the spray-orifice disk. These
tuel sprays combine to form a tapered
spray. Tapered sprays can also be ob-
tained by means of a pintle projecting
through the injector needle tip. Tapered-
spray injectors are typically used in en-
ines with one intake valve per cylinder.
The tapered spray is directed into the
opening between the intake-valve disk
and the intake-manifold wall.

Dual spray:

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-shrouding:

In the case of an air-shrouded injector, the
pressure drop between intake-manifold
and ambient pressures is used to improve
mixture formation, Air is routed through
an air-shrouding aftachment into the out-
let area of the spray-orifice disk. In the
narrow air gap, the air is accelerated to a
very high speed and the fuel is finely at-
omized when it mixes with it.
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Ignition

The ignition system’s function is to initiate
combustion in the flammable air-fuel mix-
ture by igniting it at precisely the right mo-
ment, In the spark-ignition (Otto) engine,
this is achieved with an electrical spark,
i.e. 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 destruc-
tion of the catalytic converter due to over-
heating during afterburning of the uncom-
busted mixture.

Mixture ignition

Provided the composition of the mixture is
stoichiometric, an energy of approxi-
mately 0.2 mJ is required for each individ-
ual ignition of the A/F mixture via slectric
spark. Over 3 mJ are required for a rich or
lean mixture, This energy represents only
a fraction of the total energy in the ignition
spark, the actual ignition energy. If suffi-
cientignition 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. lgniting a
small flammable mixture cloud flowing
past the spark can be enough to initiate
the process.

This mixture cloud ignites, the flame
spreads to the remaining mixture in the
cylinder, and the fuel starts to combust.
lgnitability 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
(large electrode gap).

The spark plug determines the location
and length of the spark; spark duration
depends upon the type and design of the
ignition 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-plug voltage characteristic with sta-
tionary or semi-stationary A/F mixiure

1 Ignition voltags, 2 Spark voltage,

1 Spark duration.
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age across the electrodes abruptly rises
from zero up to the arcing (ignition) volt-
age and the plug fires. Once the spark
has ignited, the spark-plug voltage drops
to the sparking voltage. The A/F mixture
may ignite at any point during the firing
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
Battery-ignition systems generally em-
ploy an ignition coil to generate the high-
tension 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 cail's 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 plug's maximum-pos-
sible ignition-voltage requirement. Energy
levels of 60...120 mJ within the coil corre-
spond to an available voltage of
25,,..30 kV.

The operational reserves of high volt-
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age and ignition energy are sufficient 10
compensate for all electrical losses.
Inadequate maintenance reduces these
high-voltage reserves, and leads to igni-
tion and combustion miss. Engine power
drops and fuel consumption increases. in
addition, this phenomenon can result in
damage to or destruction of the catalytic
canverter, should one be installed. In ex-
treme cases, the engine either fails 1o
start — especially when cold — of stalls.

|gnition systems are also available with
capacitive energy storage (CDI or
Capacitor-Discharge Ignition) for use on
high-performance and racing engines.
These systems store the ignition energy
in the electrical field 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 1wo milliseconds elapse
between the mixture’s initial ignition and
its complete combustion. The Ignition
spark must therefore arc early enough 10
ensure that main combustion, and thus
the combustion-pressure peak in_the
oylinder, accur shortly after piston TDC.
The ignition angle should therefore move
further in the advance direction along with
increasing engine speed. The chosen fir-
ing point should ensure that the following
requiremants are met:

— maximum engine performance

— low fuel consumption

— no engine knock

— clean exhaust gas.

Since it is impossible 10 obtain aptimal
compliance with all of these requirements
simultaneously; compromises must be
found on a case-to-case basis. Optimal
ignition timing Is defined according to &
variety of parameters. The most important
are engine speed, engine load, engine
design, fuel quality and momentary oper-
ating conditions (starting, idle and trailing
throttle, etc.). In the simplest case, spark-
advance mechanisms sensitive to varia-
tions in engine speed and intake-manifold
vacuum adapt the ignition timing to suit
the engine’s current operating conditions.

In modern engine-management sys-
tems with extended functions, additional
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ple of g timing
consisting of centrifugal and vacuum
advance

1 Part-load operation, 2 Full load.

“gks
30

Ignition advance

betore TDC

Low pressure

Engine spead

adjustments can be used e.g. for rapid
forque adaptation or for swift heating of
the catalytic converter.

Al the adjustment sirategies can oper-
ate either individually or simulianeously.
The degree to which the ignition timing is
advanced or retarded is determined by
the ignition-advance curves calibrated
specifically for gach individual engine
configuration.

At full load, the accelerator pedal is de-
prassed fully and the throttle is wide open
(WOT). Along with increasing engine
speeds, ignition takes place earlier in or-
der to maintain the combustion pressure
at the levels required for optimal engine
performance. The leaner AJF mixtures en-
countered during part-throttle operation
are more 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 vacuum
employed to determine the necessary de-
gree of spark advance is monitored down-
Ztream 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
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Combustion- sure

ignition ﬁr.lngp;?nrs sy
1 Correct ignition advance (£.),

2 Excessive ignition advance (Z)

3 Excessive ignition refard (Z,),
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Pressure in combustion cha
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Ignition advance angle gz

fall in the proximity of the full-thrott
(WOT) position. The progressively widi.\er
throttle openings required to increase en-
gine speed on the operating curve for
part-throttle road operation are reflected
in the relationship between vacuum and
min=* shown in the diagram.

; Yet ano!he_r diagram shows the curves
for combust!on—chamber pressure in a
4-siroke engine with correct and incorrect
Ignition timing. Even if the timing is initially
:orrac_l. neglected maintenance can allow
itto drlfl over the course of time. If the tim-
ing shd_15 towards a later firing point
retard”), the result is a gradual drop in
angine power and increased fuel con-

sumption. Excessive “advance” may re-
sult in extreme cases in serious damage
to spark plugs or to the engine if the en-
gine knocks. The level of exhaust emis-
sions also increases.

Ignition and emissions

Dw"mg to the fact that it directly afiects the
various exhaust-gas components, the ig-
nition has a significant effect upon ex-
haust emissions, Because various — and
in this context sometimes mutually antag-
onistic — factors such as fuel economy,
dqvegbllny, efc., are also potential opti-
mization criteria, it is not always possible
to specify the ideal ignition timing for min-
imum emissions,

Shifts in ignition timing induce mutually in-
verse response patterns in fuel consump-
tion and exhaust emissions: While more
spark advance increases power and re-
duces fuel consumption, it also raises
HC ann_:l, in particular, NO, emissions.
E}(cessme 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-man-
agement systems featuring programmed
ignition curves are designed to adapl igni-
tion timing in response fo variations in fac-
tors such as min-', load, temperature, etc.
They can thus be employed to achieve the
optimum compromise between these mu-
tually antagonistic objectives.

Overview of various ignition systems

Sunction
Ignition system
Designation - i ; = —
gﬁli‘ﬁnn Trgns;st- Engine managemant
i
St %I;Zi;i’m Electronic | Distributor-
aystern ignition less sermi-
system conductar ig-
~ah-voltage generation Inductive —
2nition triggering MTchani- 1 Electronic
cal
tion angle determined from eny
Moegda gine Mechanical Electronic
ok distribution to appropri i
Rl o ppropriate Mechanical | Electronic
oy Z=siced Ignition timing s not possibie with EI. DL therefore with i s
BRging 3 systams.
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| Influence of excess-air factor 1. and igni-
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Ignition energy

The ignition system generates a high-volt-
age spark at the spark plug to initiate
combustion. An ignition-spark energy of
approx. 0.2 mJ is adequate to ignite a sto-
ichiometric air-fuel mixture, while richer or
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leaner mixtures require substantially
higher levels of spark energy. Excess en-
ergy, i.e., from an ignition system de-
signed to generate a high-energy spark of
extended duration (transistorized or elec-
tronic 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-
jection, larger electrode gaps and thin
electrodes also have a positive influence
on the engine’s smoothness and HC
emissions.
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Ignition coil

The ignition coil functions as both an en-
ergy-storage device and a transformer.
The cail, which is powered by DC voltage
from the vehicle's 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 to determine the amount of en-
ergy stored within the ignition coil's mag-
netic field. The secondary winding can be
designed to provide peak voliage, spark
current and discharge duration in accor-
dance with individual requirements.

The contact-breaker points used with
coll ignition (Cl) can only handle interrupt
currents of up to approx. 5 A. Tl, El and
DLI ignition systems and Motranic 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
aclivates the ignition coil depending on
battery voltage, 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 operatian

Traditional ignition coils with asphalt or oil
insulation enclosed in metal casings are
being increasingly replaced by urits fea-
turing an epoxy-resin filler. These not only
allow more latitude in the selection of
geometry, type and number of electrical
terminals, but also provide more compact
dimensions, better vibration resistance
and lower weight, The ignition coil is gen-
erally attached by way of the iron core to
the engine or vehicle body. Rod-type igni-
tion coils are installed In the cylinder-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 all the
capillary spaces. Supplementary iron
cores are sometimes embedded on the
inside of the synthetic molding.

The secondary winding is mostly de-
signed as a disk ar sandwich coil, with the

Ignition coils (schematic)

Rotating distribution: a) Single-spark ignition
coil. Distributorigss ignition:

b) Single-spark ignition cofl,

c) Dual-spark ignition col.

a b c

15 15 d4a 15 da

1 1 1 4b
4 4

Single-spark ignition coil

1 External low-voltage terminal,

2 Laminated fron core, 3 Primary winding,

4 Secondary winding, 5 Internal high-voltage
connection via spring cantact, & Spark plug.
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windings distributed among a series of
segments, Even distribution of stresses
among the insulaling elements in all
chambers combines with high dielectric
strength to permit compact dimensions
while at the same time making foil and pa-
per between wire layers redundant. The
winding's self-capacitance s also re-
duced.

Because lower breakdown voltages are
required for the negative (relative lo en-
gine ground) ignition spark, the positive
terminals for the primary and secondary
windings are generally combined on
those ignition coils used with ratating
high-voltage distribution.

Single and dual-spark ignition coils are
an alternative for use in ignition systems
with distributorless ignition (DLI).

When a single-spark coil per spark plug
s used, the primary current is controlled
to furnish the relevant spark plug with an
ignition pulse at precisely the night mo-
ment in time. High-voltage diodes are
used to prevent the positive 1.2 kV high-
voltage pulse generated when the pri-
mary current is activated from causing the
spark plug 1o fire prematurely.

On the dual-spark coil, the secondary
winding is galvanically insulated from the
primary winding. Each of the twa high-
voltage outputs are connected to a spark
plug. Ignition sparks are created at the
two spark plugs when the primary current
is deactivated. As with rotating high-volt-
age distribution, this system does not
usually require any special precautions to
prevent activation sparks.

Connection and instaliation are facili-
tated by combining several ignition coilsin
a comman casing to form a single assem-
bly. However, the individual coils continue
to operate as independent units. The inte-
gration of output stages in the ignition
coils 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.
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Dual-spark ignition coil (distributorless
ignition}

1 Low-voltage ferminal, 2 Laminated Iron core,
3 Primary winding, 4 Secondary winding,

5 High-voltage terminals.

Spark plug

Function

The spark plug introduces the ignition 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 mixiure. As this function
must also be guaranteed under extreme
conditions (cold starting, full load), the
spark plug plays a decisive role in the op-
timumn performance and reliable operation
of a spark-ignition engine, These require-
ments remain the same over the entire
service life of the spark plug.

Bequirements
The spark plug must satisfy a variety of

extreme performance demands: It is ex-
posed to the varying periodic processes
within the combustion chamber as well as
external climatic conditions. However, the
combustion chamber must  remain
sealed.

During spark-plug operation with elec-
tronic ignition systems, ignition voltages
of up to 30,000 V may occur and must nct
damage the insulator. This insulation ca-
pability must also be guaranleed at tem-
peratures in the region of 1000°C,

Because the spark plug is subjected o
mechanical stresses in the form of expo-
sure to periodic pressure peaks (up &=

Engine management (spark-ignition engines) 483

BO bar) within the combustion chamber,
its malerials must exhibit extreme resis-
tance to thermal loads and continuous vi-
bratory stress. At the same time, that sec-
tion of the spark plug that protrudes into
the combustion chamber is exposed to
high-temperature chemical processes
making resistance to aggressive combus-
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). Effective heat
dissipation at the electrodes and the insu-
lator is also essential for reliable spark-
plug performance.

Design

In a special high-grade ceramic insulator,
an electrically conductive glass seal
farms the connection between the center
electrode and lerminal stud. This glass el-
ement acts as a mechanical support for
the components while providing a gas
seal against the high-pressure combus-
thl:m gastes‘f\t can also incorporate resistor
elements for interfe i
e rence suppression

The connection end af the insulator is

glazed for improved protection against
contamination. The connection between it
and the nickel-plated steel shell is gas-
tight. The ground electrode, like the cen-
ter electrode, is primarily manufactured
.sing nickel-based alloys to cope with the
7igh thermal stresses. It is welded to the
shell. The thermal conduction properties
o* both the center and the ground elec-
~odes are improved by using a nickel-al-
<y jacket material and a copper care.
Siver and platinum, or platinum alloys,
== employed as electrode material for
=ozcial applications. The spark plugs
;5-.& either an M4 or a standard SAE
_'_-:ad. depending upon the type of high-
“'age connection. Spark plugs with
al shields are available for watertight
ems and for maximum interference
ression.

fﬂark plug

igh-voltage connector (terminal nut),
2 AlO; Ceramic Insulator, ;
3 Sheli;

4 Heat-shrinkage zone,

5 Conductive glass,

6 Captive gasket,

7 Composite center electrade NI/Cu,

8 Ground electrode.
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Heat range
The operating temperature of the spark
plug represents a balance between heat
ansorption and dissipation, The aim s to
achieve a self-cleaning temperature of
=pprox. 500 °C even at low engine power
outputs.

¥ the temperature drops below this
level, there is the danger that unburnt hy-
arocarbons and oil residue from incom-
plete combustion sequences will settle
on the cold areas of the spark plugs (par-
scularly when the engine is not at normal
sperating temperature, at low outside
temperatures, and during repeated
staris), This can create a conductive
connection (shunt) between the center
slectrode and the spark-plug shell by
way of which the ignition energy leaks
away in the form of short-circuit current
(risk of misfires). At higher tempera-
wres, the residues containing carbons
burn on the insulator nose; the spark
olug thus “cleans” itself.

An upper temperature limit of approx.
200 °C should be observed because in
this range wear of the spark-plug elec-

| Spark-plug temperature response
1 high, 2 medium, and 3 low heat range.

%‘
ot

g

3 1
= 1000

g 2
=3

& 500 3

trodes increases markedly (due to hot-
gas corrosion) and if this limit is signifi-
cantly exceeded this increases the risk
of auto-ignition (ignition of the air-fuel
mixture on hot surfaces). Such auto-igni-
tion subjects the engine fo extreme
loads and can result in the engine’s 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, which is defined by a code num-
ber and determined in comparison mea-
surements with a reference standard
source.

The Bosch ionic-current process pre-
sents possibilities for 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-ignition process. The spark
plug must be adapted in such a way as
to preclude any possibility of premature
ignition.

The use of center-glectrode materials
with high thermal conduetivity (silver or
nickel alloys with copper core) makes it
possible to substantially extend the insu-
lator 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.

Reducing the likelihood of combustion
miss and ignition miss — with their atten-
dant massive increases in hydrocarbon
emissions — provides benefits in exhaust
emissions and fuel consumption in part-
throttle operation at low 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 large volume el-
ement and thus results in reliable ignition
of the air-fuel mixture due to the develop-
ment of a stable flame-core.

It is frequently impassible to achieve
smooth idle when the electrode gap is teo
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Spark gap

a) Spark alr gap.

b) Semi-surface gap,
¢} Surface gap.

a

narrow. On the other hand, the electrode
gap must be narrow enough lo 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 ignilion voltage s
influenced not only by the size of the elec-
trode gap, but also by the electrodes’
shape and temperature and the
materials used in their manufacture.
Parameters specific 1o 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-
tion and thus misfire-free operation
throughout the required service life.

Spark gap
The configuration of the arcing path is de-
fined by the mutual arrangement of the
electrodes.

Spark air gap (a):

A linear spark arcing directly between the
center and ground electrodes ignites the
air/fuel mixture between the electrodes,
Semi-surface gap (b):

The semi-surface gap is created by posi-
tioning the ground electrodes (at a de-
fined 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-
ing across a gas-filled gap to the ground
electrode.

Shifting a portion of the spark’s propa-
gation travel to this shunt path extends the
gap across which any given voltage can
produce an arc.

The increased electrode gap improves
the ignition properties.

Suriace gap (c):

On surface-gap spark plugs, the 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 a small gas-filled gap to the
ground electrade. The arrangement of the
ground electrode to 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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Ignition coil
Description: see P. 481,

Ignition distributor

The distributor is a separate, self-con-

tained component within the ignition sys-

tem. It has the following functions:

—it distributes the ignition pulses to the
=naine’s spark plugs in the defined se-
auence (CI, TI, and electronic ignition),

—1niggers the ignition pulse, either when
the contact breaker interrupts the pri-
mary current, or, with breakerless sys-
tems (CI, T1, El in some cases), using a
pulse generatar,

— adjusts the ignition timing with a spark-
advance mechanism on conventional
ignition systems (Cl, T1).

In modern electronic ignition systems,
operating either alone or in combination
with the fuel-injection system (Motronic),
she distributor generally comprises only a
rotor arm connected to the camshaft and
the distributor cap with high-voltage
cables.

The contact-breaker points and the
zpark-advance mechanism perform sepa-
rate functions from those of the distributor
proper. They are combined with it ina sin-
gle unit because they require a synchro-
nized drive.

The ignition pulse passes through the
center connection and the carbon brush
or the center-tower spark gap to the dis-
wributor's rotor arm which then distributes
this ignition energy by arcing it to fixed
slectrodes pressed into the periphery of
the distributor cap. From here, the ignition
pulses travel through the ignition cables to
the spark plugs. A dust cover is some-
times installed to separate this high-volt-
age section from the rest of the unit.

Contact breaker
A cam opens the contact-breaker poinis
to interrupt the flow of primary current to
the coil for ignition. The number of cam
lobes corresponds to the number of en-
gine cylinders. The portion of the distribu-
tor shaft's rotation during which the points
remain closed is the dwell angle.

The contact-breaker points are subject
to three types of wear:
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Contact breaker
1 Moving breaker-plate assembly, 2 Breaker
lever, 3 Distributor shaft, 4 Distributor eam.

C I ism, at rest
(above), in aperation (below)

1 Support plate, 2 Distributor cam, 3 Cartact
path, 4 Advance flyweight, 5 Distribulor shaft,
6 Driver.

— contact pitting,

— contact arm (rubbing-block) wear,

— plastic deformation and local compres-
sion of the contact metal.

Contact pitting stems from the breaking
sparks (residual arcing) induced by induc-
tion voltage during interruption of the pri-
mary current, The ignition condenser is
designed to suppress this type of arcing.
put residual sparks continue to occour.
Although contact wear and rubbing-block
wear are mutually counteractive, the ef-
fects of the latter are generally more pro-
nounced, resulting in a tendency for the
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ignition to drift in the “retard” direction, to-
ward a later ignition point.

Spark-advance mechanism

Ignition  distributors  are  generally
equipped with two spark-advance mecha-
nisms: a speed-sensitive centrifugal ad-
vance mechanism and a load-dependent
vacuum-controlled device.

Centrifugal advance mechanism

The centrifugal advance mechanism ad-
justs the ignition timing in response to
changes in engine speed. The supporl
plate upon which the flyweights are
mounted rotates with the distributor shaft.
The flyweights move outward as engine
speed increases, thereby turning the dri-
ver over the contact path to the distributor
shatft in the direction of rotation. In this
way, the distributor cam also turns to-
wards the distributor shaft by the ignition
advance angle a. The point of ignition is
advanced by this angle.

Vacuum adjustment mechanism

The vacuum mechanism adapis 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
Because the airfuel mixture combusts
more slowly during operation at low load

factors, it must be ignited earlier 1o com-
pensate. Meanwhile, the proportion of
those residual gases which have been
burned but not discharged from the com-
bustion chamber increases, and the mix-
ture leans out. Vacuum 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 shaft's direction of rotation; the
paint of ignition is advanced still further.

Operation of retard mechanism

Here the connection with the intake man-
ifold’s internal vacuum is downstream
from the closed throttle. The ring-shaped
vacuum retard unit reduces exhaust emis-
sions by reducing ignition advance under
specific operating conditions (e.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 of rotation.

This spark-retard system operates in-
dependently of the advance mechanism.
The advance mechanism has priority: si-
multaneous vacuum in both units during
part-throtile operation shifts the unit to its
“advance” position.

with ignition advance and retard units

a Advance adjustment up to stop, b Relard adjustment up to stop

1 Ignition distributor, 2 Breaker-plate assembly, 3 Diaphragm, 4 Vacuum retard unif,
5 Vacuum advance unit, & Vacuum umit, 7 Threitle valve, 8 Intake manifold.
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Transistorized ignition (TI)

With conventional coil-ignition systems,
\gnition energy and maximum voltage are
restricted by various electrical and me-
chanical faclors limiting the breaker
paints' switching capacity. The demands
placed upon battery-ignition systems are
often more than the contact-breaker as-
sembly can satisfy in its role as a power
switch, In electronic ignition systems, the
points are assisted or replaced entirely by
wear-free control devices. Transistorized
(coil) ignition is available in both breaker-
triggered and breakerless versions.

Transistorized coil ignition with contact
control is especially suitable for upgrading
existing  coil-ignition  systems  (Cl)
Breaker-iriggered transistorized coil igni-
tion systems are no longer Installed as
ariginal equipment.

Breakerless transistorized ignition
On breakerless ftransistorized ignition
systems, the cam-actuated contact
breaker is replaced by a magnetic “pulse
generator’. This generates current and
voltage pulses magnetically (without con-
tacts) to trigger the high-voltage ignition
pulse through the system electronics. The
pulse generator is installed in the ignition
distributor.

These triggering devices operate ac-
cording to various principles.

Induction-type pulse generators (T1-1)

The induction-type pulse generator is a
permanently-excited AC generator con-
sisting of stator and rotor. The number of
teeth or arms corresponds o the number
of cylinders in the engine. The frequency
and amplitude of the alternating current
generated by the unit vary according to
engine speed. The ECU processes this
AC voltage and uses it for ignition control.

Hall-effect pulse generators (TI-H
This type of ignition-pulse generator uti-
lizes the Hall effect. A speed-sensitive
magnetic field produces voltage pulses in
an electrically charged semiconductor
layer to control activation of the ECU's pri-
mary current.

Ignition pulse generators (impulsers)
display clear benefits over mechanical
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i g syslam_|
1 Battery, 2 lgnition switch, 3 Coll, 4 Electronic
trigger box, 5 Ignition distributor with cantrifugal
and vacuum advance mechanism,
Ba Induction-type puise generator, 6b Hall-type
pulse generalor (alternative), 7 Spark plugs.

contact breakers: They do not wear, and
are thus maintenance-free. They allow
precise control of ignition timing with at-
tendant benefits in engine perfarmance.

Ignition distributor with induction-typ
pulse generator

1 Permanent magnet, 2 Induction winding
with cora, 3 Variable air gap, 4 Trigger wheel,

Valtage
N
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Electronic control units

Virtually all of the electronic control units
(trigger boxes) in use today are equipped
with  primary-current  regulators and
closed-loop dwell-angle control.

The pril - limits the
current in order to prolect the ignition coil
and the driver stage. When used in con-
junction with a coil featuring low primary
resistance, it provides high starting 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 function for starting.

- - ol en-
sures that the desired primary current is
obtained in the control range as far as
possible at the point of ignition. This re-
duces the power losses in the ECU. [talsa
compensates for battery-voltage fluctua-
tions and ignition-coil temperature effects.
Depending on systemn design, this dwell-
angle contral is effective up to medium
engine speeds. Al high engine speeds,
the dwell angle is determined by the
break time required to achieve adequate
arcing duralions. The residual energy re-

Ignition distributor with Hall sensor

1 Vane with width b, 2 Soft-magnetic
conductive elements, 3 Hall IC, 4 Air gap.

U Sensor voltage (transformed Hall voitage).

A 123

)
m;

Hall voltage Uy
o

Z 'rl
Time—=

maining in the coil after the break time
promotes optimal coil charging with re-
duced dwell times.

The sparkiess closed-circuit current de-
activation switches off the primary current
with the ignition on and the engine off to
ensure that no sparks occur at the spark
plug. However, there are also
TC-| systems (with 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 jdle-speed control which is
installed between the Hall generator and
the ECU; below idle speed it reacts to fur-
ther decreases in engine min-' by ad-
vancing the ignition, thus increasing
torque and preventing engine speed from
dropping any further. The electronic re-
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 transistorized ignition systerns
owing to their ability to combine high
packaging density with low weight and ex-
cellent reliability. Hybrid technology re-
places the printed-circuit board, with an
AlO, 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 performance specifications of ignition
coils for conventional ignition differ from
those of ignition coils with electronic cir-
cult-breakers (transistorized ignition, see
P 490). A coil designed for one applica-
tion should never be employed in the
other.
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Mote: Unlike with breaker-triggered igni-
2o terminal 1 of the systems mentioned
st not be shorted to ground (e.g. during
sempression testing) as this would over-
o=c the low-resistance primary winding
of the ignition coil.

Capacitor-discharge ignition
(cDIl)

Tne operating concept behind CDI, or
Snyristor ignition,” as it is also called, dif-
dzrs from that of the ignition systems de-
scribed above. CDI was developed for
use with high-speed, high-output multi-
oyiinder reciprocating IC engines in high-
cerdormance and competition applica-
fions and for rotary-piston engines.

The salient characteristic of the CDI
system is that il stores ignition energy in
e electrical field of a capacitor.
Capacitance and charge voltage of the
capacitor determine the amount of energy
which is stored. The ignition lransformer
sonverts the primary voltage discharged
from the capacitor to the required high
voltage. Capacitor-discharge ignition is

available in both breaker-triggered and
breakerless versions.

The major advantage of the CDI is that
it generally remains impervious to electri-
cal shunts in the high-voltage ignition
circuit, especially 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
CDl is only designed for specific types of
engine, and today its use is restricted to a
limited application range, as ftransistor-
ized ignition systems now afford virtually
the same performance. CDI is not suited
for aftermarket installations.

CDI can also be employed for distribu-
torless ignition (DLI) with the installation
of one Ignition coil per cylinder, with en-
ergy distribution taking place at the
medium-voltage level.

| Capacitor-discharge ignition system
with induction-type pulse generator,
schematic

|

1 Control unit, 5 Ignitian transformer,

2 Charger, & To Induction-type pulse
3 Pulse shaper, generator,

4 Control stage, 7 To ignition distributar.
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Electronic ignition
(El and DLI)

Electronic ignition derives its name from
the fact that it calculates the ignition point
electronically. The characteristic curves
provided by the conventional distributor's
centrifugal and vacuum-advance units
are replaced by an optimized electronic
ignitton map. Mechanical high-tension
distribution is retained with El ignition.
Fully electronic distributorless semicon-
ductor ignition (DLI) uses stationary elec-
tronically controlled components 1o re-
place the mechanical, rotating high-ten-
sion distributor,

Electronic ignition systems operate
mare precisely than mechanical systems,
with major 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
longer a factor). The limitations which me-
chanical adjustment mechanisms place
upon the performance curve (summation
of curves for load and engine speed in a

single progression) are also avolded. The
number of input variables is also theoreti-
cally unlimited, usually allowing exten-
sions in the ignition 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-
ficulty coping with larger numbers of cylin-
ders; efficient spark distribution cannot al-
ways be guaranteed Corrective mea-
sures include dividing the ignition into two
circuits (e.g.. for 8- and 12-cylinder en-
gines) and static voltage distribution.

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 and processing cir-
cuits on the ECU's input-side.

|
| Accident hazard
|

| All electronic ignition systems (including ca-
| pacitor discharge, transistorized ignition
| and all systems with partial or comprehen-
| sive electronic control) are potentially dan-
| geraus. Always switch off the ignition or dis-
| connect the battery before performing any
| service or maintenance including:

| — Replacing components such as spark-

plugs, coils, transformers, distributors,
high-tension cables, etc.

— Connecting engine test devices such as
stroboscopic lamps, dwell-tach testers,
ignition oscillographs etc. Dangerously
high voltage levels are present through-
oul the ignition system whenever it Is
turned on. All service operations should
be performed exclusively by qualified
technicians.

N

ofan Ignition sy (El)

1 Ignition coil with ignition driver stage, 2 High-voitage distributor, 3 Spark plug, 4 ECU,
5 Engine-temperature sensor, § Knock sensor, 7 Engine-speed and reference-mark sensor,
& Ring gear for sensor, 9 Throttle switch, 10 Battery, 11 Ignition switch.
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Etectronic ignition, signal processing
1 Engine speed, 2 Swilch signals,
3 CAN (senal bus), 4 Intake-manifold pressure,

| 5 Engine lemperature, B Intake-alr tempera-
ture. 7 Battery voltage, 8 Microprocessor,
| 2 Anslog/digital converter, 10 Driver stage

| lopit Electronic control unit

| <ignals iEC_li .
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Ignition

Ignition maps

Above: electronically optimized,
Belaw: mechanical advance system.

Advance angle
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Operation .
The engine's 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-
cording to whether the information is
taken from teeth distributed evenly
around the crankshaft or a crankshaft
segment per cylinder pair:
— Beginning of segment = maximum
spark advance angle,
— End of segment = starting angle.

In the Incremental system illustrated here,
the reference mark (shown as a tooth
gap) represents a defined crankshaft po-
sition, providing a reference for electri-
cally monitoring crankshaft angle using
the ring-gear teeth. A distributor without
an advance mechanism can also be em-
ployed for triggering; here the control sig-
nal is provided by a Hall generator. An ab-
solute-pressure sensor in the intake man-
ifold is the best way to monitor load. This
provides a better gauge of cylinder
charge than the spark-advance or retard
bores on the throttle valve. It is also pos-
sible to incorporate load switches, throt-
tle-valve potentiometers or electronic load
signals from the mixiure-preparation sys-
tem. The microcomputer in the ECU
processes the engine-speed and load sig-
nals prior 1o using them to calculate 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
thrattle-valve switch, to derive correction
values and regulate other vehicle-specific
functions as required. The dwell angle for
charging the ignition coil is also specified
by the computer. The battery voltage is
monitored here to enable voltage correc-
tion. The system responds to deviations
in battery voltage from the specified base-
line by extending or reducing coil-charg-
ing times accordingly. This ensures con-
sistent availability of maximum voltage
while at the same time limiting the accu-
mulation of heat in ECU and coil to & min-
imum. At speeds below the starting

e
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speed, the computer interrupts the cur-
rent flow through the ignition coil in order
to prevent averheating. The driver stage
can be either integrated inside the ECU or
ins_:allecf externally, e.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 ECU's which 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 ignition
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
optimum ignition timing (e.g., for maxi-
mum fuel economy) can be selected for
every operating condition, according to
the limits imposed by factors such as ex-
haust emissions, pre-ignition limit and dri-
veability. The entire system is completely

maintenance-free and does not require
any adjustments during the engine's ser-
vice life.

Rotating voltage distribution

A high-voltage distributor distributes the
ignition pulses to the spark plugs of the in-
dividual eylinders (as described earlier). If
the distributor'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 crankshaft
can be used for “two times 4 cylinders”,
whereas “two times 3 cylinders” with con-
stant ignition-angle spacing (not em-
ployed up to now) must be controlled by
the camshaft.

Distributorless (stationary) voltage
distribution

Systemns with single-spark ignition coil
Each cylinder has its own ignition coil with
driver output stage, installed either di-

Cmby i

of a fully-elect

9 Battery, 10 ignilion switch.

ic distributorless ignition system (DLI)
1 Spark plug, 2 Single-spark coll, 3 Throftle switch, 4 ECU, 5 Engine-temperature sensor,
& Knock sensor, 7 Engine-speed and reference-mark sansor, 8 Ring gear for sensar,
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rectly above the spark plug or separately.
Either synchronization with the camshaft
sensor or a method for detecting the com-
pression cylinder is required. On engines
with an even number of cylinders, the sys-
tem reverts to crankshaft triggering in the
event of camshaft-sensor failure, al-
though two coils are then always acti-
vated simultaneously (one of the sparks is
discharged during an exhaust stroke).
This system, suitable for engines with any
number of cylinders, provides the greatest
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 mare.

Systems with dual-spark ignition coil
One ignition coil is required for every two

cylindars. The crankshaft can be used for
synchronization, The high-voltage end of
each ignition coil is connected lo the
spark plugs for two cylinders whose oper-
ating cycles are 360° out of phase with
gach other.

As there is an additional spark during
the exhaust stroke, it is important to en-
sure thal 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

cost advantage relative to the single-
spark unit, the dual-spark ignition system
is the most common distributorless igni-
tion in use today.

Knock control

Application

Electronic control of the ignition point of-
fers the possibility of controlling very pre-
cisely the ignition angle as a function of
engine speed, load and temperature,

Nevertheless, without knock cantral 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 toler-
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 ignition
angle now no longer needs to be deter-
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Knock control Control algorithm for ignition
adfustments with a d-cylinder engine

Ky_a knock in cylinders 1...3, Cylinder 4,
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a Delay prior to ignition retard,

b Retardation, ¢ Defay before return to
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mined for the most knock-sensitive but
rather for the most insensitive conditions
(e.g. engine compression at lower toler-
ance limit, best possible fuel quality, most
knock-insensitive cylinder). Each individ-
ual 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 this igni-
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-
tion knock are detected by knock sensars,
converted Into electrical signals and for-
warded to the Motronic.

It is essential to work out carefully the
number and installation positions of the
required knock sensors, Reliable knock
detection must be guaranteed for all cylin-
ders and for all engine operating points,
particularly at high engine speeds and
loads. As a rule, 4-cylinder in-line engines
are equipped with one knock sensor,
5- and 6-cylinder engines with two sen-
sars and 8- and 12-cylinder engines with
two or more sensors.

Knock detection, evaluation

For the purpose of knack 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 evaluation al-
gorithm is applied to detect knock for each
cylinder and each combustion. Detected
combustion knocks result in a retardation
of the ignition point by a programmable
amount at the cylinder in question. If
knock stops, the ignition point is ad-
vanced again in stages up to the pre-con-
trol value.

The knock-detection and knock-control
algorithms are matched in such a way as
10 eliminate any knocking that is audible
and damaging to the engine.

Knock sensor

1 Sqismr‘r: mass, 2 Potting compouna.
3 Piszoceramic element, 4 Contacts
5 Terminals.

Adaptation
Real engine operation produces ciisem
knock limits and thus also differert o
tion points for the individual cylindess =
order to adapt the ignition-point pre-coe
lrollvalues 1o the particular knocx L s
ignition-point retardation values indivicus
to each cylinder and dependent on ==
operating point are stored.
They are stored in non-volatile maps =
the permanently powered RAM coverisz
load and engine speed. In this way. the
engine can also be operated in the avers
of rapid load and speed changes in sa=>
operating point at optimal efficiercy =o
without audible combustion knocks.

The engine can even be approvec &
fuels with lower anti-knock properties
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Combined ignition and
injection system (Motronic)

The Motonic engine-management sys-

3em nas undergone substantial develop-

ment since its introduction in 1979,

irtizly, integration was based on the ba-

s pasoline-injection systems, in combi-

rafion with distributorless semicanductor

‘gn=cn, 25 were available in the following

Systems

— KE-Motronic, based on KE continuous
g=soline injection (P. 468),

— iono-Motronic, based on intermittent
single-point injection (P. 465),

— LtAotronic, based on intermittent multi-
point injection (P. 471).

On the basis of M-Motronic, and by apply-

ing further integration steps, the Motronic

system assumed control of all the manip-

Liated variables of a spark-ignition engine

that influence tarque:

— ME-Matronic with electronic accelerator
pedal (ETC) for controlling gasoline in-
iection, ignition and fresh-air charge for
manifold injection (P. 498).

— MED-Motronic with further integrated
open- and closed-loop control functions
for the high-pressure fuel circuit. With
girect injection and realization of the
various operating modes of this engine
type (F. 507)

System overview

ing state desired by the driver and from it

calculates for instance:

— the required torque,

—the resulting cylinder charge with the
associated injected fuel quantity, and

— the correct ignition timing.

The low-level signal data from the micro-
processor outputs are adapted by the dri-
ver stages 1o the levels required by the
various actuators. A semicondyctor mem-
ory chip stores all programs and perfor-
mance maps, ensuring system consis-
tency which remains completely impervi-
ous to fluctuations resulting from
signal-level and component tolerances.

Digital accuracy is a function of word
length, as well as of the consistency of the
quartz's 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-time demands: in an
8-cylinder engine at maximum speeds,
less than 2.5 ms are available between
two ignitions. All essential calculations
must be completed within this period. In
addition to these crankshaft-synchronous
processes, there are also time-synchro-
nous operations. Both types can be sus-
pended by interrupts.

Engine management (spark-ignition engines)

gnasis interface, 19 Diagnosis lamp, 20 Vehicle immobiiizer,

manifold pressure sensor, 5 Fuel railifuel injector, 6 Ignifion coil/spark plug,

ry-air valve, 10 Air-mass meter, {1 Throttle device (ETC), 12 EGR vaive, 13 Knock sensor,

The Motronic system comprises all the

sensors for recording the current engine "
oo vehicle operating data (501, ME-Motronic

purge valve, 4 Intake-
r, 16 Lambda sensor, 17 ECU, 18 Dia

econdsay

Operating-data acquisition) and all the ac-
twators for the adjustments to be carried
out on the S1 engine (P. 503, Operating-
data processing).

Electronic control unit
The ECU employs sensors to monitor the
relevant status of engine and vehicle at
extremely short intervals (milliseconds).
Input circuits suppress sensor-signal
interference and convert the signals to a
single unified voltage scale. An analog-
igi then transforms the con-
ditioned signals into digital values.
Further signals are received by way of a
digital interface. Using this information,
the microprocessor identifies the operat-

Design

Basic funclions

in order to set the operating state desired
by the driver (main function), 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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21 Tank pressure sensor, 22 In-tank unit, 23 Accelerator-pedal module, 24 Battery.

1 Carbon canister, 2 Shut-off valve, 3 Canister-
14 Engine-speed sensor, 15 Temperalure sensol

7 Phase sensor, 8 Secandary-air pump, 9 Si

ME-Motronic system diagram
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aAsceanal function

&= w=l == the basic functions, the

ME-Mosronic has 2 large number of addi-

sonz open- 2nd closed-loop control func-

Sons Examples of such functions are:

—sd=-spead control,

— iesecioop lambda control,

— zontred 0f evaporative-emissions control
System

- exhaust-gas recirculation for reducing
MO, emissions,

— comirol of secondary-air system for re-
ducng HC emissions, and

— cruise control.

Thes= functions have been made neces-
s=ry by the legislation covering the reduc-
ton of exhaust emissions, the calls for a
s=cre=se in fuel consumption but also in-
crezsed demands placed on driving com-
fort and safety.

in =adition, the ME-Motronic system can

22 further extended with the following

functions:

— Caontrol of turbocharger control and vari-
ztle-tract intake manifold for increasing
enging power output,

— Camshaft control for reducing exhaust
emissions and fuel consumption and for
Increasing power,

— Knock control, engine-speed limitation
and vehicle-speed limitation for protect-
ing components in the engine and vehi-
cle.

Torgue-guided control concept

Tre torgue-guidance principle is aimed at
smplifying the many and sometimes very
different assignments placed on the en-
one and the vehicle. Only then is it possi-
zie depending on the engine or vehicle
wpe, to determine the required functions
i each case and to integrate them in the
relevant Motronic version.

Most of the additional open- and closed-
loop control functions likewise influence
the engine torque. In a torque-guided sys-
tem, all these functions behave like the
driver: they request an engine torque irre-
spective of each other. The torque-guided
ME-Motronic uses lorque coordination to
sort the often contradictory torque re-
guirements and to then put the most im-
portant requirement into effect,

Vehicle management _ -
The ME-Motronic can communicate via

the CAN bus system (P. 884) with the
ECUs 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 to less 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 torgue.

Diagnosis

The ME-Motronic incorporates compo-
nents for on-board monitoring (OBD). It
therefore complies with the 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 A/F mixture
formation, the cylinder charge is the factor
that determines torque output and thus
power output. The throttle valve controls
the alr-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 pedal to the throtlle valve.
Requirements for additional air are cov-
ered by a bypass air actuator which di-
rects an additional air flow around the

Air control with bypass alr actuator
(principle)

1 ldie actuator (bypass air actuator),
2 ECU, 3 Throttle valve, 4 Bypass.
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throttle valve (see Fig.), or a throttle-valve
actuator alters the stop for minimum air
quantity. However, the air flow required by
the engine can only be electronically in-
fluenced to a limited extent (idle-speed
control),

Systems_with ETC (electronic throttle
control, integrated in the engine control
unit for ignition, injection and other auxil-
iary functions) detect the position of the
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 (potentiometer) monitors exact
compliance with the desired throttie-valve
position. Two potentiometers (for redun-
dancy reasons) at the accelerator pedal
and throttle device are part of the ETC
manitoring system which, while the en-
gine Is running, continually checks all the
sensors and calculations which affect
throttle-valve opening.

Charge-cycle control

The behavior of the gas columns flowing
into and out of the cylinders changes con-
siderably as a function, for instance, of en-
gine speed or throttie-valve opening. With
fixed valve timing, the charge cycle can

ETC system

Sensors  Actuators|

¢
e
module

Engine ECU

Throtile device

only be optimized for a specific operating

range.

Camshaft control or camshaft-lobe
contral (P. 387) permits not only variable
valve timing, and thus adaptation to vari-
ous engine speeds, but also enables the
residual exhaust-gas mass in the cylinder
to be influenced (“internal EGR").

(“External") EGR effectively reduces
the temperature-dependent NOy emis-
sions. Exhaust gases which have already
been combusted are added to the A/F
mixture in order to reduce peak combus-
tion temperatures. For this purpose, the
Motronic triggers the exhaust-gas recircu-
lation valve as a function of the engine op-
erating point. The EGR valve then adds a
partial flow of exhaust gas to the fresh mix-
ture, thersby 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
g:qu)ue to be reached (lower fuel consump-

on).

The achievable torque, which is propor-
tional to the fresh-mixture charge, can be
increased still further by compressing the
air in the cylinder. This is the purpose of
dynamic supercharging, exhaust-gas tur-
bocharging, or mechanical supercharging
(P 390).

Operating-data acquisition

Vehicle-operator command

In the case of engine management with
an electronic throttle valve (ETC), there is
no longer a mechanical connection be-
tween the accelerator pedal and the throt-
tle-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 commiand.

Air charge

In engine concepts with manifold injec-
tion, there is a linear relationship between
the alr charge and the torque generated
by combustion. In the torque-guided ME-
Motranic, the air charge is therefore not
just one of the main factors invalved in
calculating the injected fuel quantity and
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t-gas

{ P :
Exhaust-gas recirculation (EGR), 2 Electropneumatic converter, 3 EGA valve, 4 EGU,

S Ar-mass meter, 1 Engine spsed

n——1

A4

ignition angle, but also serves 1o calculate
+he torque currently being delivered by the
sngine. The following sensors can be
used for this purpose:

— Hot-film air-mass meter,

— Intake-manifold pressure sensor,

— Ambient pressure sensor,

— Boost-pressure sensor (BPS) and

— Throttle-valve sensor.

Engine speed, crankshaft position and
camshaft position )
& speed sensor on the crankshaft moni-
tors the crankshaft revolutions per minute
(rotational speed). It then forwards this in-
formation on the crankshaft position, that
is, the piston position of all cylinders, as
an important input variable to the ME-
Matronic. The cylinder's piston position is
used, for instance, to determine the injec-
tion and ignition points.

To trigger the single-spark ignition coils,
the ME-Maotronic with static voltage distri-
bution also requires additional information
onthe ition. This information
is mostly monitored with a Hall-effect sen-
sor and forwarded to the ECU as a switch
signal.

A/F mixture composition

The lambda factor (A) is the figure whiph
quantifies the A/F mass ratio of the mix-
ture. The catalytic converter only per-
forms optimally at 4 = 1. The lambda sen-
sor measures the oxygen coneentration in
the exhaust gas and provides information
on the current value of the excess-air fac-
tar (F. 458).

Combustion knocks

The characteristic vibrations of combus-
tion knocks are detected by knock sen-
sors, converted into electrical signals and
forwarded to the ME-Motronic (F. 498).

Engine and intake-air temperatures
The voltage atthe NTC resistor of the en-

gine-temperature sensor is a function of
the coolant temperature. It is input via the
analog-digital converter and is a measure
of the temperature. In the same way, a
sensor in the intake port measures the
temperature of the intake air.

Operating-data processing

Torgue guidance
Torque guidance is a feature of the ME-
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Motronic. Numerous subsystems within
the Motronic (e.g. idle-speed control, en-
gine-speed limitation), and the systems
for management of the drivetrain (e.g.
TGS or transmission-shift control) or of
the complete vehicle (e.g. air-conditioner
control), direct their torque requirements
to the basic Motronic system with the aim
of modifying the engine torque which has
just been generated. The ME-Motronic
evaluates and coordinates these require-
ments and implements the resulting set-
point lorque using the available manipu-
lated variables (optimum engine opera-
tion in terms of exhaust gas and fuel
consumption at each operating point).

An essential precondition for torgue
guidance is the electronic accelerator
pedal ETC with the throttle valve con-
trolled independently of the accelerator
pedal.

Calculation of setpaint forque

The basic variable for the ME-Motronic
torgue 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-

tional requirements are covered. Because
the Motronic “knows" the optimum values
for charge, injection time and ignition an-
gle for each and every desired setpoint
torque, it can ensure optimal engine oper-
ation in terms of exhaust gas and fuel
consumption.

Setting of setpaint torque

For setting the internal torque, the ME-
Motronic's torque converter has a slow
path (cylinder-charge path, steady-state
operation) for the throttle valve (ETC), and
a high-speed path (ignition-angle path,
dynamic operation) for variation of the ig-
nition angle and/or injection blank-out of
individual cylinders.

Calculation of cvlinder charge
The air mass in the cylinder after the in-
take valves have closed is termed the air
charge. Referring the actual air charge to
the maximum obtainable charge pro-
duces a variable that is independent of
the engine piston displacement: the “rela-
tive (air) charge”. The associated injected
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.

Infiuencing torque in a gasoline engine

Starting,
Catalytic-converter
heating,
Idle-speed contral
Efficiency
External requirements: Coordination of Conversion of
~ Accelerator pedal torque and torque into avail-
(driver) efficiency able manipulated
— gn.u;z mrrul . requirements variables
— Driving dynarics
~ Driving comtfort — — wotle vaive
Bt e
Injection blank-out
Idle-speed control Duratonof
Engine-speed lmitation R’wm
astegate
Component protection openin
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For this purpose. an intake-manifold
model calculation is used in which all the
sir-mass flows into the intake manifold
2nd from the intake manifold to the com-
oustion chamber are calculated. The
mast important measured variable in this
model is either the air flow through the
theottle valve (measured with a hot-film
zir-mass meler) or the absolute intake-
manifold pressure (measured with a pres-
sure Sensor),

Starting out from this intake-manifold
madel. It is then also possible to deter-
mine the actual relative air charge.

Cylinder-charge control

in today’s spark-ignition engines, the rela-
tive cylinder charge is also the main factor
in influencing the engine torque, and is
therefore used in the torque structure as a
manipulated variable. The intake-mani-
told model is also used lo control the
cylinder charge by means of the throtile
valve; for this purpose, a required cylinder
charge is first of all calculated from the
deasired torgue (which was calculated by
ME-Matronic torque guidance). This cylin-
der charge is then converted into an as-
sociated throttie-valve angle and finally
passed on as the sefpoint value to the po-
sition controller of the throttle-valve actu-
ator.

Calculation of injection period
The fuel mass for & stoichiometric air-fuel

ratio can be calculated from the air charge
in the cylinder, When the fuel-injector con-
stant (this is a function of the fuel-injector
properties) is taken into consideration,
this furnishes the duration of injection.
The duration of injection (s also depen-
dent on the pressure differential between
fuel-supply pressure (approx. 300 kPa)
and Injection back pressure, Fuel-supply
systems with fuel recirculation keep the
supply pressure constant with respect 10
the intake manifold. This ensures that, in
spite of a changing intake-manifold pres-
sure, the same pressure differential is ap-
plied at the fuel injectors. On the other
hand, fuel-supply systems without fuel re-
circulation keep the supply pressure con-
stant with respect to the environment. As
the intake-manifold pressure changes,
the pressure differential varies between

fuel supply and intake manifold. A com-
pensation function corrects this error.

A further adaptation factor individual to
each cylinder serves to accommadate
fuel-pressure pulsations caused by the
apening and closing of the fuel injectors.

The effective opening duration calcu-
lated in this way is valid under the precon-
dition that the fuel injector is already
open. It must therefore be extended by
the opening and closing time of the injec-
tor, An additional, battery-voltage-depen-
dent duration of injection, which is added
to the wvalve-opening period, compen-
sates for this effect.

If the effective injection duration is loo
short, the influences of the valve-opening
and closing time became excessive. In or-
der to ensure exact fuel metering, the in-
jection duration is restricted to a minimum
value. This value is below the injection du-
ration associated with the minimum possi-
ble cylinder charge.

To ensure optimum combustion, it is nec-
essary to precisely define the injected fuel
quantity and the exact poi 1
injection. The fuel is generally injected
inta the intake manifold while the intake
yvalves are still closed. The end of injection
is determined by the “fuel-hold angle”.
which is specified in "crankshaft degrees”.
The point at which the intake valve closes
serves as the reference point, It is then
possible to use the duration of injection for
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 canditions.
The ME-Motronic triggers a fuel injector
for each cylinder. The fuel can thus be
held (stored) separately for each cylinder
to optimum effect (sequential injection).

Calgulation of ignition and dwell angles

When calculating the ignition angle, 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 dwell angle, the
first step is to determine the dwell period
from a speed- and battery-voltage-depen-
dent map. Once a temperalure-depen-
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dent correction has been taken into ac-
count, the associated dwell angle is de-
termined by means of & time/angle con-
version.

The difference between the end of
dwell (determined from the resulting igni-
tion angle) and the dwell angle deter-
mines the start of dwell,

Operating states

In some operating states, the fuel require-
ment differs markedly from the steady-
state requirements of an engine at normal
operating temperature, with the result that
corrective intervention in the mixture far-
mation becomes necessary.

Starting

Intake-air adjustment, fuel injection and
Ignition are specially calculated during the
starting procedure. An increased injected
fuel guantity adapted to the engine tem-
perature serves to build up a fuel film on
the intake-manifold and cylinder walls and
covers the increased fuel demand while
the engina is running up. The ignition an-
gle is likewise adapted to the starting pro-
cedure. The air charge while the engine is
at a standstill is not affected by the throt-
tle valve, which however is opened slightly
in anticipation of the past-start phase.

Post-start

In this phase, the still increased charge
and injected fuel quantity are reduced as
a function of engine temperature and time
at the end of the starting procedure, The
ignition angle is adapted accordingly.

Warming-up

After starting at low engine temperatures,
the engine’s increased torque demand is
covered up to a specific temperature
threshold by adaptation of the charge, fuel
injection and ignition,

Catalytic-converter heating

Highly retarded ignition angles generate
very hot engine exhaust gas, thereby
quickly bringing the catalytic converter up
to operating temperature.

ldle
Al idle, the engine-generated torque is
just enough to permit sustained engine

operation and running of the auxiliary sys-
tems. With idle-speed control, the desired
Itl.;ﬂE speed remains slable under all condi-
ions.

Full load

At full Ioad, the throttie 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-
sult in rapid changes in the intake-mani-
fold pressure and thus in the conditions
for the fuel film on the intake-manifold
wall. In order to prevent leaning during ac-
celeration, additional fuel is injected to
build up the wall film. During deceleration,
the injected fuel quantity is reduced ac-
cordingly.

Overrun fuel cutoff and restart

During the transition to no-combustion
overrun conditions, the ME-Matronic cuts
off the engine lorque without jolting, and
also provides for a smooth torque build-up
when fuel feed starts again.

Additional closed- and open-loop
control functions

Idie-speed control

Idle-speed control specifies a torque at
which the desired engine speed is main-
talned under the given operating condi-
tions. This tarque increases as engine
speed drops and decreases as engine
speed rises.

Lambda closed-loop control

It is only possible to convert the noxious
exhaust-gas constituents in the three-way
catalytic converter in a very narrow range
(“lambda window" where 4 = 0.99..1).
Lambda closed-loop control is essential in
order to remain inside this window
(P. 522).

Evaporative-emissions control system

The function of evaporative-emissions
control systems is to limit the HC emis-
sions. Such systems are equipped with a
carbon canister, which accommodates
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e =-c of the vent line from the fuel tank.
Cegzssing fuel is retained in the canis-
1=='s aclivated carbon. When the engine is
runring, a vacuum is created in the intake
manifald which causes air to be drawn in
from the environment through the acti-
vated carbon and into the intake manifold.
The fuel vapors trapped in the canister
are entrained with this air and carried to
the engine for combustion. A canister-
purge valve meters this “scavenging flow

Knock control j
Knock sensors convert the vibrations
characteristic to knocking into electrical
signals. These are used by the Motronic
to adjust the ignition point in order to pre-
vent audible knocking and knocking which
could damage the engine (F. 498).

Boost-pressure control
On engines with exhaust-gas lurbocharg-

ing, the setpoint value of the desired
boost pressure is adjusted by electronic
boost-pressure control. Itis wnverie_d into
a setpoint value for the desired maximum
charge and then by means of torque man-
agement into a setpoint value for the throt-
tle-valve angle and a control duty factor
far the "wastegate”. In the “wastegate”, by
means of a change in the control pressure

and stroke this signal leads to a change in
the cross-section at the bypass valve.

Safety and security, comfort and
convenience functions

The safety and security functions include:
— Engine-speed/vehicle-speed limitation,
— Torque/power limitation,

— Limitation of exhaust-gas temperature,
— Vehicle immabilizer.

The comfort and convenience functions
include: g

— Load-change damping,

— Surge-damping function,

- Cruise control,

Integrated diagnosis (0BD) y
“On-board diagnosis’ (OBD) is a basic
feature of the ME-Motronic. During nor-
mal operation, it continually compares the
system’s responses with the ECU's com-
mands, as well as comparing the various
sensor signals with each other for plausi-
bility.

Elyuring vehicle inspection, a tester con-
nected 1o a standardized interface reads
out the stored faults and displays them.
Due to the demands of the Californian
Environmental Protection Agency, an ex-

o i ol vl
|r1'_1..r'r"-ne from fuel fank to carbon canistar, 2 Carbon canister, 3 Fresh air, 4 Canister-purge valve,
5 Line to intake manifold, 6 Throttle device with throttle valve.
A, Difference between intake-manifold pressure ps and ambient pressure py.

Y,

[
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panded diagnosis system (OBD |I;
adapted for Europe: EOBD) monitors all
those components which if they fail could
result in a significant increase in noxious
emissions (fault indication with diagnosis
lampy).

Examples of systems subject to diagno-
sis

— Air-mass meter,

— ETC throttle-valve actuator,

- Combustion misses,

— Catalytic converter,

-~ Lambda sensor,

~ Fuel supply,

— Tank system,

— Secondary-air injection,

— Exhaust-gas recirculation (EGR).

Fault memory

If exhaust-gas-related faults are detected,
an entry is made in the non-volatile fault
memory. Apart from the officially stipu-
lated fault codes, each entry includes a
“freeze frame”, which contains additional
information on the general conditions un-
der which the fault cccurred (e.g. engine
speed, engine temperature). Service-
related faults can also be stored.

Limp-home operation

If a fault occurs during driving (e.g. failure
of a component), this leads not only to an
entry in the fault memory. Substitute val-
ues and emergency functions now come
into force for calculating cylinder charge,
fuel injection and ignition in such a way
that the vehicle can continue to be driven,
albeit with restricted comfort.

For this purpose, the ETC throttle-valve
actuator has a limp-home pasition, in
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.

MED-Motronic

Requirements

With gasoline direct injection in S| en-
gines, fuel consumption can be reduced
by up to 20 % when compared with con-

ventional manifold injection, and the CO2
emissions caused by road traffic can be
reduced with lasting effect.

In order for direct injection to be 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.

Essentially, the features required of the

MED-Motronic engine-managemeant sys-

tem are:

—precise metering of the required in-
jected fuel quantity,

—generation of the necessary injection
pressure,

- definition of the start of injection, and

—intraduction of the fuel directly and ac-
curately into the engine's combustion
chambers,

It must also coordinate 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 targue from combustion, The
torque-control structure is divided into the
following areas of operation:

— torque demand,

—torque coordination and

— torque conversion.

The mast important torque demand de-
rives from the vehicle-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 engine for 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.

Torgue coordination is performed cen-
trally in the engine-management system,

Design

As with manifold injection; 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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supulated moment in time using electro-
==gnetic high-pressure fuel injectors.

in comparison to the ME basic ECU,
“5= ECU lor the MED gasaline direct-in-
=ction system also incorporates a driver
stzge for triggering the pressure-control
valves,

The intake air mass can be freely ad-
wusted by the electronically controlled
trotile valve (ETC). Precision measure-
ment of air mass is made by means of a
sot-film air-mass meter, The A/F mixture
is monitored by universal lambda sensors
_SF and LSU in the exhaust-gas flow up-
st-=am and downstream of the catalytic
canverter, They serve to control A =1 op-
sration and lean-burn operation, and are
250 responsible for the precise oon!ro! of
catalytic-converter regeneration. It is im-
gortant to set the exhaust-gas recircula-
tion rate exactly, particularly in dynamic
operation.

Operation

Fuel delivery and injection P
The MED-Motronic accumulator injection

system injects the fuel stored under pres-
sure in the rall. Injection can take place at
any moment in time, whereby electro-
magnetically controlled fuel injectors in-
ject the fuel directly into the combustion
chamber. It thus offers the following func-
tions:

— free selection of the injection point,

— variable system pressure.

Low-pressure circuit:
A primary pressure of 0.35 MPa (3.5 bar)

is initially generated in a low-pressure cir-
cuit on the tank side which comprises an
electric fuel purp with a mechanical pres-
sure regulator connected in parallel. This
feeds the high-pressure pump driven by
the IC engine.

High-pressure circuit:
ul : The function of the

H.P. pump s to increase the fuel pressure

Direct-Infection engine with MED-Motronic components
3 4 5

7 Fuel supply (high pressure),
2 Accumuiator (rail),

3 Fuel injector,

2 Ignition coll with spark plug,

5 Phase sensor,

& Prossure sensor,

7 Knock sensof,

£ Engine-speed sansor,

8 Engine-temparature sensor,
10 Lambda sensor (LSU),

11 Three-way catalytic converter,
*2 Exhaust-gas temperature sensor.
3 NOy catalylic converter,
14 {ambda sensor (LSF).

-
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from 0.35 MPa (3.5 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 with fuel (to prevent any mixing with
engine ail).

Rail: The rail must on the one hand fea-
ture sufficient elasticity to damp the pres-
sure pulsations arising from the periadic
fuel-extraction processes when injection
takes place, and from 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.

Pressure sensor: The pressure sensor
(welded diaphragm of high-grade steel as
sensor element with measuring resistors)
serves fo register the pressure level in the
rail.

P re- 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 pump delivery rate. Excess fuel is re-
turned to the intake side of the H.P. pump.
Euel injectors: The fuel injectors are the
central components of the gasoline direct-
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.

Mixture formation and combustion

A complex engine-management system
is necessary for the gasoline direct-injec-
tion system to be exploited to the full in
terms of low fuel consumption and high
engine pawer output, A distinction is
made between two basic operating
modes in this respect:

Lower load range

In this range, the engine is run with a
heavily siratified 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 layer of air and resid-
ual exhaust gas. In this way, the engine
can be run to a large extent unthrottled
while gas-exchange losses are avoided,
In addition, thermadynamic efficiency in-
creases due tc the avoidance of heat
losses at the combustion-chamber walls.

Upper load range
As engine load and thus the injected fuel

quantity increases, the stratified-charge
cloud becomes increasingly richer. This
would result in a deterioration in exhaust
emissions, particularly with regard to
sool, The engine is therefore operated
with a homogeneous cylinder charge in
this higher torque range.

Lambda coordination assumes the
contral function between A = 1 and lean-
burn operation. The fuel is injected during
the intake stroke in order to ensure that
fuel and air are thoroughly mixed.

Alternation between torgue ranges
In the event of a switch between homoge-

neous and stratified-charge operation, it
Is crucial to control injected 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 torque 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
from stratified to hemageneous operation.

Exhaust-gas treatment, catalytic-
converter contral

An impartant consideration with gasoline
direct injection is that in stratified-charge
operation the NOx content in the very lean
exhaust gas cannot be reduced by a
three-way catalytic converier. Exhaust-
gas recirculation with a high EGR rate
helps to reduce the NOy, content of the ex-
haust gas by roughly 70%. To comply
with emissions-contral legislation, it is
also absolutely essential to treat the NOyx
emissions. To reduce this exhaust-gas
content, the NOy accumulator-type cat-
alytic converter offers the greatest poten-
tial.
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Engine-test technology

Ssrvice and maintenance requirements for
modern vehicles are declining steadily;
slectronic systems are essentially mainte-
nance-free. But malfunctions can still oc-
cur. Factors such as wear, contamination
and corrosion can impair the operation of
engine and electronic systems, and set-
tings can drift over time. Rapid and reliable
diagnosis of malfunctions is the most im-
poriant function of any service facility. It is
important 1o distinguish between testing
and diagnosis. Testing entails the determi-
nation of certain measured values for com-
parison with the prescribed specifications.
Diagnostic procedures (e.g. engine diag-
nostics) attempt to correlate deviations
from specified values with system func-
tions, malfunction patterns and experience
in order to determine the failure mode or to
locate the defective component.

Engine diagnosis

Engine, ignition and fuel-metering sys-

tems are becoming more complex and

less accessible. Universal, automated
procedures, free from the effects of sub-
jective influences, are thus essential ele-
ments of the computer-cantrolled testing
program In the automotive service facility.

These include:

— comparison of cylinder output by selec-
tive shorting of the ignition or smooth
running analysis via current engine
speed,

— comparison of compression wia the
shape of the starter current curve,

— determination of mixture distribution
performed by selective measurement of
the exhaust-gas HC content,

— analysis of the primary and secondary
ignition-voltage patterns.

Electronic-system testing

Testing of engine-related electronic sys-
tems 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 EGU. If only
the peripheral device (sensor, actuator,
wiring and power supply) is to be tested,
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Peripheral and functional testing

1 ECU, 2 Systam wiring harness, 3 System
adapter cable, 4 Plug connection, 5 Universal
tast adapter, 6 Sackets for test unit

System test with ECU diagnostics

1 Test unit, 2 Test vehicle, 3 Infarmation
system, 4 Modem, 5 Leng-distance data
transmission.

then it Is sufficient to connect the lester to
the peripheral’s plug, while the ECU is
also connected for 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 test adapter are then used to establish
a logical test 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 fugl-injection
pulses.

When the ECU remains connected for
operational testing, keys can be used to
enter simulations of various operating
conditions for test-unit evaluation.

e ————
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ECU diagnostics

The dominant role being assumed by
electronic systems in the vehicle makes it
necessary to devote increased attention
to the problems associated with service.
In addition, because essential vehicle
functions are becoming increasingly de-
pendent upon electronics, these systems
must satisfy stringent reliability require-
ments, while emergency default programs
are required to deal with system etrors.

The solution is to incorporate electronic
system-diagnosis functions in the ECU.
These rely on the electronic “intelligence”
already in place in the vehicle to continu-
ously monitor the system, detect faults,
store the fault data and perform diagnos-
tics.

For instance, the ECU carries out its
own self-check as follows: Programmed
memaory chips are provided with test pat-
terns which can be retrieved and used for
comparisons. For program memories, a
comparison with test sums is employed to
ensure that data and programs are cor-
rectly 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-control el-
ements can be tested during activation
using current-draw limits,

The “off-board test units” used for the
evaluation of “on-board diagnostics” em-
ploy a communications interface as de-
fined in 1SO 9141. The serial port can
maintain communications at rates ranging

from 10 baud to 10 kbaud. It is designed
as a single- or two-wire port, allowing con-
nection of several control units to a central
diagnosis plug.

A stimulation address is transmitted to
all of the connected ECUs, whereupon
each unit recognizes its address and re-
sponds 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 it then adopts
automatically. The key bytes that follow
(assigned by the DIN Motor-Vehicle
Committee) specify the protocol for 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-
tenm.

The ECU diagnostic capabilities include:

— identification of system and ECU,

—recognition, storage and readout of sta-
tic and sporadic malfunctions together
with the error path, failure mode and as-
soclated parameters,

—readout of current actual values, switch-
ing conditions, specifications,

— stimulation of system functions, and

— programming of system variants.

Individual pregrams for the test unit are
stored in plug-in modules, while updates
and communications with data systems
are supported by a data Interface.

ECU diagnosis of electroni

Final-control ale-

Sensors ECU ments/actuators
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51 2 Engine management (spark-ignition engines)

LPG systems

Liquefied petroleum gas
Liquefied petroleum gas assumes a liquid
state at pressures of 2...20 bar, depending
on the propane/butane 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 figures
could increase exponentially. The mineral-
oil tax is a decisive 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 1o those
for the combination of propane and bu-
tane known as LPG (see illustration).
Natural gas can be transported in the vehi-
cle either as a high-pressure gas (160...200
bar) of in liquefied form (at—160°C) in an
insulated tank; the disadvantage of the for-
mer mode 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-
ples are minimal,

Operation on LPG

Any vehicle equipped with an |C engine can
be converted for operation on LPG. For the
most part, spark-ignition (Sl) engines are
re-equipped for dual-fuel operation (system
can be switched between gasoline and
LPG). LPG-powered taxis and buses are

Exhaust emissions and effects with gasoline, LPG, CNG and diesel
Empirical values taken from fiva spark-ignition and five diesel-engine vehicles, sfatus 1998 in Europs,
including Indirect emissions (manufacture, transport, ele.).
a) Poilutant emissions, b) Pollutant effact (g house gas” !, status 1998).
co HC NOx Particulates
(g/km) (g/km) (a/km} (g/km)
20 20 0.15
1.5 1.5 040
1.0 1.0
0.5 05 %05
0 0 0
Summer smog Winter smog Acid formation “Greenhouse
(mg/km) (mg/km) (mmol H+/km) gas” (g/km)
400
300 300}
200 200 -
100 100+
0 0 —
[ Gasoling Liquefied petroleum gas (LPG) [INatural gas (CNG) & Diesel
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generally set up for single-fuel (LPG only)
operation, while regulations require this
configuration on gas-powered industrial
frucks 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

Because LPG mixes well with air, emissions
(of CO; and other components such as poly-
cyclic aromatic hydrocarbons) are substan-
tially lower than those produced by gasoline-
burning engines, and are lower even than
those produced by fuelinjection engines
equipped with three-way closed-loop cat-
alytic converters. LPG confains no lead or
sulphur compounds. It's very good combus-
tion characteristics are complemented by
excellent mixture formation and distribution
properties. These characteristics are even
maore significant at low temperatures.

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 subsian-
tially lower than those achieved with
gasoline or diesel fuel.

Disadvantages

- Lower cruising ranges and increased
fuel volumetric consumption compared
to gasoline (although 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 oylinder volume (the remainder
serving as expansion room for the gas).

LPG system
In Germany, professional installation of

Schematic diagram of an LPG

Y

14 lgnition/starting switch, 15 Relay.
D Equipment for gasoline operation

{ P
1 Ventilation line for tank fittings, 2 LPG tank, 3 Housing with tank fittings, 4 External filler valve
(designed fo interrupt refueling at 80 % of container capacity), 5 Gas shut-oif valve, € Pressure
regulatar for evaporator, 7 Servomotor for gas control, 8 ECL, 8 Gas/gasoline changeover switch,
10 Venturi mixing device, 11 Lambda oxygen sensor, 12 Vacuum sensor, 13 Battary,
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51 4 Engine management (spark-ignition engines)

the LPG system In a specialist workshop
is fallowed by a trip to the TUV or TUA
(German inspection authorities) to secure
operating approval. This inspection is
pased on the “Guidelines for inspacting
vehicles with engines powered by lique-
fi=d gases” as issued by the Federal
Minister of Transportation, Uniform regu-
\ations far Europe are being drawn up.
4 modermn LPG system will incorporate
the following components:
—LPG tank,
_ external filler valve designed to interrupt
refueling at 80 % of container capacity,
~ fiow-interrupt valve,
_ evaporator pressure regulator with cool-
ing system,
— venturi mixing unitinjector,
- glectronic control unit (ECU),
— servomotor for controlling gas flow,
_ switch for alternating between LPG and
gasoline operation.

The LPG flows from the LPG tank to the

evaporator pressure regulator, where it is
vaporized and its pressure reduced. The
ECU processes the signals from the
Lambda (O;) and vacuum sensors, which
serve as references for controling the
servomotor used to regulate l_he flow of
liquefied gas to the venturi mixing unit.

The flow-interrupt valve shuts immedi-
ately when the ignition is switched oif.
A gasoline/LPG switch installed in the in-
strument panel allows the operator 1o al-
ternate between the two fuels.

LPG tanks
As LPG tanks are used to store pressur-
ized gas, they are subject in Germany to
the “TRG 380" technical regulations. At
the factory, each tank receives official
technical approval with certification.
They are equipped with an externgl 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.

dia of an LPG system (injection principle}
f?ébn gfgiagrg;:l plug, 3 Fuel sgfecl'i‘an swifch, 4 Relay, 5 Air-intake pressure sensof,
g Evaﬁara:orp(essura regulator, 7 Flow-interrupt valve, 8 Distributor with step moter,
9 RPM signal, 10 Lambda (Os) sensor, 11 Gas injector nozzle
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Natural-gas operation
of spark-ignition engines

Against the backdrop of worldwide efforts
to reduce CO, emissions and to comply
with ever mare stringent exhaust emis-
sion 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 such as
carbon dioxide, nitrogen and other
low-order hydrocarbons. A differentiation
is made between L-gas (80..90%
methane) and H-gas (>90%) depending
on the gas quality.

Natural gas can be stored both in liquid
form at -162°C as LNG (Liquefied
Natural Gas) or in compressed form at
pressures of up to 200 bar as CNG
(Compressed Natural Gas). 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-
tions.The 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 injected into the
intake manifold as in conventional multi-
point gasoline-injection systems. A low-
pressure common rail supplies the injec-
tor valves that inject intermittently into the
intake manifold. 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
effect on emissions, particularly during
the warm-up phase.

The output of the natural-gas engine is
approx. 10...15% lower than that of the
gasoline engine due to the lower fuel
mass necessary for stoichiometric com-
bustion (17.2:1 ratio) as well as a lower
volumetric efficiency due to the injected
natural gas. Higher compression can
ooost performance while simultaneously
increasing efficiency The extremely high

antiknock quality of natural gas (120
RON) enables very high compressions of
approx. 13:1 (8:1 for regular gasoline).
As a result, the natural-gas engine is ide-
ally suited for turbocharging. As piston
displacement decreases, efficiency in-
creases due to additional de-throtiling
and reduced friction.

A further improvement in efficiency can
be achieved by lean-mixture operation up
to 4 =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 CO, emissions due to the favourable
hydrogen/carbon ratio (H/C ratio) of al-
most 4:1 (gasoline: 2.3:1) and the result-
ing shift in the main combustion products
CO; and H;O. Apart from the virtually par-
ticle-free combustion, in conjunction with
a lthree-way closed-loop catalytic con-
verter only very low levels of the pollu-
tants NOy, CO and NMHC (“non-methane
hydrocarbons™ the sum of 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 NOy emis-
sions are higher than in 1= 1 mode with a
three-way catalytic converter. In the same
way as in gasoline operation, this disad-
vantage can be largely eliminated by us-
ing mare expensive exhaust-gas treat-
ment methods (e.g. NOx catalytic con-
verter).

Natural-gas-engine applications

In view of their limited range, natural-gas
engines are used almost exclusively in lo-
cal public transportation 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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51 6 Engine management (spark-ignition engines)

Operation on alcohol
(spark-ignition engines)

The limited availability of fossil 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 fuels (“Alternative
fuels”, P. 246), Due fo its non-availability,
virtually the only place where ethanol is
used is Brazil. In the US (and in California
in particular), increasing attention is being
focused on methanol, which generaies
lower emissions: reduced NOx 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 from
pure gasoline to max. 85% methap_ol).
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 substantially higher com-
pression ratios than gasoline engines,
making them more efficient. On the other
hand, methanols low calorific value
means ihat fuel consumption is almost
doubled, necessitating higher fuel supply
rates, greater tank volumes and special
injectors.

Suitable Lambda (O;) sensors can be
employed for optimal emissions control
with a catalytic converter. Special lubri-
cants are able to maintain long-term sta-
bility in the face of this aggressive fuel
and Its combustion products. . N

Pilot control of the fuel mixture is facili-
tated by a fuel sensor which sends a sig-
nal to the ECU reflecting the proportion of
methanal in the fuel.

Suitable programs implement the nec-
essary mixture and ignition corrections
applicable to a particular set of engine op-
erating characteristics.

|

monitoring, 9 Throttle valve for gasoline operation
centrifugal superchargar.

’
| LH, GHa
.

passenger car with spark-ignitio
[ fgﬁ::ﬁggﬁn@ GH; Gagseow hydrogen. 1 Valve block for LHs fualing and GHa supply

vacuum-insulated), 2 Hydrogen lines, vacuum-sulated, 3 LHs
ieguraring power with electronic control, 5 Hydrogen injectors, & Overcurrent and safety valves,
7 Liguio-hydrogen tank with vacuum super-insulation, 8

n engine (BMW 735i)
Evaporator, 4 Metering valve for

Hydrogen sensors for automatic leak
with electronic control, 10 Vartable-speed

| oO— T

r S || LHa B GH2
—_— ___A
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Operation on hydrogen
(spark-ignition engines)

Althaugh the production of hydrogen, the
required infrastructure and refueling all
pose difficult problems, technically feasi-
ble solutions are on the horizon,
Praducing hydrogen by means of electrol-
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 resulls
in high weight along with safety risks.

Liquid storage (cryogenic tank)

Liquid storage represents the best alter-
native with regard to both weight and en-
ergy density (present operating range ap-
prox. 300 km). The extremely low temper-
ature required (-253°C) places sub-
stantial demands on thermal insulation.
Residual heat causes loss of hydrogen
via the safety vaives at a rate of about 2%
per day when the vehicle is parked. An
electric evaporator maintains the speci-
fied tank pressure during operation.

Metal-hydride tanks

Hydrides are produced as hydrogen is ab-
sorbed by a metallic powder. This is an
exothermic process, i. e. heat must be dis-
sipated during fueling. There are no stor-
age losses.

The disadvantages associated with the
low energy density (range: 120 km) and
nigh materials costs are to a degree offset
oy uncomplicated safety technology.

Methyleyclohexanol storage
This type of storage employs a catalyst to

dehydrate the hydrogenous methylcyclo-
nexanol at 500°C. The by-products are
nydrogen and recyclable toluene.

Mixture formation

Segardless of storage made, up to now all
systems inject gaseous hydrogen into the
ntake manifold. Although a number of ad-
«antages could be gained by injecting ex-

tremely low-temperature hydrogen di-
rectly into the combustion chamber (im-
proved charge for higher output, cool mix-
ture for low NOy 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
cancepts rely on a continuous-injection
system in which a central electric meter-
ing valve and a hydrogen distributor con-
duct 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 alternative, based on intermittent
sequential injection of hydragen 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
systemn must operate with extreme preci-
sion and short valve-opening times; the
teclhnical requirements are thus substan-
tial.

Emissions

During combustion, pure hydrogen (H.)
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 1o avoid all CO,.

Electric drive is the only alternative
which can make a similar claim. Future
NOy emission limits can be met by lean
mixtures or a system for catalytic control
of emissions (still o 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:

e Technical consultant for connected vehicle security credential management
system deployment; Sponsored by US DOT FHWA

e Expert witness for:

O ZTE, related to cell phone navigation systems
Broadcom, related to vehicle infotainment systems
Club Car, related to golf cart navigation systems
Hyundai Motors, related to vehicle control systems
Delphi, related to automotive safety systems
LG, related to cell phone sensor systems

0 Wasica, related to tire pressure monitor systems
Prior Engagements/Projects:

e Subject matter expert and co-principle investigator on DSRC performance
Measures development project for U.S.DOT NHTSA.

e 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

e 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.

e 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).

e Technical consultant to American Association of State Highway Transportation
Officials (AASHTO) for connected vehicle deployment analysis and strategy.

e 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.

e Technical consultant to Michigan State DOT (Enterprise Pooled Fund) to develop
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Scott Andrews Page 1
PAGE 1 of 6 HMC EXHIBIT 1011

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



a system architecture and deployment strategy for Rural ITS.

e Telematics delivery architecture development for a Fortune 100 service provider

e Technical consultant to the Vehicle Safety Consortium developing Dedicated
Short Range Communications (DSRC) standards for safety systems;

e 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.

e Toyota Motor Sales — 10 year technology survey;

e Connected Vehicle Trade Association- Transferred AMI-C specifications to ISO
TC 22, TC 204 AND OSGi. Developed OSGi Vehicle Interface Specification;

e Expert witness for:

0 ATT vs. Vehicle IP relating to cell phone navigation systems

0 VW/Audi vs. Beacon, relating to traffic information systems

0 VW/Audi vs. Blitzsafe relating to mobile device integration and mobile
audio systems

0 T-Mobile vs. TracBeam relating to wireless location technologies

0 VW/Audi vs. Joao relating to remote service architecturesApple Computer
vs. Porto relating to cell phone navigation systems

0 Mercedes vs. Adaptive Headlamp Technologies relating to adaptive
headlamps

0 Liberty Mutual, Geico and Hartford vs. Progressive Insurance relating to
usage based insurance systems

0 Toyota vs. American Vehicular Sciences (AVS) relating to occupant

sensing systems

Lenovo and Amazon vs. Pragmatus relating to device tracking

Ford in a patent vs. Eagle Harbor Holdings relating to Bluetooth systems

and mobile device integration in the vehicle

Bentley vs. Cruise Control Technologies relating to adaptive cruise control

Google vs. Walker Digital relating to 3D navigation displays

Volkswagen/Sirius-XM vs. case relating to traffic information systems

Volkswagen, Ford and GM in patent cases vs. Affinity Labs, relating to

the iPod interface

Honda vs. American Calcar, relating to telematics equipment and user

interfaces

0 Alpine, Denso and Pioneer Corporation in an International Trade
Commission patent case vs. Honeywell, related to navigation systems

0 BMW vs. American Calcar, relating to telematics equipment and user
interfaces

O O
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o

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 9™

VERTIS Symposium, April 1999, Tokyo Japan.
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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 [IR 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
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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 measure accurately
automotive parameters. Equally important at the output is the ability to initiate control
actions accurately in response to commands. In other words, sensors and actuators are the
heart of any automotive electronics application. That is why they have been placed first in this
handbook where they are described in technical depth. In other chapters, application-specific
discussions of sensors and actuators can be found.

The importance of sensors and actuators cannot be overemphasized. 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
nonsensor, nonactuator technologies that are to many engineers the more “glamorous” and
exciting areas of automotive electronics.

In the section on control systems, a key in-depth chapter deals with automotive microcon-
trollers, Without them, all of the controls described in the chapters that follow in that sec-
tion—engine, transmission, cruise, braking, traction, suspension, steering, lighting, windshield
wipers, air conditioner/heater—would not be possible. Those controls, of course, 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-board diagnostics are described in another sec-
tion, as are systems for passenger safety and convenience, antitheft, entertainment, and multi-
plex wiring. Displays and frip computers enable the driver to readily obtain valuable
information about the car’s operation and anticipated trip time. On- and off-board diagnostics
have of necessity become highly sophisticated to keep up with highly sophisticated electronic
controls, Passenger safety and convenience items and antitheft devices add much to the feel-
ing of security and pleasure in owning an automobile. Entertainment products are what got
automotive electronics started and they continue to be in high demand by car buyers. And
multiplex wiring, off to a modest start in production cars, holds great promise for the future in
reducing the cumbersome wiring harnesses presently used.

The section on electromagnetic interference and compatibility emphasizes that interfer-
ence from a variety of sources, if not carefully taken into account early on, can raise havoc
with what otherwise would be elegant automotive electronic designs. And 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 areas are presented:

m Navigation aids and intelligent vehicle-highway systems are of high interest worldwide
since they hold promise to alleviate many of vehicle-caused problems and frustrations in
our society.

m 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 in any really meaningful way.

® Electronic noise cancellation is getting increasing attention from automobile designers
seeking an edge over their competitors,

xvii
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wviii PREFACE

The final chapter on future vehicle electronics is an umbrella discussion that runs the
gamut of trends in future automotive electronics hardware and software. It 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 the context of the subject of each chapter. It should also be noted
that there has been no attempt in this handbook to cover, except peripherally, purely mechan-
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 Robert Bosch GmbH in Stuttgart, Germany and Randy
Frank of Motorola Semiconductor Products in Phoenix, Arizona. Holzinger organized the
many contributions to this handbook from his company. Frank, in addition to contributing
two chapters himself and cocontributing 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 L
INTRODUCTION

Ronald K. Jurgen
Editor

Lt HEOAWNOr A NEWERA

In today’s world of sophisticated automotive electronics, it is easy to forget how far the tech-
nology has come in a relatively short time. In the early 1970s, other than radios and tape play-
ers, the only standard electronic components and systems on most automobiles were
alternator diodes and voltage regulators.' By the fall of 1974, “there were twelve electronic
systems available, none of which were across the board standard production items. . . . The
twelve electronic systems or subsystems were: 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

L1l

bag crash sensors,

1.1.1 Car Makers and the Electronics Industry: Friendly Adversaries

In the early days of automotive 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 environment. The electronies industry, on
the other hand, used to producing high-quality but expensive parts and systems 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 the capability to solve automotive problems that defied conventional mechanical or elec-
tromechanical approaches, .

Some of the leading electronics engineers who worked in the automotive industry—as well
as their counterparts in the electronics industry—realized that this existing friendly adversar-
ial relationship had 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 Automotive Engineers), proposed that a
new conferehce be 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 INTRODUCTION

1.1.2 The United States Government Forces the lssue

One of the major problems facing the automotive industry at the time of the first Conver-
gence conference was upcoming stricter government-mandated exhaust emissions controls,
When the United States government first mandated emissions standards for all United States
cars, car makers met the challenge through the use of catalytic converters for hydrocarbon
and carbon monoxide emissions and exhaust gas recirculation techniques for nitrogen oxides
emissions. But they knew that in 1981, when the standards would be tightened from the pre-
vious limit of 2.0 grams per mile to 1.0 gram per mile, 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 system.? i
Tighter emissions control solved one problem but created another—fuel economy. The I
two seemed to be mutually exclusive. Charles M. Heinen and Eldred W. Beckman, writing in :
IEEE Spectrum in 1977, said, “The simple truth is that there is very direct interaction
between emissions and fuel economy. Probably the clearest example of that interaction is the !
fact that automobiles equipped to meet California’s tight emissions control regulations have |
consistently demonstrated about 10 percent poorer fuel economy than have comparable cars
equipped to meet the less stringent Federal U.S. standards.” As a result of this interdepen- |
dence, emissions and fuel economy measures tended to be compromises. Greater fuel
economies could be achieved if emissions levels were not a problem,

1.2 THE MICROCOMPUTER TAKES CENTER STAGE

The microcomputer, introduced in 1971, had yet to make major inroads in automobiles. But it
became increasingly obvious that it was the key to meeting government exhaust emission and
fuel economy demands while also providing car buyers with cars that performed well. Meeting
these needs necessitated 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-Remy for the 1977 Oldsmobile Toronado. Called the MISAR (microprocessed sensing
and automatic regulation) system, it controlled spark timing precisely no matter what load
and speed conditions prevailed while meeting emissions control requirements and providing
good driveability. Input signals from sensors provided data on crapkshaft position, manifold
vacuuin, coolant temperature, and reference timing.* The microprogessor used had a capacity
of 10,240 bits. g

Early applications such as the MISAR paved the ground for what would later become the
prolific use of microcomputers in cars. Once reliable microcomputers met the cost restraints
of carmakers, there was no end in sight to microcomputer applications in cars, In the late
1970s, total engine control with microcomputers became widespread and, as time went on, use
of microcomputers spread to other controls for transmission, braking, traction, suspension,
steering, lighting, air conditioning, and so forth.

1.2.2 The Bells and Whistles Period

There was also a time in the early 1980s when carmakers, heady with success with microcom-
puters in other areas, went through a period of electronic overkill. Notable in this regard were
voice commands and warnings that tended to wear out their welcome quickly with car drivers
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INTRODUCTION 1.5

and elaborate and flashy information displays that also turned off many car buyers. It was a
period of doing things with microcomputers because they could be done rather than doing
them because they were needed.

That overindulgent microcomputer period quickly waned as car buyers made their feelings
known. Voice commands were all but totally abandoned and displays were made less garish,
There was even a return to analog displays for speedometers, for example, albeit electroni-
cally based rather than the old mechanical or electromechanical 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 be reli-
able over time and have enabled carmakers to solve problems otherwise unsolvable. 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 automotive electronics advances over the years,
the end is certainly not in sight. The final chapter in this handbook describes many upcoming
advances in detail. Authors Frank and Momin, for example, state tha( a likely future scenario
“will be a combination of centralization and distributed intelligence where the centralization
would be based along the lines of body, chassis and safety, powertrain, and audio/entertain-
ment and communications. Within these centralized systems would be distributed intelligence
based on multiplex wiring with smart sensors, switch decoders, and smart actuators all con-
trolled by a central intelligence.”

Here are additional selected future developments cited by contributors in other chapters:

Ll

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 conditioning cir-
cuits (Dunn, Chap. 7)

Electronic switched stop lamps involving a rate-of-closure detector system to determine if
the vehicle’s speed is safe for objects ahead of it. If the closure rate is unsafe, the stop lights
could be activated to alert trailing drivers to a pending accident (Valentine; Chap. 14)

o

Ll

The integration of watchdog and failsafe functions onto a microcontroller (Boehmer, Chap.11)

L]

Microcontrollers that operate at frequencies of 24 MHz or 32 MHz to allow more code to
be executed in the same amount of time (Boehmer, Chap. 11)

L]

In the mid-90s, cars 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, The data network interconnecting the modules will reduce the size and number
of cables and cut the number of circuits by 50 percent (Miesterfeld, Chap. 26)

A move from switching units to stepped operation actuators and the substitution of contin-
uous for discrete time control (Miiller, Chap. 10)

Electrorheological and magnetorheological fluid actuators (Miiller, Chap. 10)

Micromechanical valves as actuators for converting low control power as in regulating the
flow of fluids in hydraulic or pneumatic systems (Miiller, Chap. 10)
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CHAPTER 2
PRESSURE SENSORS

Randy Frank
Technical Marketing Manager
Motorola Semiconductor Products

2.1 AUTOMOTIVE PRESSURE MEASUREMENTS

Various pressure measurements are required in both the development and usage of vehicles
to optimize performance, determine safe operation, assure conformance to government regu-
lations, and advise the driver. These sensors monitor vehicle functions, provide information to
control systems, and measure parameters for indication to the driver. The sensors can also
provide data log information for diagnostic purposes,

Depending on the parameter being measured, different units for indicating pressure will
be used. Since pressure is force per unit area, basic units are pounds per square inch (psi) or
kilograms per square centimeter. For example, tire pressure is usually indicated in psi. Mani-
fold pressure is typically specified in kiloPascals (kPa). A Pascal, which is the international
unit (SI or Systems Internationale) for pressure, is equal to 1 Newton per meter? or 1 kg - m™
- 5% Other common units of pressure measurement include: inches, feet, or centimeters of
water; millibars or bars, inches, or millimeters of mercury (Hg), and torr, The conversion con-
stants as defined per international convention are indicated in Table 2.1.

Pressure can be measured by a number of devices that provide a predictable variation when
pressure is applied, Sensors used on vehicles range from mechanical devices—with position
movement when pressure is applied—to a rubber or elastomer diaphragm, to semiconductor-
based silicon pressure sensors. Various pressure-sensing techniques are explained in Sec, 2.3.

The type of pressure measurement that is made can be divided into five basic areas which
are independent of the technology used for the measurement: gage, absolute, differential, lig-
uid level, and pressure switch.

2.1.1 Gage Pressure Measurements

The silicon pressure sensor technology explained in Sec. 2.3.5 is used to visualize the differ-
ence between gage, absolute, and differential pressure (refer to Fig, 2.1). For gage pressure
measurements, the pressure is applied to the top of a (silicon) diaphragin (Fig, 2.1), creating a
positive output. The opposite (back) side of the diaphragm is exposed to atmospheric pres-
sure, Gage vacuum is a special case of gage pressure. For gage vacuum measurements, vacuum
is applied to the back side of the diaphragm resulting in a positive output signal. Gage and
gage vacuum are single-sided pressure measurements, Gage pressure is frequently indicated

by psig.

2.3
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2.4 SENSORS AND ACTUATORS

TABLE 2.1 Pressure Unit Conversion Constants
(Most commonly used per international conventions)

psi* In H,O' In Hg' K Pascal  Millibar  em H,O'  mm Hg!
psi* 1.000 27.680 2.036 6.8947 68.947 70.308 51.715
In H,0O' 3.6127 x 107 1.000 73554 x 1077 0.2491 2.491 2.5400 1.8683
In Hg' 0.4912 13.596 1.000 3.3864 33.864 34,532 25.400
K Pascal 0.14504 4.0147 0.2953 1.000 10.000 10.1973 7.5006
Millibar 0/01450 0.40147 0.02953 0.100 1.000 1.01973 0.75006 H
em H,0F 14223 %107 0.3937 2.8958 x 107 0.09806 0.9806 1.000 0.7355
mm Hg! 19337 x 107 0.53525 3.9370x 10 013332 1.3332 1,3595 1.000 :
# PSI = pounds per square inch
t At 39 °F
PAL32°F
PAtd°C
TAL0°C

2.1.2 Absolute Pressure Veasurements

An absolute pressure measurement is made with respect to a fixed (usually a vacuum) refer-
ence sealed within the sensor (Fig, 2.1). For a 100-kPa-rated absolute unit, the diaphragm is
fully deflected with standard atmospheric pressure. Application of a vacuum restores the
diaphragm to its undeflected (flat) position. The result is a high-level output with no vacuum
applied and a low-level signal at full vacuum unless the zero is established at the full-scale
deflection of the diaphragm. Pressure can also be applied to absolute units with appropriately
designed diaphragms to withstand the additional applied stress. Absolute pressure is fre-
quently indicated by psia.

)

2.1.3 Differential Pressure NMeasurements

Differential or Delta-P measurements are also shown in Fig. 2.1. The higher pressure is
applied to the top of the diaphragm and the lower pressure, possibly a reference pressure, is
applied Lo the opposite side. The diaphragm’s deflection is a result of the pressure difference.

Gage

Absolute

Differential l—/—t\——l

FIGURE 21 Types of pressure measurcments: (a) gage,
(b) absolute, and (c) differential.
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PRESSURE SENSORS 25

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

2.1.4 Liquid Level Measurements

The height of a column of liquid can be measured by a pressure sensor. The term head is fre-
quently used in hydraulics to denote pressure. Measurements of inches or feet of water and
centimeters of mercury are direct indications of the effect of pressure on liquid level, Other
liquid levels are dependent on their specific weight and can be calculated by h = (P, — Py)/w,
where (P — Py) is the pressure differential caused by the height of the fluid column and w is
the specific weight of the liquid, The vapor pressure in a sealed 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 vapor pressure.

215 Pressure Switch

A pressure switch is typically achieved by mounting an electric contact on a diaphragm (rub-
ber or any elastic material), The application of sufficient pressure (or vacuum) on one side of
the diaphragm causes the movable contact to meet a stationary contact and close the circuit.

A pressure switch can also be achieved by any of the previously described technigues
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
threshold voltage is achieved, additional electronic circuits can be used to produce an elec-
tronic switch that can control loads such as an indicator lamp.

Automotive requirements for pressure measurements range from the basic—oil pressure—to
the sophisticated—air pressure differential from one side of the vehicle to the other, This sec-
tion elaborates on the various possibilities for pressure measurements that exist either in the
development, laboratory, or pilot phases of the vehicle, to actual volume production. Table 2.2
lists a number of potential pressure measurements versus vehicle systems and provides an
indication of the pressure range and type of measurement.

Automotive specification and testing guidelines have been developed and published by the
Society of Automotive Engineers (SAE) specifically for manifold absolute pressure (MAP)
sensors. These documents are intended to assist in establishing test methods and specifications
for other sensors. Other SAE documents that may apply to sensors are summarized inTable 2.3.

The packaging and 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-sensing applications that are presented in the following sections will include packaging
requirements that are of particular concern.

a

22.1 Existing Applications for Pressure Sensors

A late twentieth century production vehicle is likely to have a number of pressure sensors for
measurements such as manifold pressure and engine oil pressure, and has the potential for
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2.6  SENSORS AND ACTUATORS ;
TABLE 2.2 Pressure Sensing Requirements for Various Vehicle Systems
System Parameter Pressure range Type
Engine control Manifold absolute pressure 100 kPa Absolute
Turbo boost pressure 200 kPa Absolute
Barometric pressure (altitude) 100 kPa Absolute
EGR pressure 7.5 psi Gage
Fuel pressure 15 psi—450 kPa Gage
Fuel vapor pressure 15in H;O Gage
Mass air flow Differential
Combustion pressure ' 100 Bar, 16.7 Mpa Differential
Exhaust gas pressure 100 kPa Gage
Secondary air pressure 100 kPa Gage
Elect transmission Transmission oil pressure 80 psi Gage
(continuously variable Vacuum modulation 100 kPa Absolute
transmission)
Idle speed control AC clutch sensor/switch 300-500 psi Absolute*
Power steering pressure 500 psi Absolute*
Elect power steering Hydraulic pressure 500 psi Absolute*
(also elect assisted)
Antiskid brakes/ Brake pressure 500 psi Absolute®
traction control Fluid level 12 in HO Gage
Air bags Bag pressure 7.5 psi Gage
Suspension Pneumatic spring pressure 1 MPa Absolute*
Security/keyless entry Passenger compartment pressure 100 kPa Absolute
HVAC (climate control) Air flow (PC) Compressor pressure 300-500 psi Absolute*
Driver information Oil pressure 80 psi Gage
: Fuel level 15 in H;,O Gage
Oil level 15 in H,O Gage
Coolant pressure 200 kPa Gage
Coolant level 24 in H;,O Gage
Windshield washer level 12 in H;O Gage
Transmission oil level 12 in H;O Gage ]
Tire pressure 50 psi Gage/absolute i
Battery fluid level 1-2 in below Optical i
Memory seat Lumbar pressure 7.5 psi Gage
Multiplex/diagnostics Multiple usage of sensors

* Gage measurement but absolute sensors used for failsafe

TABLE 2.3 SAE Specifications That Effect Pressure Sensors

Recommended environmental practices for electronic equipment design SAE J1211
Performance levels and methods of measurement of electromagnetic radiation from .

vehicles and devices SAEJS51
Performance levels and methods of measurement of EMR from vehicles and devices

(narrowband RF) SAEI816
Electromagnetic susceptibility procedures for vehicle components (except aircraft) SAE J1113
Vehicle electromagnetic radiated susceptibility testing using a large TEM cell SAE 11407
Open-field whole-vehicle radiated susceptibility 10 kHz—-18 GHz, electric field SAE 11338
Class B data communication network interface SAE J1850
Diagnostic acronyms, terms, and definitions for electrical/electronic components SAE 11930
Failure mode severity classification SAE J1812
Guide to manifold absolute pressure transducer representative test method SAE J1346
Guide to manifold absolute pressure transducer representative specification SAE J1347
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