
460 Engine management (spark-ignition engines)

Schematic of a carburetor system
1 Fuel tank, 2 Fuel supply pump 3 Fuel filter, 4 Carburetor, 5 Intake manifold,
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Carburetors

Carburetor systems
The fuel is transported from the fuel tank
to 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
Downdraft 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.

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

Constant-depression carburetors fea-
ture venturi cross sections which vary in
size during operation to maintain essen-
tially constant vacuum levels at the fuel
outlet. The variation in intake cross sec-

tion is provided by a pneumatically-actu-
ated plunger, attached to the plunger is a
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 fea uring 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 carbureto 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 engine's power outpu:. The car-
buretor varies the amount of fuel metered
to the engine to reflect the current intake
air flow. Together with the needle valve
the float regulates the fuel flow to the car-
buretor while maintaining a constant fuel
level in the float chamber.
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Engine management (spark-ignition engines) 461

Airflow is monitored by an air funnel de-
signed to induce a venturi effect. The pro-
gressively narrower diameter increases
the velocity of the air, producing a corre-
sponding vacuum at the narrowest point.
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
fuel through side orifices in the venturi
tube.

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

imum vacuum. The emulsion required for
idling emerges from the idle circui: 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. hese
are designed to adapt carburetor perfor-
mance for warm operation (part-throttle
control, full-throttle enrichment), to com-
pensate for fuel accumulation with n the
intake-manifold during acceleration (ac-
celerator pump) and to meet the soecial
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'die cutoff valve, 2 Accelerator pump, 3 Idle circuit, 4 Choke, 5 Boost venturi
6 Wain systems with venturi tubes, 7 Full-throttle enrichment, 8 Float, 9 Fuel supply
10 Needle valve, I I Bypass plug, 12idlemiture screw, 13 Throttle valves. 14 Venturi wall,
15 Part-throttle control valve, 16 Venturi chamber
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462 Engine management (spark-ignition engines)

Electronically-controlled carburetor
system (ECOTRONIC)

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

Additional components and actuators
rhe throttle-valve actuator is an electrop-
neumatic servo device for controlling the
cylinder charge. The actuator's plunger
moves the throttle valve via a lever at-
tached 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 rals-
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
10 monitor the temperature within the in-
lake manifold.

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

Schematic of an electronically controlled carburetor (ECOTRONIC)
I EC, 2 Temperature sensor, 3 Carburetor 4 Throttleactuator, 5 Choke actuator 6 Choke valve,
7 Idle switch, 8 Throttle valve, 9 Throttle potentiometer
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by appropriate software in the electronic
control unit (ECU).

Electronic control unit (ECU)
TheECU'sinputcircuitconvertsircoming
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, includirg regu-
lation of the servo elements that operate
the choke valve and main throttle valve

Basic functions
Thebasic 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 se-ondary
operations within the ECU. Several of
these are illustrated below, Further func-
tions may include; ignition contrcl, trans-
mission-shift control, fuel consumption
displays and diagnosis capabilities.
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Engine management (spark-ignition engines) 163

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 Mono-Jetronic and
Mono-Motronic.

Multipoint injection (MPI)
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-
jec :s the fuel directly ahead of that cylin-
der's intake valve. Examples of such sys-

Single-point fuel injection
I Fuel,
2 Air,
3 Throt valve,
4 Intake maniola,
5 Injector
6 Engine2

4

6

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

Mechanical iiection system:
The K-Jetronicsystem 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.

Combined mechanical-electronic
inlection system:
KE-Jetronic is based on the mechanical
basic system of K-Jetronic. Thanks o 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 ope-ating
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 tie in-
jector opening time (for a given pressure
drop across the injector).

Multipoint fuel injection
I Fuel.
2 Air.
3 Throttle valvo,
4 Intake manifold,
5 Injectors,
6 Engine, 25
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464 Engine management (spark-ignition engines)

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

The high standards required of a vehi-
le's smooth running and exhaust-emis-
ions necessitate high demands being
nade on the A/F mixture composition of

each working cycle. Precisely timed injec-
ions significant as well as precise me-
ering of the injected fuel mass in accor-
dance with the air drawn in by the engine.

In modern multipoint injection systems,
therefore, not only is each engine cylinder
assigned an electromagnetic fuel injector
but also this fuel injector is activated indi-
vidually for each cylinder. In this way, both
thefuelmassappropriatetoeachcylinder
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, helps to a
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-
point injection can thus be fully exploited.

Direct injection (DO)
1 Fuel,
2Air,
3 Throtle-vave (EGAS).
4 Intake manifold,
5 Injectors,
SEngine.

43
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6

The engine intake manifolds thus carry
only the combustion air and can therefore
be optimally adapted to the gas-dynamic
requirements of the engine.

Systems for internal A/F mixture
formation
In direct-injection systems for intenal mix-
ture formation, the fuel is injecte directly
into the combustion chambers by electro-
magnetically actuated fuel injectors. Each
cylinderis 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 in only air and not an air-
fuel mixture, as is the case in conven-
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-
out 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
In stratified-charge operation, the mixture
only has to be combustible in :he 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 ar d 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 enire com-
bustion chamber; and the entire fresh air
available in the combustion -hamber
takes part in the combustion procedure.
For this reason, this operating mode is
used in the full-load range,

MED-Motronic is the management sys-
tem for direct-injection gasoline engines.
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Engine management (spark-ignition engines) 465

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
frcm 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 through 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 to calculate the trigger-
ing signals for the injectors and other sys-
tem actuators.

Calnectionunit
The injector is located above the throttle.
in the intake-air path, in order to ensure
homogeneous mixtures and consistent
cylinder-to-cylinder distribution. The fuel
spray is directed into the sickle-s-iaped
orifice between the housing and tirottle
plate, whereby fuel wetting of the intake-
tract walls is inhibited to a great extent,
and the high pressure differential pro-
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Schematic of a Mono-Jetronic system
I Fueltank, 2 Electric uel pump,3 Fuel lter,4Pressure regulator. 5 injector 6 Air-temperatre

sensor, 7 ECU. 8 Throttle actuator,9Throttlepotentiometer, 10 Canister-purge valve, ICarion
canister, 12 Lambda sensor, 13 Coolant-temperature sensor, 14 Igniton distributor 15 Battery,
13 ignition switch,1 7 Relay 18Diagnosticconnector, 19 Central injection unit,
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466 Engine management (spark-ignition engines)

motes optimum mixture formation. The in-
jector 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.

System control
I- 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 throttle position a. The
(a/n) system applied with Mono-Jetronic
can meet stringent emission require-
ments when used in conjunction with
l3mbda 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
rhe 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-
Ile operation in the same way. The over-
run fuel cutoff provides reductions in fuel
consumption and in exhaust emissions
during trailing-throttle operation. Adaptive
idle-speed control lowers the idle speed
and stabilizes it. For this purpose, the
ECU issues a signal to the servomotor to
adapt the throttle-valve position as a func-
tion of engine speed and temperature.

Mono-Jetroniccentralinjection unit
IPressureregulator,2Air-temperaturs
sensor 3Injector, 4 Upper part {hydra lics),
5 Fuelrsupplyr6Fuelretu7nsulatcrplate,
r Throttle valve,9Lorrpart.

1 3 2 4

4 56Ft tI

5 6

9 j 9

Mutec central injection unit (Opel)
IPressure, regulator2 Injector3 Fuelreturn,

4 Stepper motor for idle-speed contro,
5 To Intake manfold,S6Throttle valve.
7 Fuelinlet
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Engine management (spark-ignition engines) 467

MUltipoint injection systems

K-Jetronic

Operating principle
- Continuous injection,
-Directair-flowmeasurement.

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

Because of direct air-flow measure-
ment. K-Jetronic also takes into account
changes caused by the engine and per-
mits the use of emission-control equip-
ment, for which precise intake-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 to 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 distri)utor
maintains the fuel at a constant system
pressure. The fuel flows from the fuel dis-
tributor to the injectors. Excess fueln )t re-
quired by the engine is returned to the
tank.

Mixture-control unit
The mixture-control unit consists of the
air-flow sensor and the fuel distributor,

Air-flow sensor
The air-flow sensor consists of an ai fun-
nel and a pivoting air-flow sensor plate . A
counterweight compensates for the
weight of the sensor plate and pivot as-

Schematicofa K-Jetronic system
I Fuel tank, 2 Electric fuel pump, Fuelaccumulator, 4 Fuel filter, 5 Warm-up regulator, 6 Injetor
7Intake manifold, 8 Electric startvalve, 9 Fuel ditributor, 10 Air-flow sensor, 1 Frequency valve,
12 Lambda seasor, 3 Thermo-time switch, 14 Ignition distributor, 15 Auxiliary-air valve,
16 Throttle switch, 17 ECU 18 lIgnition switch. 19 Battery

13 14
12
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468 Engine management (spark-ignition engines)

sembly. The sensor plate is displaced 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-
flcw 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 to the number of engine
cylinders. The specific size of the meter-
ing-slot aperture depends on the control-
planger's position. In order to ensure con-
stant pressure drop at the slots for various
flow rates, a differential pressure regula-
tor is located downstream of each meter-
ing slot.

Fuelinjector
Hexagon. 2 Rubber molding, 3 Fine-resh

strainer, 4 Valve body 5 Valve needle,

*

Fuel distributor in mixture-control unit
( Diaphagr, 2 To injector 3 Conro punger,

4 Metering slot, 5 Differential-pressure
regulator

12 4 5

.3.

Injector
The injector opens automatically at a
pressure of approximately 3.8 bar, and
has no metering function. It provides effi-
cient mixture formation by opening and
closing at a frequency of approx. 1500 Hz
("chatter").

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

Warm-up regulator
The warm-up regulator is controlled by an
electrically-heated bimetallic elerrent; 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 tow 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
Theauxiliary-airvalve, 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 hrottle
valve) during the warm-up phase. This
supplementary air compensates [or the
cold engine's higher friction losses; it ei-
ther maintains the normal idle speed or in-
creases it in order to heat the engine and
exhaust more quickly.

Electric start valve, thermo-time switch
Thethermo-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-
late the A/F ratio with enough acctracy to

3 4 51 2
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Engine management (spark-ignition engines) 469

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
uni: which uses the Lambda sensors 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,
- a pressure actuator for mixture rat o 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 is switched off,

Operation
An electric fuel pump generates the sys-
tem pressure. The fuel flows through the
fuel distributor, while a diaphragm regula-
tor maintains the system pressure at a
constant level. With K-Jetronic, the con-
trol circuit performs 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 corrected
by adjusting the pressure differential in all
the fuel distributor's chambers simultane-
ously

Schematic of a KE-Jetronic system
I Fuel tank, 2 Electric fuel pump, 3 Fuel accumulator 4 Fuel filter, 5 Fuel-pressure regulator,
Sin o manifold, 8 Electric start valve, Fuel distributor 10 Air-flow sensor,
ifElectrohydraulicpressure actuator, 12 Lambda sensor, 13 Thermo-tme swilch, 14 Coolant
temperaturesensor, 15gnition distributor, 16 Auxiliary-air valve, 17 Throttle switch, 18 ECU,
19 Ignition switch, 20 Battery
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470 Engine management (spark-ignition engines)

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-
tions that could be induced by the forces
generated at the sensor flap. From the
control plunger the fuel flows through the
pressure actuator, the lower chambers of
the differential-pressure valve, a fixed flow
restrictor, and the pressure regulator, be-
fore returning 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
I Nozzle, 2 Valve plate, 3 Coil, 4 Magnetic
pole, 5 Fuel inle, 6 Adjustment screw

5 C

2--

4-

injected. The current can also be reversed
to shut down the fuel supply completely.
This feature can be employed for such
functions as overrun fuel cutofi and en-
gine-speed limitation.

Electrohydraulic pressure actuator
This eectrohydraulic actuator is flange-
mounted on the fuel distributor It is an
electrically-controlled pressure regulator
which operates using the nozzl/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), throtle switch
(idle and overrun, WOT), starter switch,
Lambda (02) sensor, pressure sensor
and other sensors. Its most mportant
functions are the control of:
- starting and post-start enrichment,
- warm-up enrichment,
- acceleration enrichment,
Sull-throttle enrichment,
- overrun fuel cutoff,
- engine-speed limitation,
- idle-speed control,
- altitude compensation,

closed-loop lambda control.

A coding switch (trim plug) makes it pos-
sible to select between opertion with
lambda control (with catalytic converter)
and without it. This permits a choice be-
tween leaded and unleaded gaolne.

Lambda closed-loop control
The signal from the Lambda sensor is
processed in the KE-Jetronic's ECU. The
pressure actuator 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 t ie unique
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Engine management (spark-ignition engines) 171

possibilities afforded by electronics. It is
similar to K-Jetronic in that it recognizes
all changes in engine condition (due to
wear, combustion-chamber deposits,
changes in valve setting). This ensures
consistently good exhaust-gas composi-
tion.

OQeration
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-
cuft. 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, regardless of the injected fuel
quantity.

Schematic ofan L-Jetronic system
I Fltank, 2 Electricfuel pump, 3 Fuel filter, 4 ECU. 5 Injetor 6 Fuel-pressure regulator,
71ntake manifold, 8 Electric start valve, 9 Throttle switch, 10 Air-flow sensor, I1 Lambda sensr,
12 Thermo-time switch, 13 Coolant-temperature sensor, 14 Ignition distributor 15 Auxiliary-air
vave, 16 Battery 17 gnition switch.
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472 Engine management (spark-ignition engines)

Standard system:
The fuel flows through the high-pressure
line on its way to the engine-mounted fuel
rail with the injectors. The pressure regu-
lator is installed on the fuel rail. After flow-
ing through the rail the portion of the fuel
not required by the engine flows through
the return line attached to the regulator
and back to the tank, Because the return-
ing fuel has been warmed on the way
back from the engine, fuel temperatures
within the tank rise.

Fuel vapor is generated in the tank as a
function of fuel temperature. For environ-
mental purposes these vapors are routed
through the tank ventilation system for
storage in an activated charcoal canister
until they can be returned through the in-
take manifold for combustion within the
engine.

Returnless system:
A returniess 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 gove'ning 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 direcily 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.

IFuel supply
a) Standard systern, b) Returnless system.
1 Fuel tank,2 Ecic fuel pump, 3 Fuel filter 4 Pressure line, 5 Fuel-pressure regulator
6 Injectors 7 Fuel raI l(continuous flow), 8 Return line, 9 Fuel rail (no return flow).

a b 9

4 
6 

4

38 3
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Air-flow sensor
I Idle-mixture adjustment screw, 2 Air-flow
sensor flap, 3 Stop, 4 Compensation flap.
5 Damping chamber, 6 Air-temperature
sernsor

1 23

4 5 6

Air-flow sensor
The intake air flow deflects a sensor flap
against the constant return force of a
spring to a defined angular position,
which is converted by a potentiometer
into a voltage ratio. This voltage ratio de-
termines the pulse length of a timing ele-
mert 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
whei 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-valve,
thermo-time switch
Design and function are similar to those of
the corresponding K-Jetronic compo-
nents.

injector
I Finte, 2 Needle. 3 Armature, 4 Spring,
SSolenoidwinding, 6 Electrical terminals
7 Fuel strainer

3 45 6 7

Electronic control unit (ECU)
This ECU converts the engine varibles
into electrical pulses. Transmission hter-
vats 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 temperature sensort re-
spond to lower engine and air tempera-
tures by increasing the injection duration.
The throttle-switch signals allow mixture
adaptation for idle and full-throttle
operation.

Lambda closed-loop control
The ECU compares the signal from the
Lambda sensor with a setpoint value be-
fore activating a two-state controller. The
control adjustment is then performed. as
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 technolocy 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 en-
sor, where the two components form a
single monitoring and control unit.

1 2

I.

1~

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1014



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
the basic system concept are to a large
extent the same as those in L-Jetronic.

Operating-data processing in the ECU
LH-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, a pro-

gram and data memory, and an AD con-
verter. The microprocessor is xrovided
with a suitable voltage supply and with a
stable clock rate for data processing. The
clock rate is defined by a quartz cscillator.

Hot-wire air-mass flow meter
The stream of intake air is conducted past
a heated wire (hot wire). This wire forms
part of an electrical bridge circuit. The
flow of current through the wire serves to
maintain it at a constant temperature
above that of the intake air. This principle
makes it possible to employ the current
requirement as an index of the air mass
being drawn into the engine. A resistor
converts the heating current into i voltage
signal, which the ECU then p-ocesses
along with engine speed as a main input
variable. A temperature sensor is
mounted inthe hot-wire air-mass flow me-
ter to ensure that its output signa is not in-
fluenced by the temperature of tie intake
air- The A/F ratio at idle can be adjusted
with a potentiometer. As contamilation on

Schematic of an LH-Jetronic system
I Fuel tank. 2 Electric fuel pump, 3 Fuel filter, 4 ECU, 5 injector 6 Fuel distributor, 7 Fuel-oressure

regulator, Intake manifold, 9 Throttle switch, 10 Hot-wire air-mass flow meter I ItLamboa sensor
12 Coolant-temperaturesensor, 13 Ignition distributor, 14 Idle-speed actuator, 15 Battery
16 gnitionswitch.

I K
4

-C 2 3 S

7

L 10

1 13

BOSCH
1 16 _14
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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 s mplified 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-
sior at a downstream location. This pre-
ven's them from being affected by de-
posts on the sensor element's leading
edge.

Ho-film air-mass flow meter
a housing, b Hot-film sensor (installed in
certer of housing).1 Heat sink, 2 Spacer
3 Driver stage 4 Hybrid 5 Sensor element
(metallic film)

a

Karman vortex volumetric flow meter
Yet another option for measuringitake
air is provided by a sensor which uses the
Karmin 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 tiese
waves as modified by the vortices is de-
tected by an ultrasonic receiver and the
resulting signals are evaluated in the
ECU.

Karman vortex volumetric flow meter
1Oscillaor, 2 Vortex generator, 3 Transmittef,
4 Ultrasonic waves, 5 Eddy currents, 6 Recei-
ver, 7Ampiier, 8 Filter, 9 Pulse shaper

23 4 5

- Q

7

1 D

2

-3

-4

-5
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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-
orifice disk and a moving valve needle
with solenoid armature.

A filter strainer in the fuel feed protects
the injector against contamination. Two
0-rings seal the injector against the fuel-
distribution pipe and the intake manifold.
When the coil is de-energized, the spring
and the force resulting from the fuel pres-
sure press the valve needle against the
valve seat 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 EV6 (exampe)
I O-rings, 2 Filterstrainer 3 Valve housing
withelectricalconnection, 4Currentcoil,
5 Spring, 6 Valve needle with solenoid
armature 7Valveseatwithspray-orificedisk.

. -

of the spray orifices in the spray-orifice
disk. The valve needle closes again when
the field current is switched off.

Spray formation
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,

Tag~ _esrsy
Individual fuel sprays emerge th ough the
openings in the spray-orifice disk. These
fuel sprays combine to form E 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-
gines with one intake valve per cylinder,
The tapered spray is directed into the
opening between the intake-valve disk
and the intake-manifold wall.

Dualspray;
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:
n the case of an air-shrouded in ector, the

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

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
sto chiometric, an energy of approxi-
mately 0.2 mJ is required for each individ-
ual ignition of the A/F mixture via electric
spark. Over 3 mJ are required for a rich or
lealmixture, This energy represents only
a fraction of the total energy in the ignition
spark, the actual ignition energy. If suffi-
cient ignition energy is not available, there
will be no ignition, the mixture cannot ig-
nite, and misfiring will result.

The system must therefore deliver
enough ignition energy to ensure consis-
tently reliable ignition of the mixture, even
under unfavorable conditions. Igniting a
small flammable mixture cloud flowing
past the spark can be enough to initiate
the process.

This mixture cloud ignites, the flame
spraads to the remaining mixture in the
cylinder, and the fuel starts to combust.
Ignitability is enhanced by efficient fuel at-
omization and good access of the mixture
to the electrodes, as well as through ex-
tended spark duration and spark length
(large electrode gap).

The spark plug determines the location
anc 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 mixture
I Ignition voltage, 2 Sparkvoltage

I Spark duration.

kV
15 -1
10
5 - 2L

0 1 2 3 rn
Time

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 m xture
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 generata the
spark. The ignition coil operates as an au-
totransformer but within coil-ignition sys-
tems it also assumes the further irnpor-
tant function of storing the ignition erergy.
When the contact breaker closes, energy
from the vehicle's electrical system flows
into the coil's primary winding. Thi 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-

U
11
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478 Engine management (spark-ignition engines)

age and ignition energy are sufficient to
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
converter, should one be installed. In ex-
treme cases, the engine either fails to
start - especially when cold - or stalls.

Ignition 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 two milliseconds elapse
between the mixture's initial ignition and
its complete combustion. The ignition
spark must therefore arc early enough to
ensure that main combustion, and thus
the combustion-pressure peak in the
cylinder, occur shortly after piston TDC_
The ignition angle should therefore move
further in the advance direction along with
increasing engine speed. The chosen fir-
ing point should ensure that the following
requirements are met:
- maximum engine performance
- low fuel consumption
- no engine knock

clean exhaust gas.

Since it is impossible to obtain optimal
compliance with all of these requirements
simultaneously; compromises must be
found on a case-to-case basis. Optimal
ignition timing is defined according to a
variety of parameters. The most important
are engine speed, engine load, engine
design, fuel quality and momentary oper-
ating conditions (starting, idle and trailing
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

Example of cumulative ignition thning
consistingofcentrifugalandvacuum
advance
IPart-loadoperation, 2Fulload.

CL

0
_-

0cks

so -

20?
10-
10

mber

600

400

200

0 2000 4000 mit1

Engine speed

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

All the adjustment strategies can oper-
ate either individually or simultaneously.
The degree to which the ignition timing is
advanced or retarded is determined by
the ignition-advance curves calibrated
specifically for each individual engine
configuration

At full load, the accelerator pedal is de-
pressed 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 A/F 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-
stream from the throttle valve. If the vac-
uum bore is located near the throttle valve
(P 489), the vacuum initially increases as
the throttle is opened wider and begins to
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Combustion-pressure curve for various
ignition firing points
I Correct ignition advance (Z),
2 Excessive ignition advance (Z,
3 Excessive ignition retard (Z,).

-C babefo re T DC -afte r TD

U
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20
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0

750 500 250 00 -25-500 _750i

Ignition advance anglo (z

fall in the proximity of the full-throttle
(WOT) position. The progressively wider
thrAttle openings required to increase en-
gine speed on the operating curve for
part-throttle road operation are reflected
in [he relationship between vacuum and
min-1 shown in the diagram.

Yet another diagram shows the curves
for combustion-chamber pressure in a
4-stroke engine with correct and incorrect
ignition timing. Even if the timing is initially
cotrect, neglected maintenance can allow
it to drift over the course of time. If the tim-
ing shifts towards a later firing point
("retard"), the result is a gradual drop in
engine 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
Owing to the fact that it directly affects the
various exhaust-gas components, tie ig-
nition has a significant effect upon ex-
haust emissions. Because various - and
in this context sometimes mutually antag-
onistic - factors such as fuel ecoomy,
driveability, etc., 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 arid re-
duces fuel consumption, it also raises
HC and. in particular, NO, emisions.
Excessive spark advance can cause en-
gine knock and lead to engine damage.
Retarded ignition results in higher ex-
haust-gas temperatures, which can also
harm the engine. Electronic engine-man-
agement systems featuring programmed
ignition curves are designed to adapt igni-
tion timing in response to variations in fac-
tors such as min-', load, temperature, etc.
They can thus be employed to achieve the
optimum compromise between thesa mu-
tually antagonistic objectives.

Overview of various ignition systems
Function Ignition system

Cil TI Ell) |DLI
Cesignation Col Transist- Enginemanagemen:

ignition orized Electronic Distributor-system ignition ignition less semi-
sys em system conductor ig-

nition system

Igition angle determined from engine Mechanical Electronic
sceedand load

atsrditiution to appropriate Mechanical lent e

')kyassro d i onli ng is olposse,.ih 1 'l0therorodomsts iinregraed ege-maraesrt sptesms.

Mechani-
cal

1'-

F;gh-voltage generation

lcjr,4jon triggering

Inductive

Electronic
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Influence of excess-air factor2 and igni-
tion point a on pollutant emissions
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Influence of air factor Aand ignition tim-
ing u, on fuel consumption and torque
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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 fluctuation s 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.

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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ignition coil
The ignition coil functions as both an en-
erg-storage device and a transformer.
The coil, 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 voltage, spark
current and discharge duration in accor-
dance with individual requirements.

The contact-breaker points used with
coilignition (Cl) can only handle interrupt
currents of up to approx. 5 A. TI, El and
DL ignition systems and Motronic 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-
lion systems. Here the electronic circuitry
activates the ignition coil depending on
battary voltage, engine speed and other
influencing variables in such good time
that full energy is available at the ignition
poirt.

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
prioities thus include low primary induc-
tance and, in some cases, higher primary
interrupt currents (for adequate energy
storage).

Desn and operation
Traditional ignition coils with asphalt or oil
insulation enclosed in metal casings are
being increasingly replaced by units 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 col'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 mostli de-
signed as a disk or sandwich coil, with the

Ignition cols (schematic)
Rotating distribution: a) Single-spark igni ion
coil. Distributorless ignition;

c)n-spa rk ignition coi

a b
a4

5 4a 15 4a

4 04 1 __4b

Single-spark ignition coil
I Externallow-voltage terminal,
2 Laminated iron core, 3 Primary winding
4Secon day winding, Internal hgh-vo rge
connecion via spring contact,6Spark plg,

2-
3- -
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Iii
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windings distributed among a series of
segments. Even distribution of stresses
among the insulating 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 isalso re-
duced.

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

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

When a singlegsacolper spark plug
is used, the primary current is controlled
to furnish the relevant spark plug with an
ignition pulse at precisely the right 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 to fire prematurely.

On thedual-spark coil, the secondary
winding is galvanically insulated from the
primary winding. Each of the two 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 installation are facill-
tated by combining several ignition coils in
a common 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.

Dual-spark ignition coil (distributorless
ignition)
1Low-voltageterminal.2Laminatedironcore,
3Primary winding, 4 Secondary winding,
5High-voltage terminals.

5

3
4-

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 icnites the
compressed A/F mixture. As this function
must also be guaranteed unde extreme
conditions (cold starting, full load), the
spark plug plays a decisive role in the op-
timum performance and reliable operation
of a spark-ignition engine. These require-
ments remain the same over he entire
service life of the spark plug.

Requirements
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 not
damage the insulator. This insulation ca-
pability must also be guaranteed at tem-
peratures in the region of 1000'C.

Because the spark plug is subjected to
mechanical stresses in the form of expo-
sure to periodic pressure peaks (up to
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80 bar) within the combustion chamber,
its materials must exhibit extreme resis-
tance to thermal loads and continuous vi-
bratory stress. At the same time, that sec-
tior of the spark plug that protrudes into
the combustion chamber is exposed to
high-temperature chemical processes,
maKOg 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
forris the connection between the center
electrode and terminal stud. This glass el-
ement acts as a mechanical support for
the components while providing a gas
seal against the high-pressure combus-
tion gases. It can also incorporate resistor
elements for interference suppression
and burn-off.

The connection end of 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
using nickel-based alloys to cope with the
high thermal stresses. It is welded to the
shell. The thermal conduction properties
of both the center and the ground elec-
trodes are improved by using a nickel-al-
loy jacket material and a copper core.
Silver and platinum, or platinum alloys,
are employed as electrode material for
speial applications. The spark plugs
have either an M4 or a standard SAE
thread, depending upon the type of high-
voltage connection, Spark plugs with
metal shields are available for watertight
systems and for maximum interference
suppression.

Sparkplug
IHigh-voltageconnector(terminalnut),
2Al0O, Ceramic insulator,
3Shell
4 Heat-shrinkage zone,
5on t glass,

7Composite center electrode NiCu,
8Ground electrode,

V 2

V3

VV4

V I I

V 15
SIf6

V I~

V7

B

I4
it
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484 Engine management (spark-ignition engines)

Healt range
The operating temperature of the spark
plug represents a balance between heat
absorption and dissipation. The aim is to
achieve a self-cleaning temperature of
approx. 500OC even at low engine power
outputs.

If the temperature drops below this
level, there is the dangerthat unburnt hy-
drocarbons and oil residue from incom-
plete combustion sequences will settle
on the cold areas of the spark plugs (par-
ticularly when the engine is not at normal
operating temperature, at low outside
temperatures, and during repeated
starts), This can create a conductive
connection (shunt) between the center
electrode 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-
tures, the residues containing carbons
burn on the insulator nose; the spark
plug thus "cleans" itself.

An upper temperature limit of approx.
90000 should be observed because in
this range wear of the spark-plug elec-

Spark-plug temperature response
Shigh, 2medium and3 ow heat range,

1

1

2

3

0 Engine power outnut 1000

2

-1

3

I
;.~-. *;;

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 to 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 ccde num-
ber and determined in compari;on 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 3 way as
to preclude any possibility of premature
ignition.

The use of center-electrode naterials
with high thermal conductivity (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 redicing 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 impossible to achieve a
smooth idle when the electrode gap is too

QC

1500
2

N1000
0

CL
a
g 5CC
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Spark gap
a) Spark air gap
4) semi-surface gap,
c) Sudace gap.

a

- - -

C

narrow On the other hand, the electrode
gap must be narrow enough to guarantee
that the ignition voltage will continue to
produce a reliable arc, even at the end of
the spark plug's service life and under un-
favorable circumstances.

The required ignition voltage is
nluenced not only by the size of the elec-
trace gap, but also by the electrodes'
shape and temperature and the
materials used in their manufacture.
Parameters specific to the combustion
chamber such as mixture composition
(lambda value), flow velocity, turbulence

'Iand 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 reliableigni-
tion and thus misfire-free operation
throughout the required service life.

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

Sparkairap aa:
A linear spark arcing directly between the
center and ground electrodes ignites the
air/fuel mixture between the electrodes.

Serni-surfacogap (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 popa-
gation travel to this shunt path extenc s the
gap across which any given voltage can
produce an arc.

The increased electrode gap improves
the ignition properties.

Sufacegap 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 electrode. 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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486 Engine management (spark-ignition engines)

Designation codes for Bosch spark plugs
Individualspark-plug spectications are contained in the designation code. This code incluces all
vital spark-plug characteristics except the electrode gap which is indicated on the package-
Spark-plug specifications for individual engine applica ions a redefined by Bosch and the eIgine
manufacturers.
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Conventional coil ignition (CI)
Maiy vehicles are still equipped with con-
vertional coil ignition. When the contact
breaker closes with the ignition switched
on, current from the battery or alternator
flows through the ignition coil's primary
winding, generating a powerful magnetic
field in which the energy is stored. At the
ignition point, the contact breaker inter-
rupts the current, the magnetic field col-
lapses and the high voltage necessary for
ignition is induced in the secondary wind-
ing. This voltage is fed from terminal 4 to
the ignition distributor via a high-tension
cable and from there to the individual
spark plugs.

The following is a basic definition of the
relationship between the speed of a four-
stroke SI engine and the number of
sparks generated per minute.

f = n/2

f Spark-generation rate, c Number of
cylinders, n Engine speed.

At low engine speeds, the contact-
breaker points remain closed long
encugh to exploit the coils full energy-
storage potential. At higher engine
speeds, this contact period -the dwell an-
gle - is shorter, and the primary current is
interrupted before maximum energy can
be transferred to the coil. The resulting re-
duction in stored energy means that less

Secondary voltage as a function of spark-
ing rate
a Withoutohmicshunts
(R> 10MD
b Shuntresistance f MU
c Shunt resistance 0.5 MO
d Required ignition voltage.

kV

o20

10

0

0 6000 12000
Sparking rate

m n-r

high-tension current is then available from
the coil.

In response, ignition coils are designed
to provide high-tension voltage well n ex-
cess of the spark plugs' requireents,
even at maximum engine speeds.
Contamination on the insulating compo-
nents acts as a capacitive and ohmic
shunt, increasing the ignition loads paced
upon the system, with combustion and ig-
nition misfiring as the ultimate conse-
quences.

~I
I;

2,

lb

*C -

Ccnventional coilignition system (Cf), componentsatle circuitdiagram at rght
1BOattery 2 gnition switch Coil. 4 Distributor, 5 IgnitionInensr,6Contact breaker,
7 Spark plugs, R, Ballast resistor for increasedstart voltage (optional).

7 4_
1 5

RV
212

3((
Rv~jr\1  6 1-k 2
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488 Engine management (spark-ignition engines)

Ignition coil
Description: see P 481.

Ignition distributor
The distributor is a separate, self-con-
tained component within the ignition sys-
tern. It has the following functions:
- it distributes the ignition pulses to the

engine's spark plugs in the defined se-
quence (CI, TI and electronic ignition),

-triggers the ignition pulse, either when
the contact breaker interrupts the pri-
mary current, or, with breakerless sys-
tems (C, TI, El in some cases), using a
pulse generator,

- adjusts the ignition timing with a spark-
advance mechanism on conventional
ignition systems(CITI).

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

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

The ignition pu se passes through the
center connection and the carbon brush
or the center-tower spark gap to the dis-
tributor's rotor arm which then distributes
this ignition energy by arcing it to fixed
electrodes 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 points
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:

Contact breaker
IIMoving breaker-plate assembly 2 Breaker
lever 3 Distributor shaft, 4 Distrbutor can?

2

.73

4

Centrifugaladvancemechanism atrest
(above), in operation (below
1 Supportplot. 2Dsrutor crn. 3 Contact

path, 4 Advance t'yweight 5 Distributor shaft,
6 Driver

---1
2

3

4

- contact ptting,
- contact arm (rubbing-block) woar,
- 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,
but residual sparks continue to occur.
Although contact wear and rubbing-block
wear are mutually counteractive, the ef-
fects of the latter are generally ore pro-
nounced, resulting in a tenden:y for the

1@
,:

-6
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ignition to drift in the "retard" direction, to-
ward a later ignition point,

Spark-advance mechanism
Igrition distributors are generally
equipped withtwospark-advancemecha-
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 support
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
shaft in the direction of rotation. In this
way, the distributor cam also turns to-
wards the distributor shaft by the ignition
advance angle u. The point of ignition is
advanced by this angle.

Vacuum adjustment mechanism
The vacuum mechanism adapts the igni-
tion timing to changes in engine output
and load factor. Intake manifold vacuum is
monitored or tapped off in the vicinity of
the throttle valve. The vacuum acts upon
two aneroid capsules.

Operation of advance mechanism
Because the air/fuel mixture combusts,
rmore slowly during operation at low load

factors, it must be ignited earlier to 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 immeciately
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
point of ignition is advanced still further.

Operation of retard mechanism
Here the connection with the intake man-
ifold's internal vacuum is downsiream
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 togethe, with
the contact breaker in the distr butor
shah's direction of rotation.

This spark-retard system operates in-
dependently of the advance mechanism.
The advance mechanism has priorhy. si-
multaneous vacuum in both units curing
part-throttle operation shifts the unit to its
"advance" position.

Vacuum advance mechanism with ignition advance and retard units
a Advance adjustment up to stop, b Retard adjustment up to stop
I fgnition distributor, 2 Breaker-plate assembly 3 Diaphragm, 4 Vacuum retard unit
5'Vacuum advance unit, 6 Vacuum unit, 7 Throttle valve, 8 intake inanifold

a 3

Y A-

_//

1 2 b 4 5be

I

7 8

I
ft
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I
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Transistorized ignition (TI)

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

Transistorized coil ignition with contact
control is especially suitable for upgrading
existing coil-ignition systems (Cl).
Breaker-triggered transistorized coil igni-
tion systems are no longer installed as
original equipment,

Breakerless transistorized ignition
On breakerless transistorized 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 (TI-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 to 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 tield 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

Breakerless transistorized ignitionsyste1
1 Battey2 Ignition switch, 3 Coil. 4 Eltronic
triggerbox,5Ignitiondistributorwithcentrifugal
and vacuum advance mechanism
Ca induction-type pulse generatorr 6b HaI-type
pulse generator{aitemnative) 7 Sparkpugs,

7

2

) 4 Sb 43

6b[ -

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

Ignitiondistributorwithinduction-type
pulse generator
IPermanentmagnet,2Induction winding
with core, 3 Variable air gap4 Trigger whel

E2

3

94
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Time
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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 primary-current regulator limits the
current in order to protect the ignition coil
and the driver stage. When used in con-
junction with a coil featuring low primary
res stance, 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.

Closed-loop well-ageecontrolen-
suraes 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. It also
compensates for battery-voltage fluctua-
tiors and ignition-coil temperature effects.
Depending on system design, this dwell-
angle control is effective up to medium
engine speeds. At high engine speeds,
the dwell angle is determined by the
break time required to achieve adequate
arcng durations. The residual energy re-

Ignition distributor with Hall sensor
1 Vane with width b, 2 Soft-magnetic
coductive elements, Hall IC, 4 Air gap,
teSensor voltage (transformed Hall voltage-

1 2 3

rn-m

|UG

4 2

o

mainIng in the coil after the break time
promotes optimal coil charging with re-
duced dwell times,

The sparkless closed-circuit currert 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-1 systems (with induction-type rulse-
generator) with intrinsic closed-circult cur-
rent deactivation.

Transistorized ignition is sometimes, em-
ployed together with auxiliary devices to
adjust the spark advance. An example
would be the idle-sped control wh ch is
installed between the Hall generato and
the ECU; below idle speed it reacts to fur-
ther decreases in engine min-' bi ad-
vancing the ignition, thus increasing
torque and preventing engine speed from
dropping any further. The lectronic re-
tard device reduces ignition advanze 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 systems
owing to their ability to combine high
packaging density with low weight and ex-
cellent reliability. Hybrid technologV re-
places the printed-circuit board, with an
A1203 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 electroni cir-
cuit-breakers (transistorized ignition see
P 490), A coil designed for one applica-
tion should never be employed in the
other

I'

17
Time--
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492 Engine management (spark-ignition engines)

Note: Unlike with breaker-triggered igni-
tion, terminal 1 of the systems mentioned
must not be shortedto ground (e.g. during
compression testing) as this would over-
load the low-resistance primary winding
of the ignition coil.

Capacitor-discharge ignition
(CDI)
The operating concept behind CDI, or
"thyristor ignition," as it is also called, dif-
fers from that of the ignition systems de-
scribed above. CDI was developed for
use with high-speed, high-output multi-
cylinder reciprocatng IC engines in high-
performance and competition applica-
tions and for rotary-piston engines.

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

[Capactor-discharge ignition system
with induction-type pulse generator,
schematic

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-
gerous. Always switch off the ignition or dis-
connect the battery before performing any
service or maintenance including:
-Replacing components such as spark-

available in both breaker-triggered and
breakerless versions.

The major advantage of the COI is that
it generally remains impervious to electri-
cal shunts in the high-voltage ignition
circuit, especially those stemming from
spark-plug contamination. Fo- many
applications, the spark duration of
0.1.0.3 ms is too brief to ensure that the
air-fuel mixture will ignite reliatly. Thus
CD1 is only designed for specific types of
engine, and today its use is restricted to a
limited application range, as transistor-
ized ignition systems now afford virtually
the same performance. 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.

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

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

I Control unit, 5 ignition transformer
2 Charger, 6 To induction-tyge pulse
3 Pulse shaper generator,
4 Control stage, 7 To igniton distrdoufor
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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
igrition map. Mechanical high-tension
distribution is retained with El ignition.
Fully electronic distributorless semicon-
ductor ignition (DLI) uses stationary elec-
tronically controlled components to re-
place the mechanical, rotating high-ten-
sion distributor.

Electronic ignition systems operate
mcre 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 avoided. The
number of input variables is also theoreti-
cally unlimited, usually allowing axten-
sions in the ignition angle's adjustment
range. The fixed-drive ignition distributors
limitations regarding the engine's gvition-
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 (eg, for 8- and 12-cylinder en-
gines) and static voltage distribution.

Electronic ignition can be corrbined
with electronic fuel-njection (Motonic),
knock control, ASR, etc., making it -ossi-
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.

11¾~

J1

Schematic of an electronic ignition system (E)
I 'gnion coil with ignition driver stage, 2 High-voltage distributor, 3 Spark plug, 4 ECU,
5. ngine-temperature sensor, 6 Knock sensor 7Engine-speed and reference-mark sensor.
6SRing gear for sensor, 9 Throttle switch, 10 Battery I1 ignition switch.

4
12
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7
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494 Engine management (spark-ignition engines)

Electronic ignition, signal processing
1 Engine speed, 2 Switch signals,
3CAN(serialbus),4Intake-manifoldpressure,
5Engine temperature,6 ntake-airtempera-
lorre,7HBattery voltage,.8Microprocessor,
9 Analog/digital convener. 10 Driver stage

Input Electronic control unit Ignition
signals (ECU) coil

29
3

4

5
6 ' 8

7

[ignton maps
Above: electronically optimized,
m lowmechancal advancesystem

Adva.,nce angle

Advance angle

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 informaton 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 cont-ol sig-
nal is provided by a Hall generator. An ab-
solute-pressure sensor in the intake man-
ifold is the best way to monitor loaJ. 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-
tie-valve potentiometers or electror ic load
signals from the mixture-preparation sys-
tem. The microcomputer in the ECU
processes the engine-speed and lcad sig-
nals prior to 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
throttle-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 a min-
imum. At speeds below the starting
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Engine management (spark-ignition engines) 495

peed, the computer interrupts the cur-
ent flow through the ignition coil in order
o prevent overheating. The driver stage
:an be either integrated inside the ECU or
istalled externally, e.g. on the ignition
:oil.

iignal processing in the ECU
kfter initial processing the digital signals
1o cirectly to the processor. Analog sig-
ials are first converted into digital form.
here are also ECU's which can transmit
upplementary digital or analog signals
e.g., for overrun fuel cutoff and exhaust-
]as recirculation). There exists a range of

I ignition-system versions of varying
omplexity. A comparison of the ignition
nap with the response curve of a distrib-
itor shows that it is possible to program
tach point in the ignition map indepen-
lently from every other point. Thus the
iptimrnum ignition timing (e.g., for maxi-
num fuel economy) can be selected for
tvery operating condition, according to
he limits imposed by factors such as ex-
taust emissions, pre-ignition limit and dri-
ieability. The entire system is completely

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

Rotating voltage distribution
A high-voltage distributor distributes the
ignition pulsestothe spark plugs of the in-
dividual cylinders (as described earlier). if
the distributor's adjustment range is ir suf-
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 ,on-
stant ignition-angle spacing (not em-
ployed up to now) must be controlled by
the camshaft.

Distributorless (stationary) voltage
distribution

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

Schematic ofa futly-electronic distributortess ignition system (01)
1 Spark plug, 2 Single-spark coil 3 Throttle switch, 4 ECU, 5 Engine-terperature sensor,
6 Knock sensor, 7 Engine-speed and reference-mark sensor, 8 Ring garforsensor
9Battery 10 Ignition switch.

0

7
aIBOSCH, 10

4-
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496 Engine management (spark-ignition engines)

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 more.

Systems with dual-spark ignition coil
One ignition coil is required for every two
cylinders. The crankshaft can be used for
synchronization. The high-voltage end of
each ignition coil is connected to the
spark plugs for two cylinders whose oper-
aling cycles are 360' out of phase with
each other.

As there is an additional spark during
the exhaust stroke, it is important to en-
sure that residual mixture or fresh mixture
is not ignited. Furthermore, the dual-
spark system is only suited for use with
even numbers of cylinders. Owing to its

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 temperatu'e.

Nevertheless, without knock control a
clear safety distance to the knock limit is
required. This distance is necessary to
ensure that even in the most knock-sensi-
tive case with regard to engine toler-
ances, engine aging, environmental con-
ditions and fuel quality, no cylinder
reaches or exceeds the knock lirrit. 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 cortrol in-
creases engine compression and signifi-
cantly improves fuel consumpticn and
torque. However, the pre-control ignition
angle now no longer needs to be deter-

Knock control Control algorithm for igition
adjustments with a 4-cylinderengine
K 1 3 knock in cylinders ... 3, Cylinder,
no knock
aDelay prior to ignition retard,
b Retardation, c Delay before return to
original ignitionpoint, d Spark advance.

Schematic of knock-control system

Engine
gniion, (conrlled Knock

(actuator) systern) sensor

01Cloed- Evaliuaton
Knopco- circuit
troic tr

az

Ir
K K2 13 K,   K3

2- 2
ICb c d
13421342

Cornbustion cycles in
individal cyinders-

I
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I'

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
de ection 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 sensors,
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
lo.ds. As a rule, 4-cylinder in-line engines
are equipped with one knock sensor,
5- and 6-cylinder engines with two sen-
sors and 8- and 12-cylinder engines with
two or more sensors.

Knock detection, evaluation
For the purpose of knock detection, the vi-
brations characteristic to knocking are
converted into electrical signals by one or
more knock sensors mounted at appropri-
ate positions on the engine, and then for-
warded to the Motronic for evaluation. It is
here that the corresponding 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-
trcl value,

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

Knock sensor
I Seismic mass, 2 Potting compound,
3 Piezocerarmic element, 4 Contacts,
5Terminals.

-- 1

- 2

4

-5

Adaptation
Real engine operation produces different
knock limits and thus also different igni-
tion points for the individual cylinders. In
order to adapt the ignition-point pre-con-
trol values to the particular knock limit, the
ignition-point retardation values individual
to each cylinder and dependent on the
operating point are stored.
They are stored in non-volatile maps of
the permanently powered RAM covering
load and engine speed. In this way, the
engine can also be operated in the event
of rapid load and speed changes in each
operating point at optimal efficiency and
without audible combustion knocks.

The engine can even be approved for
fuels with lower anti-knock properties.
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Combined ignition and
injection system (Motronic)
The Motronic engine-management sys-
tem has undergone substantial develop-
ment since its introduction in 1979.
Intially, integration was based on the ba-
sic gasoline-injection systems, in combi-
nation with distributorless semiconductor
ignition, as were available in the following
systems:
- KE-Motronic, based on KE continuous

gasoline injection (P. 469),
- Mono-Motronic, based on intermittent

single-point injection (P 465),
- M-Motronic, 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-
ulated variables of a spark-ignition engine
that influence torque:
- ME-Motronic with electronic accelerator

pedal (ETC) for controlling gasoline in-
jection, ignition and fresh-air charge for
manifoldinjection(P.498).

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

System overview
The Motronic system comprises all the
sensors for recording the current engine
and vehicle operating data (P. 501.
Operating-data acquisition) and all the ac-
tuators for the adjustments to be carried
out on the SI 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-
digital converter then transforms the con-
ditioned signals into digital values.
Further signals are received by way of a
digital interface. Using this information,
the mcroprocesso identifies the operat-

ing state desired by the driver aid from it
calculates for instance:
- the required torque,
- the resulting cylinder charge with the

associated injected fuel quant ty, and
- the correct ignition timing.

The low-level signal data from he micro-
processor outputs are adapted by the dri-
ver stages to the levels required by the
various actuators. A semiconductor 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 tole-ances,

Digital accuracy is a function of word
length, as well as of the consisfeicy 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 inpit circuits
influence the analog accuracy.

Program design must satisfy the en-
gine's severe real-time demans: in an
8-cylinder engine at maximurr 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.

ME-Motronic

Design

Basic functions
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 vale 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.

498
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500 Engine management (spark-ignition engines)

Additional function
As well as the basic functions, the
ME-Motronic has a large number of addi-
tional open- and closed-loop control func-
tions. Examples of such functions are:
- idle-speed control,
- closed-loop lambda control,
- control of evaporative-emissions control

system,
- exhaust-gas recirculation for reducing

NOx emissions.
- control of secondary-air system for re-

ducing HC emissions, and
-cruise control.

These functions have been made neces-
sary by the legislation covering the reduc-
tion of exhaust emissions, the calls for a
decrease in fuel consumption but also in-
creased demands placed on driving com-
fort and safety.

In addition, the ME-Motronic system can
be further extended with the following
functions:
- Control of turbocharger control and vari-

able-tract intake manifold for increasing
engine 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.

Torque-guided control concept
The torque-guidance principle is aimed at
simplifying the many and sometimes very
different assignments placed on the en-
gine and the vehicle. Only then is it possi-
ble, depending on the engine or vehicle
type, to determine the required functions
in 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 torque coordination to
sort the often contradictory torque re-
quirements and to then put the most im-
portant requirement into effect.

Vehicle management
The ME-Motronic can commuiicate 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 torque

Diagnosis
The ME-Motronic incorporates compo-
nents for on-board monitoring (CBD). 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 cylindercharge is the factor
that determines torque output and thus
power output. The throttle valve controls
the air-flow intake into the engine and
thus the cylindercharge.

In conventional systems, a cable or a
linkage transfers the movement of the ac-
celerator pedal to the throttle valve.
Requirements for additional ai: are cov-
ered by a bypass air actuator which di-
rects an additional air flow aound the

Air control with bypass air actua or
(principle)
I idle actuator (bypass airactuator.

2 ECU 3 Throttle valve, 4 Bypass.

- 3

1

-~2

-I
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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
ccntrol).

Systems with ETC (electronic throttle
control, integrated in the engine control
unit for ignition, injection and other auxil-
ia y 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 throttle-valve
position. Two potentiometers (for redun-
dancy reasons) at the accelerator pedal
and throttie device are part of the ETC
monitoring system which, while the en-
gine is running, continually checks all the
sensors and calcu'atons which affect
it rottle-valve opening.

Charge-cycle control
Tie behavior of the gas columns flowing
into and out of the cylinders changes con-
siderably as a function, for instance, of en-
g ne speed or throttle-valve opening. With
fixed valve timing, the charge cycle can

ETC system

Sensors Actuators,

IICAN I

PC

Mlonitoring

module

Engine ECU

tAccelerator-
\pedal

module
\N

|

I/

Throttledevice
- _ -.

only be optimized for a specific operating
range.

Camshaft control or camshaft-lobe
control (P. 387) permits not only viably
valve timing, and thus adaptation tovari-
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 NOx emis-
sions. Exhaust gases which have aLready
been combusted are added to the /F
mixture in order to reduce peak combus-
tion temperatures. For this purpose. the
Motronictriggers the exhaust-gas rcircu-
lation valve as a function of the eng ne op-
erating point. The EGR valve then adds a
partial flow of exhaust gas to the fresh mix-
ture, thereby increasing the total charge
while the fresh-air charge remains con-
stant. In this way, the engine must be throt-
tied less heavily in order for a specific
torque to be reached (lower fuel consunp-
tion).

The achievable torque, which is propor-
tionai 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-qas tur-
bocharging, or mechanical supercharging
(P 390)_

Operating-data acquisition

Vehicle-n~ierator conirandl
In the case of engine managemcnt with
an electronic throttle valve (ETC), :here is
no longer a mechanical connect on be-
tween the accelerator pedal ard the throt-
tIe-valve actuator, Instead, the position of
the accelerator pedal is sensed by a
pedal-travel sensor or acceleratcr-pedal
module and converted into an electrical
signal. The engine-management system
interprets this signal as the vehicle-oper-
ator command.

Air charge
In engine concepts with manifold injec-
tion, there is a linear relationship between
the air charge and the torque geierated
by combustion. In the torque-guided ME-
Motronic, the air charge is theretore not
just one of the main factors involved in
calculating the injected fuel quantity and

11
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ignition angle, but also serves to calculate
the torque currently being delivered bythe
engine. 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, crankshat position and
camshaft position
A speed sensor on the crankshaft moni-
tors the crankshaft revolutions per minute
rotationalspeed). 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-
Motronic. 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-Motronic with static voltage distri-
bution also requires additional information
on the camshaft oosition. 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 (,) is the fic ure which
quantities the A/F mass ratio of the mix-
ture. The catalytic converter only per-
forms optimally at .= 1. The lambda sen-
sor measures the oxygen concentration in
the exhaust gas and provides information
on the current value of the excess-air fac-
tor (P 458).

Combustion knocks
The characteristic vibrations of combus-
tion knocks are detected by knock sen-
sors, converted into electrical sgnals and
forwarded to the ME-Motronic (P 498).

Engine and intake-air temperatires
The voltage at the NTC resistor of the en-
gine-temperature sensor is a lunction of
the coolant temperature. It is insut via the
analog-digital converter and is a measure
of the temperature In the same way, a
sensor in the intake part measures the
temperature of the intake air.

Operating-data processing

Torque guidance
Torque guidance is a feature of the ME-

Exhaust-gas recirculation (example)
1 Exhaust-gas recirculation (EGR), 2 Electropneumatic converter 3 EGR valve, 4 ECU
5 Air-mass meter,n Engine speed.

42
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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.
TCS or transmissior-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 torque 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 torque
guidance is the electronic accelerator
pedal ETC with the throttle valve con-
trolled independently of the accelerator
pedal.

Calculation of setpoint torque
The basic variable for the ME-Motronic
to -que structure is the internal torque aris-
ing from combustion. The function of
toque guidance is to set the internal
to'que, 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. Bezause
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 setpoint torque
For setting the internal torque, the ME-
Motronic's torque converter has L 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 :he ig-
nition angle and/or injection blank-out of
individual cylinders.

Calculation of cylinder charge
Theair mass in the cylinder after :he in-
take valves have closed is termed [he air
charge. Referring the actual air charge to
the maximum obtainable charge pro-
duces a variable that is indepencent of
the engine piston displacement: the "rela-
tive (air) charge". The associated iriected
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.

1ifluencing torque in a gasoline engine

External requirements:
-Accelerator pedal
(driver)

-Cruise control
-Driving dynamics
-Driving comfort

Starting

Idle-speed control

Engine-speedlimitation

component protection

Staling,
Catalytic-conveer
heating,
Idle-speed control

Efficiency

Coordination of
torque and
efficiency
requirements

503

Conversion of
torque into avail-
ablemanpulated
variables

Throttle valva

Advance anqje_
Injection blank-out
Duration of
njection

Wastegate
openirn)
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For this purpose, an intake-manifold
model calculation is used in which all the
air-mass flows into the intake manifold
and from the intake manifold to the com-
bustion chamber are calculated. The
most important measured variable in this
model is either the air flow through the
throttle valve (measured with a hot-film
air-mass meter) or the absolute intake-
manifold pressure (measured with a pres-
sure sensor).

Starting out from this intake-manifold
model, 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-
fold model is also used to control the
cylinder charge by means of the throttle
valve: for this purpose, a required cylinder
charge is first of all calculated from the
desired torque (which was calculated by
ME-Motronictorque guidance). This cylin-
der charge is then converted into an as-
sociated throttle-valve angle and finally
passed on as the setpoint value to the po-
sition controller of the throttle-valve actu-
ator

Calculation of iniection period
The fuel mass for a 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 is 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 to
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 acccmmodate
fuel-pressure pulsations caused by the
opening and closing of the fuel njectors,

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 valve-opening period, compen-
sates for this effect.

if the effective injection duraiion is too
short, the influences of the valve-opening
and closing time become 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 associaied 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 pgint for tiestart of
inection. The fuel is generalli injected
into the intake manifold while the intake
valves are still closed. The end cf injection
is determined by the "fuel-hod angle",
which is specified in "crankshaft degrees".
The point at which the intake va ve 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 conditions,

The ME-Motronictriggers a fuel injector
for each cylinder. The fuel can thus be
held (stored) separately for eacq cylinder
to optimum effect (sequential inection).

Calculation of ignition and dwell angles
When calculating the igntion angle, the
first step is to determine the "baic ignition
angle" while taking into accourt the cur-
rent engine operating conditions. This ba-
sic ignition angle can be adapted in spe-
cific operating states.

When calculating the dell angle, the
first step is to determine the dNell period
from a speed- and battery-voltage-depen-
dent map. Once a temperatu-e-depen-
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dent correction has been taken into ac-
count, the associated dwell angle is de-
erminned by means of a 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 for-
mation becomes necessary.

Starting
Intake-air adjustment, fuel injection and
ignition are specially calculated during the
starting procedure. An increased injected
fuel quantity 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 engine is running up. The ignition an-
ge is likewise adapted to the starting pro-
cedure. The air charge while the engine is
at a standstill is not affected by the throt-
tie valve. which however is opened slightly
in anticipation of the post-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.

Warmig 
Ater 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
qLickly bringing the catalytic converter up
to operating temperature.

Ide
At 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
idle speed remains stable under all condi-
tions.

Full load
At full load, the throttle valve is wide open
(WOT) and there are no throttling losses.
The engine delivers the maximum torque
relative to the current engine speed.

Acceleration and deceleration
Heavy acceleration and deceleration re-
sult in rapid changes in the intake-ani-
fold pressure and thus in the concitions
for the fuel film on the intake-manifold
wall. In orderto 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-combstion
overrun conditions, the ME-Motroni: cuts
off the engine torque without jolting, and
also provides for a smooth torque build-up
when fuel feed starts again.

Additional closed-and open-loop
control functions

idle-speed control
Idle-speed control specifies a torque at
which the desired engine speed is main-
tained under the given operating condi-
tions. This torque 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 A = 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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506 Engine management (spark-ignition engines)

the end of the vent line from the fuel tank.
Degassing fuel is retained in the canis-
ter's activated carbon. When the engine is
running, a vacuum is created in the intake
manifold 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
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 (P 496).

cost-pressure control
Cn engines with exhaust-gas turbocharg-
irg, the setpoint value of the desired
boost pressure is adjusted by electronic
boost-pressure control. It is converted into
a setpoint value for the desired maximum
charge and then by means of torque man-
agement into a setpoint value for the throt-
tie-valve angle and a control duty factor
for the "wastegate. In the "wastegate", by
rreans 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 immobilizer.

The comfort and convenience fictions
include:
- Load-change damping,
- Surge-damping function,
- Cruise control.

Integrated diagnosis (OBD)
"On-board diagnosis" (OD) 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.

During vehicle inspection, a testar con-
nected to a standardized interface reads
out the stored faults and displays them.
Due to the demands of the Californian
Environmental Protection Agency, an ex-

Evaporative-emissions control system
Linefr frm fuel tank t carboncaniste 2 Carbon canister 3 Fresh air, 4 Canister-purge valle,

S Line to intake manifold, 6 Throttle device with throttle valve.
j.Diffference between intake-manifoldpressureps and ambient pressurePu-

, 1

6

4 [
5

All

2
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Engine management (spark-ignition engines) 507

panded diagnosis system (OBD II;
adaited for Europe: EOBD) monitors all
those components which if they fail could
result in a significant increase in noxious
emissions (fault indication with diagnosis
lamp).
Examples of systems subject to diagno-
sis:
- Air-mass meter,
- 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
"treeze frame", which contains additional
information on the general conditions un-
der which the fault occurred (e.g. engine
speed, engine temperature). Service-
related faults can also be stored.

Limp-home operation
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 position, in
which the throttle valve is held in place by
spr ng force. The engine speed is then re-
stricted to low values so that the vehicle
car, 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 SI en-
gines, fuel consumption can be reduced
by up to 20% when compared with con-

ventional manifold injection, and the C02
emissions caused by road traffic cai be
reduced with lasting effect.

In order for direct injection to be at all
feasible, it must be possible during ergine
operation for coordinated alternaticn to
take place between "charge stratification"
at part load and operation with a homoge-
neous mixture at full load.

Essentially, the features required o' the
MED-Motronic engine-management 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
- introduction of the fuel directly and ac-

curately into the engine's combustion
chambers.

Itmust 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 de ivers
the internal torque from combustion The
torque-control structure is divided into the
following areas of operation:
-torque demand,
-torque coordination and
- torque conversion.

The most important torque demand de-
rives from the 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 part cular
torque.

Further torque demands can also origi-
nate, for instance, from the transmission-
shift control, the traction control system,
or the electronic stability program.

Torque coordination is performed cen-
trally in the engine-management system.

Design
As with manifold injection, the high-pres-
sure direct-injection system is des gned
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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stipulated moment in time using electro-
magnetic high-pressure fuel injectors.

In comparison to the ME basic ECU
the ECU for the MED gasoline direct-in-
jection system also incorporates a driver
stage for triggering the pressure-control
valves,

The intake air mass can be freely ad-
justed by the electronically controlled
throttle valve (ETC). Precision measure-
ment of air mass is made by means of a
hot-film air-mass meter. The A/F mixture
is monitored by universal lambda sensors
LSF and LSU in the exhaust-gas flow up-
stream and downstream of the catalytic
converter. They serve to control1= 1 op-
eration and lean-burn operation, and are
also responsible for the precise control of
catalytic-converter regeneration, It is im-
portant to set the exhaust-gas recircula-
tion rate exactly, particularly in dynamic
operation,

Operation

Fuel delivery and injection
The MED-Motronic accumulatcr injection
system injects the fuel stored uider pres-
sure in the rail. Injection can take place at
any moment in time, whereby electro-
magnetically controlled fuel in ectors 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 M'a (3.5 bar)
is initially generated in a low-pressure cir-
cuit on the tank side which comprises an
electric fuel pump with a mechaical pres-
sure regulator connected in pa allel. This
feeds the high-pressure pump driven by
the IC engine.

High-pressure circuit:
High-pressure umo: The function of the
H_. pump is to increase the fue pressure

Direct-injection engine with MED-Motronic components
I Fuel supply (high pressure),
2 Accumulator (ai, 1 2 3 4 5
3 Fuel injector _ I
4 Ignition coil with spark plug,
S Phase sensor.
6 Prcssure sensor,
7 Knock sensor,
8 Engine-speed sensor-
9 Engine-temperature sensor -

10 Lambda sensor(LS),
11 Three-waycatalytic converter,-
12 Exhaust-gas temperature sensor
13 NOx catalyticconvere
14 Lambda sensor (LSF). 9

... ... ..

12

3

14

7

tV
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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
mirimum, and to ensure operation exclu-
sively with fuel (to prevent any mixing with
engine oil).
Rail: The rail must on the one hand fea-
ture sufficient elasticity to damp the pres-
sure pulsations arising from the periodic
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-gradesteelas
sensor element with measuring resistors)
serves to register the pressure level in the
rail.
Pressure-control 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.
[ul 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-
geing signal for the fuel injectors.

Mixture formation and combustion
A complex engine-management system
is necessary for the gasoline direct-injec-
tioi system to be exploited to the full in
terms of low fuel consumption and high
engine power 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 stratified cylinder charge and a
high level of excess air in order to achieve
the lowest-possible fuel consumption.
Retarded injection just before the ignition
point is used with the aim of achieving the
ideal state of having two zones in the com-
bustion chamber: In one zone the com-
bustible air-fuel mixture cloud at the spark
plug, embedded in the second zone in the

form of an insulating 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 avcided,
In addition, thermodynamic efficiency in-
creases due to 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 exiaust
emissions, particularly with regad to
soot. The engine is therefore operated
with a homogeneous cylinder charge in
this higher torque range.

Lambda coordination assumes the
control function between2. 1 and lean-
burn operation. The fuel is injected during
the intake stroke in order to ensure that
tuel and air are thoroughly mixed.

Alternation between torque ranges
In the event of a switch between hornoge-
neous and stratified-charge operaton, it
is crucial to control injected fuel quantity,
air charge and ignition angle in sich 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 chanceover
from stratified to homogeneous operation

Exhaust-gas treatment, catalytic-
converter control
An important 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 converter. Exiaust-
gas recirculation with a high EGR rate
helps to reduce the NOx content of the ex-
haust gas by roughly 70%. To comply
with emissions-control legislation it is
also absolutely essential to treat thn NOx
emissions. To reduce this exhaust-gas
content, the NOx accumulator-type cat-
alytic converter offers the greatest ooten-
tial,

19
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Engine-test technology

Service and maintenance requirements for
modern vehicles are declining steadily;
electronic 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-
portant function of any service facility. It is
important to 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, igntion 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-controlled 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 via 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 ECU. If only
the peripheral device (sensor, actuator,
wiring and power supply) is to be tested,

Peripheralandfunctionaltesting
1 ECU, 2 System wiring harness, 3 System
adapter cable, 4 Plug connection, 5 Universal
test adapter 6 Sockets for test unit

2-

3

4

6
5 U

System test with ECU diagnostics
I Test unit, 2 Test vehicle, 3 inormation
system, 4 Modem, 5 Long-distance data
transmission.

then it is sufficient to connect the tester to
the peripheral's plug, while the ECU is
also connected for tests embracing
dynamic operation. The individual elec-
tronic system requires only a sin)Ie 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 fuel-injection
pulses.

When the ECU remains connected for
operational testing, keys can be used to
enter simulations of various operating
conditions for test-unit evaluatior.

1

ISO RS 232

2 -07

`7 -111- -0 -

4

5
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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-
perident upon electronics, these systems
must satisfy stringent reliability require-
ments,whileemergencydefaultprograms
are required to deal with system errors.

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
owi self-check as follows: Programmed
memory 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-
errents can be tested during activation
using current-draw limits.

The "off-board test units" used for the
evaluation of "on-board diagnostics" em-
pcy a communications interface as de-
fined in ISO 9141. The serial port can
maintain communications at rates ranging

ECU diagnosis of electronic systems

Sensors ECU
Measurement
'ange

Sotwu2l

IonCO ulil

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 cntral
diagnosis plug,

A stimulation address is transmitted to
all of the connected ECUs, whereupon
each unit recognizes its address ard 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 lollow
(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-
tem.

The ECU diagnostic capabilities inc ude:
- identification of system and ECU,
- recognition, storage and readout of sta-

tic and sporadic malfunctions together
with the error path, failure mode arid as-
sociated parameters,
readout of current actual values, switch-
ing conditions, specifications,

- stimulation of system functions, and
- programming of system variants.

Individual programs for the test unit are
stored in plug-in modules, while updates
and communications with data sy3tems
are supported by a data interface,

Final-control ele-
mentstactualors

Self-test
Oper criIt

Provisioncol Storage ofsalic
ieplacemeat and sporadic

vors fr ri'ad-
imp-home a-1 during
program diagoi-s

0'Shor c rull

'19
11i
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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 o those
for the combination of propane and bu-
tane known as LPG (see illustration),
Natural gas can be transported in Ihe vehi-
cle either as a high-pressure gas (160.200
bar) or in liquefied form (at -160'C) in an
insulated tank: the disadvantage ol 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 IC enginecan
be converted for operation on LPG. For the
most part, spark-ignition (SI) eng nes 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 five spark-ignition and five diesel-ngine vehicles, status 1993 in Europe,
includingindirect emissions (manufacture, transport, etc.).
a) PollutantmsSions b) Pollutant eaect ("greenhouse gas"Ossessment, status 1998).
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generally set up for single-fuel (LPG only)
operation, while regulations require this
configuration on gas-powered industrial
trucks intended for indoor use. When en-
gines are converted, it should be remem-
bered that they operate as naturally aspi-
rated engines while running on LPG (con-
sumption in liters increases by approx.
25% as compared to gasoline).

Exhaust emissions
Because LPG mixes well with air, emissions
(of C02 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 fuel-injection engines
equipped with three-way closed-loop cat-
alytic converters. LPG contains 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
more 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 substan-
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 safety precautions are neces-
sary, as LPG is pressurized,

- Pressurized gas cylinders require a lot
of space, as the actual capacity is only
80% of cylinder volume (the remainder
serving as expansion room forthe gas)

LPG system
In Germany, professional installation of

Schematic diagram of an LPG system (carburetor principle)
1 Ventilation line for tank fittings 2 LPG tank Housingwith ank fittings4Eterrial flerle
(desinedto interrupt retuoling at0% of coainorcapacityl, 5 Gas sut-off t alvePrssure
regulatorfrevaporator c7Servornotor for gas control, 8 ECU. 9 Gasgasoine changeovr slth
10Ventnr mixing device, I La a oxyg nsensor, 12 Vacuum sensor13 Battery
14 'gition/startingswitch,15Relay

Equipment for gasolne operation
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the LPG system in a specialist workshop
is followed by a trip to the TUV or TUA
(Serman inspection authorities) to secure
operating approval This inspection is
based on the "Guidelines for inspecting
vehicles with engines powered by lique-
ted gases" as issued by the Federal
Minister of Transportation. Uniform regu-
lations for Europe are being drawn up.

A modern LPG system will incorporate
tie following components:
- LPG tank,
-* external filler valve designed to interrupt

refueling at 80% of container capacity,
flow-interrupt valve,
evaporator pressure regulator with cool-
ing system,

--venturi mixing unit/injector,
- electronic control unit (ECU),
-- servomotor for controlling gas flow,
- switch for alternating between LPG and

gasoline operation.

The LPG flows from the LPG tankto the

evaporator pressure regulator, where it is
vaporized and its pressure reduced. The
ECU processes the signals from the
Lambda (0p) and vacuum sensors, which
serve as references for controlling the
servomotor used to regulate the flow of
liquefied gas to the venturi mixing unit.

The flow-interrupt valve shuts immedi-
ately when the ignition is switched off,
A gasoline/LPG switch installed in the in-
strument panel allows the operator to 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 TRO 380" technical regulations. At
the factory, each tank receives official
technical approval with certification.

They are equipped with an external filler
valve (designed to interrupt refueling at
80% of container capacity) as well as an
electromagnetic discharge valve, and have
a capacity of 40...128[for passengercars.

Schematic diagram of an LPG system (injection principle)
I ECU, 2 Diagnosis plug, 3 Fuel selection switch, 4 Relay 5 Air-intake pressure sensor
6 Evaporator pressure regulator, 7 Flow-interrupt valve, 8 Distributor with step motor
9 RPM signal 10 Lambda (0) sensor, I Gas injector nozzle
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Natural-gas operation
of spark-ignition engines
Against the backdrop of worldwide efforts
to reduce C02 emissions and to comply
with ever more 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 (CH4 ), 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 -162oC as LNG (Liquefied
Natiral 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
intae manifold as in conventional multi-
point gasoline-injection systems. A low-
pressure common rail supplies the injec-
tor valves that inject intermittently into the
intate manifold- Mixture formation is sim-
plified by the completely gaseous supply
of fuel, as natural gas does not condense
on tie intake manifolds and does notform
a filn on the walls. This has a favourable
effect on emissions, particularly during
the warm-up phase.

Tre output of the natural-gas engine is
approx. 10.15% lower than that of the
gasline engine due to the lower fuel
mass necessary for stoichiometric com-
bus:ion (172:1 ratio) as well as a lower
volumetric efficiency due to the injected
natural gas. Higher compression can
boost 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 p ston
displacement decreases, efficiency in-
creases due to additional de-thro:tling
and reduced friction.

A further improvement in efficiency can
be achieved by lean-mixture operaticn up
to A= 1.7, A lean mixture reduces com-
bustion temperatures while at the same
time further de-throttling the engine.

Emissions
Natural-gas vehicles are characterized by
low C02 emissions due to the favou able
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
C02 and H20.Apart from the virtually par-
ticle-free combustion, in conjunction with
a three-way closed-loop catalytic con-
verter only very low levels of the pollu-
tants NOx, CO and NMHC ("non-methane
hydrocarbons": the sum of all hydrocar-
bons minus methane) are emtted.
Methane is classified as nontoxic, aid is
therefore not considered to be a pollotant

In lean mixture mode the NOx Emis-
sions are higher than in A= 1 mode with a
three-way catalytic converter. In the same
way as in gasoline operation, this d sad-
vantage can be largely eliminated by us-
ing more expensive exhaust-gas treat-
ment methods (e.g. NOx catalytic con-
verter).

Natural-gas-engine applications
In view of their limited range, natura-gas
engines are used almost exclusively n lo-
calpublic transportation fleets (e-g.buses
and taxis). Bivalent systems which csn be
easily changed over from natural gas to
gasoline operation are used primarly in
passenger cars.
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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 to 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 generates
lower emissions: reduced NOx and CO2
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% methanol).
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, methanol's low calorific value
means that fuel consumption is almost
doubled, necessitating higher fuel supply
rates, greater tank volumes and special
injectors.

Suitable Lambda (02) sensors can be
employed for optimal emissions control
with a catalytic converter. Speial lubri-
cants are able to maintain long-term sta-
bility in the face of this aggressive fuel
and its combustion products.

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
methanol in the fuel.

Suitable programs implement the nec-
essary mixture and ignition corrections
applicable to a particular set of engine op-
erating characteristics,

Hydrogen-powered passenger car with spark-ignition engine (BMW 735i)
LH2 Liquid hydrogen, GH2Gaseoushydrogen. I Valveblock fori-LH fuelng and GH2Supply
(vacuum-insulaed,2 Hydrogen lines, vacuurn-sulated, 3 LH Evporato, 4 Metering valve for
regulatingpowerwith electronic control, 5 Hydrogen injectors, 6 Overcurrent and safety valves,
7 Liquid-hydrogenr ank with vacuumsuper-insulation, 8 Hydrogen sensors for automatic leak
monitoring,9 Throttle valve forgasoline operation with electronic control,10 Variable-speed
centritugal supercharger

1 2 3 4 5
LH 2 GH2

PLH

L L H2

LH2QGHO I 1 ; t
- - = - I I

7 8 9 106
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Operation on hydrogen
(spark-ignition engines)
Although the production of hydrogen, the
required infrastructure and refueling all
pose difficult problems, technically feasi-
ble solutions are on the horizon.
Producing 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 results
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-
pro . 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 valves 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
exohermic 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
high materials costs are to a degree offset
by uncomplicated safety technology.

Methylcyclohexanol storage
This type of storage employs a catalyst to
dehydrate the hydrogenous methylcyclo-
hexanol at 500CC. The by-products are
hyd-ogen and recyclable toluene.

Mixture formation
Regardless of storage mode, up to now all
systems inject gaseous hydrogen into the
intake manifold. Although a number of ad-
vantages 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 NOx emissions, no danger of
backfiring), the short injector-valve ser-
vice life means that this type of system is
not likely to appear in production in the
near future,

Current external mixture-formation
concepts rely on a continuous-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 hydrogen intc the
intake manifold, is currently in the devel-
opment stage

This system's unlimited range of op-
tions for injection timing allows it to ir hibit
backfiring almost completely, even with
rich mixtures.

Injector valve and electronic-control
system must operate with extreme preci-
sion and short valve-opening times the
technical requirements are thus substan-
tial.

Emissions
During combustion, pure hydrogen (H)
oxidizes to form water (H20). No CO2 is
produced by the combustion process.
Provided no fossil fuels are used in its
producion, H 2 is thus the only fuel which
can be used to avoid all CO 2.

Electric drive is the only alternative
which can make a similar claim. Future
NOx emission limits can be met by lean
mixtures or a system for catalytic ccntrol
of emissions (still to be developed).
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Exhaust emissions
from spark-ignition
engines
Combustion products

Complete combustion
The by-products of complete gasoline
combustion are carbon dioxide and water

Incomplete combustion
Unburned hydrocarbons:
CnHm (paraffins, olefins, aromatic hydro-
carbons)

artially-burned hydrocarbons:
CHm.- CHO (aldehydes),
C.,Hm CO (ketones),
CH, -COOH (carboxylic acids),
CO (carbon monoxide).
Thermal ck products and derivatives:

;2H 2, 02H4, H 2 (acetylene, ethylene, hy-
drogen, etc.), C (soot), polycyclic hydro-
carbons.

Combustion by-products
From atmospheric nitrogen: NO, NO2 (ni-
rogen oxide). From fuel impurities: sul-

furous oxides.

Oxidants
The following oxidants are produced
when exhaust gas is exposed to sunlight:
organic peroxides, ozone, peroxy-acetyl-
nitrates.

Properties of exhaust-gas
components
Major components
The major proportion of the exhaust gas
is composed of the three components ni-
trogen, carbon dioxide and water vapor.
These are nontoxic. However, emissions
of CO 2 - largely the result of fuel combus-
tion - are becoming more and more im-
portant due to their contribution to the
"greenhouse effect".

Minor components
Carbon monoxide CO: A colorless, odor-
less and tasteless gas. Inhalation of air
with a volumetric concentration of 03%
carbon monoxide can result in death

within 30 minutes. The CO-content of the
exhaust gas from spark-gnition engines
is especially high at idle. Itis therefore im-
perative that the engine never be run in a
closed garage!
Nitrogen monoxide NO: A colorless,
tasteless and odorless gas, in air it is
gradually converted into NO2. Pure NO2 is
a poisonous, reddish-brown gas with a
penetrating odor. The concentrations
found in exhaust gases and in extremely
polluted air can induce irritation in mu-
cous membranes. NO and NO2 are gen-
erally referred to collectively as oxides of
nitrogen NOx.
Hydrocarbons are present in exhaust
gases in a variety of forms. When ex-
posed to sunlight and nitrous oxide, they
react to form oxidants which irritate the
mucous membranes. Some hydrocar-
bons are considered to be carcinogenic.
Particulates (particulate matter) ii accor-
dance with American regulatory practice,
are defined as all substances (except un-
bound water) which under normal condi-
tions are present in exhaust gases in a
solid (ash, carbon) or liquid state.

Mixture formation
The fuel used in spark-ignition (SI) en-
gines is more volatile than dieselfuel,
while the air-fuel mixing process prior to
combustion also extends over a longer
period than in a diesel engine. The result
is that spark-ignition engines operate on a
more homogenous mixture than their
diesel counterparts. Spark-igniion en-
gines run on a mixture in the stoichiomet-
nc range (X = 1), Diesel engines, on the
other hand, always operate with excess
air ( > 1). An air deficiency (<1) results
in increased soot, CO and HC emissions.

Combustion characteristic
The combustion characteristic defines the
combustion as a function of time, and ap-
plies the ratio of the already cornbusted
fuel to the fuel awaiting combustion.

Here, the efficiency, the combustion
temperature, and therefore the fuel con-
sumption and NOx emissions are particu-
larly influenced by the position of maximum
energy conversion referred to piston TDC
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In the spark-ignition engine, the ignition
limirg initiates the combustion process,
while the start of injection initiates com-
bust on in a diesel engine.

Emissions control

The methods used to influence the com-
posizion of the SI-engine exhaust gases
are divided into two basic categories: en-
gine-design measures and exhaust-gas
trealment. The selection of procedures to
be Employed in any given country is de-
terrrined by the legal regulations in force
there. The major industrial nations, with
their important markets, have been mov-
ing toward implementation of the stringent
American exhaust emissions regulations
(or have already implemented them).
Compliance with this legislation necessi-
tates using emission control systems
which incorporate the 3-way catalytic con-
verter, a principle which has already
proven itself in the USA.

Engine-design measures

Setting the A/F ratio
The excess-air factor ,of the A/F mixture
delivered to the engine has a dominating
effect on the composition of the exhaust
gas. The engine produces its maximum
torque at approximately . = 0_9; thus this
ratio is generally programmed for full-load
ope ation. A certain level of excess air is
required for favourable fuel consumption.
This coincides with the setting for low CO
and HC emissions; oxides of nitrogen
(NOx) however, are at a maximum at this
ratio. Excess-air factors of X = 0.9-.1.05
are selected at idle. An excessively lean
mixture results in the engine's lean misfire
limit (LML) being reached or exceeded,
and as the mixture becomes progres-
sively leaner, misfiring causes a rapid in-
crease in HC emissions. For overrun
(trailing-throttle) operation, it is frequently
necessary to enrich the mixture (= 0.9)
in order to maintain an ignitable mixture,
while at the same time air is added to
avo'd excessive manifold vacuum.

Yet another option for overrun operation
is tc completely interrupt the fuel supply to
the engine at speeds above idle (overrun

The excess-air factorinfluences:
Exhaust-gascomposition(CO, NOH),
torque (M) and specific fuel conumption (b)
Thevalues apply to the part-load range of a
spark-ignition engine operating at a constant
moderate speed and cylinder charge (/. val-
ues implemented in the vehicle engine range
from approx. 0.85...1.15, depending on the
operating point).

ppm

3-

- -
x

z
_-2
n

0
010

Nm

60

0

0

0

b N 1

,Ato10 - - 4

HeC/

- 2

cNOx 0

Excess-air 'actor A

-!
x INVIotj ~l-+XN

'01Ph
08 1

Excess-a'

g/kWh

5C
40C

300 u

20W

0
-0

fuel cutoff). Precise mixture control
(P 465) is achieved by the use of elec-
tronic fuel-injection systems (EFl).

Mixture formation
Mixture formation embraces not only set-
ting the correct A/F ratio, but also the
quality of the A/F mixture which actially
enters the combustion chamber. The
fuel's homogeneity, its stratification pat-
terns, and its temperature at the instant of
ignition are all essential factors in dater-
mining combustibility and combustion
characteristic, with consequent ef ects
upon exhaust-gas composition. Homo-
genous mixtures and controlled stratifica-
tion (rich mixture at the spark plug, lean
mixture in the vicinity of the combustion-
chamber walls) are examples of two dif-
ferent development options.

Uniform distribution
Maximum engine efficiency can only be
achieved if every cylinder is operated with
the same excess-air factor. This necssi-
tates a system which ensures that bo h air
and fuel are distributed evenly among the
individual cylinders.

I
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Exhaust-gas recirculation (EGRI
Exhaust gas can be conducted back to
the combustion chamber to reduce peak
combustion temperatures. Higher com-
bustion temperatures induce an over-pro-
portional increase in NOx formation, and
because exhaust-gas recirculation (EGR)
reduces combustion temperatures, it rep-
resents a particularly effective means of
controlling NOx emissions. Extensive op-
timization of EGR can also lead to a re-
duction in fuel consumption. EGR can be
implemented in either of two ways:
- Internal exhaust-gas recirculation is

achieved with appropriate valve timing
(overlap),
External exhaust-gas recirculation em-
ploying controlled EGR valves.

Valve timlng
Large valve overlaps (early opening of the
inlet valve) increase the internal exhaust-
gas recirculation, and can therefore help
to reduce NOx emissions. However, since
the recirculated exhaust gas displaces
fresh A/F mixture, early opening of the in-
let valve also leads to a reduction in the
maximum torque. In addition, excessively
high exhaust-gas recirculation, particu-
larly at idle, can lead to combustion mis-
fire which in turn causes an increase in
HC emissions. An optimum can be found
with variable valve timing (P. 387), in
which the valve timing is varied as a func-
tion of the operating point.

Compression ratio
It has long been recognized that the en-
hanced thermal efficiency associated with
high compression ratios represents an ef-
fective means of improving fuel economy
However, the increase in peak combus-
tion temperature also results in higher
NOx emissions.

Combustion-chamber desiqn:
Low HC emissions are best achieved with
a compact combustion chamber featuring
a minimal surface area and no recesses.
A centrally-located spark plug with short
flame travel produces rapid and relatively
complete combustion of the mixture, re-
sulting in low HC emissions and reduced
fuel consumption. Induced combustion-
chamber turbulence also provides rapid

combustion. Combustion chambers opti-
mized in this way feature favourable HC
emissions at= 1 and improve the en-
gine's lean-mixture operation.

A thoroughly optimized combustion
chamber design coupled with external
measures (such as intake swirl) produce
a lean-burn engine capable of running on
mixtures in the range of . 1.4...1.6.
Although the lean-burn engine features
low exhaust emissions and excellent fuel
economy, it does require catalytic ex-
haust-gas treatment in order to meet the
most stringent emissions limits for CO,
HC, and NOx Particularly due to the fact
that developments in the aftertreatment of
NOx in lean exhaust gas are st II in their
infancy, the lean-burn engine has up to
now only been successful in Europe and
Japan, and only in the case of a few mod-
els using lean/mix concepts which com-
promised between emissions and fuel
consumption A new way of substantially
improving the lean-running behavior of
the spark-ignition engine is to inject fuel
directly into the combustion chamber with
stratified charge. In this case, accumula-
tor-type catalytic converters are favoured
for exhaust gas treatment.

The lean-running characteristics
achieved by combustion-chamber design
and induced turbulence can also be ap-
plied to implement high EGR rates for de-
signs with X= 1. Here, a reduction in fuel
consumption can be easily achieved with
exhaust-gas treatment, but not to the
same degree as in lean-burn engines.

Ignition system
The design of the spark plug, it3 position
in the combustion chamber, together with
spark energy and spark duration all exer-
cise a major influence on the ignition, the
mixture's combustion characteristic, and
therefore on emissions levels. The signifi-
cance of these factors increases with the
leanness (? >1.1) of the mixture Ignition
timing exerts a decisive effect on both ex-
haust emissions and fuel economy. Using
the firing point for optimum fuel economy
as a baseline, the timing is retarded to a
point at which the exhaust valve opens
before the combustion process is com-
pleted. Excess oxygen in the exhaust sys-
tem can cause a thermal post-reaction to
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Dcour. Although this process reduces un-
aurned hydrocarbons, it also leads to in-
:reased fuel consumption. NOx emis-
sions are low due to the low combustion-
chamber temperatures. Fuel consump-
tion and NOx and HC emissions increase
when the firing point is set earlier com-
pared to the optimum.

Crarkcase ventilation (blowby)
The concentration of hydrocarbons in the
cranacase can be many times that found
in the engine's exhaust gases. Control
systems conduct these gases to a suit-
able point in the engine's intaketractfrom
where they are drawn into the combustion
chamber for burning. Originally, these
gases were allowed to escape untreated
directly into the atmosphere; today,
crankcase emission-control systems are
a standard legal requirement.

Exhaust-gas treatment

Thermal afterburning
Before today's catalytic treatment of ex-
haust emissions became standard, initial
attempts to reduce emissions utilized
thermal afterburning. This method em-
ploys a specific residence time at high
temperatures for burning the exhaust-gas
components which failed to combust dur-
ing normal combustion in the engine
cylinders. In the rich range (K= 07._1.0),
the process must be supported with sup-
plementary air injection (secondary air).
In lean-burn engines (k= 1.05.. 1.2), the
residual oxygen in the exhaust gas sup-
ports the afterburning process.

In the past, mechanical pumps driven
by belts directly from the engine were
used for secondary-air injection. Since
such air injection is only required during
the engine's warm-up period, these
pumps are switched using electromag-
netic couplings. Lower-priced blower
pumps powered by electric motors are
quickly superseding the former mechani-
cal versions.

Due to its lack of potential, particularly
in maintaining low NOx limits, thermal af-
terburning alone is currently considered
to be of little significance. It can be used,
however, to reduce emissions of HC and
CO during the operating phase in which

the catalytic converter has not yet
reached its operating temperatire.
Because it greatly reduces the time taken
for the catalytic converter to reach its op-
erating temperature, thermal aftertraat-
ment with air injection during the engine
warm-up phase in combination with cat-
alytic aftertreatment will play a major role
in achieving compliance with more strin-
gent emission limits in the future.

Catalytic afterburning
The catalytic converter is composed of a
carrier substrate, which serves as a base
for the catalytic material, mounted w thin
a housing using vibration-proof, heat-in-
sulated supports. Granulate and ceramic
or metallic monolith structures are em-
ployed as substrate materials. The suit-
ability of the monolith structure for auto-
motive applications has been derion-
strafed over the course of an extended
development period. It offers the following
advantages: maximum utilization of cat-
alytic surface, durability combined with
physical strength, low thermal retention
and limited exhaust back-pressure. The
active catalytic layer consists of small
quantities of noble metals (Pt, Rh, Pd),
and is sensitive to lead. For this reason, it
is essential that engines with catalytic
converters be run on unleaded fuel eclu-
sively, as lead destroys the effectiveless
of the active layer. The conversion rate is
largely a function of operating tempera-
ture; no significant conversion of pollu-
tantstakes place below an operating tem-
perature of approx. 2500C. Operating
temperatures of approx. 400...800`Cpro-
vide ideal conditions for maximum effi-
ciency and extended service life.

Installing the catalytic converter directly
adjacent to the engine means that it more
quickly reaches operating temperature
since the exhaust gases are hotter. This
results in improved efficiency, but at the
cost of high thermal stresses. Because
the maximum permissible operating tem-
perature lies just slightly above 10COC,
the units are generally installed at a less
critical location under the floor of the vehi-
cle. Engine malfunctions, such as ignition
miss, can cause the temperature in the
catalytic converter to increase to the point
where the substrate melts, resulting in de-
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struction of the unit. This must be pre-
-vented by using reliable, maintenance-
ree ignition systems. Oxidation-type cat-

alytic converters oxidize CO and-HC ei-
:her by utilizing the excess air supplied by

Catalytic converter efficiency as a func-
tion of the excess-air factor;,
I Exhaust emissions upstream of 3-way cat-
alycconverter, 2 Exhaustemissions down-
stream of 3-way catalytic converter, 3Eectric
signalfrom Lambda oxygen sensor
U. Sensor voltage.

A range of catalyic converter (window)

NO,
HCCo

CNo

3

VA

0.975 1.0 1.025 1,05
Excess-air factor A

Functional schematic of the Lambda
closed-loop control
1Air-mass meter, 2 Engine, 3a Lambda
oxygen sensor 1, 3 Lambda oxygen sensor
2 (only if required), 4 Catalytic converter,
5 Fuel inectors, 6 ECU
Us Sensor voltage, Uv injecor triggering
voltage, V, Injected fuel quantity

Exnaus,
Air gas

=>1 2 4 =

3a 3b

Fuel

v s
L siL L Ih

lean engine mixtures or by relying on sec-
ondary-air injection. Reduction-toe con-
verters on the other hand operate with air
deficiency, and thus without air injection.,
to reduce NOx levels.

The reduction- and oxidation-type cat-
alytic converters can also be combined in
series to produce a dual-bed catalgijc con-
verter. This device uses air injection be-
tween the two converters to reduce not only
NOx emissions but also HC and CO levels.
Its disadvantages include a more omplex
design (two converters, air injection) and
the need to operate the engine in a range
with higher fuel consumption (X= 0.9).

The three-way or selective atalytic
converter with lambda closed-loop control
has proven to be the most effective con-
cept for exhaust-gas aftertreatment. It is
capable of providing the required reduc-
tion of all three pollutants provided the en-
gine is operated with a stoichometric mix-
ture. The "window" for treatmert of the
three toxic components is narrow; this
means that an open-loop fuel-metering
system cannot be used with this concept.

Lambda closed-loop control

In the US, Europe and Japan, catalytic af-
tertreatment of the exhaust gas using a
closed-loop three-way catalytic crnverter
has proven to be a highly effectivu means
of meeting the current low emisson limits
for CO, NOx and HC.

Approximately 14-7 kg of air are re-
quired for complete combustion of 1 kg of
gasoline. The excess-air factor k
(Lambda) is used to define this AF ratio;
it is the ratio of the actual A/F rat'o to the
stoichiometric A/F ratio Two main control
concepts for exhaust gas optimization are
used in the spark-ignition engine:

Closed-loop control for k= 1
This concept is the most effective for min-
imizing pollutants. The engine must be
operated within a very narrow tange in
which = 1 ±0.005 (catalytic-crnverter
window). Such precision can Dnly be
achieved with precise closed-loop control
of the A/F mixture with a Lambda oxygen
sensor installed upstream of tie con-
verter. A second Lambda senscr down-

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1063



Exhaust emissions (spark-ignition engines) 523

Two-bed, 3-way catalytic converter with Lambda oxygen sensor
I Larmbda oxygen sensor, 2 Ceramic monolith, 3 Wire screen, 4 Heat-resistant double shell.

1 234

stream of the catalytic converter in-
creases the precision even further.

Closed-loop control for X> 1
(lean-burn control)
The main advantage here lies in the re-
duct on of fuel consumption as a result of
lean-burn (non-throttled) operation. The
success of this concept depends to a high
degree upon the availability of catalytic
converters which are able to reduce NOx
emissions during lean-burn operation.
Thelean-misfirelimit(LML)forspark-igni-
tion engines in the lean-burn range is
reached at - 1.7 regardless of engine
design measures.

Lambda oxygen sensors

Zirconium-dioxide sensor (1= 1)
This sensor operates according to the
principle of a galvanic oxygen concentra-
tion cell with solid electrolyte whose ce-
ramic is made of zirconium dioxide and yt-
trium oxide. This oxide mix is a practically
pure oxygen-ion conductor and separates
the exhaust gas from the surrounding air.

An electrical voltage is generated
across the platinum-cermet electrodes in
accordance with the Nernst principle.

Us =R In PIn
4F POM,

R general gas constant, F Faraday con-
stant, T absolute temperature, po" oxy-

gen partial pressure of reference load,ns0
oxygen partial pressure in exhaust gas.
The catalytically active electrodes nust
be in thermodynamic balance before
measurement of the oxygen concentra-
tion can be applied for reaching corclu-
sions on the Lambda values. In this case,
the sensor's characteristic shows a jump
at /= 1. When high concentrations o ex-
haust-gas components which are not in
thermodynamic balance are incompletely
converted, the sensor's characteristic
shows shifts in the excess-air factcrX.

Zirconium-dioxideoxygensensor
SZr 2solid electrolyte,2 Ptouter eectrode,
3 Pt innerelectrode 4 Contacts, 5 Housin
contact, 6 Exhaustpp.

AirExhaust gas

2 15

-" . 4
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These must be compensated for by de-
sign measures taken at the engine The
sensor characteristic's dependence on
temperature can be minimized by heating
the sensor electrically.

Resistive sensor
Due to the change in the O vacancy con-
centration of the oxide, oxidic semiconduc-
tors such as titanium oxide or strontium ti-
tanate change their volume conductivity.

The temperature-dependency of the
conductivity is superimposed upon this ef-
fect, so that the determination of the
Lambda value depends upon the quality
of the required temperature control
- open-loop or closed-loop (by varying
the amount of heat generated).

Lean sensor
In its lean range (. in the vicinity of 1), the
"voltage-jump" (zirconium-dioxide) sensor
as described above has only been used to
a limited extent. Special measures taken to
stabilize the sensor, together with the use
of a high-capacity heater (18 W) permit op-
eration to approx. < 1,5. The lean sensor

Broadbandsensor
a)Schematicdesign b)Pumpcurrentas
function of the excess-air factor. ,
1, Pump current. UKHeater voltage.LUs
Sensorvoltfage. IHeater, 2Airreference,
3 Nernst cell, 4 Pump celf, 5 Diffusion barrier,
6 Controlelectronics

8 4 5 Exhaust gas

-77ttT+6
13

2
b ,'A II

CL

E)

-2

3.8 1.0 .2 i fco 1X
Excess-airfactor?.

using the limit-current principle permits the
measurement of any values above I= 1.

O, ions are pumped from the cathode
to the anode when an external voltage is
applied across two electrodes deposited
on a ZrO2 ceramic substrate. Since a dif-
fusion barrier prevents the flow cf02 m-
ecules from the exhaust gas to the cath-
ode, current saturation is reached above
a given pump-voltage threshold value. By
approximation, the resulting limit current
is proportional to the oxygen concentra-
tion. This sensor principle is particularly
sutable for lean-burn concepts. However,
in lean/mix concepts in which a control
setpoint ?.= 1 is often desired, the broad-
band sensor is more suitable.

Broadband sensor
This is a combination of the leen sensor
using the limit-current principle and the
zirconium-dioxide sensor (Nernst oxygen
concentration cell). As a two-cell sensor,
and in combination with closed- oop con-
trol electronics, this sensor generates a
clear signal which rises linearly within a
broad lambda range (0.7 < < z).

The pump cell and the concentration
cell are made of ZrO, and each is coated
with 2 porous platinum electrodes. The
cells are so arranged that there is a mea-
suring gap of 10.50 pm between them.
This measuring gap is connected to the
surrounding exhaust-gas atmosphere
through an exhaust-gas opening in the
solid electrolyte, and at the same time
represents the diffusion barrier which de-
termines the limit current. An electronic
circuit controls the voltage appl ed to the
pump cell so that the composition of the
exhaust gas in the measurinc gap re-
mains constant at k= 1. This corresponds
to a voltage at the concentration cell of U%
= 450 mV With lean exhaust gas, the
pump cell pumps the oxygen from the
measuring gap to the outside. On the
other hand, when the exhaust gas is rich,
the oxygen is pumped into the measuring
gap from the surrounding exhau;t gas (by
decomposition of C02 and H 20) and the
direction of current flow is reversed. The
pump current is proportional to the oxy-
gen concentration or oxygen require-
ment. An integrated heater maintains an
operating temperature of at least 600'C.
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Types of control

Two-step control
The zirconium-dioxide sensor as de-
scribed above with its voltage-jump char-
acteristic at X = 1 is suitable for two-step
co0rols. A manipulated variable com-
posed of the voltage jump and the ramp
chaiges its direction of control for each
voltage jump which indicates a change
from rich/lean or lean/rich. The typical
amplitude of this manipulated variable
has been set to the 2...3% range. This re-
sults in a limited controller response
which for the most part is determined by
the sum of the dead times.

Tnis sensor's typical "false measure-
merit", caused by variations in exhaust-
gas composition, can be compensated for
by selective control. Here, the manipu-
lated-variable curve is designed to incor-
porate an intended asymmetry whereby
the retention of the rarnp value for a con-
trolled dwell time t, following the sensor's
voltage jump is the preferred method.

Twc-step control with reference sensor
downstream of the catalytic converter
The effect of the disturbance on the accu-
racy at the voltage-jump point at .= 1, as
described above, has been minimized by
a modified surface coating. Nevertheless,
aging and environmental influences (poi-
soning) still have an effect. A sensor
downstream of the catalytic converter is
subjected to these influences to a consid-

erably lesser extent. The principle o the
two-step control is based upon the fact
that the controlled rich or lean shift is
changed additively by means of a "slow"
corrective control loop-

The resulting long-term stability s of
decisive importance for compliance with
the exhaust-gas legislation now coining
into force.

Continuous-action control with
broadband sensor
The defined dynamic response of a two-
step control can only be improved when
the deviation from?. 1 is actually mea-
sured. With the broadband sensor, it is
possible to achieve continuous-action
A = 1 control with a stationary, very low
amplitude together with high dynamic re-
sponse. This control's parameters are cal-
culated and adapted as a function of the
engine's operating points. Above all, with
this type of Lambda control, the unavoid-
able offset of the stationary and instation-
ary pilot control can be compensated for
far more quickly. If demanded by certain
engine operating conditions (for instance.
warm-up), further optimisation of the ex-
haust-gas emission applies the potential
inherent in the control setpoints . 1,for
instance, in the lean range. The expan-
sion to a lean-mixture control system. with
the advantages and disadvantages al-
ready dealt with, merely necessitate: the
definition of other control setpoints

0

U)

Manipulated-variable curve with closed-loop-controlled Lambda shift (two-step control)
!y dwell time following voltage jump.

Shiftin "ean"drecton

TimeTime

Shift in "rich" direction
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Testing exhaust and
evaporative emissions

Test program
in order to precisely determine a passen-
ger car's emission levels, the vehicle must
be tested in an emissions test cell under
conditions which accurately simulate ac-
tual driving conditions. Compared to on-
road driving, operation in the test cell of-
fers the advantage of allowing tests to be
conducted at precisely predefined speeds
without having to take traffic flow into con-
sideration. This is the only means of en-
suring that individual emissions tests re-
main mutually comparable.

The vehicle to be tested is parked with
its drive wheels on rollers whose rota-
tional resistance can be adjusted to simu-
late friction and aerodynamic drag.
Inertial masses can be added or removed
to simulate the weight of the vehicle. A
blower mounted a short distance in front
of the vehicle provides the necessary
cooling.

The measurement of emission levels is
based on a simulated driving pattern
which progresses through a precisely de-
fined driving cycle incorporating various
vehicle speeds. The exhaust gases pro-
duced during this driving cycle are col-
lected for analysis of the pollutant masses
at the end of the cycle (see illustration).

The methods for collecting the exhaust
gases, and the procedures for determin-
ing emissions, have largely been stan-
dardized in the various countries, but the
driving cycles have not. In some coun-
tries, regulations governing exhaust emis-
sions are supplemented by limits placed
on evaporative losses from the fuel sys-
tem,

Chassis dynamometer
In order to compare vehicle emissions,
the speeds and forces acting on the vehi-
cle during simulation on the chassis dy-
namometer and on the road must agree
with respect to time. It is necessary to
simulate the vehicle's moments of inertia,
its rolling resistance, and its aerodynamic
drag. For this purpose, eddy current
brakes or DC motors produce a suitable
speed-dependent retarding force. This

force acts on the rollers, and must be
overcome by the vehicle. Rapid couplings
of various sizes are used to attach inertial
masses to the rollers, thus simulating ve-
hicle weight. It is imperative tha the curve
of braking load versus vehicle speed, and
the required inertial masses, be main-
tained precisely. Deviations result in mea-
suring errors. Ambient conditions such as
atmospheric humidity, temperature and
barometric pressure also influence test
results.

Driving cycles
To obtain comparable exhaust-emission
values, the predefined speeds on the dy-
namometer must agree with those on the
road. Testing is based on a standardized
driving cycle in which gearshifts, braking,
idle phases, and standstill peribds, have
all been selected to provide a high level of
correspondence with the velocities and
acceleration that characterise typical dri-
ving in the normal traffic of a I.rge town,
Seven different test cycles are employed
internationally. In Europe, the driving
schedule has been abbreviated to EU
Stage Ill (as of 01/2000; the 4C s pre-run
is no longer used). The USA additionally
uses the SFTP test for vehicles with air
conditioning, as well as further sets of dri-
ving conditions.

Usually, a driver sits in the vehicle to
maintain the speed at the levels indicated
on a display screen,

Sampling and dilution procedures
(CVS Method)
The European adoption of the constant-
volume sampling method (CVS) in 1982
means that there is now basically a single
standardized procedure in force world-
wide for collecting exhaust gases.

Sampling and analysis of emiss ons
The dilution procedure operates accord-
ing to the following principle:

The exhaust gases produced by the
test vehicle are diluted with fresh air at a
mean ratio of 1:10, and extracted using a
special system of pumps such that the
flow volume composed of exhaust gas
and fresh air is maintained at afxed ratio,
i.e. the admixture of air is adjusted ac-
cording to the vehicle's momentary ex-
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haust volume. Throughout the test a con-
stant proportion of the diluted exhaust gas
is extracted for collection in one or several
sample bags. The pollutant concentration
in the sample bags at the end of the test
corresponds precisely to the mean con-
cenration in the total quantity of fresh-
airexhaust mixture which has been ex-
tracted. Because the total volume of the
fresh-air/exhaust mixture can be defined,
the pollutant concentrations can be used
as the basis for calculating the pollutant
masses produced during the course of
the test,

Advantages of this procedure:
Condensation of the water vapor con-
tained in the exhaust gas is avoided,
which would otherwise cause a substan-
tial eduction in the NOx losses in the bag.
In addition, dilution greatly inhibits the
tendency of the exhaust components (es-
pecially hydrocarbons) to continue to re-
act with one another. However, dilution
does mean that the concentration of the

pollutants decreases proportionally to the
mean dilution ratio, necessitating the use
of more sensitive analyzers. Standarcized
equipment is available for analysis ol the
pollutants in the bags

Dilution systems
Either of two difterent but equally accept-
able pump arrangements is generally
used to maintain a constant flow volume
for the test. In the first, a normal blower
extracts the fresh-air/exhaust mixture
through a venturi tube; the second
arrangement makes use of a special ro-
tary-piston blower (Roots blower). Either
method is capable of measuring the flow
volume with an acceptable degree cf ac-
curacy.

Test setups
a) For the US ederaltest (here with a Ventur system),
b) For the Europe test (here with rotary-piston blower).
I Chassis dynamorneter 2 Inertial mass, 3 Exhaust gas, 4 Air fiter, 5 Dilution air 6 Radiator
7,Sampling venturftube, 8 Gas temperature, 9 Pressure, 10 Venturi tube, I Blower,
12 Sample bags, 13 Rotary-piston blower, 14 System outlet.
ct Emissions in transition phase s Emissions in stabilized phase, ht Emissions during hot test

r- 14
4 12>

5 1 -1 ht L

71-

1Q-)2 9ZtV'l 10

b

3t 5

14

12
CO F-

14

r' 13
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Determining evaporative losses from
the fuel system
(Evaporation tests)
Aoart from the combustion pollutants pro-
ducedintheengine, a motor vehicle emits
additional quantities of hydrocarbons
(HC) through evaporation of fuel from the
fuel tank and fuel system (dependent on
design and fuel temperature). Some
countries (e.g. the USA and Europe)
have regulations which limit these evapo-
rative losses.

SHED Test
The SHED (Sealed Housing for
Evaporative Determination) test is the
most common procedure for determining
evaporative emissions. It comprises two
test phases with varying conditioning
p ocesses in a gas-tight chamber.

The first part of the test is carried out
with the fuel tank approx. 40% full. The
actual testing of the HC concentration in
the chamber begins at 15.5 0C as the test
fuel is warmed (initial temperature;
1J...14.5C). The test concludes after
one hour when the temperature of the fuel
has risen by 14C; at this time the HC
concentration is measured once again.
Evaporative emissions are determined by
comparing the initial and final measure-
ments. The vehicle's windows and trunk
lid must remain open during the test,

For determining the evaporative emis-
stons in the second portion of the test, the
vehicle is first warmed up by being un
through the test cycle valid for the country
concerned. The engine is then turned off
with the vehicle in the chamber. The in-
crease in the HC concentration is mea-
sured for a period of one hour as the ve-
hicle cools.

The sum of both measurements must lie
below the current limit value of 2g of
evaporated hydrocarbons. Meanwhile, a
more stringent SHED test has been de-
cided upon for implementation in the
LISA.

ECE/EC test cycle and limits
The ECE/EC test cycle incorporates a
synthetically generated driving curve (see
illustration) calculated to provide area-
sonable approximation of driver behav-

iour in urban traffic. Since 1993, the test
cycle has been supplemented by a subur-
ban section with speeds of up to
120 km/h. This new ECE/EC test cycle is
presently required by law in the following
countries: Germany, Nethelands,
Belgium, Luxembourg, France, Denmark.
Great Britain, Ireland, Italy, Spain,
Finland, Austria, Sweden, Greece and
Portugal.

The exhaust emissions test is con-
ducted as follows:

After the vehicle has been appropri-
ately conditioned (vehicle allowed to
stand with engine off at a room tempera-
ture of 20..30C for at least 6 hours) the
actual test begins after a cold start and 40
second pre-running phase (this phase
does not apply as of EU Stage Ill) During
measurement, exhaust gas is collected in
a sample bag using the CVS method. The
pollutant masses determined by analysis
of the contents of the bag are converted in
the Europe test to the driven distance. In
addition, hydrocarbons and oxides of ni-
trogen are combined to form a composite
limit (HC+NOx). These substances are
considered separately as of EU Stage Ill.

More stringent limits have been in force
since 1992 irrespective of the vehicle en-
gine displacement. This directive desig-
nated 91/441 EEC (EU Stage1) is listed in
the Section "Exhaust emission limits",

ECEEC test cycle with suburban section
1 Pre-run tno measurement):to date 40s;
does not applyas of EU Stage ll.
Cycle distance: I Ikm
Averagespeed: 32.5kmh
Maximumspeed;120.0km/h

120-

z100

80-
ao
460

20

0
J 200 400 600 800 1000 1220 s

1 Test duration r

>
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Tabe 1. It also places limits on evapora-
tive losses. A further reduction of the lim-
its was imposed in 1996/97 by directive
94/12/EEC (EU Stage II).

Further reductions of limits are planned
for Europe (Stage Ill and IV. 2000 and
20C5)
- Cold start at -7 OC (as of 2002),
- EDBD (European On-Board Diagnosis)

o parts relevant to exhaust emissions,
- More stringent evaporative-emissions

test,
-Durability (80,000; 100,000 km) and in-

field monitoring,
- Exhaust-gas sampling immediately af-

terstart

Test cycles in the USA

FTP 75 test cycle
The FTP 75 test cycle (ederal Test
Procedure), which consists of three test
sections, represents actual speeds mea-
sured in the USA on the streets of Los
Angeles in morning commuter traffic (see
illustration 3a):

The vehicle to be tested is first condi-
tioned (allowed to stand with engine off for
12 hours at a room temperature of
20.300C), then started and run through
the prescribed test cycle:
Phaset: Collection of diluted exhaust
gas in bag 1 during the cold tranition
phase.
Phase s: Changeover to sample bag 2 at
the beginning of the stabilized phas3 (af-
ter 505 s) without any interruption in the

Engine otf

USA test cycles
a b c d

Test cycle FTP 75 SCO3 US06 Highway
Cycle distance: 17.87 km 5,76 km 12.87 km 16.44 km
Cycleduration: 1877s+ 594s 600s 765s

600s pause
Average cycle speed: 34.1 km/h 34.9 km/n 77.3 km/h 77.4 km/h
Maximum cycle speed: 91.2 km/h 88.2 km/h 129.2 km/h 96.4 km/h

kmih ct phase' s phase'
120K

860s
b

km/h ct phase'
120V

s0 -

cErgife dkmhre phase off u506 km/ih
120- 60SD

40

ct Transition phase; s Stablized phase ht Hot test
Phases during which exhaust gas is collected
Conditioning (other driving schedoes are also possible)

Engine off

it ase*

rIONR,

0 , lAh
600 S 594 s

765s5505 s 90 s 600S8
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driving cycle. The engine is turned off for
a 10-minute pause immediately following
the stabilized phase (after 1372 s).
Phase ht: The engine is restarted for the
hot test (505 s in duration). The speeds
used in this phase correspond directly to
those in the cold transition phase
Exhaust gases are collected in a third
sample bag. The bag samples from the
previous phases are analyzed during the
pause before the hot test, as the samples
should not remain in the bags for longer
han 20 minutes.

The exhaust-gas sample in the third
sample bag is analyzed once the driving
sequence has been completed. The
weighted sums of the pollutant masses
,:HC, CO and NO;x t 0.43, s1, ht 0.57)
'rom all three bags are correlated with the
distance covered during the test, and then
expressed as emissions per mile. The lim-
Is on pollutant emissions vary among in-
dividual countries. This lest procedure is
ised in the USA including California
"Emission limits", Table 2) and in other
countries (Table 4).

.&FTP schedules
The tests in accordance with the SFTP
standard will be phased-in in stages be-
-ween 2001 and 2004. Together they con-
sist of three driving schedules: the FTP
75, the SC03 and the USO6 schedule.

They are intended to additionally exam-
ne the following driving patterns (see i-
ustration, USA test cycles b and c)
aggressive driving,
major changes in driving speed,
engine start and driving-off,

-frequent minor changes in driving
speed,
parking times and

- operation with the air conditioner run-
ning.

n the SC03 and USO6 schedules, the ct
phase of the FTP 75 test cycle is applied
after preconditioning with no collection of
exhaust gases, however other condition-
ing procedures are also possible.

The SC03 schedule is carried out at a
'emperature of 30'C and 40% relative
humidity (vehicles with air conditioning
only). The individual driving schedules
are weighted as follows:

- Vehicles with air conditioner:
35% FTP 75 + 37% SC03 + 28% US06

- Vehicles without air conditioner
72% FTP 75 + 28% USO6

The SFTP and FTP 75 test cycles must
be successfully completed independently
of each other (Tables 2 and 3 in [he sec-
tion "Exhaust emission limits").

Test cycles for determining fleet fiel
consumption
Every vehicle manufacturer must deter-
mine the fuel consumption of his vehicle
fleet. If a manufacturer exceeds certain
limits, he is fined. He is awarded a bonus
if consumption lies below certain limits.
Fuel consumption is determined:rom the
exhaust emissions produced du~ing two
test cycles: the FTP 75 test cycle (55%)
and the highway test cycle (45%).

The highway test cycle is conducted
once after preconditioning (vehicle al-
lowed to stand with engine off for
12 hours at 20...30'C) without measure-
ments being conducted. The exhaust
emissions from a second test run are then
collected. Fuel consumption is deter-
mined based on the emissions (test cycle
d).

Every new vehicle is required to comply
with the limits for 50,000 miles, regardless
of vehicle weight and engine cisplace-
rnent. Under certain conditions, the USA
grants exemptions for the various model
years. The legislation imposes different
limits at 50,000 and 100,000 miles; per-
missible limits are higherat 100,00 miles
(deterioration factors).

In addition to many measures designed
to protect the environment, the Clean Air
Act stipulated more stringent Emission
limits for vehicles since 1994 (able 2).
California decided to enforce the more
stringent limits as early as 1993, and is
planning to take further drastic steps.

Cold-start enrichment, which is neces-
sary when a vehicle is started at low tem-
peratures, produces particularly high
emissions. These cannot be measured in
current emissions testing, which is con-
ducted at ambient temperatures of
20...30 C. The Clean Air Act attempts to
limit these emissions as well by prescrib-
ing an emissions test at -6.70
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However, a limit is prescribed for carbon
monoxide only

Japanese test cycle
Two test cycles with differing hypothetical
driving curves are combined to provide
the complete test.

Following a cold start, the 11-mode cy-
cle is run four times, with evaluation of all
four cycles. The 10 -15-mode test as a hot
test is run through once (see illustration).

Preconditioning for the hot start also in-
cludes the stipulated idle emissions test,
ard is conducted as follows:

After warming up the vehicle at 60 km/h
for approx. 15 minutes, the HC, CO and
CO, concentrations in the exhaust pipe
ar3 measured. Following a secondary
warm-up period of 5 minutes at
6C km/h, the 10-15-mode hot test is then
started. In the 11-mode test as well as in
the 10 .15-mode test, analysis is per-

Japanese test cycles
aI 1-mode cycle (cold test)
Cycle distance: 1.021 km
Cycles per test: 4
Averagespeed: 30.6km/h
Maximum speed: 60 km/h
b 10- 15-mode cycle (hottest)
Cycle distance. 4.16 km
Cycles per test: 1
Average speed 22 7 km/h
Maximum speed: 70 km/h

a

40 -

20

0 50 100 s
Test duatilon r

60

40

20

0
0 200 400 600s

Test durationI

formed using a CVS system. The diluted
exhaust gas is in each case collected in a
bag. In the cold test, the pollutants are
specified in terms of g/test, whereas in the
hot test they are correlated with the dis-
tance driven, i.e. they are converted to
g/km (see Table 5 in the section "Exhaust
emissionlimits").

The exhaust gas regulations in Japan
include limits on evaporative emissions
which are measured using the SHED
method.
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Exhaust-gas analyzers

Legislation requires that emission testing
also be carried out on vehicles which are
already on the road.

In addition, exhaust-gas analyzers are
also indispensable service tools in the
workshop, necessary both for optimal
A/F-mixture adjustment and for effective
trouble-shooting on the engine.

Test procedure
In automotive service operations, the in-
frared method has proved to be the only
efficient and reliable means for testing ex-
haust gases.

This method bases on the fact that indi-
vidual exhaust-gas components absorb
infrared light at different specific rates, ac-
cording to their characteristic wave-
lengths. The various designs include both
single-component analyzers (e.g. for CO
only) and multi-component analyzers (for
CO/HC, CO/CO2, CO/HC/CO 2 etc.).

Test chamber
Infrared radiation is transmitted by an
emitter which has been heated to approx,
700G0. The beam passes through a mea-
suring cell before entering the receiver
chamber. When measuring the CO con-
tent, the sealed receiver chamber con-
tains gas with a defined CO content which
absorbs a portion of the CO-specific radi-
ation. This absorption causes the gas
temperature to increase, which in turn
causes gas with a volume of V, to flow via
a flow sensor into the compensation vol-
ume with a volume of V2. A rotating chop-
per disk induces a rhythmic interruption in
the beam, producing an alternating basic
flow between the two volumes V, and V2.
The flow sensor converts this motion into
an alternating electrical signal. When a
test gas with a variable CO content flows
through the measuring cell, it absorbs ra-
diant energy in a quantity proportional to
its CO content; the energy is then no
longer available in the receiver chamber.
The result is a reduction of the base flow
in the receiver chamber. The deviation
from the alternating basic signal is there-
fore a measure of the CO content in the
test gas.

Test chamber using infrared method
(schematic diagram)
1Receiver chamber with compensaio 9volume
V, and lV. 2 Flow sensor, 3 Measuring cell
4 Rotating chopper disk with motor,
5 infrared emtter

2

-4s

5

Catalytic-converter testing
A representative component car be used
to obtain an indirect measurement of cat-
alytic-converter operation on vehicles
with closed-loop-controlled catalytic de-
vices. The best-suited is CO, which must
not exceed 0,3% by volume downstream
of the converter, whereby lambda must be
exactly 1.00 (±0.01). Lambda, in turn, can
be determined using the composition of
the exhaust gas at the catalitic con-
verter's outlet The exhaust-gas analyzer
calculates the value for lambda using the
CO, HC, CO and 02 exhaust gas compo-
nents, with constants used for NO and
fuel composition HCv. The 0 content is
measured by an electrochemica probe.
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Current (1998) emissions limits for gasoline engines

TatLe 1
EU emissions limits as measured in CE/EU test cycle

Stancardsa -jntroduct on C C

EUIStageI 07,92 2.2

U Stage II 01.96 2.2
EU Stage III 01.00 23 .2
El Stage IV 01.05 1.01 008

-5
- S

Tabe 2
US Federal (49 states) and California emissions limits. FTP 75 test cycle

Modc Syea. Sandards H

U:SFederal 1 Levl e25

HC+NOx

0.5-W

20041 Level2 1 7 1 t25 2) 0.2

California TLEV 4 ) 34 k25 ) 0

7) LEV s) '1A __ _ .07r', 0.2

) Propos .2) NMOG -Nov Methaicnic i gaeGases 'Int oduction vaes accoring to manufaclure
Ofeetaverage ooth vehicle adt lotal leeae ilfed)

)ranitional LowSmissn eicles. )Low Emiss onehi-les f ltra Low Emisson Vehicles,

US emissions limits. STFP test cycle

NMHil+
13  00

mil CQMil

r to 50,000 mi es 0.65 34 3.0 90
to 100,000 mesa ct ' 42 3.7 t1L 1

-No MetanHoe manuf re hasthe optionif seectgCOcvn or COcos and COuvse
'mits.

Table 4
Emissions limits for Argentina, Australia, Brazil, Canada, Mexico, Norway, Switzerland, and
South Korea measured with FTP 75 test cycle

Courntry I1Introduction rCO HO NOx Evap.
_ g/km m gikm (C) g!es1

Argentna 01.97 2.0 0.3 0.6 6.0

Erazl 01.97 2.0 03 0.6 60

Canada 01.98 2, THC02 0.24 2.0

01.95 21 0.25 0.62 2.0

!ray 0189 2 1 0-25 062 2.0

Swilzerlanod ) 10.87 21 0.25 2.0
SouthlKorea 01.91 2 1 0.__ 25 0.62 f2.0

01 z.00 0 16 0.25

)EU!ECE regujlationrs recognized since 10/195, 2) THC zTotal HC- '1 NMHC = Non Methane, HC.

Tile 5
Japanese emissions limits measured in Japanese test cycle

Fetprocedre O CO

0 15-mole (g/em) 2.1....7 (0.67) 0.25... 0 .C8)
ut-mesagitenti

SHED (g/Tesl)

planned figures

|60.0.6.85 0 (19.01 7.

N0E ,J [0-asp, isin

.. P.l 025..48 (0.08) -

9.5 (2. 4.5..6.Ol0 01-
- 2,0

-NO)(

0g/mn
0.4

17M
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Diesel-engine
management

Fuel metering

Requirements
To ensure efficient preparation of the A/F
mixture, the fuel must not only be injected
into the combustion chamber at a pres-
sure of between 350 and 2000 bar, de-
pending on the diesel combustion
process, but it must also be metered with
the greatest possible accuracy during
each injection. In order to maintain the
compromise between low fuel consump-
tion and compliance with emission limits
lexhaust gas and noise), it is necessary to
precisely time the start of injection with an
accuracy of approx. ± 10 crankshaft.

The start of injection is adjusted in or-
der to control the start of combustion and
compensate for the pressure-wave propa-
gation times in the pressure lines.

In mechanical control systems, an up-
stream timing device uses the upper helix
on the injection-pump plunger to adjust
the start of injection as a function of en-
gine speed and load.

EDC systems (Electronic Diesel
Qontrol) have an integral timing function
that adjusts the injection pump's start of
delivery as a function of engine speed,
load and engine temperature.

The injected fuel quantity is used for
load- and speed-dependent control of
diesel engines; the quantity of intake airis
not throttled. Because the speed of an un-
loaded diesel engine could therefore in-
crease to the point of self-destruction
given sufficient injected fuel, an engine-
speed governor is essential. Special con-
trol devices are also required to ensure
stable idle behavior.

Fuel-injection process
The fuel can no longer be regarded as in-
compressible, considering the high pres-
sures and short delivery times involved.
Thus the injection processes are not sta-
tic (i.e. they do not conform to the geo-
metric laws of displacement), but rather

dynamic (largely in accordance Nith the
laws of acoustics).

In the case of cam-driven systems, a
camshaft driven by the engine moves the
injection-pump plunger in the direction of
delivery. This causes pressure to build up
in the high-pressure chamber of the pump
element. The increasing pressure opens
the delivery valve, and a pressue wave
moves through the high-pressure delivery
line to the injection nozzle at the speed of
sound (approx. 1400 mis). When the
opening pressure of the nozzle is
reached, the needle valve overcomes the
force of the nozzle spring and lifts from its
seat so that fuel can be injected through
the spray orifices into the engine's com-
bustion chamber. Fuel delivery ends
when the pressure in the high-pressure
chamber collapses due to the spill port
being opened by the pump-plunger helix.
The delivery valve then closes and re-
duces the pressure in the inject on line.
The pressure drop to static pressure be-
tween every two injection cycles is dimen-
sioned such that
- the injection nozzle closes quickly to

provide a clean break in fuel discharge
and to prevent fuel dribble,

- residual pressure oscillations in the
lines are effectively dampened On the
one hand to prevent the pressure peaks
from reopening the nozzle, and on the
other hand to ensure that the pressure
drops do not cause cavitation carnage.

Fuel-injection system
The fuel-injection system supplies fuel to
the diesel engine, and consists cf a low-
pressure stage and a high-pressure
stage,

The low-pressure stage consis s of the
fuel tank, fuel filter, mechanical or electric
delivery pump with pressure relief valve,
and the fuel lines.

The high-pressure stage comprises the
high-pressure pump with delivery valve
which generates the fuel press.ure re-
quired for injection, the fuel-injecion tub-
ing, and the fuel injectors (nozzle-holder
assemblies and nozzles). EDC (Elec-
tronic Diesel Control) systems also incor-
porate a control valve, which in today's
systems generally takes the form of a so-
lenoid valve, In the future, however, piezo-
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valves will also be used.
Generally speaking, current state-of-

the-art technology prescribes one of the
following high-pressure injection systems
for automotive diesels:-

in-line fuel-inecton oumpswith me-
chanical governors or electronic actua-
tors, and integral timing devices as dic-
tated by the specific application,

The in-line fuel-injection pump is used
primarily on commercial-vehicle engines.
In this pump system, a number of pump-
ing elements (also known as plunger-and-
barrel assemblies) corresponding to the
number of engine cylinders are accom-
modated in a housing and operated by
means of a common camshaft. The range
of in-line fuel-injection pumps also in-
cludes the control-sleeve pump, which al-
lows the start of delivery in addition to the
inicted fuel quantity to be adjusted as
desired.

The distributor iniection pump incorpo-
rates a mechanical governor or electronic
controller, and an integrated timing de-
vice,

The axial-piston pump is used in partic-
ular on high speed IDI and DI diesel en-
gines for passenger cars and small com-
mercial vehicles. In this type of pump, a
central plunger driven by a cam plate gen-
erates pressure and distributes the fuel to
the individual cylinders. A control sleeve
or solenoid valve meters the injected fuel
quantity.

The radial-piston pump is primarily
used on modern high speed D1 diesel en-
gines for passenger cars and small com-
mercial vehicles. Pressure is generated
ard fuel delivered by two to four plungers
in a radial configuration driven by a cam
ring. A solenoid valve controls the injec-
ticn timing and meters the fuel.

In addition to the in-line and distributor
injection pumps, there are also individual
injection pumps which are driven directly
by the engine camshaft. These are mostly
used on large marine engines, construc-
tion machinery and small engines.

Another modern fuel-injection system
is the UIS (Unit Injector System), in which
the injection pump and fuel injector form
orie unit. One unit injector per cylinder is
installed in the cylinder head. The unit is
driven by the engine's camshaft, either di-

rectly via a push rod or indirectly via a
rocker-arm assembly.

The UPS (Unit Pump 5ystem) operates
according to the same principle as the
Unit Injector System. However, in this
type of pump a short high-pressure deliv-
ery line is connected between the pump
and nozzle. This permits more design la-
itude, as the camshaft can be located ei-
ther in the engine block or cylinder head.

Common to all of these systems is the
fact that the required injection presture is
generated at the moment each injection
occurs. In the case of electronically con-
trolled systems, however, the rate-of-dis-
charge curve can be influenced not only
by the cam contour but also by soenoid
valve actuation. Nevertheless, the maxi-
mum possible pressure depends directly
on engine speed and injected fuel quan-
tity.

The injection pressure can be se: inde-
pendently of engine speed and load using
an accumulator-type injection system. In
this so-called Common Rail System
(CRS), pressure generationand fuel in-
jection are decoupled with respect to time
and location. Injection pressure is gener-
ated by a separate high-pressure pump.
This pump need not necessarily be driven
synchronously with respect to the injec-
tion timing. The pressure can be set inde-
pendently of engine speed and injected
fuel quantity, and electrically operated in-
jectors are used in place of pressur-con-
trolled fuel injectors. The time and dura-
tion of injector actuation determine the
start of injection and the injected fuel
quantity. This system also offers a great
deal of freedom with regard to the design
of multiple or divided injection funclions.

In order to achieve accurate open and
closed-loop control of injected fuel quan-
tity and start of injection, as well as mini-
mum scatter between the individual cylin-
ders and long service life, it is imperative
that all injection systems are manufac-
tured from high-precision, close-tolerance
components.
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Size P in-line fuel-injection pump
1 Delivery-valve holder, 2 Spring seat,
3 Delivery valve, 4 Pump barrel, 5 Pump
pfunger, 6Leverarm with ballhead,
7 Control rack, 8 Control sleeve. 9 Plunger
control arm, 10 Plunger return spring,

IiSpring seat, 12 Roller tappet
13 Camshaft.

- 21

3

6
7

-9
10

- - 11

12

13

In-l ine fuel-injection pump (PE)

Fuel-supply pump
A piston pump delivers the fuel to the in-
jection pump's fuel gallery at a pressire of
1...2.5 bar. The cam-driven supply-pump
plunger travels to TDC on every stroke. It
is not rigidly connected to the drive ele-
ment; instead, a spring supplies the re-
turn pressure. The plunger spring re-
sponds to increases in line pressure by
reducing the plunger's return trave to a
portion of the full stroke. The greater the
pressure in the delivery line, the lower the
delivery quantity.

High-pressure pump
Every in-line fuel-injection pump has a
plunger-and-barrel assembly (pumping
element) for each engine cylinder. An en-
gine-driven camshaft moves the plunger
in the supply direction, and a spring
presses it back to its initial position.
Although the plunger has no seal, it is fit-
ted with such precision (clearance:
3...5 im) that its operation is virtually
leak-free, even at high pressures and low
engine speeds.

The plunger's actual stroke is constant.
The delivery quantity is changed by alter-
ing the plunger's effective stroke. Inclined
helices have been machined into the
plunger for this purpose, so that the
plunger's effective stroke changes when it
is rotated. Active pumping starts when the
upper edge of the plunger closes the in-

Fuel-delivery control in the in-line fuel-injection pump
1 rom fuel gallery, 2 To nozzle, 3 Barrel, 4 Plunger, 5 Lower helix, 6 Vertical (stop) groove.

2 5 6

Maximum delivery Partial delivery Zero delivery
Start of delivery End of delivery Start of delivery End of delivery BDC
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take port. The high-pressure chamber
above the plunger is connected by a ver-
tical groove to the chamber below the he-
lix. Delivery ceases when the helix uncov-
ers the intake port.

Various helix designs are employed in
the plunger. On plunger-and-barrel as-
semblies with a lower helix only, pumping
always begins at the same stroke travel,
the plunger being rotated to advance or
retard the end of delivery. An upper helix
car be employed to vary the start of deliv-
ery. There are also plunger-and-barrel as-
semblies on the market which combine
upper and lower helices in a single unit.

In order of their suitability for use with
high injection pressures, the major tygs
of delivery valve currently in use are:
- Constant-volume valve,
- Constant-volume valve with return-flow

- Constant-pressure valve.

The delivery valve and pressure-relief
characteristics must be specially de-
signed for the specific application. Units
incorporating a return-flow restriction or
constant-pressure valve have an addi-
tional throttle element to damp the pres-
sure waves reflected back from the injec-
tion nozzle, thus preventing it from open-
ing again. The constant-pressure valve is
employed to maintain stable hydraulic
characteristics in high-pressure fuel-in-
jec ion systems and on small, high-speed
direct-injection engines.

Ii fuel-injection pumps which generate
moderate pressures of up to 600 bar
(e.g. Size A), the plunger-and-barrel as-
sembly is installed in the pump housing in
a fixed position, where it is held in place
by the delivery valve and the delivery-
valve holder.

In pumps which generate injection
pressures greater than approx, 600 bar,
the plunger-and-barrel assembly, delivery
valve and delivery-valve holder are
screwed together to form a single unit,
which means that the high sealing forces
must no longer be accommodated by the
pump housing (e.g. Sizes MW, P).

The in-line fuel-injection pump and the
attached governor are connected to the
engine's lube-oil system.

In-finefuee-injectionpumpwith
mechanical(flyweight governor)
I Fuel tank, 2 Governor, 3 Fuel-supply pump,
4injectionpump,5 Timing device, 6 Drive
tromengine, 7 Fuelt ilter, 8 Vent, 9 Nozzi-
and-holder assembly 10 Fuel return line,
I Ioverflow line.

8 8 ----------------

10

5
6

Delivery-valve holder with delivery va ve
a) Wh constant-volume valve and return-
flowrestrictionb)Withconstant-pressurt
Valve, live -valve holder, 2 Return-low
rriction.5f 3,Dead volume, 4Retraction.-is-
Ion, 5 Valve ball, 6 Valve holder, 7 Suppl/
valve,8 Calibrated restriction, 9 PFressur-
holding valve,

a b

-1

-8
-9

-7

- -2

2

-3

-4
-5

-- 6
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Governor characteristic curves
r Positive torque control in upper speed
range, b Unregulated range, c Negative
torque control.

Idl-speedsetpoint, 2Full-load curve,
Fullacurve, turbocha rgad engine,

4Full-loadcurve,naturally-aspiratedengine,
5 Full-load curve, naturally-aspirated engine
withaltitude compensation, 6 intermcdiate
engine-speed control 7 Ternperature-sensi-
tivestartingquantity

Variable-speedgovernor

- ~ a

71
2
2

Engine speed --

linimum-maximum-speed governor

I
a)

a)

2
-5
C
0

C-)

Engine speed -a

Complex governor with additionat control
functions

C a

7 4

'2 -'5-

o 1'
j)

Engine speed

Speed governing
The main function of the governor is to limit
the maximum engine speed. In other
words, it must ensure that the diesel en-
gine does not exceed the maximum min-1
specified by its manufacturer. Depnding
upon type, the governor's functions may in-
clude maintaining specific, constant en-
gine speeds, such as idle, or other speeds
in the range between idle and maximum
speed. The governor can also adjst full-
load delivery in accordance with engine
speed (adaptation), boost or atmospheric
pressure, and it can be used to meter the
extra fuel required for starting. The gover-
nor adapts the delivery quantity to these
conditions by making corresponding ad-
justments in the position of the control rack.

Mechanical (flyweight) governors
The mechanical governor (also known as a
flyweight or centrifugal governor) is driven
by the engine's camshaft, and provides the
performance curves described beloN. The
flyweights, which act against the force of
the governor springs, are connectec to the
control rack by a system of levers. During
steady-state operation, centrifugal and
spring forces are ina state of equil brium,
and the control rack assumes a posiion for
fuel delivery corresponding to engine
power output at that operating point. A drop
in engine speed - for instance, due to in-
creased load - results in a corresponding
reduction in centrifugal force, and tre gov-
ernor springs move the flyweights, and with
them the control rack, in the direction for in-
creased delivery quantity until equilibrium is
restored. Various functions are cornbined
to produce the following types of governor:

Variable-speed governors
The variable-speed governor maintains a
virtually constant engine speed in accor-
dance with the position of the contrc lever.
Applications: Preferably for commercial
vehicles with auxiliary power take-off, for
construction machinery, agricultural trac-
tors, in ships and in stationary installations.

Minimum-maximum-speed governors
From the characteristic curve for the min-
imum-maximum-speed governor itcan be
seen that this type of governor is effective
only at idle and when the engine reaches

b

a

"2

1--- ----
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maximum mirr'. The torque in the range
between these two extremes is deter-
mined exclusively by the position of the
accelerator pedal. Applications: For road
vehicles.

Combination governors
Combination governors are a synthesis
of the two governor types described
abcve. Depending upon the specific ap-
plication, active control can be in the up-
per or lower engine-speed range.

Governor types
In the RQ and RQV governor, the fly-
weights act directly on the governor
springs, and control-lever movements
vary the transfer ratio at the fulcrum lever.

In the fl$ LnJ1SE.govomor, the
governor spring is outside the flyweights;
the transfer ratio at the fulcrum lever
remains essentially constant.

Speed droop
The governor's performance characteris-
tics are essentially a function of the slope
of ihe control curve, defined as speed
droop:

6 o-yo 100%
nvo

RO Minimum-maximum-speed governor
1 Pump plunger, 2 Control rack, 3 Full-load
stop, 4 Control lever, 5 Injection-pump
camshaft, 6 Flyweight, 7Governor spring,
8Sliding bolt

3 4

B

6

7

The smaller the difference between the
upper no-load speed (nLo) and the upper
full-load speed (ov), the lower the speed
droop, i.e. the greater the precision with
which the governor maintains a spcific
engine speed. Variable-speed governors
in small high-speed engines generally
achieve a full-load speed regulation (top-
end breakaway consistency) of 6...10%.

Applications for various types of in-line
injection pump

bar

1200
C) SizeP

1000 
800-

600 A
E 400

200 -
0

0 20 40 60 80 kWhyl.
Output per cylinder P

RSV Variable-speedgovernor
I Pump plunger, 2 Control rack, 3 Maximum-

speed stop, 4 Control lever 5 Start spring,
6 Stop or idle stop, 7 Governor spring,
8 Auxiliary idle spring, 9 Injection-pump
camshaft, 10 Flyweight, I ISliding bolt
12 Torque-control spring, 13 Fu-load stcp.

T_

1 234 5 6 r

7

~J- r13
10

I
Li
Ii

12

13

I
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Mechanical add-on equipment

Torque control
An auxiliary spring (torque-control spring)
is installed at a suitable position in the gov-
ernor mechanism. The spring precisely
adapts the governor's output curve to the
diesel engine's full-load fuel requirements
by lowering it slightly. When a given engine
speed is reached, the spring compresses
and causes the control rack to move in the
direction for reduced fuel-delivery quantity
(positive torque control). Negative torque
control, which responds to increased en-
gine speed by augmenting the fuel-deliv-
ery quantity, is also possible, albeit at the
price of far more components and more
complicated adjustment procedures.

Manifold-pressurecompensator(LDA)
I Boost-pressure connection, 2 Diaphragm.

12

Altitude-pressure compensator (ADA)
1 Pressure capsule, 2Atmospheric-pressure
connection-

-2

Manifold-pressure compensator (LDA)
Due to the larger air mass, turbocarged
engines are capable of converting a
greater amount of fuel into engine torque
as the boost pressure increases; A spring-
loaded diaphragm is used to make a corre-
sponding correction in the full-load fuel-de-
livery quantity. Increasing boost pessure
acts on the working side of the diaphragm,
which is connected to the control rack in
such a way that the injected fuel quantity
increases as boost pressure increases

Altitude-pressure compensator (ADA)
The altitude-pressure compensator is
similar to the LDA. It reduces the full-load
fuel-delivery in response to the ow at-
mospheric pressure (and low air censity)
encountered at high altitudes.

The unit includes a barometric capsule
which displaces the control rack in the direc-
tion for lower fuel-delivery once atmospheric
pressure drops by a specific increment.

Temperature-dependent starting device
JAS)
A cold engine requires a certain amount
of additional fuel (enrichment) in order to
start. This enrichment is not necessary on
a warm engine and could lead to the
emission of smoke.

The solution is TAS, which fea:ures a
control-rack stop employing an expansion
element to prevent enrichment during
warm starts.

Rack-travel sensor (RWG)
The RWG monitors the control-rack posi-
tion inductively.

After processing in an evaluat on cir-
cuit, the signal can be used for such tasks
as control of hydraulic or mechanical
transmissions, for measuring fuel con-
sumption, for exhaust-gas recirculation
and for diagnostics.

Port-closing sensor FBG)
The FBG is an inductive unit which, with
the engine running, monitors the point at
which pump delivery starts (port closing).
It can also check the timing device.

In addition, injection pumps equipped
with this device can be supplied with the
camshaft locked in the port-closirg posi-
tion. This setting facilitates simple and
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precise pump installation on the engine,

Timing devices
Centrifugally-controlled timing devices are
positioned in the drivetrain between the en-
gine and the injection pump. The flyweights
respond to increasing engine speed by
turning the injection pump's camshaft, with
respect to the drive shaft, in the "delivery
advance" direction. Front-mounted clutch-
driven units and gear-driven in-pump de-
vices, with an adjustment range of 3'...10.
on the pump shaft are available.

Pump shutoff
A mechanical (stop lever), electric or
pneumatic shutoff device is employed to
shut down the diesel engine by interrupt-
ing the fuel supply.

Electronic governor (EDC)
Instead of flyweights, the electronic gov-
ernor for the in-line fuel-injection pump
uses a solenoid actuator with a non-con-
tacting inductive position sensor to posi-
tion the control rack. The solenoid actua-
tor is triggered by an ECU.

Temperature-dependent starting device
I Control rack, 2 Start-quantity stop with
expansion element.

1 >2

Port-closing sensor (FBG)
a) Measurement with sensor,
b) Blocking position;
I Pump camshaft, 2 Sensor 3 Blocking pin

a 1 2 b 1 3

The ECU microprocessor compares
accelerator position, mIr ,and a number
of addtional correction factors with the
program maps stored in its memory in or-
der to determine the correct injectec fuel
quantity, i.e. the correct rack position.

An electronic controller compares The
monitored control-rack position with the
specified setpoint in order to determine the
required excitation-current input to the sole-
noid, which operates against a return spring.
When deviations are detected, the excita-
tion current is regulated to shift the control
rack to precisely the specified position.

An inductive speed sensor monitors a
camshaft-mounted pulse wheel; the ECU
uses the pulse intervals to calculate en-
gine speed.

Because it can monitor a number of en-
gine and vehicle parameters and combine
them to calculate the injected fuel cuan-
tity, an electronic governor has a nu nber
of advantages over a mechanical un t:
- Engine can be switched on and ofi with

key,
- Complete freedom in determining full-

load response,

Rack-travel sensor (RWG)
I Iron core, 2 Reference coil, 3 Fixed short-
circuiting ring, 4 Control rack, 5 Measuring
coil, 6 Moving short-circuiting ring

2
13

4-

Timing device
Off position

P 0
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- Maximum injected fuel quantity can be
precisely coordinated with the boost
pressure in order to remain below the
smoke limit,

- Corrections for air and fuel temperatures,
- Temperature-dependent start quantity,
- Engine-speed control for auxiliary

power take-offs,
- Cruise-control facility,
- Regulation of maximum speed,
- Consistent, low idle speed,
- Active surge control,

Option for intervention in traction control
(TCS)/automatic transmission,

- Signal outputs for display of fuel con-
sumption and engine speed,

- Service support through integral error
diagnosis.

In-line control-sleeve
fuel-injection pump
The in-line control-sleeve injection pump
makes it possible to provide electronically-
controlled adjustment of port closing (start
of pump delivery). The spill port, which on
conventional in-line pumps is in the housing

and therefore immovable, is incorporated in
the control sleeve which is a comonent in
each plunger-and-barrel assembly A con-
trol shaft with control-sleeve levers which
engage the slide valves changes the posi-
tions of all sleeves at the same time.

Depending on the position of the control
sleeve (up or down), the start of celivery is
advanced or retarded relative to the posi-
tion of the camshaft lobe. An electromag-
netic actuator mechanism similar to that
used in the electronically controlled in-line
injection pumps turns the control shaft, al-
beit without position feedback.

A needle-motion sensor monitors the
start of injection directly at the injection
nozzle. It transmits a corresponding signal
to the ECU, which compares it wit the pro-
grammed value as a function of min-', in-
jected fuel quantity, etc, in order to adjust
the solenoid-excitation current to achieve
congruence between the feedback and
setpoint values for start of injection.

The engine-speed sensor obtains pre-
cise information on injection timing rela-
tive to TDC by monitoring pulses from ref-
erence marks on the engine's flywheel.

Electronic diesel control (EDC) for in-line fuel-injection pumps
I Control rack, 2Actuator, 3 Camshaft, 4 Engine-speed sensor, 5 ECU Input'output quartities;
a Redundant shutoff, b Boost pressure, c Vehie speed, d Temperature (water, air, fue), a Fuel-
quantity command, IEngine speed g Control-rack travel, h Solenoid position, iFuol-consumption
and engine-speed display, k Diagnostics, I Accelerator position, m Speed preset, n Clutct, brakes,
engine brake.

a

1

ii
_________ L.

3 4

2

14vv;*~f

od e

V inV
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Distributor-type fuel-injection
pump (VE)
Distributor-type fuel-injection pumps are
used in 3-, 4-, 5- and 6-cylinder diesel en-
gines in passenger cars, tractors and
light- and medium-duty commercial vehi-
cles which generate up to 42 kW per cylin-
der, depending on engine speed and
combustion system. Distributor-type fuel-
injection pumps for direct-injection (DI)
engines achieve a peak injection pressure

Plunger-and-barrel assembly with control
sleeve
a) Start of delivery, b) End of delivery
I Control helix, 2 Control sleeve, 3 Spill port
4 Control groove, 5 Pump plunger.

a

I I

2- .1k:6-J

b

U-5

of 1950 bar in the nozzle at speeds of up
to 2400 min-1.

A differentiation is made between dis-
tributor-type fuel-injection pumps with
mechanical control, and those with elec-
tronic governing available in versions with
a rotating-solenoid actuator and with so-
lenoid valve open-loop control.

Mechanically controlled axial-piston
distributor pumps (VE)
These mechanically controlled axial-pis-
ton distributor pumps comprise the follow-
ing major assemblies:

Fuel-supply pumo
If no presupply pump is present, this inte-
gral vane-type supply pump draws fuel
from the tank and, together with a pres-
sure-control valve, generates an in ernal
pump pressure which increases with en-
gine speed.

Hijgh-pressure pump
The VE distributor-type fuel-injection
pump incorporates only one pumping ele-
ment for all cylinders. The element's
plunger displaces the fuel during its
stroke while at the same time rotat ng to
distribute it to the individual outlets.
During each rotation of the drive shaft, the
plunger completes a number of strokes
equal to the number of engine cylinders to
be supplied. Via the yoke, the injection
pump's drive shaft turns the cam plate
and the pump plunger fixed to it The
lobes on the bottom surface of the cam
plate turn against the rollers of the roller
ring, causing the cam plate and plungerto
make a stroke movement in addition to
their rotary movement (distribution and
delivery). The pump delivers fuel for as
long as the spill port in the plunger re-
mains closed off during the working
stroke. Delivery ends when the spill port is
uncovered by the control collar The posi-
tion of the control collar thus determines
the effective stroke and the injected fuel
quantity. The governor determines the po-
sition of the sliding control collar cn the
plunger.

Mechanical (flyweight) governor
A ball pin connects the control collar with
the governor levers, which are acted upon

In-line control-sleeve pump
I Pump plunger, 2 Control sleeve, 3 Control-
sleeveadjustmentshaft.4Controlrack.

0 - 2
3

4

* -

. 0
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by the governor springs and the centrifu-
gal force generated by the flyweights.
Idling, transition ranges and max. engine
speed can be adapted to meet engine re-
quirements.

Spee droop. governor types: The de-
scription of speed droop and governor
types (variable-speed governors, mini-
mum-maximum-speed governors) for in-
line fuel-injection pumps also applies to
governors used with distributor-type fuel-
injection pumps,

Load signal: On distributor fuel-injection
pumps equipped with minimum-maximum
speed governors, the position of the outer
control lever can be monitored via mi-
croswitch or potentiometer to provide in-
formation on load.

Add-on modules:
A number of add-on modules are avail-
able to process additional operating para-
meters for regulation of delivery quantity
(such as manifold-pressure compensator

(LDA), start quantity, hydraulic aid me-
chanical full-load torque control) and for
adjustment of the start of delivery - (e.g.
cold-start accelerator, load-dependent
start of delivery).

Hydromechanically controlled timing
device
Thespeed-dependentsupply-pumppres-
sure (5...10 bar) acts on the front end of
the spring-loaded timing-device plunger
through a throttle bore. The plunger ro-
tates the roller ring counter to the direc-
tion of rotation of the pump as a unction
of engine speed, thereby advancing the
start of delivery.

Pump shutoff
Anelectric shutoff device (solenoii valve)
shuts oft the diesel engine by interrupting
the fuel supply.

Electronic Diesel Control (EDC):
Distributor-type fuel-injection pump
with rotating-solenoid actuator
In contrast to the mechanically ccntrolled

VE Distributor-type fuel-injection pump (basic version)
I Vane-type supply pump, 2 Governor drive, 3 Timing device, 4 Cam plate, 5 Control collar,

6 Distributor plunger, 7 Delivery valve, 8 Soenid-actuated shutoff, 9 Governor lever mechanism.
10 0verflow throttle, 1 Mechanical shutoff device, 12 Governor spring, 13 Speed-control lover,
14 Control sleeve, 15 Flyweight, 16 Pressure -control valve.

13 12 11 Returnlineto
tank

14 10
15-

Fuel
supply

To injection
nozzle

1 2 34 5 6 7
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Electronic diesel control (EDC) for distributor-type fuel-injection pumps
I Supply pump, 2 Solenoid valve, 3 Timing device, 4 Control collar, 5 Rotary actuatorwithsensor

6 ECU lnputs/Outputs: a Speed, b Start of injection, c Temperature d Boostpressure,
e Accelerator position, I Fuel return, g To injection nozzle.

1b

34

-c -_ -- ---2k
3 4

Fuel supplyI
Fel suply

distributor-type fuel-injection pump, the
EDC pump with rotating-solenoid actua-
:or has an electronic governor and an
electronically controlled timing device.

Electronic governor
An eccentrically-mounted ball pin pro-
vides the connection between the VE
pump's control collar and the solenoid ro-
tary actuator. The actuator's angular set-
ting determines the position of the control
collar, and with it the effective stroke of the
pump. A non-contacting position sensor is
connected to the rotary actuator. The
ECU's microcomputer receives various
signals from the sensors: accelerator-
pedal position: engine speed; air, coolant
and fuel temperature; boost pressure; at-
mospheric pressure; etc. It uses these in-
put variables to determine the correct in-
jected fuel quantity, which is then con-
verted to a specific control-rack position
with the aid of program maps stored in the
unit's memory. The ECU varies the exci-
tation current to the rotary actuator until it
receives a signal indicating convergence
between the setpoint and actual values
for control-rack position.

Electronically-controlled timing device
In this device, the signal from a sensor in
the nozzle-holder assembly, which indi-
cates when the nozzle begins to open, is
compared with a programmed setpoint
value. A clocked solenoid valve con-

nected to the working chamber of the
plunger in the timing device varies the
pressure above the plunger and thus the
position of the tiing device. The actua-
tion clock ratio of the solenoid valve is var-
ied until the setpoint and actual values
agree.

Advantages of electronic versus me-
chanical control:
- Improved control of injected fuel qian-

tily (fuel consumption, engine power,
emissions),

- Improved control of engine speed (low
idle speed, adjustment for air condi-
tioner, etc.)

- Enhanced comfort (anti-surge control,
smooth-running control),

- More precise start of injection (fuel con-
sumption, emissions),
Improved service possibilities (diagnos-
tics).

The application options extend to em-
brace features such as open-loop and
closed-loop control of exhaust-gas recir-
culation, boost-pressure control, glow-
plug control, and interconnection with
other on-board electrical systems.

Electronic Diesel Control (EDC):
Solenoid-controlled distributor pumps
In the case of solenoid-controlled distrib-
utor pumps, the fuel is metered by a uigh-
pressure solenoid valve which diiectly
closes off the pump's element chamber.

,
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546 Engine management (diesel engines)

This permits even greater flexibility in fuel
metering and in variation of the start of in-
jection (see Figure for operating princi-
ple). The main assemblies of this new
generation of distributor pumps are:
- the high-pressure solenoid valve,
- the ECU, and
- the incremental angle/time system for

angle/time control of the solenoid valve
using an angle of rotation sensor inte-
grated into the pump.

The solenoid valve closes to define the
start of the delivery, which then continues
until the valve opens. The injected fuel
quantity is determined by the length of
time the valve remains closed. Solenoid-
valve control enables rapid opening and
closing of the element chamber irrespec-
tive of engine speed. In contrast to me-
chanically governed pumps and EDC
pumps with a rotating-solenoid actuator,
direct triggering by means of solenoid
valves results in lower dead volumes, im-
proved high-pressure sealing, and there-
fore greater efficiency.

The injection pump is equipped with its
own, integral ECU for precise start-of-de-
livery control and fuel metering. Individual
pump program maps and example-spe-
cific calibration data are stored in this
ECU.

The engine ECU determines the start
of injection and delivery on the basis of
engine operating parameters, and sends
this data to the pump ECU via the data
bus. The system can control both the start
of injection and the start of delivery.

The pump ECU also receives the in-
jected fuel quantity signal via the data
bus. This signal is generated by the en-
gine ECU according to the accelerator-
pedal signal and other parameters for re-
quired fuel quantity. In the pump ECU, the
injected fuel quantity signal and the pump
speed for a given start of delivery are
taken as the input variables for the pump
map on which the corresponding actua-
tion period is stored as degrees of
camshaft rotation.

And finally, the actuation of the high-
pressure solenoid valve and the desired
period of actuation are determined on the
basis of the angle of rotation sensor inte-
grated in the VE distributor pump.

The angle of rotation sensor in the
pump is used for angleitime control. It
consists of a magnetoresistive sensor
and a reluctor ring divided into 3' incre-
ments interrupted by a reference mark for
each cylinder.

The sensor determines the precise an-
gle of camshaft rotation at which the
solenoid valve opens and closes. This re-
quires the pump ECU to convert timing
data to angular position data and vice
versa.

The low fuel-delivery rates at the start
of injection, which result from the design
of the VE distributor pump, are further re-
duced by the use of a two-sprng nozzle
holder. With a warm turbocharged engine,
these low delivery rates permit low basic
noise levels.

Pilot injection
Pilot injection allows the combustion
noise to be further reduced without sacri-
ficing the objects of the systerts design
which aim at generating maximum power
output at the rated-power operting point,
Pilot injection does not require additional
hardware. Within a matter of milliseconds,
the ECU actuatesthe solenoid valve twice
in rapid succession. The solenoid valve
controls the injected fuel quantity with a
high degree of precision and dynamic re-
sponse (typical pilot-injection luel quan-
tity: 1.5 mm 3)

Solenoid-controlled axial-piston
distributor pumps
Axial-piston pumps use the same princi-
pleof pressuregenerationasEDCpumps
with rotating-solenoid actuators. The in-
jection pressure at the nozzle can be as
high as 1500 bar, depending or the appli-
cation.

By shifting the point at which delivery
begins from the bottom dead center posi-
tion of the pump plunger to a point within
the plunger stroke, the pressure at low
speeds can be increased and maximum
pumptorquecanbesubstantialyreduced
at high speeds For special applications,
the variable start of delivery permits the
start of injection to be advanced even at
cranking speed.
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Engine management (diesel engines) 547

Fuel-injection system with radial-piston distributor pump
1 Engire ECU,
2 Glow-control unit,
3 Air-mass sensor 1 2
4 Pedal-travel sensor,
5 Nozzles,
6 Sheathed-element glow plugs,
7Radial-pistondistributor pump

with pump ECU,
8 Fuel ilter
9 Temperature sensor,
10 Speed sensor

JO

105 6 7 8 9

Solenoid-controlled radial-piston distributor pump
I Sensor (position/timing), 2 ECU. 3 Distributor shalt, 4 Solenoid valve needle,
5 Distributor head, 6 Timing device, 7 Radial-piston pump,
7.1 Cam ring, 72 Roller, 7.3 Distributor shaft, 7.1 7.2
7.4 Delivery plunger 7.5 Roller support,
8 Timing-device pulse valve, 9 Return-flow throttle valve,
10 Pushing electromagnet

1 2 3 4 5

6 7 8 9 10

7.3 7.4 7.
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548 Engine management (diesel engines)

Solenoid-controlled radial-piston
distributor pumps
Radial-piston pumps for high-performance
direct-injection engines achieve element-
chamber pressures of up to 1100 bar and
nozzle pressures as high as 1950 bar.

Because the cam-drive design employs
a direct, positive link, flexibility and com-
pliance remain minimal, so the perfor-
mance potential is greater. Fuel delivery
is shared between at least two radial
plungers. The small forces involved mean
that steep (fast) cam profiles are possible.
The fuel-delivery rate can be further in-
creased by increasing the number of
plungers.

Solenoid-controlled distributor pumps
with integral ECU
The latest generation of distributor pumps
are compact, self-contained systems in-
corporating an ECU to control both the
pump and the engine-management func-
tions. Because a separate engine ECU is
no longer required, the injection system
requires fewer plug-in connections and
the wiring harness is less complex, thus
making installation simpler.

The engine and complete fuel-injection
system can be installed and tested as a
self-contained system independent of ve-
hicle type.

Time-controlled single-
cylinder pump systems
The new modular, time-controlled single-
cylinder pump systems include the elec-
tronically controlled "Unit Injector System"
(UtS) and the "Unit Pump System" (UPS)
which are used on modern direct-injection
engines for commercial vehicles and pas-
senger cars.

Unit injector system (UIS) for
commercial vehicles
The electronically controlled unit injector is
a single-cylinder fuel-injection pump with
integral nozzle and solenoid valve which is
installed directly in the cylinder head of the
diesel engine. Each engine cylinder is al-
located its own unit injector, which is oper-
ated by a rocker arm driven by an injection
cam on the engine camshaft.

The start of injection and the injected
fuel quantity are controlled by tie high-
speed solenoid valve. The values for
these variables can be selected as de-
sired from those stored in the program
map. When de-energized, the solenoid
valve is open. This means that fuel can
flow freely from the fuel inlet of the low-
pressure system through the pump and
back into the low-pressure system in the
engine cylinder head, thereby allowing
the pump chamber to be filled during the
pump plunger's suction stroke Energizing
the solenoid valve during th2 pump

Unit Injector ().
1 Return spring, 2 Pump body, 3 Pump

plunger. 4 Cylinder head, 5 Spring retiner
6 Tension nut, 7 Stator 8 Armature pnle
9 Solenoid-valve needle, 10 Solenoid-alve
tension nu, 1 High-pressure plug, 1'Low-
pressure plug. 13 Solenoid travel stop
14 Restriction, 15 Fuet return, 16 Fue supply
17Injectorspring, 18Pressurepin, I Shin
20injector

P-11

- 7

<- 12

4 __ 14 13

5-

17

18

- 19

6 1-- -- 20
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it

plunger's delivery stroke closes this by-
pass, causing pressure to build up in the
high-pressure system and fuel to be in-
jected into the combustion chamber of the
engine once the nozzle opening pressure
isexceeded.

The compact design of the unit means
that high-pressure volume is very small and
hydraulic rigidity very high. As a result, in-
jection pressures as high as 180 MPa (and
200 MPa in the future) can be achieved.

Such high injection pressures com-
bined with electronic map-based control
allow emission levels to be substantially
reduced while simultaneously keeping
fuel consumption low. The unit injector
system is capable of meeting both pre-
sent and future emission limits.

Electronic control enables this fuel-in-
jection system to perform additional func-
tiors which are primarily intended to con-
siderably improve driving smoothness.

By using adaptive cylinder matching,
the complete drivetrain's rotational irregu-
larity up to rated speed can be reduced.
This ensures that the complete drivetrain
runs much more smoothly. At the same
time, this function can equalise the in-
jected fuel quantity from the engine's in-
dividual injectors.

In the future, electrically controlled pilot
injection (double triggering of the solenoid
valve) will significantly reduce combustion
noise and improve cold-starting charac-
teristics.

In addition, the system permits the
shutoff of individual cylinders. For in-
stance, when the engine is running in the
part-load range.

Unit pump system (UPS) for
commercial vehicles
The unit pump system is also a modular
time-controlled single-cylinder high-pres-
sure pump system, and is closely related
to the UIS. Each of the engine's cylinders
is supplied by a separate module with the
following components:
- high-pressure single-cylinder pump

with integral high-speed solenoid valve,
- short high-pressure delivery line
- nozZle-holder assembly

The unit pump is integrated into the
diesel-engine cylinder block and operated

directly by an injection cam on the en-
gine's camshaft via a roller tappet.

The method of solenoid valve actuation
is the same as that of the UIS.

When the solenoid valve is open, the
fuel can be drawn into the pump cylinder
during the pump plunger's suction stroke,
and return during the supply stroke. Only
when the solenoid valve is energized, and
thus closed, can pressure build up in the
high-pressure system between the pump
plunger and the nozzle during the pump
plunger delivery stroke. Fuel is injected
into the combustion chamber of the en-

Unit Pump (UP)
I Solenoid-valve neede-travel stp,
2 Engine bock, 3 Pump body, 4 Pump punger
5 Return spring,S6 ollerlappel, 7Arrna hu e
liae, 8Stator, aSonoid-valeneede,
10Flierf1 Fuel supply 12Fuelreturn,
13 Retainer 14 Locating groove.

-- > 1

\ 14

I>K---* 10
3- -11

4 -K 12

5

- -13

6 -14

7

a
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Engine management (diesel engines)

gine once the nozzle opening pressure is
exceeded.

Solenoid-valve closure thus defines the
start of injection, and valve opening the
injected fuel quantity

The unit pump system can achieve in-
jection pressures of up to 180 MPa
(200 MPa in thefuture) As is the case with
the UIS, these high injection pressures
combined with electronic map-based con-
trol enable this injection system to meet
both present and future emission limits
while at the same time providing for low
fuel consumption. This fuel-injection sys-
tem also allows implementation of addi-
tional functions such as adaptive cylinder
matching, electrically controlled pilot injec-
tion, and shutoff of individual cylinders.

Unit injector system (UIS) for
passenger cars
The unit injector system for passenger
cars is designed to meet the demandsof

Uit Pump System (U S)
Ijectornozzleholde 2Engine, 3Injector

nozzle, 4 Solenoid valve 5 Supply, 6 Hgh-
pressurepump. 7Cam.

3 -- ------ -- 4

- 6

---
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modern direct-injection diesel engines with
high levels of power density. It is charac-
terized by its compact design, high injec-
tion pressures of up to 2000 bar, and me-
chanical-hydraulic pilot injection through-
out the entire program-map range which
substantially reduces combustion njise.

The unit injector system for passenger
cars is also an individual-pump injection
system, i.e. there is a separate unit injec-
tor (consisting of a high-pressure pump,
nozzle and solenoid valve) for each en-
gine cylinder. The unit injector is installed
in the cylinder head between the valves,
with the nozzle protruding into the com-
bustion chamber. The unit injectors are
operated by rocker arms driven by an
overhead valve camshaft. The transverse
mounting of the solenoid valve makes the
unit more compact and achieves minimal
high-pressure volume with correpond-
ingly high hydraulic efficiency.

The injection system is filled dur ng the
pump-plunger suction stroke, while the
solenoid valve is de-energized and thus
open.

The injection period begins when the
solenoid valve is energized (closed) dur-
ing the pump-plunger delivery stroke
Pilot injection begins when pressure
builds up in the high-pressure system and
the nozzle opening pressure is reached.
Pilot injection ends when a mechanical
valve (bypass plunger) opens, and
abruptly reduces the pressure in the high-
pressure chamber so that the nozzle
closes. The stroke and shaft diameter of
the bypass plunger determine the length
of the interval, the so-called injeciion in-
terval, between the end of pilot injection
and the start of main injection. The move-
ment of the bypass plunger also tensions
thenozzlespring,whichrapidlyclosesthe
nozzle at the end of pilot injection. Due to
the strong hydraulic damping produced by
a damper located between the nozzle
needle and the nozzle spring, the o ening
stroke of the nozzle needle remains very
short during pilot injection. Main injection
begins when the nozzle opening pressure
is reached. However, due to the additional
force applied by the pretensioned nozzle
spring-this pressure is twice as high as at
the start of pilot injection Injection ends
when the solenoid valve is de-energized,
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hnd thus opened. The time interval be-
ween re-opening of the nozzle and open-
ag of the solenoid valve therefore deter-
nines the quantity of fuel injected during
he main-injection phase.

Electronic control allows the values for
he start of injection and the injected fuel
uantity to be selected as desired from
hose stored in the program map. This
eature, together with the high injection
)ressures, makes it possible to achieve
tery high power densities combined with
oery low emission levels and exception-
illy low fuel consumption.

The further reduction in size of the unit
njectors will allow them to be used on
i-valve-per-cylinder engines in the future,
hereby making it possible to reduce
amissions even more. Its ability to further
educe emissions, coupled with further
)ptimization of injection characteristics,
nakes the unit injector system capable of
neeting future emission limits.

lectronic control unit (ECU)
The solenoid valves on the unit injector
and unit pump are triggered by an ECU.
fhe ECU analyses all of the relevant sta-
us parameters in the system relative to
he engine and its environment, and de-
ines the exact start of injection and in-
ected fuel quantity for the operating state

f the engine at any given time, thereby
anabling environmentally friendly and
aconomical engine operation. The start of
njection is also controlled by a BIP signal
beginning of injection period) in order to
aalance out the tolerances in the overall
system. Injection timing is synchronized
with engine piston position by precise
analysis of the signals from an incremen-
tal trigger wheel In addition to the basic
fuel-injection functions, there are a variety
of additional functions for improving dri-
ving smoothness such as surge dampers,
idle-speed governors, and adaptive cylin-
der matching. In order to meet strict safety
requirements. the ECU automatically cor-
rects and compensates for any faults and
deviations that may occur in the system
components and, when required, enables
precise diagnosis of the injection system
and the engine. The ECU communicates
with other electronic systems on the vehi-
cle such as the antilock braking system

(ABS), the traction control system (TOS),
and the transmission-shift control system
via the high-speed CAN data bus.

Common-rail system (CRS)

Common-rail (accumulator) fuel-injection
systems make it possible to integrate the
injection system together with a number
of its extended functions in the diesel en-
gine, and thus increase the degree of
freedom available for defining the com-
bustion process.

The common-rail system's principal
feature is that injection pressure is inde-
pendent of engine speed and injected fuel
quantity-

System design
The functions of pressure generation and
injection are separated by an accumulator
volume. This volume is the essential fea-
ture for the functioning of this system and
is made up of volume components trom
the Common Rail itself, as well as rom
the fuel lines, and the injectors

The pressure is generated by a high-
pressure plunger pump. An in-line pump
is used in trucks and a radial-piston pump
in passenger cars. The pump operates at
low maximum torques and thus substan-
tially reduces drive-power requirements,
For the high-pressure pumps in passen-
ger cars, the required fuel-rail pressure is
regulated by a pressure-control valve
mounted on the pump or the rail. High-
pressure pumps in commercial vehicles
have a fuel-quantity control system. The
latest generation of high-pressure pLmps
for passenger-car use also has a fuel-
quantity control system. This reduces the
temperature of the fuel within the system.

The system pressure generated by the
high-pressure pump flows through a pres-
sure-control circuit and is applied to the
conventional injector. This injector serves
as the core of this concept by ensuring
correct fuel delivery into the combustion
chamber. At a precisely defined instant
the ECU transmits an activation signal to
the injector solenoid to initiate fuel deliv-
ery The injected fuel quantity is deined
by the injector opening period and the
system pressure.
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The ECU, sensors and most of the
other system functions in the common-rail
system are basically the same as in other
time-controlled single-pump systems.

Hydraulic performance potential
This system enhances the latitude for
defining combustion-process patterns by
separating the pressurization and injec-
tion functions. Injection pressure can ba-
sically be selected from any point on the
program map. The pressures currently
used are 1350 bar in passenger-car sys-
tems and 1400 bar in commercial-vehicle
systems,

Pilot injection and multiple injection can
be used to further reduce exhaust and
particularly noise emissions.

In the common-rail system, the move-
ment of the nozzle needle, and thus the
injection pattern, can be controlled within
a defined range. The system can trigger
the extremely fast solenoid several times
in succession for multiple injection.
Hydraulic pressure is used to augment in-
jector-needle closing, ensuring rapid ter-
mination of the injection process.

System application engineering on
the engine
No major modifications are required to
adapt the diesel engine for operaion with
the common-rail system. A high-pressure
pump replaces the injection pump, while
the injector is integrated in the cylinder
head in the same manner as a conventional
nozzle-and-holder assembly. All of these
features make the common-rail configura-
tion yet another injection-system option.

Injection-pump test benches

Thorough testing and precise adjustment
are indispensable it injection pumps and
governors are to assist the diese engine
in achieving its optimal consumption and
output while at the same time allowing it to
maintain compliance with todays ncreas-
ingly stringent emissions requirgments.
This is where the injection-pump test
bench is essential. The basic specifica-
tions for test procedure and test bench are
stipulated in ISO standards, which place
especially severe demands on the rigidity
and drive uniformity of the drive unit.

Common-rail accumulator injection system
I Fuel tank. 2 Filter, 3 Presupply pump, 4 High-pressure pump, 5 Pressure-control valve.
6Pressuresensor, 7 Fuel rail, 8 injectors, 9 Sensors, ECU,

5
7

727
A P,

31

2" - _- [

6
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The injection pump under test is
clamped to the test bench and its drive
side is connected to the test-bench cou-
pling. The test-bench drive unit comprises.
a special motor attached directly to the
flywheel. Test-bench control is by means
of a frequency converter with a vector
control loop. Supply and return lines con-
nect the injection pump to the test bench
calibrating-oil supply, while pressure lines
lead to the fuel-delivery measuring de-
vice. This consists of calibrating nozzles
set to a precise opening pressure, which
inject calibrating oil directly into the mea-
suring system via injection dampers. The
pressure and temperature of the calibrat-
ing fluid can be adjusted to comply with
the test specifications.

Continuous-flow delieryuantily
measurement
Using the continuous flow method of de-
livery-quantity measurement, the 12 mea-
surement inputs are connected to two
precision gear pumps via a hydraulic mul-
tiplexing device. The gear pump's speed
is regulated so that the quantity of cali-
brating oil which it pumps corresponds
with the amount of calibrating oil being
discharged. The pump's speed thus pro-
vides an index for the flow quantity per
unit of time. A microprocessor analyzes
the measurement results and converts
them to bar-graph form for display on a
monitor. This test method is characterized
by a high degree of accuracy and consis-
tently reproducible test results.

Delivery-guantity measurement using
measuring glasses
Quantity measurement with measuring
glasses (graduates) starts with the cali-
brating oil from the test nozzles being
routed past the graduates and back to the
calibrating-oil reservoir. The control unit
waits until the prescribed number of
strokes has been entered at the stroke
counter before starting the actual test by
switching the calibrating-oil flow to the
graduates. The flow is interrupted again
once the prescribed number of strokes
has been completed. The quantity of cali-
brating oil which has been discharged by
the test nozzles can be read from the
graduates.

Continuous-flow delivery-quantity
measurement

I Cahbratigfuidreservor2nfecionpup
3 Test nozzle, 4 Measurement cel. 5 Puls
counter6Displaymonitor

0Th

- --- ------ ...

"Motor testers" for diesel
engines
The diesel-pump tester is used to cali-
brate the pump precisely to the engine's
requirements.Theunitmonitorsportclos-
ing (start of delivery) and timing adjust-
ment at specific engine speeds wthout
any need to open the high-pressure lines.
An inductive clamp sensor is attached to
the injection line for cylinder no. 1. In con-
junction with a stroboscope or TDC sen-
sor for monitoring crankshaft position, the
diesel-pump tester determines the port
closing and the degree of timing adjust-
ment.

If a port-closing sensor system is used,
an inductive sensor is screwed into the
governor housing. The sensor receives
pulses from a pin when this moves past
the sensor This pin is attached to the gov-
ernors flyweight housing. These pulses
trail the signals from the TDC sensor at a
specific interval which is used by the unit
to calculate the start of delivery.

MEMO
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Nozzles and
nozzle holders

Functions

In a diesel-engine fuel-injection system,
the nozzles connect the injection pump to
the engine. Their functions are to:
- Assist in metering the fuel,
- Process the fuel,
- Define the rate-of-discharge curve,
- Seal off the combustion chamber.

In systems with separate injection pumps
(inline, distributor and plug-in pumps) the
nozzles are integrated in the nozzle hold-
ers. On unit injector systems (UIS) and
common-rail systems (CRS), the nozzles
are integral parts of the injectors,

Diesel fuel is injected at high pressure.
Peak diesel fuel injection pressure can
range as high as 2000 bar, a figure which
will become even higher in the future.
Under these conditions the diesel fuel
ceases to behave as a solid, incompress-
ible fluid, and becomes compressible.
During the brief delivery period (in the or-
der of 1 ms), the injection system is locally
"inflated" For a given pressure, the nozzle
cross section is one of the factors deter-
mining the quantity of fuel injected into the
engine's combustion chamber.

The length and diameter of the nozzle
spray hole (or orifice), the direction of the
fuel jet and (to a certain degree) the shape
of the spray hole affect mixture formation,
and thus the engine's power output, fuel
consumption, and emission levels.

Within certain limits, it is possible to
achieve the required rate-of-discharge
curve through optimal control of the injec-
tor's aperture (defined by the needle's
stroke)and by regulating the injector nee-
dle's response. Finally, the injection noz-
zle must be capable of sealing the fuel-in-
jection system against the hot, highly-
compressed combustion gases with
temperatures up to approx. 1000'C. To
prevent backilow of the combustion gases
when the injection nozzle is open, the
pressureintheinjectionnozzle'spressure

chamber must always be higher than the
combustion pressure. This requirement
becomes particularly relevant tcward the
end of the injection sequence (when a
stark reduction in injection press ire is ac-
companied by massive increases in com-
bustion pressure), where it can only be
ensured by carefully matching the injec-
tion pump, the injection nozzle and the
nozzle needle for mutually saisfactory
operation.

Designs

Diesel engines with divided or two-section
combustion chambers (prechamber and
whirl- (or turbulence) chamber engines)
require nozzle designs differlig from
those used in single-section ciambers
(direct-injection engines)

In prechamber and whirl-chamber en-
gines with divided combustion chambers,
throttling-pintle nozzles are usEd which
feature a coaxial spray pattern and which
are generally equipped with needles
which retract to open.

Direct-injection engines with single-
section combustion chambers generally
require hole-type nozzles.

Throttling-pintle nozzles
One injector (Type DN..SD..) and one in-
jector holder (Type KCA for threaded
socket installation) represent the stan-
dard combination for use with precham-
ber and whirl-chamber engines. The stan-
dard nozzle holder features M24x2
threads and uses a 27mm wrench fitting.
DN 0 SD.. nozzles with a needle diame-
ter of 6 mm and a spray aperture angle of
o are usually used; less common are
nozzles with a defined spray dispersal an-
gle (for example 120 in the DN12SD.).
Smaller holders are used when only lim-
ited space is available (e.g., KCE hold-
ers).

As a distinctive feature, throttling-pintle
nozzles vary the discharge aperture -
and thus the flow rate - as a function of
needle stroke. The hole-type nozzle dis-
plays an immediate, sharp rise in aper-
ture when the needle opens, in contrast,
the throttling-pintle nozzle is character-
ized by an extremely flat aperture pro-
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gression at moderate needle strokes.
Within this stroke range, the pintle (an ex-
tension at the end of the needle) remains
in the spray orifice. The flow opening con-
sists only of the small annular gap be-
tween the larger spray orifice and the
throttling pintle. As needle stroke in-
creases, the pintle completely opens the
spray orifice, with an attendant substan-
tial increase in the size of the aperture,

This stroke-sensitive aperture regula-
tion can be employed to exert a certain
amount of control on the rate-of-dis-
charge curve (quantity of fuel injected into
the engine within a specific period). At the
start of injection, only a limited amount of
fuel emerges from the injector nozzle,
while a substantial quantity is discharged
at the end of the cycle. This rate-of-dis-

Throttling-pintle nozzle
1 Pressure pin, 2 Nozzle body 3 Needle
4 inlet passage, 5 Pressure chamber,
6Sprayorifice, 7Pintle,

2

3

-- 4

-5

-6

charge curve has a particularly poitive
effect on combustion noise,

It must be remembered that exces-
sively small apertures, i.e. excesively
short needle strokes, cause the injection
pump to more strongly push the nozzle
needle in the "open" direction, thereby
causing the needle to quickly emerge
from the throttling stroke area. The in-
jected fuel quantity per unit of time in-
creases dramatically, and combustion
noise rises accordingly.

Similarly, negative effects result from
excessively small openings at the eid of
the injection cycle. the volume displaced
by the closing nozzle needle is restricted
by the narrow aperture. The result is an
undesirable extension of the injection du-
ration. Thus aperture configurations must
accurately reflect both the injection-
pump's delivery rate and the specific com-
bustion conditions.

Special manufacturing processes are
employed to produce spray holes to pre-
cise geometrical tolerances. During en-
gine operation, substantial and unfortu-
nately very irregular carbon deposits form
in the throttle gap. The degree of deposit
formation is determined by the quality
of the fuel and the engine's opeating
conditions. In most cases only 30%,ot the
initial flow channel remains unobstructed.

Fewer and more even deposits are
found on flat pintle nozzles, in which the
annular opening between the nozzle body
and the throttle pintle is almost zero. Here
the throttle pintle utilises a machined sur-
face to open the flow aperture. The result-
ing flow passage features reduced sur-
face area relative to the flow opening, re-
sulting in an enhanced self-cleaning
effect. The machined surface is frequently
parallel to the axis of the nozzle needle.
Additional inclination can be employed to
produce a more pronounced rise in the
flat part of the flow curve, allowng a
smoother transition to full nozzle opening.
This expedient has a positive effect on
part-load noise emissions and on operat-
ing characteristics.

Temperatures above 220"C also pro-
mote deposit formation on injectors.
Thermal shields are available to transfer
the heat from the combustion chamber
back to the cylinder head.

-7
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556 Engine management (diesel engines)

Hole-type nozzles
A wide range of nozzle-and-holder as-
semblies (DHK) is available for hole-type
nozzles. In contrast to throttling pintle
nozzles, hole-type nozzles must generally
be installed in a specific position to en-
sure correct alignment between the ori-
fices (which are at different angles in the
nozzle body) and the engine combustion
chamber, For this reason, lugs or hollow
screws are usually employed to attach the
nozzle-and-holder assemblies to the
cylinderhead while a locating device en-
sures the proper orientation.

Hole-type nozzle
I Pressure pin, 2 Nozzle body.
3 Nozzle needle, 4 Inlet passage,
5 Pressure chamber. 6 njection oriice.
7 Blind hole, e Spray-hole cone angle.
Dead-volume space- 6 +7

1

/

Multihole nozzles are available with
needle diameters of 6 and 5 mm (Size S)
and 4 mm (Size P), with sac-less (vco)
nozzles available in the latter size only.
The nozzle springs must be suitable for
use with the particular needle diameters
and the normally extreme opening pres-
sures (> 180 bar). At the end of the injec-
tion sequence there is a pronounced dan-
ger of the combustion gases being blown
back into the nozzle, a development
which would. in the course of time, result
in destruction of the nozzle and hydraulic
instability. The nozzle-needle diameter

Nozzle shapes
1 Throttling-pintle nozzle.
2 Throttling-pintl onozzle with flat-cutinh,
2aSide vie,20 Front view
3 Hole-type nozzle wdh conical blindnobe,
4 Hole-type nozzle withcylindricalbiid hole,
5 Sac-less (vcc nozzle-

~1

2a 2b

4

5
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Engine management (diesel engines) 557

and the compression spring are carefully
matched to one another to ensure a good
seal. In special cases, it is even neces-
sary to allow for oscillation of the com-
pression spring.

There are three different ways in which
the spray orifices are arranged in the cone
of the hole-type nozzle. These three de-
signs differ in the amount of fuel which
can freely evaporate into the combustion
chamber at the end of the injection cycle.
The designs with a cylindrical blind hole,
conical blind hole, as well as the sac-less
nozzle, have successively smaller fuel
volumes in that order.

The engine hydrocarbon emissions de-
crease in the same order due to there be-
ing less residual fuel available for evapo-
ration.

The length of the spray orifice is limited
by the nozzle cone's mechanical integrity.
At present, the minimum spray-orifice
length is 06...0.8 mm for cylindrical and
conical bind holes. The 1 mm minimum
for sac-less (vco) nozzles is available only
when special processing methods are
employed to produce the spray orifices.

The tendency is toward shorter holes,
as these generally allow better control
of smoke emissions. Fuel flow tolerances
of around ± 3.5% can be achieved in
drilled hole-type nozzles. Additional hy-
dro-erosive rounding of the inflow edges
of the spray orifices can refine these tol-
erances to ± 2%.

Particularly for use in low-emission di-
rect-injection diesel engines for cars, fur-
ther refinement has been carried out on
the injector nozzle. By optimizing the
dead-volume space (see Fig. Hole-type
nozzle, 6 and 7) in the nozzle body and
modifying the injection-orifice geometry it
has been possible to achieve maximum
pressure at the injection orifice outlet in
order to produce the optimum A/F mix-
ture, In sac-less (vco) nozzles, spray-dis-
persal uniformity can be improved by the
use of a double needle guide and a com-
plex needle-tip geometry. The latter mea-
sure also improves performance stability
throughout the nozzle's service life.
These improvements required more ad-
vanced manufacturing processes, and in
particular more sophisticated measuring
methods.

The high-temperature strength of the
material used in hole-type nozzles limits
peak temperatures to approx. 300'C,
Thermal-protection sleeves are available
for operation in especially difficult condi-
tions, and there are even cooled injection
nozzles for large-displacement engir es.

Nozzle holders

Standard nozzle holders
The basic injector nozzle-and-holder as-
sembly comprises the nozzle and the
holder. The injector nozzle consists of two
sections: the body and the needle. The
nozzle needle moves freely within the
body's guide bore while at the same time
providing a positive seal against high in-
jection pressures. At the bottom of the
needle is a conical seal, which the nozzle
spring presses against the body's corre-
spondingly shaped sealing surface when
the nozzle is closed. These two opposed
conical surfaces exhibit a slight mutual
variation in aperture angle, providirg lin-
ear contact with high dynamic corrpres-
sion and a positive seal.

The diameter of the needle guide is
greater than that of the seat. The hy-
draulic pressure from the injection pump
acts against the differential surface be-
tween the needle diameter and the sur-
face covered by the seat. The injection
nozzle opens when the product of sealing
surface and pressure exceeds the fcrce of
the nozzle spring in the holder. Because
this process produces a sudden increase
in pressurized surface area -with the seat
suddenly joining the needle - a suffi-
ciently high delivery rate will result in the
injection nozzle snapping open very
rapidly. It does not close again until the
system has dropped from its opening
pressure to below the (lower) closing
pressure. This hysteresis effect is of par-
ticular significance when designing hy-
draulic stability into fuel-injection systems.

The opening pressure of a nozzle-and-
holder combination (approx. 110..140 bar
for a throttling pintle nozzle and
150...250 bar for a hole-type nozzle) is ad-
justed by placing shims under the compres-
sion spring.
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558 Engine management (diesel engines)

Closing pressures are then defined by
the injection nozzle's geometry (ratio of
needle diameter to seat diameter).

Dual-spring nozzle holders
These nozzle holders are primarily used
in direct-injection (DI) engines, where pre-
cise pilot delivery patterns are the most
important factors in reducing noise levels.

Pilot injection furnishes relatively gentle
pressure rises for a quiet, stable idle
along with a general reduction in combus-
tion noise.

The dual-spring nozzle holder pro-
duces this effect by improving the rate-of-
discharge curve, based on precise control
and definition of
- opening pressure 1,
- opening pressure 2,
- prestroke, and
- overall stroke.

Opening pressure 1 is set and tested as
with the single-spring holder. Opening
pressure 2 is the sum of the pretension
figures for spring 1 and auxiliary spring 2.
Spring 2 is supported by a stop sleeve
into which has been machined the dimen-
sions of the prestroke (see Fig. Dual-
spring nozzle holder KBEL..P., Hi).
During injection, opening of the nozzle
needle is initially restricted to the pre-
stroke range. Common prestroke figures
are 0.03...0.06 mm. As the pressurein the
nozzle holder increases, the stop sleeve
is lifted, allowing the nozzle needle to
move to the end of its stroke. Also de-
signed for use in dual-spring holders are
the special-purpose injector nozzles in
which the nozzle needle has no pintle,
and the shoulder of the needle is level
with the nozzle body.

In other words, the springs in the dual-
spring holder are matched such that ini-
tialy only a small quantity of fuel is in-
jected into the combustion chamber,
causing a slight initial rise in combustion
pressure. The resulting extension in injec-
tion duration (with the main fuel delivery
folowing the pilot delivery) serves to
smooth out the combustion process.

There are also dual-spring holders
available for prechamber and whirl (turbu-
lence) chamber engines. The setpoints
are tailored to the respective injection

Nozzle-holderassembly withhrttligpinlc
nozzle.
I Inlet, 2 Nozzle-holderbody 3 Nozzle-retain-

ing nut. 4 Shim. 5 Injection nozzle, 6 Union nut
with high-pressureline,7Edge filter. 8Lek-off
connection, Pressure-adjustingshims
t2 Pressure passage,1Pressurespng
12 Pressure pin.

-6

7

2 8

3-.

5

10

11

12

system, with varying opening pressures
of 130/180 bar and prestrokes of approx.
0.1 mm.
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Nozzle-holder assembly with hole-type
noCzzle.
I inlet , 2 Nozzle-holder body 3 Nozzle-
retaining ut, 4 Inltermediate element,
5 Injection nozzle, 6 Union nut with high-
pressure line, 7 Edge fiter8 Leak-off
connection, 9 Pressure-adjusting shims,
10 Pressure passage. I Pressure spring,
12 Pressure pin, 13 Locating pins.

6

2 ---7

2 - 8

-- -10

- - 11

3- 12
4

13

5--

KBEL.P.. Dual-spring nozzle holder
H, Prestroke, H2 Main stroke,
Her = H + H2 Total stroke.
I Holder body 2 Shim, 3 Compression
spring 1, 4 Pressure pin, 5 Guide washer.
6Compresonspng 2, 7 Pressurepi,
8 Spring seat, 9 Shim, Stop sleeve,
I ISpacer 12 Nozzle-reaining nul

-2

S

*. 3

- - 4

- -6
6

-- 7

IH Hp -- g8
4--9

-1I

- - 12

0 'Iff"
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560 Exhaust emissions (diesel engines)

Exhaust emissions
from diesel engines

The primary and secondary constituents of
the exhaust gases produced by diesel en-
gines are listed together with the emissions
from spark-ignition (SI) engines beginning
on R 518. Table 1 provides information on
the composition and temperature of the ex-
haust gases from diesel engines.

Mixture formation

The fuel used in diesel engines has a
higher boiling point than that used in gaso-
line engines. In addition, the A/F mixture in
diesel engines is formed quickly just before
combustion starts and is therefore less ho-
mogeneous. Diesel engines operate with
excess air (A>1) across their entire operat-
ing range. An insufficient quantity of excess
air results in increased particulate emis-
sions (soot), and CO and HC emissions.

Combustion

The start of injection marks the initiation
of the combustion process. The engine's
efficiency is determined by the start of
combustion and by the combustion char-
acteristics. The characteristics (as a func-
tion of time) of the injected fuel quantity
and the injection pressure, can be applied
to control the combustion characteristics

These factors also determine the com-
bustion temperature which, in turn has a
significant effect on the formation cf nitro-
gen oxides (NO,).

Emissions control

Measures at the engine

Combustion chamber
Exhaust-gas emission is affected by the
design of the combustion chamber.
Engines which have a divided combustion
chamber (prechamber, swirl (turbulence)
chamber) produce fewer nitrogen oxides
than direct-injection engines, alhough
these feature better fuel economy

Careful adaptation of the air flow char-
acteristics inside the combustion chamber
to the fuel-jet pattern promotes bettr mix-
ing of fuel and air, and thus more complete
combustion. Reliable ignition requires a
sufficientlyhighcompressiontemperature.

Fuel inection
The start of injection, the rate-of-disharge
curve, and the atomization of the fuel all
have an effect on pollutant emissions. The
point at which combustion starts is assen-
tially a function of the start of injection (in-
jection timing). Delayed injection reduces
NO, emissions, whereas excessive delay
results in increased fuel consumption and
HC emissions. With regard to the start of
injection, adeviation of 1' (crankshaft) from
the setpoint can increase NOx emissions or

Table 1: Composition and temperature of diesel exhaust gas
Exhaust-gas components and at idle at maximum output
temperaturc I
Nitrous oxides (NOX) ppn 50. .1 00-.2500

Hydrocarbons (HC) ppm C 50.500 50

Carbon monoxide (CO) porn 10 0 350 ... 2000

Carbon dioxide (CO 2) Vou% . 35 1226

Water vapor VOe 2 .4 '1

Oxygen Vol 18 2 .11

Nitrogen, etc.

Smoke number, passenger cars

Exhaust-gas temperature
downstream al exhaust valve

Vol i residual

z <'0.5

1C !100 ..200

reeital

SZ- 2

550 .750 .....
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Exhaust emissions (diesel engines) 561

HC emissions by as much as 15%.
This high degree of sensitivity means that

precise injection timing is essential, Elec-
tronic control systems are capable of main-
taining optimum injection timing with a high
degree of precision. Such devices control
the timing-device setting, or the actuation of
the injection-system solenoid valve relative
to a crankshaft-angle mark (start-of-delivery
control). Greater precision can be achieved
by measuring the start of injection directly at
the fuel injector by using a needle-motion
sensor to detect the movement of the nee-
dle valve (start-of-injection control). In sys-
tems with solenoid valves, the start of injec-
lion can also be controlled by means of the
current applied to the valve coil.

Any fuel entering the combustion cham-
ber after combustion has terminated could
be discharged directly into the exhaust sys-
tern in unburned form, thus raising hydro-
carbon emissions. To prevent this, the fuel
volume between the injection nozzle seat
and its injection orifices is held to a mini-
mum. Sac-less (vco) nozzles completely
seal off the injection orifice. In addition,
"post-injection"must be avoided at all costs.

Finely atomized fuel promotes forma-
tion of a good A/F mixture which helps to
reduce hydrocarbon and particulate emis-
sions. Fine atomization is achieved with
high injection pressures and optimum in-
jection-orifice geometry

The maximum injected fuel quantity for
a given intake air mass must be limited
such that the engine does not produce
visible soot emissions. This requires an
excess-air factor of at least 10.-20%(t=
1.1...1.2).

Intake-air temperature
As the temperature of the intake air in-
creases the combustion temperature in-
creases along with it, which in turn leads
to an increase in NO, emissions. Charge-
air cooling (intercooling) is an effective
means of reducing NO, formation in tur-
bocharged engines-

Exaaust-gas recirculation (EGR)
The exhaust gases mixed with the intake air
reduce the amount of oxygen in the fresh in-
take charge while increasing its specific
heat. Both factors result in a lower combus-
tion temperature and thus decreased NOx

production, and also reduce exhaust emis-
sions. However, too much recirculated ex-
haust gas results in increased particulate
and carbon-monoxide emissions due to air
deficiency. The quantity of recirculated ex-
haust gases must therefore be limited to en-
sure that the combustion chamber receives
sufficient oxygen to support combustion.

Exhaust-gas treatment
The use of noble-metal catalytic coivert-
ers in the exhaust system reduces hydro-
carbon emissions by burning a portion of
the gaseous hydrocarbons and those
bound to the soot (particulates) using the
oxygen in the exhaust gases.

The catalytic converters used to reduce
the NOx emissions produced by ga3oine
engines must operate with either an oxygen
deficit or a precise stoichiometric mixture
(2.=1). Diesel engines, however. can only
be operated with excess air ( > 1) because
of the heterogeneous A/F mixture, Thus
such conventional catalytic converten can-
not be used on diesel engines. However, fil-
ters can be installed in the exhaust sistem
to reduce particulate emissions (soot).

Emissions testing

In industrialized nations, and increaingly
worldwide, harmful emissions from inter-
nal-combustion engines are limited by
law Exhaust-gas emissions tests are
conducted under defined conditions.

Testlayout
In general, the testing of passenger-car
exhaust emissions takes place on a chas-
sis dynamometer whereas commercial-
vehicleemissionsaretestedonanengine
test bench.

The prescribed method for dynamic test
cycles and particulate-emission testing is
the CVS (constant volume sampling)
method. In this process, the exhaust
gases produced by the vehicle are diluted
with filtered ambient air and extracted with
a blower during a standardized test cycle.

A constant volume of gas is delivered
as determined either by a positive dis-
placement pump (PDP) or a critical flow
venturi (CFV). The temperature level
specified for particulate-emissions testing
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562 Exhaust emissions (diesel engines)

(max. 52 3C) must be maintained during
the sampling procedure,

A sample of the diluted exhaust gas is
passed through special filters whose in-
crease in mass (determined by weighing
on a microbalance before and after sam-
pling) is used to calculate the level of par-
ticulate emissions.

A second sampling line (heated to
190 C) leads to a flame ionization detector
(FlD), and a chemo-luminescence deec-
tor (OLD) for diesels, which continuously
measure the hydrocarbon concentration
(FID) and the nitrogen oxide concentration
(CLD). A third sample is collected in ex-
haust-gas collection bags. Based on the
contents of the bags at the end of the test.
gas analyzers determine the CO, COp and
NO, concentrations. The "ambient-air con-
centration"is determined by comparing the
collected intake air with the exhaust so that
the emissions originating from the engine

can be distinguished from pollution already
in the atmosphere. Calculations to deter-
mine the levels of the various exhaust-gas
component emissions are based on the
volume of mixed gas and the concentra-
tions of the individual components.

In the USA, the same procedures and
analyzers are employed in testing emis-
sions produced by passenger-car and
truck engines. The exhaust gases are
usually diluted in a two-stage procedure
to enable the larger volumes of gases to
be processed using reasonably-sized di-
lution tunnels while simultaneously ensur-
ing compliance with the legally prescribed
conditions. In the European staionary
test cycle, partial-flow dilution is also ap-
proved for use in measuring particulates.
Testing for particulate levels is usually fol-
lowed by an additional examinatior of ex-
haust-gas opacity in both stationary and
dynamic full-throttle operation.

Driving cycles for emissions testing of diesel-powered passenger cars and light
commercial vehicles
a) USA, b) Europe, c) Japan,
1 Transition phase (ct), 2 Stabilized phase (s), 3 Engine off for600 s, 4 Hot lest hi) (curveas i ct)

100~ - - USA FTP driving cycle - -

2 34

b 160

120

80

0

C 100
80

60
40

20

- Japanese -
10 ,15-stage
driving cycle

NRMIII
5

I'
0 200 400 600

Test duration

Madiicd new European driving cycle
European driving cycle Extra-urban-

(ECE P15) drivng cycie
(ECE EUDC)

11801I I -

a 100
80

60
2.0

20
C

b

I I
800 1000 1200
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Test cycles and exhaust-
emission limits

Passenger cars and light utility
vehicles

Europe
Emission-control legislation in the nations
of the European Union is based on ECE
Directive R15 along with EEC Directive
70/220 as revised. Existing emission lim-
its (Euro 2) have been in effect since 1997
for production vehicles, and are expected
to be lowered further in the year 2000
(Euro 3) and again in 2005 (Euro 4).

The original driving cycle according to
ECE R15 has been completely replaced
by the ECE R83 New European Driving
Cycle (NEDC) with its non-urban compo-
nent and speeds of up to 120 km/h, which
in turn will be replaced beginning in the
year 2000 (Euro 3) by the Modified New
European Driving Cycle (MNEDC), in
which the exhaust gas is collected imme-
diately without a (40s) delay The entry of
new nations into the European Union
means that their emissions regulations
will have to be revised so that they agree
with EU regulations.

Japan
A 10 -15 driving cycle is used to deter-
minetheconcentrationsofgaseouspollu-
tants and particulates in diesel-engine ex-
haust gas. The driving cycle for passen-
ger cars has been extended to include a
high-speed section (similar to Europe).

USA
The FTP (Federal Test Procedure) 75 dri-
ving cycle is required for passenger cars
and light commercial vehicles with a gross
vehicle weight of less than 8500 lbs.

The speed curve corresponds to an ur-
ban operation cycle in the USA. Testing is
performed on a chassis dynamometer, and
the results are measured using the CVS
method. Since it has now become enor-
mously complex, emission-control legisla-
tion in the USA can only be described here
in very abridged form. Additional test cycles
have beenintegrated, including for instance
SFTP-US 06 (maximum speed); SFTP-SC
03 (air-conditioner operation) HWFET (fuel

economy) with averaging. A varietyof ser-
vice-life requirements, together with emis-
sion limit crediting, staggered phase-in of
emission limits, and local regulations for ve-
hicle-fleet operators in highly polluted re-
gions of the country (California), etc. have
also been incorporated.

Commercial vehicles

Europe
In Europe, until 1999 vehicles with a gross
vehicle weight of > 3.5 tons and more than
9 seats were required to meet the stipula-
tions of the 13-stage test in accorance
with ECE R49. The test sequence stipu-
lated a series of 13 different steady-state
operating modes. An average errission
level for both the gaseous exhaust com-
ponents and the particulates was calcu-
lated by applying weighting factors to the
measurements of emissions taken in the
various operating modes.

Directive 91/542/EEC sets forth the lim-
its which are currently applicable in the
EU. The levels prescribed by the EURO 2
stage have been in effect since 1996 The
3rd stage (EURO 3), which will go into ef-
fect in the year 2000, also involves
changes to the test cycle to bring it into
agreement with the European S eady-
state Cycle (ESC).

A European Transient Cycle (ETC) is
planned for a further stage to begin in
2005 (EURO 4),

Japan
Pollutant emissions are measured using
the Japanese 13-stage steady-state test,
however the operating points, their order
and their relative weighting differ from
those of the European 13-stage test.
Emission limits, which in Japan aie still
classified according to vehicle weight
(over or under 12 t). are shown here for
vehicles over 12 t.

USA
Since 1987, engines for heavy cornmer-
cial vehicles have been tested on an en-
gine test bench in a transient cycle, with
emissions being measured according to
the CVS method. The test cycle is based
on highway operation under real-world
conditions. The opacity of the exhaust gas
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Emission limits for diesel-powered passengercars and commercial vehicles

Europe
0... 4 Euro 0.A,
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Pass. cars and light
comm. vehicles <2500 kg

CO
2.0- 

L

00

g~k r NO,
10

3

0-5 4

40

USA
0...2 Leve 0 2.
3 HDV,
4 UB

Pass. cars and light
comm.vehicles <3750lb

CO

2

Japan
1 E:W >1265 kg,
2 EiW <1265 kg,
3 IDI,
4 D

Pass. cars and ligh:
comm. vehicles

CO

g 1<

1 N

02

2 05
00 ii_ 0 - 00 I

0 PM P

2 1 212
01 0' 12O

0 0 I 00

THC/NMHC g/km
0.4 104

3 .
05 4 02 2 02

00 I I 0.0 I 00
1990 1995 2000 2005 2010 1990 995 2000 2005 2010 1190 1995 2000 2035 2010

Year Yea, Year

Commercial vehicles
> 3500 kg

Comm. vehicles > 8500 lb Commercial vehiclas
and city buses >12t

CO k11h5COisCO

4 I 2 3 4 ......-

014 01 0

0 NOx NOx

0.0 - 0 0 

OR h Ig0rph- kW3

5 0 .-------... 3 .I
kW h 0~~f HC/MH KI N

2.i- 2.0 I 1.0I

01 NMHC
00 _ 0000

1990 95 2000 20052010 1990 1595 2000 2005 2010 190 1995
Year Year Year

N. 1

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1105



Exhaust emissions (diesel engines) 565

USA transient driving cycle for emissions testing of heavy commercial vehicle engine
Both the nominal engine speed and the nominal torque 1 Iare taken from tables speciteo by
legislation

100

Cl40 A
III I I I I III I

0 100 200 300 400 500 600
Tnce

700 800 900 0 1100

Ir.
13-stage test ECE R.49 (Europe)
Order (bold) and Weighting

(in parentheses) for test stages1 13.

6(25)
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13-stage test EEC-ESC (Europe)
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is monitored in a further test (Federal
Smoke Cycle) under transient and quasi-
steady-state operating conditions.
California has different emission limits.

Smoke Emission Test
Equipment

An important reason for testing diesel-en-
gine exhaust emissions in the workshop,
and for monitoring them while the vehicle
is actually in operation on the road, is to
determine the amount of soot (particu-
lates) produced. This is indicated by the
smoke number. Two standard procedures
are used:
- In the filter method (measurement of re-

flected light), a specified quantity of ex-
haust gas is drawn through a filter ele-
ment. The degree of filter discoloration
then provides an indication oftheamount
of soot contained in the exhaust gas.

- In the absorpion method (measure-
ment of opacity), the opacity of the ex-
haust gas is indicated by the degree to
which it blocks the passage of a beam
of light which shines through it.

Measurement of diesel-engine smoke
emissions is relevant only if the engine is
under load, since it is only when tie en-
gine is operated under load that emis-
sions of significant levels of particulates
occur. Here, as well, two differentlest pro-
cedures are in common use:
- Measurement under full load, e, g. on a

chassis dynamometer or over a speci-
fied test course, against the vehicle
brakes.

- Measurements made under conditions
of unhindered acceleration with a de-
fined amount of accelerator pedal de-
pression and load applied by the fly-
wheel mass of the accelerating engine.

Smoke tester (opacity measurement)
f Exhaust-sample probe, 2 Green LED, 3 Fan,4Purge air for cabration, 5 Calibratng valve,
6 Heater, 7 Receiver, 8Electronicanalyzeranddisplay
-- Exhaust-gas path

I "4

13 5 3

2 6 67
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NilExhaust emissions (diesel engines) 567

As the results of testing for diesel smoke
emissions vary according to both test pro-
cedure and type of load, they are not gen-
erally suitable for direct mutual compar-
isons.

Smoke tester (opacity measurement)
During unhindered acceleration, some of
the exhaust gas is routed from the vehicle
exhaust pipe via an exhaust-sample
probe and sampling hose to the measur-
ing chamber (without vacuum assis-
tance). In particular, since temperature
and pressure are controlled (Hartridge
unit), this method prevents the test results
from being affected by exhaust-gas back
pressure and its fluctuation.

Inside the measuring chamber the
diesel exhaust gas is penetrated by a
beam of light. The attenuation of the light
is measured photoelectrically, and is indi-
cated as% opacity T or as a coefficient of
absorption k. A high degree of accuracy
and reproducibility of the test results re-
quires that the length of the measuring
chamber be precisely defined, and that
the optical windows be kept free of soot
(by air curtains, i.e. tangential air flows).

During testing under load, measure-
ment and display are a continuous
process. In the case of unhindered accel-
eration the entire test curve can be digi-
tally stored. The tester automatically de-
termines the maximum value and calcu-
lates the mean from several gas pulses.

Smoke tester (filter method)
The smoke tester extracts a specified
quantity (e.g. 0.1 or 11) of diesel exhaust
gas through a strip of filter paper.
Consistent, mutually comparable test re-
sults are achieved by recording the vol-
ume of gas processed in each test step;
the device converts the results to a stan-
dardized form. The system also takes into
account the effect of pressure and tem-
perature, as well as the dead volume be-
tween the exhaust-sample probe and the
filter paper.

The darkened filter paper is analyzed
optoelectronically using a reflective pho-
tometer. The results are usually displayed
as a Bosch smoke number or as a mass
concentration (mg/m3).

Gas pulse measurement (opacity
measurement)

m 1 %rn0
20

2 -'

41
+0

0 1.0 2.0 s

Time

10
0

Smoke tester (filter method)
1Filter paper, 2 Gas passage, 3 Reflective
photometer, 4 Paper transport, 5 Volume
masurement,6Changeovervalve forpurge

7

'NIT

5

3 J1

0
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568 Start-assist systems (diesel engines)

Start-assist systems

The colder the diesel engine, the more re-
luctant it is to start. Higher levels of inter-
nal friction combine with blowby and ther-
mal losses to reduce compression pres-
sures and temperatures to such a degree
as to render starting impossible without
the assistance of auxiliary start-assist de-
vices. The individual temperature thres-
hold for starting depends upon the spe-
cific engine design. Direct-injection (DI)
engines, with their single-section corn-
bustion chambers and relatively low ther-
mal losses, start more readily than pre-
chamber or whirl-chamber engines (two-
section combustion chamber) in which
glow plugs are installed which extend into
the secondary chamber. On DI engines
the glow element extends into the main
combustion chamber.

On large-displacement Dl engines a
flame plug or heater is emp oyed to pre-
heat the ak in the intake traci.

Sheathed-element glow plugs

Design and characteristics
The main component in the sheathed-el-
ement glow plug is the tubular heating el-
enent. Firm, gas-light installation in the
glow-plug shell ensures that it can resist
both corrosion and hot gases. The ele-
ment contains a spiral filament embedded
in magnesium-oxide powder.This spiral
filament consists of several elements. The
two resistor elements are installed in se-
ries. The tip-mounted heater coil main-
tains virtually constant electrical resis-
tance regardless of temperature, while
the control coil consists of a material with
a positive temperature coefficient.

Circuit continuity is provided by welding
the ground side of the heater coil to the in-
ner tip of the glow tube, and by connecting
the control coil to the terminal screw. The
terminal screw, in turn, connects the glow
plug to the vehicle's electrical system.

Operation
The glow plug responds to the initial ap-
plication of voltage by converting most of

GSK2sheathed-elementglowplug
I Terminal, 2 Insulator shim, 3 Doubleseal,
4 Terminal pin, 5 Casing, 6 Element seel,
7 Heater and control coils, 8 Glow tube,
9Powder

71,1 23 4 5 6 78 9

the electrical energy into heat within the
heater coil, producing a radical increase
in the tip's temperature, The control coil
heats more slowly. The resulting delayed
rise in resistance reduces curren draw
and overall heat generation within the
glow plug as it approaches its continuous-
operation temperature. Individual heating
patterns are defined by component di-
mensions

Start ohase: Here the glow plug must
heat to starting temperature (approx.
850'-C) as rapidly as possible. Plug loca-
tions within the combustion chamber are
selected to ensure access to an ignitable
mixture. Modern glow plugs heat to the
required temperature in roughly 4 sec-
onds.

Post-start phase: The glow plugs con-
tinue to operate briefly after the engine
has started, improving initial engine oper-
ation while reducing blue-smoke emis-
sions and combustion noise. The periods
involved are no more than 180 s.

Temperature of sheathed-element glow
pluginstationarySirasfunctionoftie
1 S-RSKC2 GSK2.

0 10 20 3 f -

a
E
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Start-assist systems (diesel engines) 569

Positionofglow plug in the whirl chamber
Injctor. 2 Glow plug. 3 hrIchamber

2

GSK2 sheathed-element glow plugs
Nickel control coils are used in conven-
tional S-RSK sheathed-element glow
plugs, while second-generation GSK2
glow plugs feature coils in CoFe alloy.
These plugs reach ignition temperature
mcre quickly and have a lower steady-
state temperature. As a result, the pre-
heating time prior to starting is shorter and
the afterglow phase becomes possible.

Internal engine temperatures
The temperature at the glow plug changes
according to the engine's operating mode.
The examples shown illustrate the steady-
state operating temperatures at a 13.5 V
glow plug in a direct-injection engine. The
maximum temperatures occurat low revo-
lutions and high load (low air throughput
resulting in less efficient cooling of the
glow plug). In contrast, the highest tem-
peratures in prechamber/whirl-chamber
engines occur during operation at high
loads and high min

Specific control-coil resistance as
function of temperature
1 S-RSK, 2 GSK2

n 2
1.0-

S0.6-C 1

0.0
O 400 800 1200 C

Temperature

Glow-control unit

The complete glow-plug system incorpo-
rates not only the glow plugs themsalves
(only in rare cases are flame plugs used)
but also a switching element for the high
electrical glow-plug currents which is trig-
gered by a special control unit. In addition,
the system incorporates an indicator lamp
(also controlled by the control unit) fcr sig-
naling when the system is ready fcr en-
gine start.

In the past, simple bi-metal switches
were used but nowadays glow-pluc sys-
tems have electronic control unitr. On
more basic vehicles, independent glow-
plug control units which handle all control
and display functions are used On mod-
ern vehicles. these functions are con-
trolled by the central engine managEment
system. Such units also perform safety
and monitoring functions.

Design
The glow-control unit essentially consists
of a power relay to regulate the glow-plug
current, a printed-circuit board wito the
electronic circuitry to control glow times
and triggering of the ready-to-start indica-
tor, and the elements for the protective
functions. The later generations of control
units increasingly use semiconductor
switches (Power MOSFET) instead of the
electromechanical relay. The unit is en-
closed in a plastic housing for protection
against dust and water (this applies aspe-
cially when it is installed in the engine
compartment).

Glow-plug temperatures in Di engine
I Fullload, 2 50 % load, 3 No load

21200

q0o- -3

100:

1000 2000 3000 4000 fnn
Engne speo
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570 Start-assist systems (diesel engines)

Typical glow sequence
I Glow-start switch. 2 Starter 3 Start-
indicator lamp, 4 Load switch, 5 Glow plugs.
tv Glow time, ti Ready to start, rt Post-start
operation.

4,r

1 -- - - -- - --

Time t

Operation
The preheating and starting sequence is
initiated by the glow-plug and starter
switch in a similar manner to starting a
gasoline engine. The preheating phase
begins when the key is turned to "Ignition
On'.

Independent glow control units
On basic units, a temperature sensor in
the glow control unit controls the preheat-
ing period. This is designed to suit the
specific requirements of the particular
combination of engine and glow-plug so
that the glow plug can reach the tempera-
ture necessary for efficient starting. At the
end of the glow period, the start-indicator
lamp goes out to signal that the engine
can be started. The glow process contin-
ues for as long as the starter remains in
operation, or until the safety override
comes into effect (this limits the loads on

battery and glow plugs). A strip fuse pro-
vides protection against short circuits,

With more sophisticated independent
control units, an engine-temperature sen-
sor (coolant NTC sensor) determines the
heating periods more precisely. The glow
control unittakes accountof differences in
battery voltage by adjusting the preheat-
ing period accordingly. Current continues
to flow through the glow plugs once the
engine has started. An engine-load moni-
tor is used to interrupt or switch off the
glow process. Protection against ovrvoit-
age and short circuits is provided by an
electronic override circuit. A montoring
circuit detects glow-plug failure and relay
errors. These are then displayed using
the start-indicator lamp.

EDC-controlled glow control units
This type of unit receives informat on on
when glow-plug operation is required, and
when not, directly from the engine's cen-
tral ECU. That unit provides (statically or
by means of a serial data protocol) the in-
formation relating to the engine operating
status (coolant temperature, engine
speed and load) that is required fr opti-
mum control of the glow plugs. Similarly,
the glow control unit also signals any
faults it detects to the engine ECLI via a
diagnosis line or the serial interface.
There, they are stored for servicing pur-
poses or displayed if necessary to com-
pliance with OBD requirements

-c-I , -~~ -'

EDC-controlled glow-plug system on DI engine
I Glow plug, 2 Glow control unit, 3 Glow-plug and starter switch, 4 Preheating indicator
5 To battery, 6 Control, 7 Diagnoss.

14

EDO
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Starting systems

Starting systems
Most starting systems for IC engines
comprise a battery-driven DC motor (the
actual starter motor), switchgear, control
units and the associated wiring. The
speeds at which an engine has to be
cranked in order to start it (gasoline en-
gines: approx. 60..100 minr1 diesel en-
gines. approx. 80 ..200 min-') are sub-
stantially lower than the speed at which
the starter turns. The different speeds are
matched to one another by the use of a
suitable gearing ratio (between about '0,
and 2c) between the starter pinion and
the engine's flywheel ring gear

Design factors
The crankshaft torque and the minimum
rotational speed required to start the en-
gine depend among other things upon en-
gine type, engine swept volume, number
of cylinders, compression, bearing fric-
tion, additional loads driven by the engine,
the fuel-management system, engine oil
and temperature.

Both the torque and the rotational
speed required for starting increase with
declining temperatures, with the result that
starter output must increase accordingly

The battery internal resistance in-
creases as its temperature and its state of
charge drop. The battery no-load voltage
decreases as temperature drops. The
higher the battery output current and the
lower the temperature, the lower is the bat-
tery terminal voltage. In addition, battery

Permanent-magnetreduction-gearstarter
1 Engaging shift lever 2 Engagement
solenoid and solenoidswitch, 3 Overrunning
cutchwithpinion 4 Reduction ear (planetary
gear), 5Armature 6PemanentImagnets.

1 2

- I

3 4 55

capacity decreases as temperature de-
creases and the battery discharge current
increases. Therefore, the lower the temper-
ature, the less power the battery can sup-
ply. In addition to the engine design char-
acteristics, the minimum temperaure at
which the engine will start is a central fac-
tor in determining starting-system power.

Starters
A starter consists of an electric motor, a
solenoid switch and a pinion-engaging
drive mechanism whose functions are de-
fined by the engine-starting sequence.

Initially, the pinion must engage the ring
gear. As the engine starts and run up to
speed, it spins the pinion faster than the
starter does and would eventually cestroy
the starter due to centrifugal force.

To prevent this, an overrunning clutch is
installed between pinion and armature
shaft which breaks the connection be-
tween them as soon as the engine "over-
takes" the starter,

Electric motor
The advances made in present-day ferrie
technology have enabled the development
of permanent-magnet-energized starter
motors which are proof against demagneti-
zation. The form of energization is now vir-
tually the standard design for car stalers.

Reductions in starter weight and di-
mensions are achieved by operating the
starter at higher speeds and lower arma-
ture torques. For such a starter to become
a practical proposition, the crankshaft/
starter-armature gear ratio must be in-
creased. Since the ring-gear diameter
cannot be increased, the higher gear ratio
is achieved through the use of an addi-
tional transmission stage incorporated in
the starter (reduction-gear starters)

On larger gasoline engines and pas-
senger-car diesel engines, by far the most
common type of starter motor is th per-
manent-magnet-energized reduction-gear
design. For starter power in the 2.2<W to
4 kW range, series-wound reductior -gear
starters are beginning to supersede di-
rect-drive versions.

Among the higher-power starters, as
well as the direct-drive versions with a se-
ties-wound motor, there are also Ehunt-

571
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572 Starting systems

wound designs which provide smoother
startup characteristics and limitation of
the armature no-load speed.

Pinion-engaging systems

Inertia-drive starters
Theinertia drive (as employed, eg-, in
lawn mowers) is the simplest form of pin-
ion-engaging drive. A helical spline in the
shaft slides the overrunning clutch for-
ward when the armature rotates.

When the starter is switched on, the un-
loaded armature begins to rotate freely.
The pinion and overrunning clutch do not
yet rotate due to their inertia, and are
pushed forward by the spline. As soon as
the pinion makes contact with the ring
gear, it is kept from rotating and pushed
further forward until making contact with
the stop ring. At this point, the overrun-
ning clutch begins to transmit the arma-
ture torque to the ring gear via the pinion.
and the engine is cranked.

As soon as the engine begins to rotate
the pinion at a speed above armature
speed, although the overrunning clutch
interrupts the transmission of force, the
friction of the overrunning clutch attempts
to accelerate it above armature speed.
This causes the overrunning clutch and
pinion to slide backward in the helical
spline. This pinion-disengaging operation
is assisted by the return spring which also
holds the pinion in the disengaged posi-
tion when the starter is not running.

Pre-engaqed-drive starters
In pre-engaged-drive starters, an en-
gagement solenoid engages the pinion
with the ring gear.

The engagement solenoid incorporates
the switching contacts for the starter current,

When the starting switch is closed, the
hold-in winding H is energized, and cur-
rent flows through the series circuit com-
prising pull-in winding E and electric mo-
tor. The starter motor solenoid picks up
and moves the overrunning clutch and pin-
ion gear assembly forwards by means of
the thrust lever and the engaging spring.

If the pinion and ring gear happen to
find themselves in mutually optimal posi-
tions, then the pinion will ir iediate y
mesh with a gap in the ring gear teeth. In
thIs case the pinion teeth's engagement
depth in the ring gear increases until the
travel limit is reached and the contact
bridge in the solenoid switch hits the relay
contacts; at this point the full /oage is
applied to the starter motor.

If the pinion teeth do not immediately
mesh with the ring-gear gaps, the ring gear
prevents the pinion from advancing any fur-
ther. The engaging lever then compresses
the meshing spring, and the main contact
closes without the pinion having .ngaged.

The electric motor then turns the pinion
which is in contact with the face )f the ring
gear until a pinion tooth finds a ring-gear
gap and the meshing springpushes the
pinion and overrunning clutch forward.

When the solenoid winding is de-ener-

Inertia-drive starter {diagram)
1 Starting switch, 2 Starting reay
3 Excitation winding. 4 Ring gear, 5 Pinion
with overrunning clutch, 6 Helical spline,
7Armature, 8 Battery

S iI

2

4567

Pre-engaged-drive starter (diagram)
I Ignition switch, 2 Soienodswitch
3 Permanent magnet. 4 Return spnng,
5 Thrust lever, 6 Ring gear, 7 Overrunning
iutch and pinion assembly 8 Engaging

spring, 9 Helix 10 Armaure, I I Battery

504 2

E H

b7 8 910 1
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Starting systems 573

gized, the return spring pushes the solen-
oid plunger and pinion with overrunning
clutch back into the rest position.

This disengaging operation is assisted
by the helix when the engine speed over-
takes the starter speed.

Sliding-ge ar starters
The sliding-gear drive switches the starter
on in two stages.

When the starting switch is closed, bat-
tery voltage is applied across the hold-in

inding H of the engagement solenoid
and the control relay in parallel. The con-
:rol relay picks up, but is held in contact
Dosition 1 (first stage) by a tripping lever
and latch. Battery voltage is applied to the

Sliding-gear starter (circuit diagram)
1 Starting switch, 2 Control relay, 3 Tripping
lever 4 Pinion, 5 Ring gear, 6 Changeover
contact, 7 Engagement solenbid, 8 Series
winding, 9 Shunt winding, 10 Battery

1 ___

501 30

2i 7
5O3 -

012 I

5I 6H E- 1-r1
-I 7 38 10

Roller-type overrunning clutch
I Pinion, 2 Clutch shell, 3 Roler race,
4 Roller 5 Pinion shalt, 6 Spring.
a Direction of rotation.

/ -

1 2

2 -

3

-4

.5

6

pull-in winding E of the engageent
solenoid and the shunt winding of the mo-
tor which are connected in parallel with
one another and in series with the arma-
ture. The starter begins to rotate, however,
it can only generate low torque due tc the
high winding resistances in series with the
armature winding. At the same time, the
engagement solenoid pushes the piion
in the direction of the ring gear, so tt at it
engages at low torque. Shortly before the
end of meshing travel is reached, the en-
gagement solenoid releases the latched
control relay which immediately moves
into contact position 2 (second stage).
Thestartingcurrentnowflowsthrough the
series winding and the armature. The
changeover contact on the engagement
solenoid connects the shunt winding par-
alel to the armature and the series wind-
ing. The starter developsfull torque.

Overrunning clutch types
Overrunning clutches protect the starter
armature from excessive speed when
"overtaken" by the engine.

Roller-type overrunning clutch
Small and medium-sized starters gener-
ally have an overrunning clutch in wiich
rollers are pushed by springs into wedge-
shaped recesses between the clutch shell
and the pinion shaft. When torque is ap-
plied in the opposite direction, the rollers
are forced loose and the pinion is decou-
pled from the starter.

Multiplate overrunning clutch
The multiplate overrunning clutch is used
in large commercial-vehicle starters. The
driver with the outer plates and the starter
armature, and on the other side the driving
shaft and the pinion are positively con-
nected to one another. The inner plates fit
in an inner clutch race which rides ax ally
in a helical spline in the driver shaft. Under
no-load conditions the plate stack is lightly
compressed by the compression spring,
and can only transmit low torque. As lad
increases, the inner clutch race is moved
by the helical spline in the direction of the
compression spring, which is thus more
strongly compressed and presses the
plates more tightly together. The multi-
plate overrunning clutch is therefore able
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to transmit increasing torque as the starter
load increases.

Radial-tooth overrunning clutch
The radial-tooth overrunning clutch is also
used in large commercial-vehicle starters.
The entire clutch system is coupled to the
armature shaft, on which it slides axially
(meshing), by means of spur toothing in
the dirt sleeve. The outer surface of the
dirt sleeve has a helical spline, and trans-
mits the torque to a clutch nut which fur-
ther transmits the torque to the pinion by
means of the steep flanks of the saw-
tooth-shaped radial teeth. During overrun,
the pinion pushes the clutch nut back-
wards by means of the shallow flanks of
the radial teeth, and interrupts the trans-
mission of force. The disengaging ring is
also moved backward, and held in the dis-
engaging position by the flyweights. The

Multiptate overrunning clutch
I Drive shaft (connected to pinion).
2 Compression spring, 3 Driver with outer
plates,4Inner clutch race iinnerplates,
5Helicalspline 6Drvend(connectedto
armature).

1 2 3 4 5 6

I J,

I-

centrifugal force developed by the fly-
weights at low pinion speeds no longer
suffices to keep the overrunning clutch in
its disengaged position, and the spring
again pushes the clutch nut into the pinion.

Starter protection
Starter power is also a function of the size
of the vehicle battery. The thermal loading
of the current-carrying parts anc the me-
chanical loading of the torque transmis-
sion parts increase as battery size in-
creases. It is for this reason that a maxi-
mum permissible battery size is usually
specified for each starter type. Although
the starter is designed to operate for only
short periods of time, its design must allow
for longer cranking times and thus in-
creased thermal load at low temperatures.

This is why extended periods of starter
operation should be followed by cooling-
off periods.

In tho case of larger starters, excessively
long operating times are prevented by buit-
in thermo-switches (e.g., in the carbon
brushes). In remote-control starting systems
(e.g., rear-engine buses, emergency power
generator sets, diesel railroad cars, etc.) on
the other hand, the starting procedure can-
not always be monitored by the diver.

Operator errors can damage Ine starter
or ring gear.

Start-locking relays
These prevent inadvertent engagement of
the starter when the engine is running or
excessive overrunning after the engine has
started. The rise in alternator voltage that
occurs when the engine is running is used
as the variable for indicating that the engine
has started. As the engine slows down at-
ter the ignition switch is turned off, the alter-
nator no longer produces a usable voltage
"signal; in this case a timer in the start-lock-
ing relay blocks for a few seconds any re-
peated attempt to use the startin] system.

Start-repeating relays
Start-repeating relays interrupt the start-
ing procedure if the pinion is stil unable to
engage the ring gear, but the ctarter re-
mains switched on.

In this way, they prevent overloading of
the solenoid switch winding,

Radial-tooth overrunning clutch
I Pinion, 2 Centrifugal weight, 3 Spur gar
4 Thrust ring, 5 Clutch nut, 6 Spring, 7 Helix,
8 Damper, 9 Dirt sleeve, 10 Straight gear

J

1 2 3 4 5 6 7 8 910
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Electric drives

The electric drive is quiet, produces no
exhaust emissions and is very efficient.
Whereas in purely electrically powered
vehicles the electric drive alone powers
the wheels, hybrid vehicles have at least
two different sources of drive energy, at
least one of which is usually an electric
drive.

In contrast to internal-combustion en-
gine vehicles, on electric-only vehicles
the energy accumulator generally deter-
mines the vehicle's performance. The
capacity of the electric motor is matched
to the maximum output of the energy ac-
cumulator. The energy accumulator may
take the form of an electrochemical bat-
tery or a fuel cell and its associated fuel
tank.

Depending on the intended application.
battery-powered electric vehicles can be
classified as either road vehicles or in-
dustrial trucks. Industrial trucks are
used for transporting goods on company
premises, and are generally not li-
censed for use on public roads. Their
top speed is below 50km/h. Due to the
low power density of the batteries, the
range of battery-powered on-road vehi-
cles is significantly less than that of ve-
hicles powered by internal-combustion
engines. The maximum speed of such
vehicles is also normally limited to
around 130km/h. Whereas more than

half of all new industrial trucks are elec-
trically powered, the percentage of elec-
trically powered on-road vehicles s very
low.

Energy supply

There is no shortage of power fo- elec-
tric vehicles that are recharged by plug-
ging them into a wall socket. If electric
vehices in Germany were largely
recharged at night, existing power plants
could provide enough energy to charge
more than 10 million vehicles. That num-
ber of electric vehicles would require
less than 5% of Germany's total elec-
tricity output.

Any household power outlet can be
used to charge the batteries. However,
these outlets can provide only 3.7 kW of
electrical power, which means that an
hour of charging would provide enough
power to drive a distance of no more
than about 20km. Shorter recharging
periods can be achieved by using a
three-phase AC power source (as for in-
dustrial trucks). Compared to the -efuel-
ing tirmes for diesel vehicles in par icular,
the recharging periods required bi com-
parable electric vehicles in order to
cover the same distances are roughly
100 times longer, even in the case of
very high charging capacity.

Electric drive unit in abattery-powered electric on-road vehicle (block diagram)

O 0n-board Tract~on Tractioan Dieor Single-stage
ower mains:Po-wrMaI ns haftychger baltary control lransmeislon el

DC converter

Acceceraiotpedal Brakepeda!
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Batteries

Whereascostsconsiderationsdictatethat
the lead-acid battery is the powersource
used most often in industrial trucks, in
modern electric cars it is increasingly be-
ing replaced by nickel and lithium batter-
ies.

Lead-acid battery
Although the basic design of the lead-acid
battery is the same as that of the starter
battery (see "Starter Battery", P. 866). the
combinations of materials and the cell de-
sign are specially adapted to the particular
requirements of traction operation. The
batteries commonly used in industrial
trucks are generally combinations of indi-
vidual cells, whereas a modular design
with 3 or 6 cells per module is used in most
electric on-road vehicles due to the higher
energy density.

Industrial trucks generally use lead-
acid batteries with a liquid electrolyte
which must be topped up with water on a
regular basis. In the case of electric on-
road vehicles, this level of maintenance is
not acceptable for the vehicle's user.
Consequently, maintenance-free batteries
with a solid electrolyte (gel) have become
standard in these applications. Under real-
world conditions, vehicles equipped with

lead-acid batteries have a range of 50...70km
per battery charge in city driving. The daily
range of an electric vehicle can be in-
creased through intermediate charging of
the batteries when the vehicle is oarked.

The amount of energy which can be
drawn from a lead-acid battery decreases
as battery temperature drops. This means
that a battery heating system is required by
electric on-road vehicles in some climates
in order to prevent a reduction n vehicle
range during the winter months.

Because the electrolyte takes part in the
chemical reaction inside a lead -acid bat-
tery, the available capacity vaies as a
function of discharge time. For example, if
the discharge time is reduced from two
hours to one, the available capacity is re-
duced by roughly 20%,

Batteries in industrial-truck applications
can achieve service lives of 7...8 years with
1200...1500 cycles. Fleet experience with
electric passenger cars indicates that lead-
acid batteries can be expected to last for
around 5 years and roughly 700 cycles. The
shorter service life in electric on-road vehicle
applications is primarily a result o the much
greater battery load. In these vehicles the
battery is discharged in an average of
2 hours or less, whereas discharge times
in industrial trucks are genertIly in the
7...8 hour range.

Battery Systems
PropertiOs Lead-acid system

open/soa ed

Cell votage 2 V
Energy density 25..30 Wh/kg

Nickel systems
Nicke-cadmium (NiCd)
Nickel-metal hydride (NIMH)
1.2 V
35... 100 Wh/kg

Lithium systems
Lithium- on
Lithium-colymer
3.4 V
60.15C Whkg

tnergy / iciency without 75.---.85% 6085% 85..90%

Power density 10_0 g 100_.500 N/kg 30.1300 Wikg

Service life in cyce > 60000o 1000 orice
Oprtniep, au 0 ..55'C -20.55C; j 1o.s0or 60 C

Mab n ze-aancetre j Depending or design De ending on design yes

Commercially available vehicles (examples)

Typeol, Engine AccelerationMaximum Typicalrange Typica line-
tory power 0...50 km/h speed percargo poercon-

IT

IPassenger I ca[,Cd 21 kW [Os 90 lkm/n 80km 18 kwhlk
P or ci 49 kW 7s 130Wkm/h 200 km 26 kh/100 km

erLi Thium-ion 62 kW 6 S 120 km/ih 1200 km 123 kWh/1 OGkm
LeW-acid 0kW 7h/km

'! j n7, 5 kWhi 0 0 k m
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Electric drives 577

Nickel-based batteries
Nickel-cadmium batteries and, increas-
ingly, nickel-metal hydride batteries with
an alkaline electrolyte are now used in
many electrical appliances. Because cad-
mium is harmful to the environment, it is
likely that in the foreseeable future the
nickel-cadmium system will be replaced
by the nickel-metal hydride system.
Whereas electrical appliances normally
use sealed batteries, in traction applica-
tions open nickel-cadmium cells are often
used. These cells, like open lead-acid bat-
teries, must be refilled with water at regu-
lar intervals. Nickel-metal hydride batter-
ies must be sealed due to the inherent
characteristics of the system. The low cell
voltage of only 1.2 V means that the rela-
five density of non-active components in a
6V nickel-cadmium module, for example,
must be higher than in a lead-acid battery
A battery service life of upto 10 years or
2000 cycles has been demonstrated in a
number of applications. The higher costs
resulting from the use of relatively expen-
sive materials and the complex manufac-
turing process are partially offset by a
much longer service life than that of lead-
acid batteries.

Nickel-cadmium and nickel-metal hy-
dride batteries are cooled when used in
electric on-road vehicles; heating is re-
quired only at temperatures below
-20CC. Available capacity is virtually in-
dependent of discharge time. The alkaline
battery's higher energy density can be ex-
ploited both to increase the payload and
to extend the vehicle's radius of action.
Electric cars typically have a range of ap-
prox. 80...100km using nickel-cadmium
batteries.

In the nickel-metal hydride system, cad-
mium is replaced by hydrogen. This hy-
drogen must be stored in a multimetal
medium. The nickel-metal hydride battery
has ahigher energy density and a some-
what longer service life than the nickel-
cadmium battery. Nickel-based batteries
also have a higher power density, making
them particularly interesting for use in hy-
brid vehicles,

Lithium-based batteries
Lithium systems allow energy densities of
over 100Wh/kg and power densities of

over 300W/kg in vehicle traction batter-
ies. They can be operated at abient
temperature or slightly higher tempera-
tures, and are characterized by high cell
voltages of over 4V. In the demanding
electrical-appliance battery market (for
products such as laptops and video
recorders) the lithium-ion system has al-
ready become successfully established.

Lithium systems do not show any mem-
ory effect as do nickel-cadmium systems.
A disadvantage of the lithium batteries is
that they require a relatively complex bat-
tery protection system. For example, each
individual cell must be monitored because
they are not proof against overcharging.
In order to prevent endangerment of the
environment, these batteries must also be
specially protected against short circuits,

Lithium-ion battery
A lithium-ion battery stores lithium ions in
electrically reversible form on the nega-
tive electrode in a graphite lattice. The
positive electrode contains cobalt as the
main component, along with lithium mak-
Ing the system rather expensive Attempts
are thus being made to use more eco-
nomical materials such as manganese.

Organic material is used as the elec-
trolyte; aqueous electrolytes cannot be
used because lithium reacts strongly with
water.

Lithium-polymer battery
Another very promising lithium system is
the lithium polymer battery. It consists of a
thin lithium film, a polymer electrolyle and
a positive film electrode made primarily of
either vanadium or manganese. Indi-
vidual cells are formed by rolling or folding
the film, which has an overall thickness of
approx.0.1mm.Theworkingtemperature
is approx. 60'C.

Drivetrains

The drivetrain in an electric vehicle gener-
ally consists of the power controller, the
motor and the transmission. The power
controller translates the position of the ac-
celerator pedal into the appropriate motor
current and voltage. In most cases the
drive torque is a function of the accelera-
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578 Electric drives

tor pedal position, as in the case of IC en-
gines.

The cost of the motor depends largely
on the required maximum torque; thus it is
advantageous to use the highest-possible
step-down gear ratio between the engine
and the drive wheels. The step-down
gearing may consist of one or two stages,
depending on the desired hill-climbing
ability and the vehicle's maximum speed
for the given maximum torque and vari-
able speed range of the drive train.
Modern electric cars have single-stage
reduction gears.

A difference between electric drive
units and combustion engines is the nec-
essary distinction between short-term
and extended-duty performance. Short-
term performance is usually limited by the
maximum setting of the power controller.
The maximum power available over
longer periods is defined by the half-
hourly output in the case of on-road elec-
tric vehicles,which is generally limited by
the permissible motor temperature. This
distinction also applies to most batteries.
Depending on the type of drive, short-
term and extended-duty ratings vary by a
factor of 1 to 3. Maximum drive power
must therefore be monitored and ad-
justed, if necessary, in accordance with
the characteristic thermal limits of the
power controller, motor or batteries.

This distinction between short-term and
half-hourly operation has among other
things also led to the adoption of two max-
imum-speed ratings for electric on-road
vehicles: maximum speed over a distance
of 2x1 kilometer and maximum speed
over a period of 30 minutes.

Series-wound direct-current drive
This type of drive unit has the simplest
type of power controller. The motor volt-
age is set in accordance with the desired
current by applying the battery voltage to
the motor in a variable on/off ratio and/or
chopper frequency by means of a circuit
breaker (thyristor or transistor(s)).

For the recovery of braking energy, the
power controller must operate as a step-
up chopper, which means that additional
components are needed. Because the
tield and armature of the motor are in se-

ries, drive power drops in proportion to
the square of the motorspeed wit) the full
battery voltage applied.

Although its efficiency is relatively low,
this type of drive is still used in most in-
dustrial trucks today because of its simple
design and low cost. The low top speeds
of these vehicles make it possible to use
single-stage reduction gears.

Separately-excited direct-current
drive
In this type of drive unit, the motor's mag-
netic excitation is provided by its cwn con-
troller (field rheostat). Depending on the
size of the motor, the field can be weak-
ened in a ratio of up to approx. 1 4. Field
strength starts to diminish at a nominal
motor speed obtained with full motor volt-
age at the armature and maximum field
current. During initial acceleration with
maximum field current an electronic ar-
mature-control device limits the motor
current until the motor reaches its nominal
speed, with the full motor voltage applied
to the armature. In the reduced field-
strength range, consistent armature cur-
rents produce relatively constart power
outputs. Because commutation becomes
more difficult as the field currert drops,
the armature current must usually be re-
duced before the maximum soeed is
reached.

Because commutating poles are re-
quired, this design is somewhat more
complex than that of a series-wound mo-
tor. The mechanical commutator limits ro-
tational speed to roughly 7000 mi-.This
type of drive unit can be used witt a multi-
stage transmission to reduce motor cost
and weight. Efficient energy recovery dur-
ing braking is possible without requiring
additional components.

However, very few electric ca-s today
are being equipped with direct-current
drive units. Three-phase AC asynchro-
nous or synchronous drives are now the
norm, due in part to their low mainte-
nance requirements. The carbon brushes
in DC motors must be regularly replaced,
albeit at relatively long intervals.
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Electric drives 579

Torque and power as a function of rotational speed for various types of drive
a) Series-wound DC drive,
b) Separately-excited DC drive,
c) Asynchronous drive,
d) Permanently-excited synchronous drive
M Maximum torque,
P Maximum power
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Electric drives

Efficiency curves
a) Separately-excited OC drive, b) Peranently-excitedsynchrorous drive

I Mtma Maximum orque

a

a
0
I-

',4Mrax

8 \e-i ¾

80%6

70% -%

Rotational speedu-1

Asynchronous drive
The motor in an asynchronous drive unit
is the simplest and most economical in
design, and is also considerably smaller
in size and weight than a direct-current
motor. In principle, however, the controller
in a three-phase drive unit is more com-
plex than that used in DC drives As with
the separately-excited DC motor, opera-
tion with reduced field current is possible.
Because these motors have no mechani-
cal commutator, they can operate at
speeds of up to 20,000 min- if appropri-
ately designed. This means that single-
stage transmissions can be used, even in
on-road vehicles. These drives are more
efficient than direct-current drives, but not
quite as efficient as synchronous drives
with permanent magnets. Braking energy
can also be recovered with a high degree
of efficiency.

Permanently-excited synchronous
drive
This type of drive is characterized by very-
high efficiencies also in the part-load
range because it uses permanent mag-
nets to generate the excitation field. Rare-
earth magnets with a high energy density
allow very compact dimensions combined
with high torque. However, rare-earth
magnets make the motor more expensive

b [ 'Vlmax

Rotational speed n

than asynchronous designs, for example.
This type of motor is not capable of oper-
ation with reduced field current.
Nevertheless, quasi reduced-field-current
operation in which the torque-gEnerating
component is reduced by increasing the
reactive-current component of the stator
current enables virtually constant-output
operation, so that a single-staga reduc-
tion gear is generally sufficient here as
well.
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Hybrid drives

Hybrid drives

In the broadest sense, the term "hybrid
drives" is used to denote vehicle drives
with more than one drive source. Hybrid
drives can incorporate several similar or
dissimilar types of energy stores and/or
power converters. The goal of hybrid-drive
developments is to combine different drive
components, such that the advantages of
each are utilized under varying operating
conditions in such a manner that the over-
all advantages outweigh the higher tech-
nical outlay associated with hybrid drives.

Classification of hybrid
drives

In terms of available performance and
range, the IC engine as a drive source is
superior to all other drive systems. Its dis-
advantages - drop in efficiency at part
load, and the generation of toxic emis-
sions - led to the development of hybrid
drives which incorporate the IC engine. IC
engines in some hybrid drives are thus
designed for use over the medium-power

581

range, whereby the differences btween
generated power and the power required
at any given time are made up by 'he ad-
ditional mechanical or electrical energy
store.

Hybrid drive with mechanical energy
store
A hybrid drive incorporating an IC engine
and flywheel, can be operated in a num-
ber of ways by engaging and disengaging
the three couplings K1, K2 and K3. The IC
engine can be directly coupled to the
power-shift transmission or the flywheel.
There are 2 kinetic-energy storage de-
vices. the flywheel and the vehicle mass,

In addition, the internal-combust on en-
gine can start the two kinetic-enercy stor-
age devices from standstill via the contin-
uously variable transmission. This config-
uration also permits parallel opration
with the two drive sources, diesel engine
and flywheel. Here, only the powe deliv-
ered by the flywheel is transmitted to the
power-shift transmission via the loss-
intensive continuously variable transmis-
sion using hydrostatic converters,
whereas the engine power is fed directly
to the transmission input.

I71.1

Classification of hybrid drives
. Research proposals. S Prototype vehdes. Tested in practical applications

Drive internal-or.
source combustion

eng ine ____________ _____________

iElectric
motor

Mechani- Flywhee! * * LA4
cal en-

ery Pressure ac-
store cumulator

bbElurectricaloBalyuery bdnegy
sourcs 

tuelrcell
External
supply 0
(trolley)

Design DB MAN Esslin- Basel DB Essen Munich
examples) MAN Hydro- p en Neo- hybrid DUO- Magnet

Gyro- bLus DUO- plan electric bus moor-
bus ous Trolley I bus, bus

bus MD,

delivery:
-__I r M AN
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582 Hybrid drives

Hybrid drive with electrical energy
store
Hybrid drives without IC engines which
use only electrical drive components are
designed to apply their hybrid compo-
nents in order to avoid the disadvantages
of the purely battery-powered electric
drive. The useful energy stored in the bat-
tery allows only a limited driving range,
and is further reduced as power demand
increases.

Combining a mechanical energy store
with the battery prevents it being affected
by power peaks, thus contributing to more
efficient utilization of the battery energy. A
hybrid system which uses a combination
of two different electrochemical energy
sources (battery and fuel cell) separates
the energy sources such that one source
has a high power, and the other has good
energy-storage capability. In the case of
hybrid electric drives with an external sup-
ply of energy (trolley systems), the vehi-
cle's own energy store is used as a short-
time storage medium for short distances
of travel without the overhead power sup-
ply. This configuration reduces the high
costs associated with overhead contact
wires and increase versatility in traffic.

Hybrid drive designs

Hybrid drives which combine an internal-
combustion (IC) engine and an electric
drive are the only hybrid drives which
have warranted serious attention to date.
The electric drive component of such dri-
ves is powered either by an on-board bat-

tery or via an overhead contact wire and
current-collector system. The diagram at
the right shows the various basic drive
configurations. The battery indicated in
each configuration can be replaced by the
external power-supply arrangement.

The main difference among the various
configurations is the series, parallel or
mixed interconnection of the power
sources. In the series configuraion (1)

Hybriddriveconfigurations
1 Series configuration, 2 Parallel configura-
tion, 3 Mixed configuration VMIC engine,
1 Electc drive e samtoror

alternator/generatorB A atror eOenal
powersupply SG Manuallyshiftedtransmis-
sion,

VM BA EL

VM
SG

BA EL . E

BA EL

MIG
VM

3 41

Hybrid drive incorporating internal-combustion engine with flywheel
VM IC engine, SR Flywheel, SRG Flywheel reductiongear NAAuxiliarydrive, F Freewheel,
K Coupling, PPlanetarygear H1, 2 Continuously-variablehydrostatic transmission,
LSG Power-shift transmission (automatic planetary gear), A Powered axle.

K1 K4
VMt AL i]F -LSG-J

NA K2
F

SR SR P Hi H2
K3
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the individual drive components are con-
nected in series, whereas in the parallel
configuration (2) the drive power of both
drive sources is mechanically added. The
letters M and G indicate whether the elec-
tric drive is operating in "motor" or "gener-
ator"mode.

Because the diesel engine in the series
configuration is mechanically decoupled
from the vehicle drive, the diesel engine
can be operated at a constant speed, i.e.
at its optimum operating point in terms of
efficiency and emissions. Despite the ad-
vantages of the series configuration, its
disadvantage is that energy must be con-
verted several times. Including battery
storage efficiency, the mechanical effi-
ciency between the diesel engine and the
powered axle is hardly greater than 55%.

The parallel hybrid configuration (2)
has the advantage that when operated in
the mode which incorporates an IC en-
gine, it is just as efficient as the engine in
a conventional vehicle. In configuration 2,
the change-speed transmission required
by the diesel-engine drive is also part of
the electric drive branch. In this type of
drive the speed of the electric motor
therefore must be varied only within a
specific range above a basic speed, in a
manner similar to the way in which the
diesel engine is operated. Moreover, in
this configuration the electric drive also

583

profits from the torque conversion by the
downstream transmission, as a result of
which the electric motor must only be di-
mensioned for low drive torque. This
leads to an equivalent reduction in motor
mass which is roughly proportional to mo-
tor torque,

The mixed configuration (3) represents
a combination of configurations 1 and 2,
and corresponds to a splitter transmission
with an infinitely-variable transmission ra-
tio. On the one hand, the power of :he IC
engine is mechanically transmitted di-
rectly to the driving wheels, while on the
other, the rotation of the IC engine is de-
coupled from the rotation of the driving
wheels by the speed overlay in the plane-
tary gear,

The drive configuration in a hybrid elec-
tric bus is the same as that in type 1 de-
scribed above. In order to obtain the low
floor height required, the electric drive
takes the form of wheel hub motors. Due
to the low floor level, the electrical Energy
store - a high-temperature battery -- must
be mounted together with its peripherals
on the root of the vehicle.

Hybrid electric bus
I Wheel hub motors, 2 Diesel engine with alternator/generator, 3Air compressor andpower-steering
pump, 4 Traction batteries, 5 Vehide electrical system converter 6 Inverter 7Braking resistor

7

-2

3

4

{ Ti

-1
I , Ii

I I

I K-

r ~
-# ~-ri -x

K I
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584 Fuel Cells

Fuel Cells

Fuel cells are electrochemical cells in
which the chemical energy of a suitable
fuel is continuously converted into electri-
cal energy using atmospheric oxygen
(02). The most common fuels which lend
themselves to such applications are hy-
drogen (H), methanol (CH 3OH) and, to a
more limited degree, methane (at very
high temperatures). Because conven-
tional fuels can not be used directly, they
must be converted into H2 in a chemical
gas-reforming reaction. Fuel-cell opera-
tion is very efficient, and produces low
levels of harmful emissions. They are
modular in design, and can therefore be
used over a wide power range from a few
watts to several megawatts.

Due to those characteristics and
promising new developments in the field
of low-temperature fuel cells, many auto-
mobile manufacturers now see the fuel-
cell drive as a serious alternative to the in-
ternal-combustion engine for automotive
applications. For that reason, the major
vehicle manufacturers in particular are
working intensively on the development of
fuel cells suitable for automotive use

Polymerelectrolytefuelcell(principleoft
operation)
1 Hydrogen, 2 Electrical load, 3Air (oxygen),
4Catalyst, 5Electrolye r6oolarplate,
7 Water vapor and residual air.

5 4 5

2se

7

I 3I

SaLrcee- DImeChle

However, a realistic assessment of the
fuel-cell drive in terms of its envionmen-
tal and customer benefit is only cossible
by looking at the whole picture. As far as
emissions are concerned, not only must
the direct emissions from the vehicle be
taken into account, but also those pro-
duced in the fuel-cell manufacturing
process. The same applies to the sys-
tem's efficiency, which can only be com-
pared with other types of drive itne over-
all efficiency of the entire process from
the primary energy source to the driving
wheels is considered,

The most important application for fuel
cells to date has been as a means of gen-
erating electrical energy in spacecraft and
submarines.

Design variations

In contrast to combustion engines, fuel-
cell operation does not require a specific
(high) temperature; some fuel cells oper-
ate at room temperature, while others are
designed for temperatures of up to ap-
proximately 1000'C (Table 1). The various
designs differ from one another above all
in the type of electrolyte used, which de-
pends on the temperature. Up to around
90'C the electrolyte is aqueous or con-
tains water, For mid-range temperatures
(500...700'C) molten alkaline carbonate
electrolytes have become the standard,
while for high temperatures (800...
1000OC), only ceramic-based sclid elec-
trolytes (e.g. zirconium dioxide) can be
used. Apart from the differences in the
type of electrolyte used, fuel cells also dif-
fer according to their electrode materials.

Fuel cells are often referred to by the
acronyms shown in Table 1

Fuel conditioning

Although attempts have long been made
to operate fuel cells directly using various
fuels, the fuel cells available toray must
use H2 as their energy source. At present,
H2 is generally obtained from na:ural gas
or other fossil fuels by means of a chemi-
cal gas-reforming process. For mobile ap-
plications, H 2must either be stored in the
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Fuel cells 585

vehicle or derived from another on-board
fuel.

Hydrogen storage medium
For automotive applications, H2 can be
stored and transported in gaseous form in
cylinders at pressures of up 300 bar or in
liquid form in cryotanks at -2530C. For
low-power applications or in submarines,
hydrogen is stored in metal hydrides or
even in special modified carbon com-
pounds. If H is stored as a gas under
pressure or as a liquid, it must be remem-
bered that a considerable portion of the
primary energy is required simply to com-
press or liquefy the H2. Furthermore, the
energy density of an Hp storage medium
is less than that of a conventional fuel
tank

Methanol reforming
CHsOH is produced from natural gas with
an efficiency of approx. 65%. Its advan-
tage over H 2 is that it can be dispensed in
liquid form similar to conventional vehicle
fuels. However, a separate infrastructure
must be made available to handle
CHsOH: it cannot be stored in existing fuel
tanks because it is considerably more cor-
rosive than gasoline or diesel fuel.
CH 3OH can be converted into H2 , C02
and CO in a catalytic reforming process
using water vapor at temperatures of
250.45000. The CO combines with wa-
ter to produce H 2 and C02 in a subse-
quent catalytic conversion stage. The
residual CO must be removed in a gas pu-
rifier because it chemically inhibits the
fuel-cell electrodes

Table 1. Types of Fuel Cells
Fuel Cell
Designallon
Aiealine FeelCel AFC

Gasoline reforming
The advantages of gasoline are its high
energy density and widespread availabil-
ity through an already existing infrastruc-
ture, however it is considerably more diffi-
cult to reform gasoline into He than it is to
reform CH 3O, for example. Conversion
involves partial oxidation in the presence
of air and water at temperatures of 800..
9000C, producing H 2, C02 and CO. The
CO is converted in two subsequent cat-
alytic stages using HO into H2 and CO,.
The residual CO must be separated out in
a gas purifier in this case as well, because
it inhibits the fuel-cell electrodes. The
problems associated with gasoline refor-
mation concern primarily the complex
system which must be controlled at high
temperatures. and the inhibition of the
catalysts by the formation of coke.

Thermodynamics and
kinetics

The electrochemical reactions which take
place in fuel cells are essentially the same
as those in galvanic cells (e.g. batteries),
however in fuel cells only gaseous or liq-
uld fuels are used. The oxidizing agent is
generally 02 or atmospheric oxygei. For
that reason, fuel cells require special
porous electrode structures.

Table 2 gives the reaction equations
and the calculated fuel-cell data (theoret-
ical cell voltage E0 and thermodynamic ef-
ficiency Ith) for the two fuels of interest, H2
and CHOH, at different temperatures,
The first reaction equation describes the

Polymer Electrolyte PEFC Polymer 5.80 50 60 Mobile,
Fuel Cell ____eecrolyte stationLary_______________

Direct Melharol DMFCG Membrane Lro .o.3040 Mobile
Fuel Cell

PhosphoricAcid PAFC HPO4  160 .220 55 Stationary
_Fuel bell _______ _____ _______

Molten Carbonate MCFC Alkaline 620. 660 60.65 Stationary
Fuel Cell carbonates

Electrolyte Temperature Cell Eticiency Loa y
C Parlial Load) 

Aqueous 60. 90 50.60
KOH

Type-of
A.rpl;, -Aic
%'l Gbi le,

So!id Oxide Fue! Cell I SOFC jZrO? 1800 1000 155_65 I Statwar , ]
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586 Fuel Cells

familiar electrolytic gas reaction, which in
fuel cells is a controlled process ("cold
combustion") rather than an explosive
one. This reaction takes place in a con-
trolled manner in fuel cells because the
important reaction processes (Hp oxida-
tion and 02 reduction) occur at physically
separate electrodes and at a relatively low
temperature (Figure and Table 1). It is
therefore possible in fuel cells to directly
and completely convert the chemical en-
ergy, which corresponds to the decrease
in free enthalpy ,G, of the reaction, into
electrical work A, in accordance with
Equation 1:

A,= - AG, = nIFo   (Equation) 1 )

(0 Number of electronsconvertedper
fuel molecule, F Faraday constant).

Because in this type of energyconversion
the customary indirect pathviathegener-
ation of heat is avoided,fuel-celleffi-
ciency is not limited by therelativelypoor
efficiency of the Carnot cycle.

Typical current/voltage characteristicstfr
low-ternperaturefuelcells

As shown in Table 2, the cell voltages
Eo for the two fuels are close to cne an-
other (approx. 1,2V) and the themody-
namic efficiency 9t calculated according
to Equation 2 is also < I for CH-OH if liq-
uid water is formed as the reaction prod-
uct:

n1i = AGR / AH, (Equalion 2)

At temperatures above 1000C (if CHOH
and H2O are present in gaseous form),
the CH 3OH/02 fuel cell shows that in prin-
ciple fuel cells can also attain a termo-
dynamic efficiency of > 1.

In practice the theoretical fuel-cell fig-
ures are not reached with any of the fuels,
even at high temperatures. The reasons
for this are primarily to be found ir the ki-
netic inhibition at the two electrodes (e.g.
charge penetration and material tiansfer)
as well as in the mixed potential formation
at the positive electrode and the elec-
trolyte impedance. The resulting polariza-
tion can be reduced but not completely
eliminated by using noble metals (plat-

-_ _ inum, ruthenium) as catalysts, soecially
structured porous electrodes and small
electrode gaps. This applies even in the
absence of current flow when a steady-
state voltage of only approx. 1 Vs mea-
sured at an H2/02 PEFC (see Tab'e 1) in-
stead of the expected 1.23 V. When a load
is applied, fuel-cell voltage and efficiency
drop by varying degrees, depending on
the fuel, as current increases due to in-
creasing polarization (see graph). Other
variables which have a significart effect
on the shape of the current/voltage char-
acteristic of a fuel cell are temperature,
gas pressure (1.5...3 bar) and the noble-
metal electrode coating, which is now as
little as 0.1... 0.5mg Pt/cm 2.

The typical working voltage of an Hj/air

Fable 2. Reaction equations and calculated data for hydrogen (1-12) and methanol
CH30H) as energy sources for fuel cells
Reaction equations State of l- 20CI- 3HITemperature C E0 V I'

H 2 + /20 -- HO Lquid 25 1.23 83
Liq d 127 1.15 81

127 1.16 92
G__ Gaseous C 227 111 87

CHOH + Liu20idliqui 25 1.21 97
CO +2H20 Liquid/liquid 127 1.20 99

Gaseous/gaseous 127 1.20 103
Gaseous/gaseous 227 1.21 104

mV~o

Dl

0.4 0 0.8Aom2

Current drst

0IAF~

0 0.2
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PEFC at rated continuous output
(0.4...0.5 W/cm 2 of electrode surface
area) is around 0.75...0.70V (see graph)
which, according to Equation 2, results in
an efficiency of 51... 48%. With CH3OH
as the PEFC energy source, despite the
higher temperature (110...130'C), lower
power density (0.1...0.2 W/cm2) and
greater amount of Pt on the electrodes, a
lower voltage (0.50...0.35V) and a corre-
spondingly lower thermodynamic effi-
ciency (41...300%) is produced than in the
case of an Hlair PEFC. However, this
does not take into account the fact that, in
the case of CH3OH, its permeation
through the electrolyte membrane results
in a loss at the anode due to which the ef-
ficiency of a direct methanol fuel cell is
even further reduced.

Fuel cells in motor vehicles

As clean, high-efficiency energy convert-
ers, from the point of view of environmen-
tal protection and conservation of re-
sources, fuel cells represent an interest-
ing alternative to the traditional methods
of generating electrical power. Of the
types of fuel cells described here, PEFCs
in particular show the most promise in
both fixed and mobile applications by
virtue of their low operating temperature
and compact and robust design. In the
area of mobile applications, driven by the
increasingly stringent exhaust-emission
regulations in the USA and Europe, fuel-
cell power units are clearly at the forefront
of development efforts. In addition, how-
ever, the possibility of using PEFCs as the
electrical power source in vehicles with
conventional engines is also being inves-
tigated, and initial experiments have been
carried out. A vehicle electrical system
with a power supply independent of the
engine which provides the motive power
would enable implementation of desirable
timer-controlled or remotely controlled
auxiliary functions (e.g. preheating of the
engine/catalytic converter, air-conditioner
operation without the engine running).

I All of the automobile manufacturers en-
gaged in comprehensive fuel-cell devel-
opment work have focused on two key
problems, which in principle affect all fuel-

cell applications: the high cost of PEFCs
and the availability of pure H2, which is es-
sential for the operation of PEFCs and for
which there is no infrastructure at present
which could be used to supply vehicles
powered by such fuel cells. An additional
disadvantage of H2 as a fuel for fuel-cell
powered vehicles is the fact that its en-
ergy density is satisfactory only it it is
stored in pressurized or liquefied form.
For reasons of safety alone, there are se-
rious concerns regarding the storage of
H 2 in those forms in private passenger
cars.

When using fuel cells as automotive
drives, efficiency drops to around 30%
from the H2 storage tank to the wheels,
This loss is attributable in part to the aux-
iliary systems required for monitoring and
operation of the fuel cells (e.g. air com-
pressor, coolant pumps, fan cooler con-
trol equipment and, where applicable, gas
reformers). The electrical power required
by the secondary loads can amount to as
much as 25% of the fuel-cell outpLt, de-
pending on the nature of the peripherals
and the size and operating point of the
fuel cell. In addition to fuel-cell efficiency,
the efficiency of the electric drive unit
must also be taken into consideation,
When considering the entire energy chain
from the primary energy source to the ve-
hicle's powered wheels, and given the
technology available at present, the over-
all efficiency of modern diesel and fuel-
cell-powered vehicles is comparable for
vehicles of equal power-to-weight ratios.

No predictions can be made at this time
regarding the service life of PEFCs under
the dynamic conditions of motor-vehicle
operation. As in all applications involving
catalysts, fuel cells can also be expected
to suffer from a reduction in the catalytic
action of the electrodes overtime. The re-
sult is a gradual decline in the voltace and
efficiency of the fuel cell which is referred
to as degradation. It is assumed, however,
that over the long term the service life of
fuel-cell drives will be similar to that of in-
ternal-combustion engines.
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588 Drivetrain

Drivetrain
Units and symbols
Ouantity

Acceleration
Drag coefficient
Rotational inertia coecicient
Roiling resistance coefficient
Gravitational acceleration
Transmission ratio
Vehicle mass
Speed o rotation
Dynamic tire radus
Wheel sip
Road speed
Frontal area
System diameter
Overall conversion range
Moment of inertia
Torque
Power
Angle of inclination
Overdrive factor
Efficiency
Peformance index
Conversion
Densty
AngularvelocIty
Speed ratio

Subscripts:
aff Effective
tot Total
hydr Hydraulic
max Maxdmum
min Minimum
Id Final drive

Assignment
The function of the automotive drivetrain is
to provide the thrust and tractive forces re-

Unit quired to induce motion. Energy in chemi-
cal (fuels) or electrical (batteries, solar

m/s2  cells) form is converted into mechanical
energy within the power unit, with spark-

- ignition and diesel internal-combustion
engines representing the powerplants of

mis 2  choice. Every power unit operates within a
specific revolution range as defined 3y two

kg extremities: the idle speed and the maxi-min-, mum min-'. Torque and power are riot de-rn
livered at uniform rates throughout the op-

MIs erating range; the respective maxina are
m2 available only within specific bands. The
m drivetrain's conversion ratios adapt the

available torque to the momentary re-
kg -m?   quirement for tractlive force.
N - rn
kW

eng Engine
o Towards maximum output
dt Drivetrain
G Gearbox
P Pump
R Roadwheel
T Turbine

Design
The dynamic condition of an automobile
is described by the motion-resitance
equation. It equates the forces generated
by the drive train with the forces required
at the driving wheels (resistance to mo-
tion).

From the motion-resistance equation it
is possible to calculate acceleration, max-
imum speed, climbing ability and also the
overall conversion range I of the trans-
mission,

I /rm = t ( y 1 )eit -
(10, P _110

Equilibrium relation between drive forces and tractive resistance

The equation defining the equilhbrium between drive forces and resislance factors is applied to
determine various quantities, such as acceleration, top speed, climbing ability, etc.

Available power - Tractive resistance at drive wheels (power requirement)

f2w 11i0r = mg fcos + m-gsina e + cA p
- C 2

Driving force
applied to
tyre footprint

Rolling Gravitational Acceler- Wind
resistance resistance ation resistance

Where rotational inertia coefficient e = 1 + and mass inerta J= J+ ii -1 + if - li - eng
ii, r2
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Drivetrain 589

The overdrive factor p is

coo /tio
Calculations of effective specific output
should always be based on the power P
which is actually available for tractive ap-
plication (net power minus driven ancillar-
ies, power losses, altitude loss). Special
conditions, such as automobile trailer
towing, must be factored into the weight
m -g. p= I is true, when the curve for cu-
mulative running resistance in top gear di-
rectly intersects the point of maximum
output. The p factor determines the rela-
tive positions of the curves for running-re-
sistance and engine output in top-gear
operation, it also defines the efficiency
level at which the engine operates.

( >1 displaces operation into an ineffi-
cient engine-performance range, but also
enhances acceleration reserves and hill-
climbing ability in top gear. In contrast, se-
lecting p <1 will increase fuel economy,
but only at the price of substantially
slower acceleration and lower climbing re-
serves. Minimum fuel consumption is
acnieved on the operating curve o"

p >1 reduces, - <1 increases the re-
quired transmission conversion range 1.

Engine performance curve with curves for
running resistance

Reference line with optimun
efficiencyr mo

1
rmotrmax> > -.

Itt

o 'P

0P

q 2

0.2.o

0 0 5 1
Angtlar veloc Ly,

Drivetrain configurations

The layout of the automotive drivetrain
varies according to the position of the
engine and the drive axle:

Drive cofiguraionEngn position Driver axle
StLandardrear- front Rear-axle
wheel drive
Front-wheel drive front. lon.or Front xic

:ransverse
All-wheel drive front,occasion-Front-axle

allyrearor and rear-
middle axle

Rear-wheel drive rear Rear-axle
with rear-mounted
engine

Drivetrain elements
The elements of the drive train must per-
form the following functions:
- remaining stationary even with the en-

gine running,
- achieving the transition from a station-

ary to a mobile state,
- converting torque and rotational speed,
- providing for forward and reverse motion,
- compensating for wheel-speed varia-

tions in curves,
- ensuring that the power unit remains

within a range on the operating curve
commensurate with minimum fuel con-
sumption and exhaust emissions.

Tractive force/speed diagram

0

0

100%

Gradient

95

- 0.PC
0%

3 0.5 1
Speed
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590 Drivetrain

Stationary idle, transition to motion and
interruption of the power flow are all made
possible by the clutch. The clutch slips to
compensate for the difference in the rota-
tional speeds of engine and drivetrain
when the vehicle is being set in motion.
When different conditions demand a
change of gear, the clutch disengages the
engine from the transmission while the
gear shift operation takes place. With au-
tomatic transmissions, the hydrodynamic
torque converter is responsible for the
take-up of power. The transmission (gear-
box) modifies the engine's torque and
min- to adapt them to the vehicle's mo-
mentary tractive requirements.

The overall conversion of the drivetrain
is the product of the constant transmis-
sion ratio of the axle differential and the
variable transmission ratio of the gearbox
- assuming there are no other transmis-
sion stages involved. Gearboxes are
almost always multiple fixed-ratio gear-
boxes though some are of the continu-
ously variable ratio type.

Gearboxes generally fall into one of two
categories: manual gearboxes with spur
gears and a layshaft arrangement and
load-actuated automatic transmissions
with planetary gears. The transmission
also allows the selection of different rota-
tional directions for forward and reverse
operation.

The differential allows laterally opposed
axles and wheels to rotate at varying
rates during cornering while providing
uniform distribution of the driving forces.
Limited-slip final drives respond to slip-
page at one of the wheels by limiting the
differential effect, shifting additional
power to the wheel at which traction is
available.

Torsion dampers, hydrodynamic trans-
mission elements, controlled-slip friction
clutches or mass-suspension systems
dissipate high vibration amplitudes, as
well as protecting against overload and
providing added ride comfort.

Power take-up elements

Dry-plate friction clutch
The friction clutch consists of ap-essure
plate, a clutch disk - featuring bonded or
riveted friction surfaces - and the second
friction surface represented by "he en-
gine-mounted flywheel. The flywheel and
pressure plate provide the thermal ab-
sorption required for friction operation of
the clutch; flywheel and pressure plate
are connected directly to the engine,
while the clutch disk is mounted on the
transmission's input shaft.

A spring arrangement, frequently in the
form of a central spring plate, applies the
force which joins the flywheel, pressure
plate and clutch disk for common rotation;
in this state, the clutch is engaged for pos-
itive torque transfer. To disengage the
clutch (e.g., for gear shifting), a mechani-
cally or hydraulically actuated throwout
bearing applies force to the center of the
pressure plate, thereby releasing the pres-
sure at the periphery The clutch is con-
trolled either with a clutch pedal or with an
electrohydraulic, electropneumEtic or
electromechanical final-control element. A
single- or multi-stage torsion damper, with
or without a predamper, may be integrated
in the clutch plate to absorb vibrat on.

Clutch with dual-mass flywheel
IDual-massflywheel,2Flexibleelement,

3 Pressure plate, 4 Spring plate, 5 Friction
plate, 6 Thrustbearing

I 2-j-4i'{~ K#{WA
3-

.6

4
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"'IIDrivetrain 591

A two-section (dual-mass) flywheel fea-
turing a flexible intermediate element can
be installed forward of the clutch for maxi-
muminsulationagainstvibrations.Theres-
onant frequency of this sprung mass sys-
tem is below the exciter frequency (ignition
frequency) of the engine at idling speed
and therefore outside the operating speed
range.Iit acts as a vibration insulating ele-
ment between the engine and the other
drive-train components (low-pass filter).

When used together with electronic
control units, the automatic clutch can
provide either gradual engagement for
starting off, or it can be applied in con-
junction with a servo-operated shifting
mechanism to form a fully-automatic
transmission unit. Traction control and
disengagement of power transmission
during braking are also possible

Wet-plate friction clutch
The wet-plate friction clutch has the ad-
vantage over the dry-plate version that its
thermal performance is better as oil can
be passed through to assist heat dissipa-
tion. However, its drag losses when dis-
engaged are considerably higher than
with a dry clutch. Use in combination with
synchromesh gearboxes presents prob-
lems due to the increased synchronous
load when changing gear. The wet clutch

Automatic clutch, limited to clutch
actuation
I Engine, 2 Engine rpm sensor, 3 Clutch,

4 Transmission, 5 Servomotor, 6 ECU,
7 Speed sensor, 8 Accelerator pedal,
9 Clutch pedal.

K1 3 47'

.7

LLI- a

was introduced as a standard compcnent
on continuously variable car transmis-
sions. It has space-saving advantAges
particularly when one or more friction-
drive gear-shift components (multiilate
clutch or clutch stop) that are present in
any case can also be used for the power
take-up process.

Hydrodynamic torque converter
The hydrodynamic torque converter con-
sists of the impeller which is the diving
component, the turbine which is the dri-
ven component and the stator which as-
sists the torque converter function. The
torque converter is filled with oil and
transmits the engine torque by means of
the viscosity of the oil It compensates for
the speed difference between the engine
and the other drive-train components and
is therefore ideally suited to a power take-
up function. An impeller converts the me-
chanical energy into fluid energy; end a
second transformation, back into me-
chanical energy, takes place at the blades
within the turbine.

The impeller's input torque M arid in-
put power Pp are calculated as follows:

M1= K. p . D (02

P, = 1- p . o ,

Hydrodynamic converter with lockup
clutch
I Lockup clutch, 2 Turbine, 3 Impeller,
4 Stator 5 One-way clutch.

.

C N
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592 Drivetrain

), Performance index
p Density of medium

(- 870 kg/m for hydraulic fluid)
D Circuit diameter in m
0), Angular velocity of impeller

A stator located between impeller and
turbine diverts the hydraulic oil back to the
input side of the impeller. This raises the
torque beyond the initial engine output as
exerted at the impeller. Torque conversion
is then

p = -MpI/MP

The factor v is defined as the ratio of tur-
bne speed to impeller speed; it has a de-
termining influence on both the perfor-
mance index and the conversion fac-
tor p:

v=(o / (-)p.

The slip factor s= 1-v and the force con-
version together determine the hydraulic
efficiency:

hnd' = p(1-s) S v.

Maximum torque multiplication is
achieved at v = 0, i.e., with the turbine at

Triokconverter
(Iypical passenger-car performance curve)
Aco= Mp at n = 2000 min-I

150 -100

Nm 'Pacco %

-80

100-

-40
50' ,/ 20

-20

0 100.88I1

)nita motion Positive Cgagemenit

1-

0-

stall speed. Further increases n turbine
speed are accompanied by a vitually lin-
eardropin multiplication until a orque ra-
tio of 1:1 is reached at the coup ing point
Above this point the stator, whici is hous-
ing-mounted with a one-way clutch, free-
wheels in the flow.

In motor-vehicle applications the two-
phase Fbttinger torque converter with
centripetal flow through the turbine, the
"Trilok converter", has become the estab-
lished design. The geometrical configura-
tion of this units blades is selected to pro-
vide torque multiplication in the range of
1.7...2.5 at stall speed (v = 0). The curve
defining the hydraulic efficiency factor

= v - jI in the conversion range is
roughly parabolic. Above the coupling
point, which is at 10. _15% slip, the effi-
ciency is equal to the speed rtio v and
reaches levels of around 97% at high
speeds.

The hydrodynamic torque converter is
a fully automatic infinitely variable trans-
mission with virtually zero-wear charac-
teristics; it eliminates vibration peaks and
absorbs vibration highly effectively.

However, its conversion range and effi-
ciency, particularly at high levels of slip,
are not sufficient for motor-vehicle appli-
cations so that the torque converter can
only be usefully employed in combination
with multi-speed or continuously variable
gearboxes.

Converter lockup clutch
In order to improve efficiency, the impeller
and turbine can be locked together by a
converter lockup clutch once power take-
up is complete. The converter lockup
clutch consists of a plunger with friction
surface, which is connected to tie turbine
hub. The transmission's valve body regu-
lates the direction in which the luid flows
through the converter to regulate coupling
engagement.

The converter lockup clutch normally
requires additional means of vibration ab-
sorption such as
- a torsion damper,
- controlled-slip operation of the con-

verter lockup clutch at critical vibration
levels or

- both of the above in combina ion.

IlIP20-00
150

Nm

P 11
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11

Multi-speed gearbox

Multi-speed gearboxes have become the
established means of power transmission
in motor vehicles. Good efficiency charac-
teristics dependent upon the number of
gears and engine torque characteristics,
satisfactory to good adaptation to the
traction hyperbola and easily mastered
technology are the essential reasons for
its success.

Gear shifting on multi-speed gearboxes
is performed using either disengagement
of power transmission (positively inter-
locking mechanism) or under load by a
friction mechanism. The first group in-
cludes manual and semi-automatic gear-
boxes while the second group encom-
passes automatic transmissions.

The manually-shifted transmissions in-
stalled in passenger cars and in most
heavy vehicles are dual-shaft units with
main and countershaft (layshaft, idler
gears). Transmissions in heavy commer-
cial vehicles sometimes incorporate two
or even three countershafts. In such
cases, special design features are re-
quired in order to ensure that power is
evenly distributed to all countershafts,

Automatic transmissions for cars and
commercial vehicles are, in the majority of

cases. planetary gear transmissions and
only in rare cases are countershaft designs
used. The planetary gears generally take
the form of a planetary-gear link mecha-
nism. They frequently involve the use of
Ravigneaux or Simpson planetary gears.

Planetary-gear sets
The basic planetary-gear set consists of
the sun gear, internal ring gear and the
planet gears with carrier. Each element
can act as input or output gear, or may be
held stationary. The coaxial layout :f the
three elements makes this type cf unit
ideal for use with friction clutches and
brake bands, which are employed for se-
lective engagement or fixing of individual
elements. The engagement pattern can
be changed - and a different conversion
ratio selected - without interrupting
torque flow; this capability is of particular
significance in automatic transmissions.

As several gear wheels mesh under
load simultaneously, planetary-gear trans-
missions are very compact. They have no
free bearing forces, permit high torque lev-
els, power splitting or power combination,
and feature very good efficiency levels.

Planetary-gear set with various conversion ratios
A Sun gear, B Internal ring gear, C Planet gears wth carrier,
Z Number of teeth.

Basicequationforplanetary-gearsets:, + / A[i +Ze/Z c=0

in- Oui- Fixed TIansmissiorate Remarks
put put

A C B - ... 2.5sis5

!B C A i i 
7

A 1
7

A 125 53 1.67

Ic A A
1i+ZtI Z 0,2 Cd 4overdrive

A B C - - 4 Non-altomotve with eveble a rec
ironootadon -0. 5 1 5

c
A

B

Non-automotbve wih reversible cirec
!on o ctalio' -0,25 is -0.67

NEW

B A C i - - Z, 17 Z'
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594 Drivetrain

Manually-shifted transmission
a) Single-band synchromesh,
b) Dual-band synchromesh.

a

b7

'VZ

Manually-shifted
transmissions
The basic elements of the manually-
shifted transmission are:
- single or multiplate dry clutch fo, inter-

rupting and engaging the power flow;
actuation may be power-assisted to
deal with high operating forces,
variable-ratio gear transmission unit
featuring permanent-mesh gears in one
or several individual assemblies,

- shift mechanism with shift lever.

The force required for gear selection is
transmitted via shift linkage rods or cable,
while dog clutches or synchronizer as-
semblies lock the active gears to the
shafts. Before a shift can take place, it is
necessary to synchronize the rotating
speeds of the transmission elements be-
ing joined. When the transmission incor-
porates dog clutches (of the type still
sometimes used in transmissions for
heavy commercial vehicles), the driver
performs this task by double-clutcting on
both upshifts and downshifts, with [he at-
ter being accompanied by the application
of throttle.

Virtually all passenger-car transmis-
sions, and the majority of those in com-
mercial vehicles, employ locking synchro-
nizer assemblies. These include a friction

5-speed transmission for passenger car with conventional drive layout (ZF S5-31).
I inputshafr 2Main shalt, 3 Selector rail, 4 Idler shaft, S Output shaft

2 3 5

IFI

4
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Drivetrain 595

coupling for initial equalization of rotating
speed and a lockout mechanism to pre-
vent positive gear engagement prior to
completion of the synchronization pro-
cess. By far the majority use single-cone
synchromesh clutches. In cases where
there are particularly high demands for
performance and/or reduction of gear-
shifting force, double or even triple-cone
synchromesh clutches or multi-plate syn-
chromesh clutches are used.

Most transmissions in passenger cars
include 5, occasionally even 6 forward ra-
tics. The transmission-ratio range (de-
pending on the number of gears and
closeness of the ratios) is approximately
between 4 and 5.5 while the transmission
efficiency can be as high as 99% The
gearbox layout depends on the vehicle's
drive configuration (standard rear-wheel
drive, front-wheel drive with inline or trans-
verse engine, or four-wheel drive). Thus
the input and output shafts may share a
single axis, or they may be mutually offset;
the final-drive and differential assembly
may also be included in the unit.

Transmissions in commercial vehicles
can have between 5 and 16 gears, de-
pending upon the type of vehicle and the
specific application. For up to 6 gears, the
transmission consists of a single gearbox.
The transmission-ratio range is between

4 and 9. Transmissions with between
7 and 9 gears are two-box transmi;sions
in which the range-selector box is pneu-
matically operated. The conversion range
extends to 13.

For still higher numbers of ratios -- up to
16 - three transmission elements are em-
ployed: the main transmission, a splitter
group and the range group, with pneu-
matic actuation for the latter two units.
The conversion range is as high as 16,

Power take-offs (auxiliary drivesi
Commercial-vehicle transmissions are fit-
ted with a variety of power take-off con-
nections for driving auxiliary equipment. A
basic distinction is made between clutch
and engine-driven PTO's. The individual
selection depends upon the specific ap-
plication.

Retarders
Hydrodynamic or electrodynamc re-
tarders are non-wearing auxiliary orakes
for reducing the thermal load on the road-
wheel brakes under continuous b-aking.
They can be fitted either on the drive input
side (primary retarders) or the drive out-
put side (secondary retarders) integral
with the transmission, or as a separate
unit between the transmission output
shaft and the driving axle. The advan-
tages of the integrated designs are com-

5-speed transmission for longitudinal-engine passenger car with 4wd Audiquattro)
I Input shaft, 2 Front-axle differential 3 AWODtransfer box with Torsen locking differential,
J Rear-axic drive shaft

12 3 4

L. 4

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1136



596 Drivetrain

16-speed multiple transmission with integral retarder for heavy trucks
(ZF Ecosplit 16 S221)

'7]

&4~~'$1~ '7

-~

- I 'I
3, II

Semi-automatic transmission (schemnatic)
1 Engine electronics (EDC), 2 Transmission eectronics, 3 Transmission auator
4 0 iesel engine, 5 Dry-plate friction clutch, 6 Clutch actuator, 7ntarder control unit,
3 Display 9 Gear selector 10ABS/TCS, 11 Gearbox, 12 Air cylinder,
- Electrical, ---- Pneumatic, - CAN communicaton

a 2 9 3 11 10

CAN

4 5 6 12 7
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Drivetrain 597

pact dimensions, low weight and fluid
shared with the transmission in a single
circuit. Primary retarders have specific
advantages when braking at low speeds
and are therefore widely used on public
transport busses. Secondary retarders
have particular advantages on long-dis-
tance trucks for adjustment braking at
higher speeds or when traveling downhill.

Automatic transmissions
There are two types of automatic trans-
mission (or gearbox) which are distin-
guished according to their effect on vehi-
cle handling dynamics:
- Semi-automatic transmissions are

manual gearboxes on which all opera-
tions normally performed by the driver
when changing gear are carried out by
electronically controlled actuator sys-
tems. In terms of vehicle dynamics, this
means that a gear change always in-
volves disengagement of a clutch and
therefore of the drive to the driving
wheels.

- Fulliautomatic transmissions, usually
referred to simply as automatic trans-
missions, change gear under load, i.e.
the power continues to be transmitted
to the driving wheels during a gear-shift
operation.

That difference in vehicle handling dy-
namics is the essential factor which
determines the types of application for
these two transmission types. Fully auto-
matic transmissions are used in situations
where disengagement of the power trans-
mission would be associated with a signif-
icant reduction in comfort (above all on
cars with powerful acceleration), or where
it is unacceptable for reasons of handling
dynamics (above all on o-road vehicles).
Semi-automatic transmissions are found
on long-distance haulage trucks, passen-
ger coaches and more recently also on
small cars, racing cars and fast produc-
tion sports cars.

Semi-automatic transmissions
Partially or fully automated gear-shifting
systems contribute substantially to simpli-
fying control of the gears and increasing

economy. Particularly when used on
trucks, the disadvantages inherent in the
interruption of power transmission are
compensated for by a number of decisive
advantages
- narrower spacing of ratios, with up to

16 gears,
- enhanced-efficiency power transfer,
- reduced costs,
- same basic transmission unit for man-

ual and semi-automatic designs.

Operation
A positioner module on the transmission
converts the electrical signals int hy-
draulic or pneumatic signals and controls
the actuator cylinders for the gea-shift
operation. The electrical control signals
are generated by an intermediate EU.

Design variations
On the simplest systems, the mechanical
gear-shift linkage is simply replaced by a
remote control system. The gear-shift
lever then merely sends out electrical sig-
nals. Drive-engagement and clutch oper-
ation procedures are as with a standard
manually-shifted transmission. More
complex versions combine these systems
with a recommended shift-point function.
Advantages are:
- reduced shifting effort,
- simplified installation (no shift linkage),
- prevention of incorrect operation (over-

revving of engine).

On fully automated gear-shifting sy3tems
both the transmission and the drive-en-
gagement mechanism are automated.
The driver's control device consists of
either a lever or pushbuttons, with an
override provision in the shape of a driver-
selected manual mode or /- buttons.

Complex shift programs are required to
control a multi-ratio transmission. A sys-
tem which engages the gears according
to a fixed pattern will not be adequate.
Current running resistance (as deter-
mined by load and road conditions must
be factored in to achieve the optimal bal-
ance between driveability and fuelecon-
omy. This task is performed by a nicro-
computer control system along with con-
trol of synchromesh for gear changing. To
that end the engine speed is adjusted by

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1138



598 Drivetrain

the electronic throttle-control system
(ETC or EGAS) to the speed called for by
the transmission control system via the
data communication bus. As a result, me-
chanical synchromesh systems can be
partly or entirely dispensed with in the
gearbox.
Advantages are:
- optimum operating economy through

automatic, computer-controlled shifting,
- reduced driver workload,
- lower weight and smaller dimensions,
- enhanced safety for both driver and ve-

hicle.

Fully automatic transmissions
Fullyautomatictransmissionsperformthe
drive-engagement and ratio selection
(shifting) operations with no additional dri-
ver input. The power take-up unit is al-
ways a hydrodynamic torque converter
which almost always has a converter
lockup clutch on cars and generally does
on commercial vehicles. The power-trans-
mission efficiency of such automatic
transmissions is inherently slightly lower
than that of manual and semi-automatic
transmissions. However, in many applica-
,ions this is compensated for by shift pro-
grams designed to keep engine operation
inside the maximum economy range.
The components are:
- hydrodynamic torque converter (always

employed with passenger-car transmis-
sions, while commercial vehicles gen-
erally use the Trilok design); for starting
off, for torque multiplication and for ab-
sorption of harmonic vibrations.

- a number of planetary-gear sets down-
stream from the hydrodynamic torque
converter. Number and arrangement ac-
cording to number of gears and ratios.

- hydraulically-actuated multiplate clutches,
plate or band brakes. Assigned to the
individual elements within the plane-
tary-gear sets to execute shifts without
interrupting the flow of power.

- one-way clutches together with shift el-
ements for optimal activation under
load.

- a transmission-control system to define
gear selections and shift points and to
regulate demand-response shifting, as
dictated by the driver-selected shift pro-
gram (selector lever), accelerator

pedal, engine operating conditions and
vehicle speed. The transmission con-
trol system is an electronic-hydraulic
system.

- an engine-driven hydraulic-flu d pump
(occasionally supplemented by a sec-
ond fluid pump at the output end) pro-
vides hydraulic pressure for valve body
and shift elements as well as sipplying
fluid to the hydrodynamic torque con-
verter. It also supports lubrication and
cooling in the transmission.

Design variations
Present-day automatic car transmissions
have 4 or 5 gears while future designs will
feature 6 speeds. The mechanical con-
version range lies between 3.5 (4-speed
transmission) and 5.0 (5-speed unit). Fig-
ures for driveoff conversion extend from
1.7 to 2.5.

Automatic transmissions in corimercial
vehicles can have between 3 and 6 for-
ward gears. The mechanical coiversion
range extends from 2 to 8. These trans-
missions frequently have integrl hydro-
dynamic retarders, as the requ site pe-
ripheral systems (fluid pump, la ge fluid
pan, fluid cooler) are already in pace.

Electronic transmission
control

Automatic gearboxes are nowadays al-
most exclusively controlled by electroni-
cally operated hydraulic systems. Hy-
draulic actuation is retained for the
clutches, while the electronics assume re-
sponsibility for gear selection and for
adapting the pressures in accordance
with the torque flow. The advantages are:
- a number of gear-shift programs,
- smoother gear shifting,
- adaptability to different types of vehicle,
- simpler hydraulic control, and
- ability to dispense with one-way

clutches.

Sensors detect the transmission output-
shaft speed, the engine load and speed,
the selector-lever position and the posi-
tions of the program selector and .he kick-
down switch. The control signal
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Drivetrain 5199

Automatic transmission with integral primary retarder for busses, trucks and special
vehicles
(ZF Ecomat 5HP 500).1 2 3
7 Hydrodynamic torque

converter with lockup
clutch,

2 Hydrodynamic retarders,
3.5-speed planetary gears,
4 Oil pump,
5 Transmission-shift control.

4

5-speed passenger-car automatic gearbox (ZF 5 HP24)
1I nput shaft, 2 Controlled-slip convener lock up clutch (GWK, 3 Hydrodynamic torque converter
4 5-spoed planetary gears with three multipiate brakes, three multiplate clutches and one
one-way clutch, 5 Electronic-hydraulic transmission-shift control. 6 Output shaft

23 4 Gear Clutch Brake Oernai

A BLCD1EF FL i
- 01 _ 0 3.57
2 a 2.2)

O according to operating mode
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600 Drivetrain

TiptronicO shifting strategies (process diagram)
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processes this information according to a
predefined program and uses the results
in determining the control variables to be
transmitted to the gearbox. Electrohy-
draulic converter elements form the link
between the electronic and hydraulic cir-
cuits, while standard solenoid valves acti-
vate and disengage the clutches. Analog
or digital pressure regulators ensure pre-
cise control of pressure levels at the fric-
tion surfaces. A typical system includes:

Shift-point control
In selecting the gear to be engaged, the
system refers to the rotating speeds of the
transmission output shat and of the en-
gine before triggering the appropriate
solenoid valves. The driver may select
from among different shift programs (e.g.,,
for maximum fuel economy or for maxi-
mum performance). In addition, the selec-
tor [ever allows manual input from the dri-
ver

"Intelligent" shift programs improve dri-
veability by supplementing the standard
transmission-control data with additional
parameters such as forward and lateral
acceleration, and the speed with which
accelerator and brake pedal are pressed.
A complex control program selects the
appropriate gear for the current operating

conditions and driving style using such
expedients as suppressing trailing-throttle
upshifts on the approach to and during
corners, or automatically responding to
slow throttle openings by activating a shift
program for low- minr upshifts. Ccncepts
which combine the high level of conve-
nience of such "intelligent" gear-shift pro-
grams with facilities for active adaptation
to individual driver preferences have be-
come very widespread. In addition to the
normal positions for neutral, drive and re-
verse, the selector levers for such sys-
tems have a second parallel channel in
which one touch of the lever produces an
immediate gear change (provided no en-
gine-speed limits would be exceeded).

Converter lockup
A mechanical lockup clutch can be em-
ployed to improve the efficiency of the
transmission unit by eliminating torque-
converter slip. The variables employed to
determine when conditions are suitable
for activation of the converter lockup
mechanism are engine load and trans-
mission output-shaft min

Control of shift quality
The accuracy with which the pressure at
the friction elements is adjusted to the

-
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Drivetrain 601

level of torque being transmitted (deter-
mined with reference to engine load and
mirn) has a decisive influence on shift
quality; this pressure is regulated by a
pressure regulator. Shifting comfort can
be further enhanced by briefly reducing
engine output for the duration of the shift
(e g., by retarding the ignition timing); this
also reduces friction loss at the clutches
and extends component service life.

Safety circuits
Special monitoring circuits prevent trans-
mission damage stemming from operator
error, while the system responds to mal-
functions in the electrical system by re-
verting to a backup mode.

Final-control elements
Electrohydraulic converter elements such
as solenoid valves and pressure regula-
tors form the link between the electronic
and hydraulic circuits.

Continuously-variable
transmissions

The continuously-variable transmission
(CVT) can convert every point on the en-
gine's operating curve to an operating
curve of its own, and every engine operat-
ing curve into an operating range within
the field of potential driving conditions. Its
advantage over conventional fixed-ratio
transmissions lies in the potential for en-
hancing performance and fuel economy
while reducing exhaust emissions (e-g.,
by maintaining the engine in the perfor-
mance range for maximum fuel economy).

The continuously variable transmission
(CVT) can operate mechanically (belt or
friction-roller), hydraulically or electrically.
The highest level of development has
been achieved with mechanical continu-
ously variable units employing steel belts
(as installed in low-output series-produc-
tion cars), where the unit's offset axes
make it ideal for installation in front-wheel
drive cars with transverse-mounted en-
g'nes. The conversion range is 5.5...6.
The major elements in the continuously
variable mechanical belt transmissions for
passenger cars are:

- engagement mechanism for starting off
(wet multiplate clutch, hydrodynamic
torque converter or magnetic-particle
coupling),

- primary and secondary disks with axi-
ally adjustable taper-disk secticns and
power transfer via steel bands (CVT)

- electronic/hydraulic transmission control,

Continuously variable passenger-car
transmission (ZF VT)
I Input shaft,
2 Revrsing-wheelsetwithpowertake-up

Components,
3 Axial-shift cones (input side,
4 Oilpump,
5 Final drive unit with dilerental,
6 Intermediate shaft,
7 Linked steel belt,
8 Axial-shilt cones (output side)

1 2 3 4

-

I U

_3 --

_ L

5 6 7 8

I
PhSi
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602 Drivetrain

Direct-drive axle for busses (ZFA131)-
I Wheel hub,
2 Wheelbearng 1 2 3
3 Brake caliper

(air-operated),
4 Final drive,
5 Differential gears-

- reversing mode, and Fin
- final drive unit with differential.

The
We can expect continuously variable gine
transmissions (CVTs) using steel belts to eral
be fitted on more powerful cars as well in trans
the foreseeable future. toma

Friction-roller transmissions have not miss
been used in production vehicles to date. fer c
Form the point of view of configuration, Lo
they are better suited to rear-wheel-drive sion
vehicles. drive

Electrical transmissions are used on lions
some public transport vehicles, Apart offse
from with diesel engines, they can be necti
combined with alternative power sources by m
such as batteries, overhead power lines locity
or, in the future, fuel cells. Other advan- Th
tages of electrical bus transmissions on drive
busses are non-integrated (distributed) whet
design of the overall power train, single- gear
wheel drive and, in particular, simpler engi
realisation of low-floor vehicle designs. may

Hydrostatic-mechanical indirect-drive (on r
transmissions are in use on production vehi
agricultural tractors, Use on road-going entia
vehicles is unlikely due to the high noise Th
levels produced. differ

4 5

al-drive units

overall conversion ratio between en-
and drive wheels is produced by sev-
elements operating in corjunction: a
mission with several fixed ratios (au-
tic or manual), an intermediate trans-
ion in some applications (AWD trans-
ase) and the final-drIve unit.
nger distances between transmis-
and final drive are bridged by the
shaft (in one piece or in several sec-
with intermediate bearings). Angular
ts resulting from non-aligned con-
ng drive shafts are compensated for
eans of universal joints, constant-ve-
joints and flexible-disk joints.

e central component Of 3 car final
is either a hypoid bevel-gear crown-

el and pinion (in-line engine) or a spur-
crownwheel and pinion 'transverse

ne) while the layout of the components
take the form of a separate differential
ear-wheel-drive and four-wheel-drive
cles) or an integral gearboy and differ-
l (on front-wheel-drive veh cles),
e chief components of a final drive
rential are the crown wheal and pin-
the planetary gears, bearings, drive
1and halflshaft flanges and differential
ling. The final-drive transmission ratio
ually between 2.6 and 4-5 to 1.

_m
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Drivetrain 603

The crown wheel is normally balted to
the differential case which holds the plan-
etary gears, and the pinion shaft and dif-
ferential case run in taper roller bearings
To reduce the transmission of structure-
borne noise to the bodyshell, the final
drive unit is attached to the vehicle frame
by flexible (rubber) mountings.

In addition to its torque transmission
capabilities, mechanical efficiency and
weight, the noise-producing characteris-
tics ofa final drive unit have become a de-
cisive criterion in modern automobile de-
velopment. In this regard, the crown
wheel and pinion are of primary signifi-
cance in terms of noise generation. The
quietness of the mechanism is essentially
dependent on the way in which the gears
are manufactured. A distinction is made
between conventional manufacturing
methods and grinding of the teeth
whereby the imperfections produced by
heat treatment (case hardening) are elim-
inated by appropriate grinding so that in
contrast with conventional methods (e.g.

lapping) precise (i.e. maximum possible
correspondence between calculated
tooth-profile topography and actual
geometry produced on the machine) and
reproducible tooth-profile topographies
are produced.

On commercial vehicles, direct-drive
axles with hypoid bevel gears are most
commonly used. The final-drive traismis-
sion ratio ranges between 3 and 6 to 1. In
cases where smooth-running characteris-
tics are particularly important, e g. on
busses, the gears are ground.

On public transport busses, which
nowadays are almost always low-floor de-
signs, portal (hub reduction) axlEs are
used as they allow very low floor levels. In
addition to the helical bevel-gear differen-
tial there is also an indirect-drive spur-
gear reducer stage. This indirec-drive
arrangement allows the required high
torque levels to be transmitted with the
limited reducer offset.

If there are special ground clearance
requirements (e.g. construction-site vehi-

Hub reduction axle for busses {ZFAV132)
1 Wheel bearing, 2 Brake caliper 3Reductiongearing. 4Difrenial gears, 5 Final driv.

1 2 3
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604 Drivetrain

cles), planetary axles are used. Propeller
shaft and halfshafts can be made smaller
by splitting the power transmission, and
the available space is increased.

Differential
The differential unit compensates for dis-
crepancies in the respective rotation rates
of the drive wheels: between inside and
outside wheels during cornering, and be-
tween different drive axles on AWD vehi-
cles.

Apart from a few special cases, bevel
gears are the preferred design for differ-
entials. The differential gears act as a bal-
ance arm to equalize the distribution of
torque to the left and right wheels. When
lateral variations in the road surface pro-
duce different coefficients of friction at the

Passenger-car rear-axle final-drive unit
(ZFHAG20)
1 Housing (two-piece),
2 Haifshalt flange,
3Diferential-casebearings,
4 Differentialgears,
5Crown wheelandpinion,
6 Pinion bearing,
7Propeller-shaltflange.

3 4 3

Lx

Lx> uJJ/2

22

-I , --7-

respective wheels ("p-split"), this balance
effect limits the effective drive torque to a
level defined as twice the tractive force
available at the wheel (tire) with the lower
coefficient of friction. If torque then ex-
ceeds frictional resistance, that wheel will
spin.

This undesirable effect can be eliminated
by locking the differential either by a posi-
tively interlocking or friction mechanism.
Positively interlocking differential locks
are switched-in by the driver. Their disad-
vantage lies in the stress applied to the
drivetrain which occurs during cornering.
Friction-type differential locks operate au-
tomatically using friction plates, cones or
a combination of worm and spur-gear dri-
ves and thus have a variable lockng ac-
tion depending on torque. The friction-
type locking action can also be achieved
with a viscous coupling and is then de-
pendent on the differential speed.

The importance of self-locking differen-
tials is declining. They are Increasingly
being displaced by electronic systems
which slow down a spinning wheel by
applying the brake and thereby transfer
power transmission to the wheel with
more grip (e.g. Traction Control System
(TCS)).

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1145



Drivetrain '605

Two-stage AWD transfer box
for light off-road vehicles
(Steyr-Daimier-Puch ITC)
1 Pump,
2Transfer-box input shaft,
3 Chain,
4 Front-axle driveshaft
5 Rear-wheel driveshaft,
6 Torque-sensing 2-

transfer gearing.
72-speed planetary

gearing,
8 Shift mechanism for changing

between highway and
off-road transmission ratio.

ghgF_

---

AII-wheel drive and transfer
case
All-wheel drive (AWD) improves traction
on cars, off-road vehicles and commercial
vehicles on wet and slippery road sur-
faces and rough terrain. The following
types of system are available:
- Disengageable all-wheel drive with ei-

ther direct transmission to front and
rear axles, or with transfer box. The
transfer box and final-drive differentials
can also have a disengageable lock.
Transfer cases for off-road vehicles in-
corporate an additional driver-con-
trolled conversion range for steep gradi-
ents and low speeds.

- Permanent all-wheel drive whereby all
wheels are driven at all times. Central
transfer box, either non-locking or with
riction-type torque-dependent locking
mechanism, Torsen lock or viscous
coupling. Torque distribution between
front and rear axles 50:50 or asymmet-

rical. Additional crawler-gear ratios are
also possible,

Designs with viscous coupling or elec-
tronically controlled multiplate clutch in-
stead of the central all-wheel-drive trans-
for box also come under the umbrella of
permanent all-wheel drive.

On more recent vehicles, additional
locks on the AWD transfer box or axle dif-
ferentials are increasingly being dis-
pensed with in favor of intelligentlr con-
trolled operation of the brakes,
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606 Drivetrain

TCS traction control

During standing-start and moving accel-
eration and under braking, the efficiency
with which forces can be transferred to
the road depends upon the traction avail-
able between tires and road surface. The
adhesion/ slip curves foracceleration and
braking display the same basic pattern as
each other (see illustration). The vast ma-
jority of acceleration and braking opera-
tions entail only limited amounts of slip, al-
lowing response to remain within the sta-
ble range in the diagram where up to a
certain point any rise in slip is accompa-
nied by a corresponding increase in avail-
able adhesion. Beyond this point, further
increases in slip take the cuves through
the maxima and into the instable range, in
which any further increase in slip will gen-
erally result in a reduction of adhesion.
Under braking, this will result in the wheel
locking within a few tenths of a second.
Urder acceleration, one or both of the dri-
ving wheels will start to spin more and
more as the drive torque exceeds the ad-
hesion by an ever increasing amount.

ABS responds to the first case (brak-
ing) by inhibiting wheel lock. ASR reacts
to the second scenario by holding accel-
eration slip within acceptable levels to
prevent wheel spin. The system actually
performs two functions:
- enhancing traction

Adhesion/slip curves
Coefficient of friction under accelerationl
brakingA4, ., Torque under acceleration'
braking A 3. Lateral-force coefficientas,
1 Wet asphaltcA E, 2 Hard packed SnOWYA, 1,
3 Concrete 4 A. 4 Wet asphalt us.

PA Tracion

I3

4

'2

- maintaining vehicle stability (true track-
ing).

Traction-control systems for
passenger cars

ABS/TCS 21 (Bosch)
To provide optimal closed-loop control of
torque at the drive wheels, The mechani-
cal connection between accelerator pedal
and throttle valve (or pedal and injection-
pump control lever on diesel engines) is
replaced by the ETC electronic throttle
control (EGAS or electronic "drive-by-
wire" accelerator). A sensor converts the
position of the accelerator pedal into an
electrical signal, which the ECU then uses
to generate a control voltage. A servomo-
tor responds to this signal by reposition-
ing the throttle valve (or injection-pump
control lever on diesels); it then transmits
a position report back to the ECU. Brief,
simultaneous activation of the service
brakes is employed to supplement the
ETC (improved tractive performance via
limited-slip effect). The standard ABS hy-
draulic modulator is expanded to include
a TCS section, both to provice additional
hydraulic energy for brake-force applica-
tion and for switching to TCS operation.
The ABS solenoid valves in tI e hydraulic
modulator switch between three positions
- "pressure buildup", "maintain pressure"
and "discharge" - to regulate the flow of

EMS electronic engine-power control
for TCS
I ARS/TCS control unit, 2 ETC control unit,
3 Accelerator pedal. 4 Servomonto,
5 Throttle valve, or 6 Diesel injection pump.

1 ABS/ASR

EGAS

4
6

5C

4

Braking /p~t

1
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Drivetrain 607

ABSITCS schematic diagram for cars
1ABS/TCS control unit, 2 Motronic ECU, 3 ETC control unit, 4 Engine, clutch, transmission,
5 Differential, 6 TCS pressure source, 7 ABShydraulic modulator, 8 Brake master cylinder with
brake booster, 9 Wheel brakes, 10 Wheel 1 11 Wheel 2, 12 Wheel-speed sensor, 13 Road
surface, Wheel 1, 14 Road surface, Wheel 2, 15 Vehicle mass 10, p Brake pressure, u Wheel
speed, b Vehicle speedA Slip, OF Wheel inertia, MA Drive force, Me Braking force, M bi
forces acting on drive wheel, M, Surface forces. Indices 1, 2 Wheel 1, 2

712

2 3 1 10 013

Molio ic EGAS 9 ) 1

ASR 4 5 15 "I

u7

ASR ABS

1L 1'-)2 1 4(R2

12

ABS/TCS system components for cars
I Speedsensor 2 ABS/TCS hydraulic modulator 3 ABSTCS control unit 4 ETC control unit,

5 Throttle (gasolineengine)/Diesl uel-injection pump control lever,

4 3

I
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608 Drivetrain

system pressure and furnish the pressure
modulation required for rapid and precise
control of braking force at the drive
wheels.

The ETC control unit, which is con-
nected to the ABS/TCS control unit via an
interface, takes over control of the throttle
or the diesel fuel-injection pump control
lever in order to control engine torque.

On spark-ignition engines, system re-
sponse is improved by retarding ignition
timing to reduce the relatively extended
delays encountered when engine torque
is controlled exclusively with the throttle
valve-

ABS/TCS5 (Bosch)
By designing this ABS system around
solenoid valves featuring only 2 hydraulic
connections and 2 switch positions (2/2
solenoid valve) it was possible to achieve
further reductions in both weight and
costs - while combining the complete
range of standard functions with the ad-
vantages of sealed braking circuits.

Because the hydraulic unit's design is
based on a modular concept, it is easy to
adapt for use with both standard brake-
system configurations (tl and X pattern)
and with different vehicle drive layouts
(including all-wheel drive).

The design of the 2/2 solenoid valves
allows the sealed hydraulic alve section
to be inserted into its energizer coil. This
considerably simplifies the design of an
add-on ECU for the hydraulic modulator,
and separate testing of the two compo-
nents now becomes possible.

This direct connection of the ECU with
the solenoid valve coils subs antially sim-
plifies the wiring-harness layout in the ve-
hicle by reducing the number of connec-
tors and leads required. This in turn con-
siderably reduces susceptib lity to faults
and thereby the probability of failure.

The engine-control functons remain
largely independent of the hydraulic sys-
tem, and the current design was adopted
for ABSTCS5 without modifization.

MSR enqine drag-torque cortrol
The TCS unit installed in passenger cars
can be expanded to include he MSR en-
gine drag-torque control system. On slick
road surfaces, a downshift or sudden
throttle closure can cause excessive en-
gine braking at the drive wheels.

MSR responds to these conditions by
gently adjusting the throt le-valve for
slightly increased engine torque in order
to reduce the braking forces and help
maintain maximum vehicle stability

2/2 Solenoid valves for ARS/TCS5
a Inlet valve, b Outlet valve, c Intake valve d Pilot valve.
I Non-return valve sleeve.

a b cd

JJ
A LLl
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Drivetrain 609

Schematic diagram ofABS/TCSS hydraulics for X brake-circuit configuration
HZ1, 2 Main-cylinder lines, ASV1, 2 Suction valves,
USV1, 2 Circuit-control valves, sRFP1, 2 Self-priming return pump,
D1, D2 Atienuator chambers, Spk 1. 2 Accumulator chambers,
RVP 1, 2 Vacuum/safety valves, EV (HR, HL, VR, VL'* Pressurization valves,
AV H-R, HLVR,VL) Pressure-relief valves. HR,HIL,VR.VLVWheelbrakes.

SHR Rear right

HL Pear left
VP Front right
V Front left

HZ2 HZ1

ASV2 USV2 USV ASV1

D2 D

sRFP2 sRFPI

A HL A VVV; EVHL EVHR EVIL

RVF' $1 -

tWVlL A

~p K- (.>AVHR '7

VR 0 OHR(O

K,
6EVVP

.> I

C, -

2

( )V!_
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610 Drivetrain

TCS traction-control for commercial
vehicles
This closed-loop traction-control system
is integrated within the ABS control unit
for shared use of ABS components such
as wheel-speed sensors and pressure-
control valves.

The control system consists of a brake-
control circuit and an engine-control cir-
cuit. The TCS brake-control circuit also
requires a two-way directional-control
valve and a TCS valve (2/2 solenoid
valve), and the engine-control circuit a fi-
nal control element for reducing the en-
gine torque.

Brake-control circuit
When the vehicle moves off on a low-trac-
tion or u-split (left/right variations in trac-
tion) surface, the wheelspin that accom-
panies excessive throttle will frequently
be limited to a single drive wheel. Due to
the low coefficient of friction at this wheel,
only minimal tractive forces will be avail-
able to move the vehicle. The brake con-
troller responds to this situation by apply-
ing braking pressure to the spinning
wheel; this force is conveyed through the
differential and acts as drive torque at the
(still) stationary wheel.

First, the ECU switches the TCS valve
to the open position for initial braking at
the spinning wheel. The control circuit
then uses the ABS pressure-control valve
to control the pressure at the wheel cylin-
der as a function of wheel behavior. The
brake pressure is controlled in such a way
that the driving wheels are synchronized,
The result is a locking effect comparable
to that provided by a mechanical limited-
slip or locking differential. In order to
achieve the same forward drive, however,
the enginetorque must be greaterthan re-
quired with a mechanical differential lock
by an amount equivalent to the braking
force applied by the TCS brake controller.

This is one reason why mechanical dit-
ferential locks are frequently employed in
difficult terrain (e.g., construction sites).
The brake control function is then em-
ployed under those conditions where the
driver might have difficulty in determining
whether the differential lock is providing
increased traction. It is often possible to
dispense with the mechanical differential

lock entirely on vehicles not used in de-
manding off-road conditions.

The benefits of the brake controller are
generally felt when starting off, when ac-
celerating, or in alpine conditons on "p-
split" surfaces. The control circuit must
supply high braking forces to the low-trac-
tion wheel when a fully-toaded vehicle op-
erates on extreme -split on mountain
roads. To prevent excessive thermal load-
ing of the brakes, TCS incorporates two
default modes:
a) The brake controller remains inactive at
speeds above 30 km/h,
b) Controller activity and wheel speed are
used to estimate the thermal load at the
brakes; if a defined limit is exceeded, the
controller responds with deacivation.

Using the brake-control function de-
scribed above, the driving wheels can
also be synchronized so that a mechani-
cal differential lock, if present, can be au-
tomatically engaged, e.g. with the aid of a
pneumatic cylinder. The ABS/TCS control
unit calculates the correct point and con-
ditions for releasing the differential lock.

Engine-control circuit
Drive wheels on surfaces affording equal
but limited traction will respond to excess
throttle by spinning on both sides. The
residual tractive force available for pro-
pelling the vehicle then shifts into the un-
stable section of the adhesion/slip curve
with its diminishing adhesion coefficients
(see Fig. "Adhesion/slip curve") Attempts
to accelerate a stationary or -rawling ve-
hicle on ice or snow "polish" the surface,
resulting in a further, substant al reduction
of traction. At the same time vehicle sta-
bility is sacrificed The engine-control cir-
cuit responds to these conditions by re-
ducing the drive slip to an acceptable
level, thereby enhancing traction and ve-
hicular stability.

Both electric and pneumatic servo ele-
ments are available for controlling the re-
duction in engine torque.

The following section illustrates the
principles involved by describing two op-
tions for electric control:
- an interface connected to electronic

engine-control devices,
- direct control of an electrical servomo-

tor.
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Drivetrain 611

Traction control system (TCS) for commercial vehicles with electronic injection-pump
control (EDC)
1 Wheel-speed sensor. 2 Pulse ring, 3ABS/TCS control unit, 4 Pressure control valve (single circuit),
5 2/2 Solenoid valve, 6 Two-way valve, 7 Service-brake valve, 8 Brake-pressure regulator 9 Whel
cylinders, 10 EOC control unit, I Accelerator pedal, 12 Pedal-position sensor 13 Injection purr.p.

ASR EDC

2 2 12 1181

L L

L> --- - -- ------ -

/% 10

13

Interfa½;;g(referto CAN on page 884): The
ABSfTCS control unit receives the signals
reflecting driver commands from one of
the engine-management ECUs (e.g.,
accelerator-pedalpositionordesiredfuel-
injection quantity). The ABS/TCS control
unit consults both this signal and various
other data such as wheel slip in calculat-
ing the torque reduction requirement to be
implemented by the engine-management
ECU Examples of engine-management
ECUs are the ETC (Engine Throttle
Control) and EDC (Electronic Diesel
Control) units. They incorporate all engine
management functions (e.g. vehicle-
speed control, engine-speed limiting, idle-
speed control, etc.) and immediately
carry out the TCS request to reduce en-
gine speed with the required degree of
accuracy.

Servomotor the ABS/TCS control unit op-
erates the servomotor directly. The servo-

motor is a DC device with integral position
feedback for precise position control; reg-
ulation thus remains unaffected by vari-
ables such as positioning forces at the in-
jection pump and friction in the !hrottle
linkage. The TCS can only use the link-
age to reduce throttle, thereby excluding
the possibility of inadvertent opening of
the throttle. A vehicle-speed limiter (FGB)
integrated in the ECU either holds, he ve-
hicle's road speed at a statutory speed
limit (v.. control) or at a speed set by the
driver by means of a button (er control).
Here, the driver must depress the accel-
erator beyond the position which would
otherwise correspond to the desired ma,
or v, velocity. The ABSITCS control unit
compensates for the excess throttle.
These FGB limiters have been mandatory
equipment on buses (AGVW > 10 metric
tons) and trucks (AGVW > 12 tonsi since
1 January, 1994.

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1152



612 Suspension

Suspension

Types of oscillation
Suspension springing and damping op-
erate chiefly on the vertical oscillations
of the vehicle. Driving comfort (oscillatory
loads on passengers and cargo) and
operating safety (distribution of forces
against the road surface as wheel-load
factors fluctuate) are determined by the
suspension. Several spring-damper sys-
tems will serve to illustrate the synergetic
operation of the vehicle components.
Driving comfort is largely determined by

Table 1.
Effects of design parameters on the vehicle's vertical oscillations

Effect at body
natura frequency

Effect in intermediate Effect at suspension natural
frequency range frequency

Body specifications Large Medium Small
QhngcoLstanf onrrdecomfort ortridecomfort on handling safety

harder F-ecuencyandamplitudeincrease, Eecuency increases,
comfort dcreases Ll___ampl:ude decreasessliqgly

softer Frequency and maxmum amplitude AMp litudeI increases s tly at
decrease, comfort increases lowexti ation eeisueryies

Damper constant Major on ride comfort Major on heei-load il ctuaion
Optimization required

nigher Acceleration Acceleraton Accelerationincreaser,
(damper decreases increases dynamic wheel-load fluctuation
harder) decreases
lower Acceleation Acceleration Amplitude decreases lighlly,
(damper increases decreases dynamic wheel-load fluctuation
softer) increases

Mass Minor on amplification factor or wheel-load fluctuation; as payload
increases, the acceleration amplification factor decreases
(ride comfort is worse and relative wheel-load fluciuation higher wih vehicle
empty honwith vehcle fully loaded)

[Wheel and tyre
specifications
Suspension Natural frequency and amplitude change Natural frequency and amplitude
(with tires getting hardly at all of body acceleration aid
softer) wheel-load fluctuation decrease

roughly in proportion 1 the
P (I!,'___ _ _ _U__ __ reduction in vertical tire rFIidity

Dampino Frequency and amplitude do notchange Amplitude with body acceleration
wih change in tire damping and wheel-toad fluctuttion

decreases minimally with harder
damping

Due to heat generation,tire damping should be held to a minimun
in order to allow long spring travel for soft ires

Veleel mass Reducing wheel masshardyaffects 1Small wheel mass ineeases
ride comfort handling safety

Dual-mass model as quarter-vehcle
model
. Excitation amplitude, z Oscillation ampfitude.

c Spring resistance, k Damping constants,
I Mass. Subscripts I Tires and axle, 2 Body

c Z2

2 2

"i

-A
jh

Design
variable
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Suspension 613

the degree of body oscillation. Root mean
square of vertical body acceleration:

/ It

Axle oscillations (and thus, indirectly, fluc-
tuations in wheel load) are the salient fac-
tor in determining driving safety. Root
mean square of vertical axle oscillations:

, / 1

Both types of motion are characterized by
specific frequency relationships in the
form of amplitude ratios.

Table 1 enumerates the relative effects
of parameter variations in a dual-mass
model (also applicable to actual vehicles).

Body-mounted springs and dampers
also affect pitch and roll of the vehicle
body as well as its vertical vibration char-
acteristics.

Pitch: Gyration around the vehicle's
transverse axis, such as that encountered
under acceleration from rest (front-sus-
pension expansion and rear-suspension
compression). Pitching movements under
acceleration or braking are reduced by
the chosen suspension kinematics (sus-
pension-link configuration).
Roll: Gyration around a longitudinal axis

Effect of frequency on kinematic
amplitudes

Amplitude of axle accelraton. C Ampli-
de of bodyacceleration.lExcitation

amplitude. I Natural body requncy,
2Natural axle frequency

1 1 ... 2Hz 112 .. 5Hz

which generally runs from the lower front
to the upper rear of the vehicle: rcil motion
occursin response to steering inputs (sus-
pension compresses at the outside and
expands on the inside of the curve).
Stabilizers (anti-roll bars) at front and rear
axlesreduce this effect.

Suspension design elements
(See Table 2)

Controlled suspension systems

Level-control system

Partially loaded systems
The use of soft springs (comfort) results in
long spring travel, such as that encoun-
tered with the vehicle loaded. In order to
maintain vehicle-body height at an ac-
ceptable level, auxiliary air srns or hy
dropqeumatic spritgs are employed.

The springing element is provided by
the volume of the gas, while veh cle level
is monitored mechanically directly at the
suspension. Valves are used to control
the input or output of the air or hydraulic
fluid tolfrom the suspension element; the

Air-suspension level-control system
(partially loaded system)
I Air connection, 2 Steel spring,

3 Auxiliary air-spring elment,
4 Gas volume Shock absorber

2

-4
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614 Suspension

system can also incorporate intermediate
electronic level-control units acting upon
solenoid valves.
Advantages of the electronic system:
- Reduced energy consumption achieved

by avoiding control cycles during brak-
ing, acceleration and in curves,

- System reacts to increased vehicle
speed by reducing body ride height,
resulting in fuel savings,

- Increase in vehicle-body ride height on
poor road surfaces,

- Enhanced stability in curves achieved
through lateral blocking of the suspen-
sion elements on a given axle.

Additional advantages for commercial
vehicles:
- Automatic limitation of suspension

travel in order to accomodate inter-
changeable bodies and containers,

- Vehicle-body height can be adjusted as
desired, e.g., to align load floor with
loading ramps,

- Control of lifting axles (ride height
raised automatically when lifting axle is
elevated), lowers automatically when
approved drive-axle weight is ex-
ceeded. lifi axle raised briefly (2...3 min-
utes) to increase weight on drive axle
(drive-traction increase).

Hydropneumatic level-controlsystem
(partially loaded system)
I Fluid supply, 2 Steel spring, 3 Accumulator
4 Gas volume, 5 Rubber diaphragn 6 Fluid,
7 Hose 8 Shock absorber.

1

0

3 4

8 06
7

Fully loaded suspension systems
The cushioning effect is provided by the
gas suspension element alone and coil
springs are dispensed with. Either a sin-
gle axle (generally the rear axle) or both
axles of the vehicle can be controlled. If all

Level-control system (fully loaded systems)
a) Open system, b) Closed system. I Filter 2 Compressor, 3 Oryer 4 Directional-control valve,
5 Bellows, 6 Non-return valve, 7 Compressed-air reservoir, 8 Pressure switch.

a 1 b 1

2 6 8

LIT-

4 86 4 - 4 -2 6 4 E '" 4ECLjL 4z1 j

5L5 t 5}~L 5-_, 5
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axles are to be controlled, then the sys-
tem must include an ECU with a specific
control strategy which responds to factors
such as fluctuations in axle load (to pre-
vent the vehicle from tilting), while moni-
toring control times and recognizing sys-
tem errors.

Open system:
Advantages: Relatively simple design
and control

Disadvantages: High compressor out-
put required for brief periods of active
control, air dryer required, noise during
suction and blow-off.

Closed system:
Advantages: Low compressor output
(minimal pressure differential between
accumulator and suspension element),
no problems with moisture.

Disadvantages: Relatively complicated
design (accumulator, pressure switch,
non-return valve).

Air-filled suspension elements weigh
less than their hydropneumatic counter-
parts.

Active suspension

Active suspension controls both the
"springing" and the "damping" functions.
Various types of design concepts have
been realized.

Designs incorporating hydraulic
cylinder
A source of auxiliary power generates the
energy needed for rapid adjustments us-
ing high-speed hydraulic cylinders, while
sensors provide the link between the
cylinders and the vehicle body. Sensors
for wheel load, travel and acceleration
transmit signals to an ECU featuring a
control cycle of just a few milliseconds.

The control system achieves virtually
constant wheel-load factors while main-
taining a constant mean vehicle-body
height. Steel springs or hydropneumatic
suspension elements are employed to
support the static wheel load,

Suspension 615

Active suspension
a)Hydrauliccylinder,
b) Hydropneumatic suspension,
c)Airsuspension.
1 Vhicle body, 2 Wheel-load senso
3Travelsensor.4Accumulator 5Pumping
circuit, 6 Servo valve, 7Actuating cylinder,
8 Acceleration sensor, 9 Damper IC Valve,
I1Compressed-airreservoir, 12Compressor
13 Solenoid valve.

a 4
2 j

T F 153
6

7

8

b
4

9
7

a 1 11

3

13 12

.00
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616 Suspension

Designs incorporating hydropneu-
matic suspension (fluid control)
Vehicle-body oscillations are compen-
sated for by selective control of the hy-
draulic fluid in the hydropneumatic sus-
pension circuit. The hydraulic fluid is ei-
ther directed to the hydropneumatic
element or discharged from the spring
strut. In order to reduce energy require-
ments, the system's action is restricted to
smoothing wide-spaced undulations; a
gas accumulator installed adjacent to the
spring strut is responsible for higher-fre-
quency spring reaction.

The damping element can be set
to concentrate on wheel movements.

Air-suspension designs
Controlled supply of compressed air to
the air-spring bellows smoothes out the
body vibrations. The sealed air-spring
system only handles low-frequency vibra-
tions and steering-related body roll.

Because the system compensates for
transverse forces, it is also suitable for ap-
plication with spring-strut axles.

Single-tube shock absorber
I Atmospheric pressure, 2 Valve, soft spring,
3 Valve, hard spring,4on-return valve.

1

2
U; - G

0 --- -

Shock absorbers

Telescopic shock absorbers convert oscil-
lations in body and suspension into heat.
The resilient mountings used to attach
them to body and axle also provide for
noise insulation.

Single-tube shock absorbers
A sliding separating-piston and gas cush-
ion form the gas-pressure darriper in the
single-tube shock absorber.

Advantages Easy to tailor o specific
applications, as the large piston diameter
allows low working pressures. SIfficient
room for valves and passages. Heat is
dissipated directly via the outer tube. The
shock absorber can be installec in any po-
sition.

Disadvantages: Length. The outer
tube, which acts as a guide cylinder for
the piston, is susceptible to damage from
stone throw etc. Cannot be shortened in
orderto fit in positions where space is lim-
ited. The piston-rod seal iS SLbjected to
the damping pressure.

Twin-tube shock absorber
I Atmospheric pressure, 2 Reserv chamber.
3 Base valve.

0

1 1j nH7j
2

I
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Suspension 617

Twin-tube shock absorber
This type of damper is available either as
the atmospheric or low-pressure twin-
tube type.

Advantages: Insensitive to stone throw.
Tube can be adapted to fit in locations
where space is limited. This shock-ab-
sorbertype is short, as the balance cham-
ber is next to the working cylinder.

Disadvantages: These shock absor-
bers are sensitive to overloading (damp-
ing stops). Only certain specific installa-
lion positions are possible.

Damping characteristics
The damping characteristics are the re-
sult of the cumulative function of orifice
damping and of the spring-loaded valve
which closes the passage; the spring re-
spends to pressure by increasing the free
aperture of the outlet orifice. Piston bore
and spring can be specifically tailored to
provide linear to mildly degressive damp-
ing curves. An internal adjustment mech-
anism can be used to obtain several per-
formance curves from a single shock ab-
sorber. The compression-stage values
are frequently only 30...50% of those for
the rebound mode,

Electronically-controlled adjustable
shock absorbers (active adaptation to op-
erating conditions) can be used to en-
hance driving comfort and safety. Fixed
damping parameters, on the other hand,
result in defined relationships between
comfort and safety.

The control law is frequently a semi-ac-
tive "Skyhook" type, in which the shock
absorber adjusts with reference to body
speed.

Vibration absorber

The vibration absorber is a supplemen-
tary mass providing both springing and
damping. The vibration absorber assimi-
lates the oscillations of the main system,
i. e., the main system ceases to oscillate -
the motion is restricted to the vibration
damper (see "Oscillations" P. 29).

Vibration dampers affect body vibra-
tions, their effect on the suspension is
minimal.

Shock-absorber curves (reboundmodes)
I Comfort, 2 Standard, 3 Soort

0

C.5.

Itci

-3

2

Damnping speed-N-

Amplification function of axle acceleration
I With absorber, 2 Withoutabsorber

a Amplitude of,, h Excitation amplitude.

al/i,

2

characteristiofrequercy-

Vibration absorption
aj Instalation on vehicle,
b)Mechanialequivalentsystem.
ISpringanddamper,2Dampingmass,

3 Wheel mass,4Tire spring
a

2 J

b

--

- 3

h, 4 -. 21
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Suspension 619

(D

CU

0rr

- O t

r

FU5 C ) C

-0

0 0> C
DI C'

a)U
a) o (

T;2~
EEL

CU)D

m

c 0

C)

12E
70 - U

a)
M V'

E

'U0 -Z

C. E

50)
> 1 0

C)

r C

C 0 CX

U) C (

E .

<

A I- -
U)-r

2o ~ ~

~ 03
U)
k~ .0 C) 0)

L.2
(U(U
Jo- U) '2
-(U U)
rut C) U) 5
Z U).0 'U -

2

0

U-J

5.0
ruU

U)'.m

00 4z~ ~o

> >,

_______ _____+ +

E

2

fn

E

I t
C

C
U)
C)

E
C
0
0
U3

C)
1C

ir
N

7;

0 C)
a)
a-

oW2

E u -

C

II

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1160



620 Suspension linkage

Suspension linkage

The suspension layout employed to connect
the individual wheels to the vehicle structure
defines the suspension-linkage design. The
linkage enables the wheel for the most part
to move vertically in order to compensate
for irregularities in the road suace. In addi-
tion, the front wheels are steered, together
with the rear wheels in the case of rear-
wheel-steered vehicles. The front and rear
suspension linkage systems differ due to
the special demands imposed by the steer-
ing mechanism. Appropriate design mea-
sures are taken for the suspension geome-
try and springing so as to limit vertical body
travel while also reducing pitch and roll.

Suggested reading:
Woltgang Matschinsky.
Radfuhrungen der StraBenfahrzeuge.
("Suspension linkage for road vehicles")-
2n Edition: Springer-Verlag 1998.

Kinematics

The front wheels pivot around an inclined
axis whose position is determined by the
joints and the suspension components.

The following kinematic data are of es-
sential importance for the wheel's re-
sponse to steering input and the transfer
of forces between tire and road surface:

Toe-in (,
Toe-in is the angle between the vehicle's
longitudinal axis and a plane through the
center of the (steered-wheel) tire. It can
also be defined as half the difference in the
distance between the wheel's front and
rear rim flange. Toe-in affects the straight-
ahead running as well as the steering, and
in the case of front-wheel-drive vehicles
compensates for the resulting elastokine-
matic changes in track. For standard-drive
vehicles the toe-in is approx. 5.20'. For
FWD vehicles, the toe-out is up to -20' (to
compensate for drive forces).

Deflection-force lever arm rst
The deflection-force lever arm is the short-
est distance between the wheel center and
theinclinationangleofthesteeringaxis.On

3~

T-in
6, Toe-in angle Distance between wheels
a Front. Rear, b-a Toe-in inmm' r Track

vs

- s

Wheel position
At Centerof wheet, r, Radius ofdAfection
leverage iiCaster offsetn Positive caster,

CGaster angle.rKingpininlination offset
r aKingpinoffsetyCamberangle,nKingpin
angle.

1$

/

~\ ?

~I

It 8 ff(y

L

FWD vehicles, its length provider an index of
the effect of the drive forces on :he steering
and therefore of the rolling-resistance forces.

Caster n
Positive caster is the distance Letween the
wheel's contact point and the pcint at which
the steering axis intersects the road as
viewed from the side. Caster determines
the degree of self-centering action in the
steering as well as influencing straight-line
stability and steering force in curves.

Caster angle r
The caster angle is defined as the angle
between the steering axis and the vertical
plane as viewed from the side. In con-
junction with the kingpin ancle, it influ-
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Suspension linkage 621

ences the camber change as a function of
the steering angle, as well as the self-cen-
tering characteristics of the steering.

Kingpin offset r,
The kingpin offset, or steering offset, is the
distance between the point of contact be-
tween wheel and road surface, and the point
at which the steering axis intersects the
road surface. It is negative when the point
of steering-axis intersection is between the
center and the outside of the wheel. King-
pin offset combines with the effects of brak-
ing forces to generate steering motions and
self-centering action at the steering wheel
(driver information). Negative kingpin offset
results in self-stabilizing steering angles.

Camber angle y
Camber angle is the inclination of the
wheel axis towards the road surface in the
vertical plane. The camber angle is nega-
tive when the top of the wheel is inclined
toward the center of the vehicle. It influ-
ences lateral control (today's vehicles
generally employ moderate cambers of
-3...0 Wout of consideration for the tires).

Kingpin angle cr
The kingpin angle is the angle between
the steering axis and the vehicle's longitu-
dinal plane, as measured in the vehicle's
transverse plane. It influences steering
force (steering feel) along with caster an-
gle and offset, and the steering roll radius.

Basic types
(see Tables on following pages).

Elastokinematics
The wheels rack and camber are influ-
enced by the kinematic properties of the
suspension geometry and by the variations
in kinematic properties attendant upon
spring compression. The forces acting on
the suspension (acceleration, deceleration,
vertical and lateral forces, rolling resistance)
also have an effect upon the wheel's dy-
namic position due to compliance in mount-
ings and in the components themselves
(kinematicresponseduetoelasticdeforma-
tion. elastokinematics). The usual objective
is to aim at specific changes in wheel posi-

Wheeldisplacementby longitudinalf
duetosystem flexibility
F., hSuspension-armmounting forcesa DiStance

n wheel axes and suspension arm, h Sus-
arm mounting separation, J Toeit angle

-F 2 ½

Iu - -'

Positioning of suspension-arm mour tings
tocounteractsteeringdeflectiondueto
flexibility

ne terofgravity(A Reduction. Conplate
equ~zaionn,. .Axial/tadialspring ,on-

Isants.aAignment angle

5 SF
A

tion by employing kinematicand elastokine-
matic effects. To this end, kinematic and
elastokinematic properties are designed
into the axle which are calculated to provide
a sef-compensating response to fcrce and
spring action. Specially-aligned component
mountings result in cardanic angles during
springing. According to the design of the
rubber mount they define the options for the
compensation of elastokinematic effects.

Some modern rear suspensions employ
elastokinematics to reduce reaction to
changes in dynamic load. Differing longitu-
dinal and vertical forces at the wheels allow
the flexibly-mounted axle carrier or individ-
ual locating member to pivot, providing the
wheels at the outside of the cuve with
more toe-in (stabilizing steering Offect at
the rear wheels).

I

I

__4
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622 Suspension linkage
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Wheels

Modern vehicle wheels generally com-
prise a rim and nave or wheel disc. The
rim is that part of the wheel on which the
tire is mounted. The nave joins the rim to
the wheel hub. Wheel size is primarily de-
termined by the wheel-brake diameter and
by the load-bearing capacity of the tire,
The most important terms are: rim width,
rim diameter, center hole, hole circle di-
ameter, number of mounting holes, coun-
tersunk and stud design, and rim offset.

Rim designs
Rims differ from one another (depending
upon the type of tire) in terms of number
of parts and cross-sectional rim shape.
The most important rim details are: rim
flange, rim bead seat and rim base. Rims
have one of the following cross-sectional
shapes:
- Drop center,
- Flat base,
- 5 tapered bead seat or
- 150 tapered bead seat.

Disc wheel (e..i 6Jx 14 H 2)
1 Rim flange (e.g. J'section), 25"t apered
bead seat, 3 Hump {e. g. double hump H 2),
4 Rim. 5 Rim well, 6 Vent hole, 7 Wheel disc.
D Rim diameter (e. g. 14), LHolcrle di-
ameter, Rim width (e.g. 6), N Center hole.
ET Rimofset.

_ _ M - -------

4 321

5

|6

-7

Wheel mounting
Mounting the wheel tothe wheel hubfulfills
two requirements Centering the wheel in
order to ensure that it runs true, and trans-
mission of the wheel forces to the wheel
hub. Correct wheel mounting affects the
service life of the wheel system as a whole-

Passenger-car wheels

Mass-produced wheels are made of
sheet steel, with forged or cast aluminum
and (less commonly) magnesium being
used primarily for special wheels and af-
termarket wheels. Sheet aluminum, al-
though used in some cases, has not be-
come popular for reasons of cost.
The wheels in particular feature consider-
able potential when it comes tc complying
with the general trend towards lightweight
construction in the automobi e industry
The sheet-aluminum wheel (with the
wheel cap in the form of a full cover or
painted in silver as a styling variant), and
the split wheel derived from the classical
forged wheel, are among tie lightest
wheel versions while at the same time be-

Rim designs
a) Passenger-car hump rim as per DIN 7817.
b) Truck 15" sloping bead seat rirr (tubeless)
as per DIN 78 022, c) Truck 5' lapared bead
seal rim as per DIN 7820.
1 Fange, 2 5" tapered bead seat, 3 Hump,
4 Rim well, 5 15" taperedbead seat. M Rim
width, D Diameter

a , M

23KQ

b

c C M

2 f
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Wheels 625

ing reasonably priced considering the
weight savings involved.

Whereas the manufacturing process for
the two-piece sheet-aluminum wheels and
for the steel wheel are practically identical,
a difference is made between two different
versions of 1-piece split wheel:
1. An extruded section formed by a forg-
ing process. This is rolled and split at its
circumference.
2. A circular blank stamped from the coil
and deep-drawn.

There are further important lightweight-
wheel versions on the market although
these have still not become very wide-
spread. They include the cast-aluminum
wheel with pressure-rolled rim and the
structured wheel which is designed pri-
marily for maximum force transfer and less
with regard to an attractive appearance.
Since wheel covers in different materials,
shapes and colors can be fitted, this pro-
vides a wide range of design possibilities.

The use of plastic as a material for
wheels is still in the developmental stage
due in particular to insufficient high-tem-
perature strength and difficult wheel
mounting and manufacture.

The disc and rim are welded together
on sheet-steel wheels; in the case of forged
and cast light-alloy wheels, these two com-
ponents are usually manufactured in one
piece. Multiple-piece designs, even those
which are made of different materials (e.g.,
magnesium disc and aluminum rim), are
available only in special cases and for rac-
ing vehicles. Car-wheel rims are almost al-
ways drop-centre rims with double humps
H 2 (rarely with flat hump FH), tapered
bead seats and "J"section rim flange. The
lower flange shape is frequently found on
smaller vehicles; the higher flange shapes
JK and K are only rarely seen, and only on
higher-weight vehicles.

More recent rim developments which
have been put into series manufacture on a
limited basis are the TR rim (with metric di-
mensions) developed by MICHELIN for use
with matching TRX tires, which permit more
room for the brakes, as well as the rim with
"Denloc" groove, which also requires a
matched tire. The Dunlop rim and tire com-
bination provides improved safety in case
of loss of air. The TD system (TRX-Denloc)
brings together both wheel/tire systems. As

opposed to common practice, in all three
above designs incorporating other rim and
tire versions is either not possible at all, or
possible only to a very limited extent.

In a completely new development, the
tire grips the outside of the rim (CONTI-
NENTAL). This design enables tie brake
diameter to be increased considerably, al-
though at the same time changing the way
some tire/rim properties react with one an-
other. It allows the driver to drive a reduced
speed for several hundred kilometers with a
flat tire or tires. This could eliminate the
need for a spare tire This version has also
not become popular on the market and its
use is confined to special applications.

Based on American efforts to reduce
the amount of space taken up by the
spare tire as well as - to a very Ii nited ex-
tent - to reduce overall vehicle weight,
European vehicles are increasingly being
fitted with a space-saving spare wheel,
which has a matching, lower-perormance
tire. Opinions on the usefulness of this
substandard combination vary.
Design criteria for passenger-car wheels
include high component strength, efficient
brake cooling, reliable wheel riounting,
high concentricity, small space require-
ments, good corrosion protection, low
weight, low cost, easy tire mounting, a
good tire seat, good balance-weight at-
tachment and aesthetically pleasing de-
sign (particularly in the case of light-alloy
wheels). Recent attention has also been
given to wheel designs which reduce the
vehicle drag coefficient c.

Wheels are usually mounted tc the vehi-
cle by means of three to five wheel lugs or
tug nuts whose collars have a special
shape which conforms to the wheel which
is usually centered. A high level otrue-run-
ning is achieved by means of a central
wheel mount at the wheel hub using an
alignment shoulder. A central wheel mount
designed as a Rudge hub or incorporating
driving pins is only used with racirg wheels.

Wheel trims are fixed onto the wheels
with clips or (less frequently) by he wheel
nuts in order to
- improve visual appearance,
- improve the drag coefficient,

cool the wheels/and or the brakes.
Traditional materials for wheel covers are
steel and aluminum. Plastics have re-
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cently been used much more frequently in
order to reduce weight and cost.

Commercial-vehicle wheels

The primary requirements to be met by
commercial-vehicle wheels are:
- high fatigue strength and long service

life in order to maximize traffic safety,
- lowest possible wheel weight because

the wheel, as an unsprung, rotating
mass, influences the oscillation system
"vehicle",

- high load capacity via appropriate wheel
shape and use of optimum materials,

- reduction in wheel-disk unevenness,
- reduction of radial and lateral run-out

and wheel imbalance,
- easy assembly of tire to rim during man-

ufacture and in practical use.

15' tapered-bead seat rim
A modern technical design is the one-
piece 15 tapered-bead seat rim for tube-
less commercial-vehicle tyres.

Advantages
- The one-piece wheel allows a reduction

in wheel weight of up to 10% as com-
pared to the two-piece rim, and exhibits
improved true-running and less lateral
run-out,

- increased rim diameter,
- sufficient free space,
- unified valve in a precise position and at

a sufficient distance from the brake
drum or caliper,

- unified balance-weight shapes,
- introduction of central centering and
- use of fully- or semi-automatic tire-fit-

ing equipment.

Radial and lateral run-out,imbalance
Radial run-out of the wheel is one of the
main causes of vehicle vibrations. With to-
day's commonly used 15, tapered-bead
seat, the reduction of the permissible ra-
dial run-out to 1.25 mm (peak-to-peak) re-
sults in a marked improvement compared
to the flat-bed rims, As opposed to radial
run-out, lateral run-out is a less critical
problem. Wheel imbalance is also not
nearly as much of a problem as tire im-
balance, which is of a greater magnitude.

Maximum permissible static imbalance is
limited to 2000 cmg.

Wheel centering
Lug centering via spherical washers or
solely via ball-seat nuts has been re-
placed by central centering in order to
reduce excessive radial run-out; this
arrangement also permits differant maxi-
mum and minimum play depending upon
wheel size (especially with 22.5' wheels).
This requires tolerances which are as
close as possible.

Flatness of the contact surface
Any unevenness of the wheel contact sur-
face (waviness, inclination, shielding.
etc.) is transmitted to the brake drum
when the wheel nuts are tightened, caus-
ing fluctuations in braking force as the
wheel rotates. These fluctuations, in turn,
cause vibrations in the steering system.
Driving tests have led to the establish-
ment of a maximum value for waviness of
0.15 mm and 0.2 mm for inclination from
the center of the wheel outward.

Trilex wheel system
The Trilex wheel system with cast steel
"spoked wheels" comprises a rim and spi-
der. The removable rims are connected to
the spider by means of clips and screws.
In order to simplify mounting and dis-
mounting of tube tires, the rim consists of
three parts with transverse pitch. The
same spider can be used in conjunction
with the so-called Tublex rim for nounting
tubeless tires.

MONOLEX wheel with rim offset (ieff) and
without rim offset (right)
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A more recent development is the one-
piece cast MONOLEX 15 tapered-bead
seat wheel which in comparison with opti-
mized-weight steel wheels is neutral in
terms of weight effect.

Light-alloy wheels
One reason for the use of light-alloy
wheels is the reduction in weight for 150
tapered-bead seat wheels. Light-alloy
wheels are available with cast or forged
rims. In spite of weight reduction and ad-
equate strength characteristics, for rea-
sons of cost, light-alloy wheels are used
on commercial vehicles only in special
cases.

Commercial-vehicle wheel loading

Prestress
Prestress occursthrough the combination
of stresses caused by assembling the
wheel with those which result from inflat-
ing the tire.

Static nominal wheel stress
If the wheel is allowed to roll slowly on a
perfectly flat road surface under static
nominal wheel load, the stress in the
wheel section in question varies periodi-
cally as the wheel rotates,

Additional dynamic stresses
These similar additional stresses are
caused by dynamic wheel forces which
result as the vehicle is driven straight
ahead over an uneven road surface
Quasi-static wheel forces are then pro-
duced which occur during maneuvers
such as cornering, steering while station-
ary, braking and accelerating-

The resulting group of stresses caused
by the above-mentioned types of wheel
loading is used today as the basis for
wheel dimensioning and testing.

Significant weak points
The highly stressed parts of the wheel
which are thus most susceptible to crack-
ing are the disc flange, the venting holes,
the welded joint between disc and rim,
and the rim-well radius.

The flange joint is particularly suscepti-
ble. Hub-centered wheels most often
crack tangentially above the centre hole.

With bolt-centered wheels, the cracks
generally spread out radially from the bolt
holes.

Types of wheel loading and stress
-distfributions
a) Prestress rJ
b) Staic wheel load ,,
c)Stragh t-a head travel over bumps a
d)Corneringa,
e) Braking uc,

a

0

b
+ta, stat

01

C

0

d

+r

$70
e

~+ 0 Ca, rh

+0a

I /V V V
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Tires

Tire design

Tire categories cesea

Tires are classified with reference to the mercial'
respective requirements of various vehi- coming
cle types and sizes, and operating condi- The
tions. The essential data - tire dimen- ceivedit
sions, load ratings, specified inflation tothet
pressures and authorized speeds - are casing
standardized in the interests of inter- sothat
changeability in the 7 tire groups or cate- Howeve
gories listed in Table 1 In addition to withits
pneumatic tires, solid tires are also in use section
which are approved for speeds of up to satisyi
25 km/h (up to 16km/h for unsprung drive rangeo
wheels). The classifications in tire groups ofthet
1..4 are based upon road conditions: carsan
- "Standard" highway (summer) tires, Thec
- "Special" tyres for use off-road or for ersrun

mixed use on and off the road, path-
- M+S" (winter) tyres. surroun
The same basic set of operating require-
ments applies for all tires (Table 2), al- ) Theor
though it should be noted that the empha- efond

sis shifts toward the final three criteria Organza
(esp. No. 6) on heavier vehicles. 2:1Guidel

Table 1. Tire categories and applicable standards

No. Tire aoplcalion

Today, passenger cars are equipped ex-
clusively with radial tires. Bias-ply tires
are now only fitled on motorcycles, bicy-

rthmoving equipment, and indus-
trial and agricultural machines. For com-

vehicles they are increasingly be-
less important.
once-dominant bias-ply tire re-
s name from the fact that referred

read, the cord threads of the tire
run diagonally (or with a bias)
they cross each other (ross ply)
r. the more complex radial tire,
radial design comprising two main
s, represents the only means of
ing the increasingly variegated
f operating capabilities demanded
ires used on today's passenger

d heavy commercial vehicles.
eords in the radial tire's casing lay-
in the shortest and rost direct

adially -from beadtobead.A belt
ds the relatively thin, elastic cas-

orresponding Eopean standards can
int Data ok of Tiresand Rimso

[0 TRO(European Tire andRimnTechnical
tion. Brussels)
hi e of the Economic Association of the

German Rubber Industry, Fankfurt,

German Standards (sclectlion)')
DIN | WdK2 )

1 Engine-driven, two-wheeled vehicles 7801,7802, 119
Motorcycles, motor scooters, motorcycles of ess than 7810
50 cm engine displacement, mopeds

2 Passenger cars 7803 128 203
Including station wagons and special spare tires

3 Light-dutycommercialvehicles 7804 132, 133
Including delivery trucks

4 Commercial vehicles 7805,7793 134,135,142,
Including multipurpose vehicles 143, 144.153

5 Earthmovingmachines 7798,7799 145, 146
Transport vehicles, loaders, grade~s.

6 Industrial trucks 7811-7845 171
Including solid rubber tires

7 Agriculturalvehiclesandmachinery 7807.7808 156,161
Tractors, machines, implementstrailers 7813

628

Tires
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Examples of radial-tire construction (tubeless version)
I Hump, 2 Bead seat, 3 Flange, 4 Casing, 5 Airtight inner liner, 6 Bet 7 Tread, 8 Sidewall,
9 Bead, 10 Bead core, 11 Valve, 12 Coverring, 13 Balance weight, 14 Rim shoulder

Car radial tyres
Carcass: two radially orientated
rayon-cord plies Belt: two
crossover steel-cord plies and
two circumferentialnylon-cord plies

6 ---- ' 7

5 8
4- 9

3 --.-. 10
2,

1 -- 11

CT tires

6
5
4T

3

12 -

1Belt.7Tread.BSidewall,

tot,14Rimshoulder.

TruckradialtyresTruck radial tyres
Carcass: one radially
orienated steel-cord p y
Belt: four crossover
steel-cord plies

7
8
14
9
10

11 -

ing in order to provide sufficient stability.
The "bias-belted" design, more wide-
spread in the US than elsewhere, incor-
porates an additional belt outside the di-
agonal casing. The performance of this
type of tire is nowhere near as good as
that of the radials.

CT tires feature run-flat properties.
When deflated, the tyre presses against
the inverted bead seat and can thus be
driven for several 100km when flat.

In the TRX/Denloc System, a specially-
designed protrusion in the bead fits into a
corresponding groove in the wheel rim.
This arrangement locks the bead in posi-
tion to prevent it from slipping into the
center of the wheel, and thus provides
limited run-flat properties.

Tubeless tires, already popular an pas-
senger cars, are being used with increas-
ing frequency on heavy commercial vehi-
cles. The essential requirement is a sin-
gle-piece, airtight wheel rim, or a
multi-piece rim capable of acceping the
required flexible rim-seal rings. Tubeless
tyres have a vulcanized-on airtight inner
layer instead of an inner tube

The bead of the tubeless tire must
press more tightly against the wheel rim in
order to provide the necessary seal. Spe-
cial, supplementary bead seals in the
form of elastomer rings are sometimes
used.

Dispensing with the inner tube reduces
weight and simplifies mounting proce-
dures.

Table 2. Service requirements

No. Maincriteria Sub-criteria

1 Rdecomfot Soft suspension, low noise, smooth running low out-of-roundness)

2 Steeringbehavior Steering-force, steering precision)

3 Drivng stability Straight-ahead stabilify3). cornernstbir 3

4 Driving safety Tire seat on rim, lireroad adhesion )

S Durability Structural stability, high-speed performance, bursting pressure,
puncture resislance

6 Economy Expected servicee (mileage), wear pattern. sdewall wear,
rolling resistance, ret'eadablity

Main criteria for driving on roads i winter

___m
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630 Tires

Diameter and design of the wheel rim
With tyre types 3 and 4, non-sectional 150
tapered-bead seat rims (for tubeless
tyres) have displaced the sectional 50 ta-
pered-bead seat rim. This type of rim is
identified by the diameter code (1 unit =
25.4 mm) ending in 0.5, as in 17.5, 19.5,
225.

Important codes for 5' tapered-bead
seat rims are 16 and 20. For car tyres
there are not only the normal drop-centre
rims with whole-number diameter codes
10, 12, 13, etc. but also special designs
with diameter measurementsin mm.

AspectratioH/W(height-to-widthratio)
H:Wratio= (H/W).100
H Tire cross-sectional height
W Tire cross-sectional width

The aspect ratio (H11W= Height relative to
Width) on today's standard passenger-car
tires ranges between 80 and 50; the figure
ranges down to 25 for sports-car tires,
and is between 100 and 45 for the tires on
heavy commercial vehicles.

Passenger-car tires with low /1W as-
pect ratios provide high levels of corner-
Ing stability. The different aspect ratios
are all based on a single outside diameter
in order to facilitate interchangeability. At
a constant internal diameter for tire and
wheel rim, a tire with a low H/Waspect ra-
tio will be wider, with a larger contact sur-
face, and it will be distinguished by a more
impressive appearance.

A low HA aspect ratio makes it possi-
ble to maintain the width of the footprint
while increasing the internal diameter of
the wheel rim; thus providing more space
for the brakes. The introduction of the ta-

er+ed droo-center rim for heavy commer-
cial vehicles was only made possible by
the development of a suitable tubeless
tire with a low H1/Vaspect ratio. This was
because a reduction of the rim-base di-
ameter was impossible due to the brake-
drum diameter having to remain un-
changed.

Wider tires with low H/W aspect ratios
also represent the only feasible option for
applications where minimum tire diame-
ters (in other words, maximum usable
height) are stipulated, e.g., for container
transport.

Tire designation symbols
The tire's designation is stamped on the
sidewall (see Table 5), and reflects stan-
dards mandatory in a number of Euro-
pean countries, These include ECE Di-
rective Number 30 for passenger-car
tires; Number 54 for tires for heavy com-
mercial vehicles (speeds of 80 km/h and
above): and ECE Directive lumber 75
concerning tires for motorized two-
wheeled vehicles (vehicles with engine
displacement exceeding 50 cn 3 or attain-
ing speeds in excess of 40 km/h).

Tires tested for compliance with ECE
regulations are identified by the code
molded into the sidewall adjacent to the
bead. The code consists of a circle con-
taining a large "E" followed by the code
number of the responsible agency, which
is in turn followed by an approval number.

Example: l020427.

The small "e" which can be molded into
the sidewall in accordance with the Euro-
pean guidelines 92/23 is of equal signifi-
cance to the ECE marking

Example: G 00321.

Appropriate European guideliies are be-
ing prepared for agricultural rr achinery

The tire's width, its construction (R = Ra-
dial "--=Cross-ply; B= Bias-oelted), and
its rim diameter represent the minimum in-
formation requirement for tire designaion-
The diameter of the tire is also usually in-
cluded on tires for industrial trucks. Ontires
for two-wheeled vehicles, passenger cars
and heavy commercial vehicles, this infor-
mation is frequently supplemented by the
H/Vaspect ratio in % which is appended
directly behind the width information from
which it is separated by a slash. ECE reg-
ulations require this information for all new
tires. Although it is not stipulated by the
ECE Directives, tires for passenger cars
and two-wheeled vehicles may also fea-
ture a speed-rating code letter behind the
IiWaspect ratio or tire width. On cross-ply
tires the code letter replaces the horizontal
line. On VR VB, ZR and ZB tires, it is
mandatory that the code letter brms an in-
tegral part of the tire-size desicnation.
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Tires 631

The ER (Ely Rating) follows the tire size,
and is now employed as a code to distin-
guish the load ratings for various versions
of the same size. Originally it indicated the
number of plies in the tire carcass.

The service description is an additional
suffix combining the load index (LI) and
the speed-rating symbol (GSY). ECE Di-
rectives prescribe it as a replacement for
the PR number or the speed-rating letters
in the tire size. Specific values are as-
signed to the codes in the service de-
scription (Table 4).

For passenger-car tires:
Rated speed = Top speed. On vehicles
whose design only allows top speeds of
60 km/h and below, the tire load ratings
may be increased as shown in the table
below so that higher loads can be carried.

Table 3. Load-rating increase
krm/h Load-rating Airpressure

Increase in% increaseain bar

60 10 0.1 _____

50 15
40 25 03
30 35 0-4

25 420.

Reductions in tire load can be traded for
higher top speeds on most tires for motor-
scooters and heavy commercial vehicles.
Conversely, both types of tire may be
used to carry higher loads throughout vir-
tually the entire speed range when oper-
ated below their rated (reference) speed,
provided that the vehicle be specifically
designed to operate at the lower maxi-
mum speed. Again, increased maximum
load ratings are approved for tires on pas-
senger-car trailers for speeds up to
100 km/h, and on certain commercial ve-

hicles used for short-distance haulage
and transportation.

The correct inflation oessure for a partic-
ular tire size and PR rating or service de-
scription are specified in the standards
and/or the manuals provided by the tire's
manufacturer (Table 1). The sufix con-
taining the speed-rating symbol always in-
dicates the actual rated speed.

Special passenger-car spare fires (low-
weight and "space-saver" desigls) are
identified on the sidewall as intended for
temporary use at limited speeds.

Correspondence between the speed
rating for M+S tires on passenger cars,
heavy commercial vehicles and motorcy-
cles, and the respective maxima 0 the ve-
hicles upon which they are mounted
is not mandatory. However, a sticker indi-
cating the lower speed for which the tires
are approved must be affixed to the inside
of the vehicle within the driver's field of
vision The following categories of tires
may feature additional data prescilbed by
US highway safety legislation. These
data, molded into the sidewall adjacent to
the bead, are valid for Canada, and are
also used in Israel:
- FMVA_93 for passenger-cartres
- FMVSS 119 for two-wheeled and heavy

commercial vehicles.

These data are stamped adjacent to
the letters "DOT', following whici come
the tire identification code and the date of
manufacture, as well as further data on
maximum load rating, maximum inflation
pressure, and the cord plies which make
up the casing and belts.

Australian Safety Regulation ADR 23,
which applies to passenger-car tires
employs the identification codes from
FMVSS 109 and ECE-R30.

Table 4. Service description codes (examples)

Loadindex

LI 0 1 8 9 12 11 145 149 157

k g o 19 195 560 1580 11120 1150 200 3250 1,125

Speed symbol

SS F GIJIK L[MINIP QIR S TIH V W

krth 80 90 00 110 120 130 1401 150 160 170 180 190 210 240 2i 0
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Table 5. Tire identification examples

Tire category

Suitability

MC Moped

Smnaimotor
cycles

Motorcycles

lderifiiication exampie
T re designation
symbols

2',-16 Moed

PR Usage code
number )

LI

Exampe incudes etails of
Tyre Tire H/Wt

) dia width
GSY At 13 %
- 1-

Rin
Cdia.

Code

o l e ed? - Js1 j1 Code - Code

MC~r s 3.0 i - 17 P Code - Code
reinforced2)I____

SH - mm 80 Code

52090818 - 1H- mm 90 Code

Motorscooters 3.50-10

Passenger cars 165 R 14 M+S 84

J

QC

Code

mm

Code

Code

1565R 1 - 95 Mtn JPC17 d-
reiforceoS) {___{ _ _{ _ _J _ _

200,160 R j_ 365 88 H - jmm 60 mm

I 160 Code

CT 235140 ZR 475 mm mm

CV Delivery vans 185 R 14 CI) 8 PR 102100 M mM - Coe 1
Lichl-duw trucks 245/70R 7-5 1431141 Code - Cede

Trucks -170R22.5 146/143 K - Code 70 Code

Tralers 157 K Code 80 Code

Bases 295!80 8 22,5 - 491 45 - mm 8 Code

MPV MuIti-purp. veh 10.5 R 20 VPT) 14 PR 134 G - Code - Code

EM Transporters 18.00-25FtP) 32- Code - Code

Loaders 29.5-29 EM) 28_PR - -Code - Code

IT Industral racks 6.5 0 - 1 10 PR - -Code - Code

Cave 21x4 4 PR Code Code -

industrial rcks28x9-057) 14PR- Code Code - Code

300 x 18) -- mm - Code

Ae 7AQI

7.5D-60AS)
Front

Equipnenfl 11.0/65-2 mpI.I.ER

6PR

143 lAS8 mm

4 4--' 4 4-4

Code

Code

Code

Code

Example for passenger-car tires: 1757OR1 3 825
175rm nomnatireith, 70% H -ato. Radia tires, Code 13 Rim diameter
(aoprox. 330 mm [13 nohes]), Load ndex 82 (475 kg), Speed symbol S= 180 kmh.

1 C= light-olytruck elivey-van) ires (also for high-ted-capacity motor-scooterties) ) reinforeo= add-
tional deignaion for rentorcectires for two-wheeled motor vehiclese nd passenger cas. 3) PR e kad-rarge
class. ) Lod-rarge code tor sirtgle/dual tires,5) Speed code or venicle nominal (reerence) speed 6) Pneu-
matictires.7) Solid rabbertires.)PIT = Wult-purposetire.i EM= Earthnoving machinery Q) AS - Agric
'uFalI tracr.") Tires for equipment and trailers.

AS Tractors
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Tire applications

Tire selection based upon the recommen-
dations of the tire manufacturer is essen-
tial for obtaining satisfactory perfor-
mance. Optimal operating characteristics
can only be obtained when tires of one
single design are mounted on all wheels
(for instance, radial tires). This is obliga-
tory for private cars. For commercial vehi-
cles with a gross weight of over 2.8 t, tires
on the same axle must be of identical de-
sign. During seasonal storage of the tires,
inner tubes and bead bands tend to age
and become brittle more rapidly when ex-
posed to direct sunlight. Moving air pro-
motes this process. Intact packaging is
particularly important for ensuring that the
tube remains in good condition, Tne stor-
age area should thus be cool, dry and
dark. Any contact with oil or grease is to
be avoided. Particular care is required
when mounting tires. They must never be
mounted on anything other than undis-
torted, undamaged, rust-tree wheel rims
which show no signs of More than mini-
mal wear. When a loose flange is used,
that side should receive especially critical
attention. New valves, and, where applic-
able, new tubes and bead bands are al-
ways to be installed with new tires. Cau-
tion is also advised when used inner
tubes are refitted following repairs: Inner
tubes expand during use, a condition
which can result in dangerous folds form-
ing when the tube is reinstalled, If there
are any doubts at all, new tubes should be
used.

Tire tread (see examples)
It is illegal to regroove the tread on tires
for two-wheeled vehicles and passenger

Tire-tread examples
I Passenger-car tire, 2 Passenger-car V+S
tire, 3 Commercial-vehicle tire, 4 Comner-
cia I-vehicle tire, high-traction tread des gn-

1

2

3 Rollinci
direction

cars; manufacturer regulations rust be
complied with for other tire categories.
Tire rotation is recommended to deal with
variations In tread wear between axles
Theless tread there is on the tire, the thin-
ner is the protective layer covering belts
and casing, This aspect should 'e con-
sidered when planning operation under
demanding operating conditions extend-
ing over a long period of time. In addition,
reduced tread deth results in a more
than proportional increase in brakng dis-
tances on wet road surfaces. This applies
in particular to passenger cars and fast
commercial vehicles. For instance, for a
light FWD passenger car and a heavy
rear-wheel drive car, the figures apply in
Table 6 below when the vehicle is braked
from 100 km/h (highly dependent upon
the road surface, tire profile, and the tire's
rubber mixture).

Table 6. Tread depth and braking distances (braking from 100 km/h)

Light passenger car
with front-wheel drive

Heavy passenger car
with rear-wheel drive (ABS)

Tread depth .n mM 8 4 3 2 1 8 3 16 1

Braking in m 76 99 110 129 66 59 63 80 97
dstance in% 100 130 145 218 100 107 135 165
Increased in%
braking distance

per mm of wear

is 25 48 1.4 20 U

I ;

Vehicle
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Tire traction

Units and symbols

Symbol

I Frequency
F5  Braking force
Fq  Wheel load
F0  Side force
Mp Aligning torque
as Caster
p, Tire pressure
I Test ve oc ty
0 Slipangle
i Camber angle
A Slio

Unt

Hz
kN
kN
kN
Nm
mm
bar
krn/h

It is essential that accurate tire-peror-
mance maps are available for the engi
neering and optimization of the vehicles
handling, driveability, and comfort, and for
the reduction of its drivetrain vibration,

Representative tire-performance maps
for passenger-cars and light commercial
vehicles are already familiar and are avail-
able in various publications [1, 3, 4]. For
this reason, the following will concentrate

Side force and aligning torque vs.
slip angle (A)
Parameter Speed 20 km/h o tOs 100 km/h.

kN

+10 F 20 kN

0 /5 40RN

-20

-500-
- 100 0k +10

Slip angle c(

or
-4,

a,
C
C

C,

0)

Cough tire-performance map (8)

Caster n5

K20
S
0
C

S
-c
~10

30 10 20 30 40 mm 50

kN Fn=5 kN 0 60
40

20
4,

10

2 Oc=60knih

0 50 100 Nm
0 500 1000 Nm

Aligning torque M

on tires for heavy-duty commercial vehi-
cles with the dimensions 11 R 22,5.
These tires are in widespread use [2].

All data in the performance maps refer
to the Michelin XZA 11 R 22.5 tire.

Side force vs. slip angle (C)
Parameters: Wheel load and camoer angle

kN FR ON

+20 -

30 kN

-&2 2kN
(+10 -

0

0--- ~ T -- 5"
rh60 <nh

-2 0 +4' +8' +12'

Slip anglea
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Tire performance with wheel rotating
freely at a given slip angle
When the tire rotates at a slip angle, side
forces are generated as a function of the
slip angle. These side forces are accom-
panied by an aligning torque (Diagram B).
The Gough diagram [3] is frequently em-
ployed to illustrate this phenomenon. The
side force is dependent on the slip angle
and increases degressively as higher
loads are applied to the wheel (Dia-
gram C). The maximum side force is in-
versely proportional to speed, while the
influenceof speed increases asafunction
of wheel load (Diagram A).

When dealing with tires for passenger-
cars and light commercial vehicles, the
situation is thus: If a wheel rotating at a
given slip angle is subjected to camber,
the camber and side forces cause a par-
allel displacement of the side-force/slip-
angle curves. Tires on heavy-duty com-
mercial vehicles also display additional
displacements of the side-force/slip-angle
curves due to the side forces accompany-
ing the camber; this phenomenon only
occurs at larger slip angles. The result is

Side force vs. slip angle (D)
Parameter: Tread depth.

kN

+20-

()
+10~

- Tread depth95%

0 - - Tread depth 60%
- Tread depth 30%

S =30 kN
/)vo=60 km/h

-20 O +4; +80 +12>

that practically all curves intersect the co-
ordinate origin (Diagram C)_

On dry roads, reduced treac depth
results in steeper side-force/slip-angle
curves, with an accompanying increase in
the maximum side forces which can be
transferred (Diagram D).

Tire performance under acceleration
and braking with wheel rolling
straight ahead
The tire's response to "slip" is simi ar to its
reaction to slip angles (Diagram E). The
maximum circumferential force will gener-
ally lie within the range of 10 to 20% slip
on a dry road surface. The cofficient
of adhesion responds to higher wheel
loads with a less striking, more degres-
siveincreaseInthecircumferentialthanin
the lateral direction, On larger tires, the in-
fluence which speed exerts on the level of
the lateral coefficient of adhesion is less
pronounced in the normal speed range for
heavy-duty commercial vehicles than with
tires similar to those used on passenger
cars (Diagram E),

Braking force vs. slip (E)
Parameters: Wheel load and speed,

0
C,

.2
C,
C
Cd

kN

Fp=40 kN 0= 25 kh-
40km/h -'7
60km/h

Fn= 30 kN

r=60 
km/h

FR=20 kN
vo=60 kn/h,

F,,=10 kN
0o= 60 km/

0 10 20 30 41) %

Slip angle rlp

20-

10

0

Slip )A
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Tire pressure has only a minimal effect
on maximum circumferential forces at low
wheel loads. At higher wheel loads, re-
duced tire pressures result in a substan-
tially more pronounced rate of increase in
the maximum circumferential force (Dia-
gram G).

Side and circumferential forces re-
spond to high tire loads by displaying mu-
tually opposed reactions to variations in
tire pressure (Diagrams F, G),

Tire performance at slip angles and slip
Ifa tire operating under circumferential
forces or slip is subjected to an additional
slip angle, at all slip rates the usable cir-
cumferential forces will decrease with in-
creasing slip angle. The higher the slip
angle, the more the curve for maximum
circumferential force is displaced toward
higher slip rates (Diagram 1).

The elliptical curves for side force vs.
circumferential force (braking force) vary
according to wheel load (Diagram H). For
a specific wheel load, on ABS-equipped
vehicles this curve represents the maxi-
mum available adhesion limits for the

Side force vs. slip angle on heavy-duty
commercial-vehicle tires (F)
Parameters Tire pressure and wheel load.

kN
V =.7bar

20
/5=30 kN

[Fi=1O kN

0-

10 12

10

0' 2- 4' 6' 8o-

Slip angle a

vehicle dynamics.
The tire-performance curves resulting

from measurements actually taken, indi-
cate the propagation of side frce as a
function of braking force within the slip-
angle range of 0_l10. The parameters
for wheel load, speed and tire pressure
remain constant (Diagram K).

Dynamic tire-performance curves
The illustrated tire-performance curves
are based on parameters which are only
subject to gradual change curing the
course of the measurements, .ie. quasi-
static conditions. Actual operatibn, on the
other hand, is characterized bv dynamic
processes. Increases in the speed at
which the influencing parameters vary
will induce certain maneuver-specific
changes in tire response, the magnitude
of which makes it imperative that they be
considered.

The most significant influencing parame-
ters are dynamic changes in:
- Slip angle,
- Trackwidth,

Braking force vs. slip on heavy-duty
commercial-vehicle tires (G)
Parameters Tire pressure and wheel load.

kN

FR= 30 kN

if 
-

- i.775

(=60karn

/ F~=1kN

0l 10 2 0 3 0 4 0 %3 ~ L) .1

Slip2A

0)

CO

20

10-

0

636

In
C
0
C)

-o
Co
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Lateral force vs. braking force (H)
Maximum achievable adhesion at constant
wheel load,

kN
40RN 1-60kmnh

20- 30kN

20 kN

0)
10kN

0 10 20 kN
Braking force f'.

Camber.
Slip,

- Wheel load.
Generally the tire's response to these
-apidly changing parameters is shown
graphically as a function of frequency.
That is, amplitudes and phase angles of
The tire forces and moments are illustrated
relative to frequency, as a function of the
forces acting on the tire, while including

Braking force vs. slip (1)
Parameter: Slip angle.

kNI
30!- 01

20
-4-

C)
.S

M

2'

0 -

F =40 kN
v 6 0 krn/h

0 i A
0 10 20 30 40 %k

10

Slip A

Tire-performance curves measurec at a
wheel load of 30 kN (K)
Side force as function of braking forc,
Parameter Slip angle

kN[

0

Yp312RN

20- =10 1=7-Ebar
8- o60krdh

- 6

10

2

0__
0 10 20

Braking force /
kN

the frequency-dependent progression of
mean values for tire forces [5, 6]
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Steering

The steering mechanism converts the dri-
ver's rotational input at the steering wheel
into a change in the steering angle of the
vehicle's steering road wheels.

Requirements on steering
systems
In accordance with European Directive
70/311/EWG the steering system must
guarantee easy and sate steering of the
vehicle: The maximum permissible oper-
ating time and operating force for a fully
serviceable steering system, and for a
faulty system, are to be taken from these
Regulations (Table). They must be com-
plied with when the vehicle is turned into
a spiral path from a straight-ahead path at
a speed of 10km/h.

Steering behavior

The requirementsin terms of steering be-
havior can be summarized as follows:
1. Jolts from irregularities in the road
surface must be damped as much as pos-
sible during transmission to the steering
wheel However, such damping must not
cause the driver to lose contact with the
road.
2. The basic design of the steering kine-
matics must satisfy the Ackermann condi-
tions: the extensions of the wheel axes of
the left and right front wheels, when at an
angle, intersect on an extension of the
rear axle.
3. By means of suitable directness of the
steering system (particularly if rubber-
elastic connections are used) ihe vehicle
must react to minute steering corrections.
4. When the steering wheel is released,
the wheels must return automatically to
the straight-ahead position ani must re-
main stable in this position.

Regulations for steering operating force
Fuly serviceable steering system Faulty steering system

Vhocle Maximum applied Time Turning Maximum applied Time Turning
category force in daN in s radius in force in daN ns radius in m

M, 15 4 12 30 4 20
M2  15 4 12 30 4 20
N 3  20 4 12 45 6 20
N, 20 4 12 30 4 20
N2  25 4 12 40 4 20
N,   20 4 121) 452) 6 20

'3Or steering lock in case this value is not reached,
2) 50 daN for non-articulatd veniceswilh two or more steered axies, excluding riction-steered
axles.

Steering assembly (diagram)
a) Basic principle. b) Rack-and-pinion stocring
1 Steering arm, 2 Drag link, 3 Idler arm, 4 Tie rod/rack, 5 Steering wheel, 6 Steering shat,
7 Steering box, 8 Pitman arm

/ -5

i 7
/ / 8

b
a ' >1o

~
HI H

1 24 6
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5. The steering should have as lowa ratio
as possible (number of steering-wheel
turns from lock to lock) in order to obtain
ease of handling. The steering forces in-
volved are determined not only by the
steering ratio but also by the front sus-
pension load, the turning circle, the sus-
pension geometry (caster angle, kingpin
angle, kingpin offset), the properties of
the tire tread and the road surface.

Types of steering box
A steering box must have the following
qualities:
- no play in the straight-ahead position,
- low friction, resulting in high efficiency,
- high rigidity,

- readjustability.

For these reasons, only two types have
become established to date:

Rack-and-pinion steering
Basically, as the name implies, the rack-
and-pinion steering consists of a rack and
a pinion. The steering ratio is defined by
the ratio of pinion revolutions (= steering-
wheel revolutions) to rack travel, Suitable
toothing of the rack allows the ratio to be
made variable over the travel. This lowers
the actuating force or reduces the travel
for steering corrections.

Recirculating-ballsteering
The forces generated between steering
worm and steering nut are transmitted via

Rack-and-pinion steering
1 Pinion, 2 Rack.

12

a low-friction recirculating row f balls,
The steering nut acts on the steer ng shaft
via gear teeth. A variable ratio is possible
with this steering box.

Steering kinematics
Steering kinematics and axle design must
be such that, although the driver receives
feedback on the adhesion between wheels
and road surface, the steering wheel is not
subjected to any forces from the spring
motion of the wheels or from driving forces
(front-wheel drive) (see P. 620).

The steering-axis inclination causes
the front section of the vehicle to lift when
the wheels are at an angle. This leads to
a steering-angle-dependent caster return
torque.

The toe-in (toe-out) is a slip angle pre-
sent even during straight-ahead driving
which tensions the linkages and causes a
rapid build-up of transverse forces when
the wheels are at an angle.

The caster produces a lever arm for lat-
eral forces: i.e., a speed-dependent re-
turn torque.

The steering roll radius determines the
extent to which the steering system is af-
fected by disturbance forces (brakes
pulling unevenly, driving forces under trac-
tion/overrun conditions with frcnt-wheel
drive). Today, the goal is to achieve a
steering roll radius which is 'zero" to
"slightly negative".

Recirculating-ball steering
1 Steering worm. 2 Recirculating balls,

3 Steering nt, 4 Steering shaft with gear teeth.

1 234

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1180



640 Steering

Classification of steering
systems
European Directive 70/311/EEC distin-
guishes three types of steering system for
front wheels:
- Muscular-enemy-steering sytems in

which the steering force is produced
exclusively by the driver (see mechani-
cal steering boxes on P 639)

- Power steerinl systems in which the
steering force is produced exclusively
by an energy source in the vehicle

- Power-assisted steering sysemsin
whichthe steering force is produced by
the muscular energy of the driver and
by an energy source. Used for high-
speed vehicles.

Hydraulic power-assisted
steering
Energy source
The energy source consists of a vane
pump (generally driven bythe engine) with
an integral oil-flow regulator, an oil reser-
voir and connecting hoses and pipes.

The pump must be dimensioned so that

it generates sufficient pressure to enable
rotation of the steering wheel at a speed
of at least 1.5 n/s even when the engine is
only idling.

The compulsory pressure-linrting valve
required on hydraulic systems is usually
integrated.

The pump and the system conponents
must be designed such that the operating
temperature of the hydraulicfluid does not
rise to an excessive level (<C0C) and
such that no noise is generatedand the oil
does not foam.

On small cars, electrically powered
gear or roller pumps are ocasionally
used as well. Such units are powered by
the vehicle's electrical system and are
more versatile with regard to iheir loca-
tion, as well as facilitating modu ar vehicle
design. An ECU achieves energy saving
effects by varying the pump speed.
Higher-voltage electrical systems cur-
rently under development would also al-
low larger cars to use this type of unit,

Control valve
The control valve provides the steering
cylinder with an oil pressure which corre-
sponds to the rotary motion of the steer-

Hydraulic rack-and-pinion steering with rotary distributor
a)Steeringassemblyb) Ro!ary distributor crss-section (enlarged),cOilsupply(source of energy)

Steeringcylinder2Drivepinion, 3Rack, 4 Torsion bar, 5Steering spindle, 6Control prt,
7 RotarydistributorS8Controlbushing, 9Returnline, 10Oil reservoir,1Pressure and oil-flow-
iniing valve, t2 Pressureline, 13 Vano-type purnp

b 7 8 6 4 5 c9 1 10

12 11 13

a - .- - .

1 2 3
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ing wheel. A flexible torque detector (e.g.
torsion bar, spiral spring, leaf spring)
translates the applied torque, proportion-
ally in most cases, precisely and without
any degree of play into as small an actua-
tor travel as possible. The control edges,
which are in the form of chamfers or
Levels, move as a result of the actuator
travel and thus form the corresponding
opening cross section for the oil flow,

Control valves are usually built accord-
ing to the "open center principle, i.e.,
when the control valve is not actuated, the
oildelivered by the pump flows back to the
oil reservoir at zero pressure.

Steering cylinder
The double-acting steering cylinder con-
verts the applied oil pressure into an as-
sisting force which acts on the rack and
which intensifies the steering force ex-
erted bythe driver, The steering cylinder is
normally integrated in the steering box. As
the steering cylinder has to be extremely
low-friction, particularly high demands are
made on the piston and rod seals.

Parameterizable hydraulic power-
assisted steering
Increasing demands regarding vehicle op-
erating comfort and safety have led to the
introduction of power-assisted steering
systems with modulation capability. The
electronically controlled power-assisted
rack-and-pinion steering system is an ex-
ample. It operates dependent on speed,
i.e., the vehicle speed as measured by the
electronic speedometer controls the actu-

Parameterizable power-assisted steering
(characteristiccurves)
Th characteristiccurve form can be ad-
justed to the vehicle data.

b ar :
80 CD

a

400

20 2 N

6 4 2 0 2 4 6oNrm
4-Actuatiig torque-*0

ating force of the steering system. A con-
trol unit evaluates the speed signals and
determines the level of hydraulic reaction,
and therefore the actuating force on the
steering wheel. This level of hydraulic re-
action is transmitted to the steering-system
control valve via an electrohydraulic con-
verter, in the course of which the hydraulic
reaction changes in relation to the vehicle
speed. The special design of the steering
characteristic means that when parking,
and when moving the steering wheel while
standing still, only minimal forces need be
applied to the steering wheel, whilst the
level of assistance is reduced as speed in-
creases. Thus precise and accurata steer-
ing is made possible at high speeds. With
this system, it is important that oil pressure
and volume flow are at no time redLced, so
that they can be called on immediately in
emergency situations. These qualities per-
mit outstanding steering precision and
safety, while at the same time providing op-
timum steering comfort.

Electric power-assisted steering
The SERVOLECTRIC (Bosch!ZF desig-
nation) is currently under development for
medium-sized and smaller cars. This elec-
tric power-assisted steering system fea-
tures an electric motor which is powered
by the vehicle's electrical system and can
be fitted in one of three possible arrange-
ments either as a steering-column, pinion-
drive or rack-and-pinion drive unit.
The SERVOLECTRIC's ECU provides the

Speed-dependent power-assisted sleer-
ing with modulation capability (diagram)
I Pressure-ol pump, 2 Steering-valve housing,
3 Electrohydraulicconverter,4 ECU, 5Elec-
tronic speedometer 6 Battery

q 
53

r>
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system's programmability (e.g dynamic
handling variables), the automatic steer-
ing-axis feedback amplification, as well as
offering considerable steering-energy
savings potential (approx, 85% compared
with hydraulic power-assisted steering
with engine-driven pump).

The SERVOLECTRIC system allows
the vehicle to be steered unassisted (us-
ing greater effort) in the event of failure of
the power assistance.

Power-assisted steering for
commercial vehicles
Power-assisted steering with
all-hydraulic transmission
With "hydrostatic steering" there is no me-
chanical connection between steering
wheel and road wheels. The steering
force is hydraulically boosted and is trans-
mitted exclusively by hydraulic means.
Located in the ECU is a metering pump
which supplies the steering cylinder with
an oil pressure corresponding to the
movement of the steering wheel. Owing
to unavoidable leakage losses in the me-
tering pump, the straight-ahead position
of the steering wheel is no longer defined.
This is why the use of this steering system
is confined to machines.

The maximum permissible speed is
25km/h in many European countries; in
Germany it is 50 km/h and, with dual-circuit
design, could be increased to 62 km/h.

Dual-circuit power-assisted steering
system for heavy commercial vehicles
Dual-circuit steering systems are neces-
sary where the actuating forces needed at
the steering wheel exceed 450 N in the
case of failure of the power assistance
(EWG 70/311).

These steering systems are character-
ized by hydraulic redundancy. Both steer-

Power-assisted steering with alt-hydraulic
transmission
I Oil reservoir, 2 Steering pump, 3 ECU with
metrpump,4Steric ytno'.
Conniection-s: LOil ftou frle0ftockP ROil
floetotarightlock

Schematic diagram of electric power-assisted steering
1 Torque sensor 2 Reduction gear 3 Motor sensor 4 Electric motor

Sleerng runc. Senor

cntrol etpu stCe

Dataomemory CAN
Ve'hicenparam ers

- Steering chranc'ftntic anotc
- Faultrerror memory

R
2+

3 4
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ing circuits of such a system are function-
ally tested by means of flow indicators.
The steering-circuit supply pumps must
be driven in differing ways (e.g., engine-
dependent, vehicle-speed-dependent or
electrically). In accordance with legisla-
tion, if the engine or one of the steering
circuits fails, the vehicle can be steered
with the still functioning circuit

Single-circuit power-assisted steering
system for commercial vehicles
Commercial vehicles are usually fitted
with recirculating-ball power steering. In
modern systems the control valve is inte-
grated into the steering worm, which
leads to compact design and optimum
weight.

Only minor modification of the control
valve components is necessary, to permit
the actuating force in modern recirculat-
ng-ball power-steering systems to be ad-
usted with the aid of control electronics to
vehicle speed and to other parameters
such as lateral acceleration or load condi-
tion.

Dual-circuitpower-assistedsteering sstem
1Oilreservoir,2Engine-drivenpump
3 Wheel-driven pump. 4 Flow indicatcr,
5Dual-circuithydraulicsteering,
6 Steeringcryinder,

1 1

2
4 4

5

U

Recirculating-ball hydraulic steering system
a) Steering assembly b) Rotary distributor cross-section (enlarged). c) Oil supply (source of nergy)
1 Housing, 2 Piston, 3 Torsion bar, 4 Rotary distbutor/steering spindle, 5 Control bushingworm,
6 Sector shaft, 7 Pressure-limiting valve, 8 Replenishing valve. 9 Inlt slot, 10 Return slot,
I IAxial groove, 12 Return groove, 13 Vane-type pump, 14 Pressure and oil-flow-limiting valve,
15 Oil reservoir

a b 11

00
4-1
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644 Braking systems

Braking systems

Definitions, Principles
(Based on ISO 611)

Braking equipment
All the braking systems fitted to a vehicle,
whose function is to reduce its speed or
bring it to a halt, or to hold the vehicle sta-
tionary if already halted.

Braking systems

Service braking system
All the elements, the action of which may
be modulated, allowing the driver to re-
duce, directly or indirectly, the speed of a
vehicle during normal driving or to bring
the vehicle to a halt.

Secondary braking system
All the elements. the action of which may
be modulated, allowing the driver to re-
duce, directly or indirectly, the speed of a
vehicle or to bring the vehicle to a halt in
case of failure of the service braking sys-
tem.

Parking braking system
All the elements allowing the vehicle to be
held stationary mechanically even on an
inclined surface, and particularly in the
absence of the driver.

Additional retarding braking system
All the elements allowing the driver di-
rectly or indirectlyto stabilize orto reduce
the speed of the vehicle, particularly on a
long incline.

Automatic braking system
All the elements which automatically
brake the towed vehicle as a result of in-
tended or accidental separation from the
towing vehicle.

Antilock braking system (ABS)
Aggregate of all devices within the ser-
vice-braking system which provide auto-
matic slip control (in the direction of rota-
tion) for one or several wheels under brak-
ing conditions. The braking force at
wheels featuring direct control is con-

trolled using data provided by ie wheel's
own wheel-speed sensor, while indirectly
controlled wheels rely on data provided by
the wheel-speed sensor(s) at one or more
of the other wheels. An ABS system with
"Select High" control has directly and indi-
rectly controlled wheels. With an ABS sys-
tem with "Select Low" control, all wheels
with speed sensors are directly controlled,

Constituent elements

Energy supplying device
Parts ot a braking system which supply,
regulate and, if necessary, condition the
energy required for braking. It :erminates
at the point where the transmission device
starts, i.e. where the various cir:uits of the
braking systems, including the circuits of
accessories if fitted, are protected either
towards the energy supplying device or
from each other.

The energy rce is the part of the en-
ergy-supplying device which generates
the energy It may be located away from
the vehicle (for example in the case of a
compressed-airbraking system for a
trailer) and can also be the muscular
strength of the driver.

Control device
Parts of a braking system which initiate
the operation and control the elect of this
braking system. The control sicnal can be
conveyed within the control device by, for
example, mechanical, pneumatic, hy-
draulic or electrical means, including the
use of auxiliary or non-muscular energy.

The control device is defined as starting
at that component to which the control force
is directly applied, and can be ooerated
- by direct action of the driver, either by

hand or foot;
- by indirect action of the driver or without

any action (only in the case of towed ve-
hicles)
by variation of the pressure in a con-
necting pipe, or of the electric current in
a cable, between the towing and the
towed vehicle at the time of cperation of
one of the braking systems of the towing
vehicle, or in the case of a faiure, and

--by the inertia of the vehicle or by its
weight or that of one of its main con-
stituent elements.
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The control device is defined as ending
at that point at which the braking energy is
distributed, or where a portion of the energy
is diverted to control braking energy.

Transmission device
Parts of a braking system which transmit
the energy distributed by the control de-
vice. It starts either at the point where the
control device terminates or at the point
where the energy supplying device termi-
nates. It terminates at those parts of the
braking system in which the forces op-
posing the vehicle's movement, or its ten-
dency towards movement, are generated.
It can, for example, be of the mechanical,
hydraulic, pneumatic (pressure above or
below atmospheric), electric, or combined
(for example hydromechanical, hydrop-
neumatic) type.

Brake
Parts of a braking system in which the
forces opposing the vehicle's movement,
or its tendency towards movement, are
developed, such as friction brakes (disk or
drum) or retarders (hydrodynamic or elec-
trodynamic retarders, engine brakes).

Supplementary device of the towing
vehicle for the towed vehicle
Parts of a braking system on a towing ve-
hicle which are intended for the supply of
energy to, and control of, the braking sys-
tems on the towed vehicle. It comprises
the components between the energy sup-
plying device of the towing vehicle and the
supply-line coupling head (inclusive), and
between the transmission device(s) of the
towing vehicle and the control-line cou-
pling head (inclusive).

Definitions relating to the energy
supplying device

Muscular-energy braking system
Braking system in which the energy nec-
essary to produce the braking force is
supplied solely by the physical effort of
the driver.

Energy-assisted braking system
Braking system in which the energy neces-
sary to produce the braking force is sup-

plied by the physical effort of the diver and
one or more energy supplying devices.

Non-muscular-energy braking system
Braking system in which the energy nec-
essary to produce the braking force is sup-
plied by one or more energy supplying de-
vices excluding the physical effort of the
driver. This is used only to control the sys-
tem. Note: However, a braking device in
which the driver can increase the braking
force, in the total failed energy condition, by
muscular effort acting on this device, is not
included in the above definition.

Inertia braking system
Braking system in which the enErgy nec-
essary to produce the braking force arises
from the approach of the trailer to its tow-
ing vehicle.

Gravity braking system
Braking system in which the energy nec-
essary to produce the braking force is
supplied by the lowering of a constituent
element of the trailer (e.g. trailer draw-
bar), due to gravity

Definitions of braking systems
relating to the arrangement of the
transmission device

Single-circuit braking system
Braking system having a transmission de-
vice embodying a single circuit. The
transmission device comprises a single
circuit if, in the event of a failure in the
transmission device, no energy for the
production of the application force can be
transmitted by this transmission device.

Multi-circuit braking system
Braking system having a transmission de-
vice embodying several circuits. The
transmission device comprises several
circuits if, in the event of a failure in the
transmission device, energy for the pro-
duction of the application force can still be
transmitted, wholly or partly, by tiis trans-
mission device.
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Definitions of braking systems
relating to vehicle combinations

Single-line braking system
Assembly in which the braking systems of
the individual vehicles act in such a way
that the single line is used both for the en-
ergy supply to, and for the control of, the
braking system of the towed vehicle,

Two- or multi-line braking systems
Assembly in which the braking systems of
the individual vehicles act in such a way
that several lines are used separately and
simultaneously for the energy supply to,
and for the control of, the braking system
of the towed vehicle.

Continuous braking system
Combination of braking systems for vehi-
cles forming a vehicle combination. Char-
acteristics:
- from the driving seat, the driver can op-

erate by a single operation and with a
variable degree of force a directly oper-
ated control device on the towing vehi-
cle and an indirectly operated control
device on the towed vehicle,

- the energy used for the braking of each
of the vehicles forming the combination
is supplied by the same energy source
(which can be the muscular effort of the
driver) and

- simultaneous or suitably phased brak-
ing of the individual units of a vehicle
combination.

Semi-continuous braking system
Combination of braking systems for vehi-
cles forming a vehicle combination. Char-
acteristics:
- the driver, from his driving seat, can op-

erate gradually by a single operation a
directly operated control device on the
towing vehicle and an indirectly oper-
ated control device on the towed vehi-
cle,

- the energy used for the braking of each
of the vehicles forming the combination
is supplied by at least two different en-
ergy sources (one of which can be the
muscular effort of the driver) and

- simultaneous or suitably phased brak-
ing of the individual units of a vehicle
combination-

Non-continuous braking system
Combinations of the braking systems of
the vehicles forming a combination which
is neither continuous nor semi-continuous.

Braking-system control lines

Wiring & conductors: These are em-
ployed to conduct electrical energy.
Tubular lines: Rigid, semi-rigid o' flexible
tubes/pipes used to transfer hydraulic or
pneumatic energy.

Lines connecting the braking
equipment of vehicles in a vehicle
combination

Supply line: A supply line is a special feed
line transmitting energy from the towing
vehicle to the energy reservoi- of the
towed vehicle.
Control line: A control line is a special pi-
lot line by which the energy essential for
control is transmitted from the towing ve-
hicle to the towed vehicle.
Common supply and control lie: Line
serving equally as supply line and as con-
trol line (single-line braking system).
Secondary line: Special actuating line
transmitting from the towing vehicle to the
towed vehile the energy essential for the
secondary braking of the towed vehicle.

Braking mechanics
Mechanical phenomena occurring be-
tween the initiation of actuatioi of the
control device and the end of the braking
action,

Gradual braking
Braking which, within the normal range of
operation of the control device, permits
the driver, at any moment, to increase or
reduce, to a sufficiently fine degree, the
braking force by operation of the control
device. When an increase in bra ing force
is obtained by action of the control device,
an inverse action shall lead to a ieduction
of that force,

Braking-system hysteresis: Difference in
control forces between application and re-
lease for the same braking torque.

Brake-hysteresis: Difference in applica-
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tion force between application and re-
lease for the same braking torque.

Forces and torques

Control force F: Force exerted on the
control device

Application force I,: In friction brakes, the
total force applied to a brake lining, which
causes the braking force by friction effect.

Braking torque: Product of the frictional
forces resulting from the application force
and the distance between the points of
application of these forces and the axis of
rotation of the wheels.

Total braking force F: Sum of the braking
forces at the interfaces between all the
wheels and the ground, produced by the
effect of the braking system, which op-
pose the movement or the tendency to
movement of the vehicle.

Braking-force distribution Specification of
braking force according to axle, given
as % of the total braking force 1, Exam-

Times and deceleration during braking
to a stop I

pie: Front axle 60%, rear axle 40%.

Brake coefficient C': Defines the relation-
ship between the total circumferential
force of a given brake and the respective
brakes application force.

C' = F/F,

F, Total circumferential force, F, Applica-
tion force.The mean is employed when
there are variations in the aplication
forces at the individual brake shoes.

F= IFS'li
i Number of brake shoes

Times (see diagram)

Reaction time
The time which elapses between percep-
tion of the state or object which induces
the response, and the point at vhich the
control device is actuated (ro).

Actuating time of the brakes
Elapsed time between the morrent when
the component of the control device (e) on
which the control force acts starts to move,
and the moment when it reaches its final
position corresponding to the applied con-
trol force (or its travel). (This is equally true
for application and release of the brakes)

Initial response time i1 - t

Elapsed time between the morrent when
the component of the control device on
which the control force acts starts to move
and the moment when the braking force
takes effect.

Buildup time i. - tl
Period that elapses between the point at
which the braking force starts to take ef-
fect and the point at which a certain level
is reached (75% of asymptotic pressure
in the wheel cylinder as per EU Directive
71/320 EEC, App. 111/24).

Response and buildup time
The sum of the initial response and
buildup times is used to assess how the
brake system behaves referred to time,
until the moment at which the full braking
effect is reached.

1

m

4
C
3)
3)

-53
U
to

t0g11 '
1

' ' 131i4 -S

Time -

before to:-Reaction time
1e laitialapplication offorceon

control device
11 Start of deceleration
t. Buildup time completed
t6. Fully developed deceleration
t,: Fulldecelerationends
l: Braking completed

(vehicle stationary)
r- Inlitiialuresponse tne
t,- fl: Buildupltime
r3 - t- "Mean fully developed deceleration"

range
- t, Active braking time
- to: Total braking time

I
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Active braking time t - ¼
Elapsed time between the moment when
braking force takes effect and the moment
at which it ceases. lI the vehicle stops be-
fore braking force ceases, the time of the
end of movement is the end of the active
braking time.

Release time
Elapsed time between the moment when
the actuating time for release starts and
the moment when the braking force
ceases.

Total braking time 1A - to
Elapsed time between the moment when
the control device component on which
the control force acts starts to move, and
the moment when the braking force
ceases. If the vehicle stops before the
braking force ceases, the time of the end
of movement constitutes the end of the to-
tal braking time. (See the graph on P. 647)

Braking distance s
Distance traveled by the vehicle during
the total braking time. If the time of the
end of movement constitutes the end of
the total braking time, this distance is
called the "stopping distance".

Braking work W
Integral of the product of the instanta-
neous total braking force, F1, and the ele-
mentary movement, d,, over the distance
travelled during braking, s.

instantaneous braking power P
Product of the momentary total braking
force Ff and the vehicle's road speed u

P= F u

Braking deceleration
Reduction of speed obtained by the brak-
ing system in the considered time, i, The
following can be identified:
Momentajecoleration: a = dtldr

MeandeceleratiQon: am, = (2 s,)

The mean deceleration value over the
stopping distance, whereby io andso refer
to the point to.

Mean decelerationwamithin a!section of
time:
Deceleration between two points in time r
and t. This formula is used for tie evalua-
tion of the braking efficiency of retarders.

am = (0, - ),/(t 1 - t)

Mean fuydeveloped e geceleraiion a
Mean value of deceleration (an. over sub-
division la - 2 of the fully developed de-
celeration.

1 .
t- f3a - di
13 - r2 t2

Braking factor
Ratio between the total braking force, Ff,
and the static weight, G,, on :he axle or
the axles of the vehicle:

=Fi/G

Legal regulations

The testing of braking equipment pur-
suant to the issuance of the type approval
for a vehicle in Germany may take place
in accordance with one of the following
three groups of regulations as chosen by
the vehicle manufacturer. They are:
- National regulations and statutory re-

quirements for the testing ol brakes ap-
plicable in the country of us,

-Council Directive of the European Com-
munities: Directive 71/320/EEC and the
Amending Directives and Annexes or

-ECE Regulation 13. 13H and 78 of the
UN Economic Commission in Geneva.

In Europe, the national regulations of in-
dividual countries may specify introduction
of the EU Directive or ECE Regulations
Essentially, they may be very similar. How-
ever, the ECE Regulations 13 and 13H are
likely to be more recent and contain, for
example, regulations for braking systems
with electrical control systems (electroni-
cally controlled braking systens).

Braking systems conforming to EU
Directives, and ECE Regulations 13
and 78 (for classification refer to R 717).

Category L vehicles (less than 4 wheels)
Motorized two- and three-wheeled vehi-
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cles must be equipped with 2 mutually in-
dependent braking systems. In the case
of heavy category L5 3-wheel vehicles,
the two braking systems must both
act on two wheels. Additionally, these ve-
hicles must be equipped with a parking
braking system.

Category M and N vehicles
The categories M and N vehicles must
meet the requirements which pertain to
the service braking system, secondary
braking system and parking braking sys-
tem. These 3 braking systems may have
common components. Such vehicles
must have at least 2 mutually indepen-
dent control devices.

The apportioning of braking force
among the individual axles is prescribed.
Vehicles in the categories M2 and Np or
higher must be fitted with an antilock brak-
ing system (ABS) (some exceptions may
still apply for older models).

Additional retarding braking systems
can be used in order to fulfill braking re-
quirements on long inclines. Vehicles in
category M 3 used for local or long-dis-
tance duty must be able to meet the re-
quirements for braking on such "de-
scents" using the continuous-operation
braking system only.

Category 0 trailers
Category O trailers are not required to
have a braking system, however, there
are requirements governing the safety
connection to the towing vehicle. Begin-
ning with category 02, trailers must be fit-
led with a service braking system and a
parking braking system which may have
common components. It must be possible
for the parking braking system to be oper-
ated by a person standing next to the ve-
hicle. The apportioning of braking force
among the individual axles is prescribed.

An antilock braking system (ABS) is
prescribed for some trailers in Class 03
and above.

Inertia braking systems are permissible
for trailers up to category 0,.

The trailer must brake automatically if it
becomes decoupled from the tractor vehi-
cle while moving, or (for trailers <1,5 t) it
must be equipped with a safety connec-
tion to the towing vehicle.

Vehicles equipped with antilock braking
systems (ABS)
ABS systems must conform to Appendix
X of EU Directive 71/320/EEC or Annex
13 of ECE Regulation 13 (on Category 1
vehicles of classes M2, M1, N and N3)
The essential requirements are:
- locking of the directly controllec wheels

under braking on any road surface at
speeds of over 15 km/h must be pre-
vented,

- operating stability and steering, control
are to be maintained and

- grip on road surfaces offering the same
or (in the case of Category 1) different
levels of adhesion to wheels on different
sides (p split) must be utilized, and

-there must be a visual warning system
for indicating electrical faults.

Only minimum standards are in force
for trailer ABS. The ABS on tractor and
trailer should be mutually compatible in
order to ensure safety and prevent exces-
sive tire wear.

Tractor vehicles and trailers with
compressed-air braking systerns

The compressed-air connections must be
of the two- or multi-line design. When the
service brakes on the tractor uni: are op-
erated, the service brakes on the trailer
must also be operated with a var able de-
gree of force. If any fault occurs on the
service brakes of the tractor unit, that part
of the system not affected by the fault
must be cable of braking the trailer with a
variable degree of force. If one of the lines
between tractor unit and trailer is sepa-
rated or develops a leak, it must still be
possible to brake the trailer, or it must
brake automatically.

The braking efficiency of thE vehicle
when fully loaded (and when empty for
vehicles without ABS) is specified accord-
ing to the pressure at the control-line cou-
pling head. The service brakes of the
trailer must only be capable of operation
in conjunction with the service, secondary
or parking brake system on the tractor
unit.
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Requirements of StVZO (Germany), EU Directive 71/320 EEC and ECE Regulations

Vehic'eclass Passengercars Commercial Tra ers
&motorcoaches 

vehiesfPer-classification,+refer+to717) MI  I 2  I N, N Q 0 '
Service bradnrjg system Acting on all wheels IE

Prescribed force disribution 'g
to the axles 0 .5

ASas per EC Dir, or ECEI) +
(, 25 km/h) __

Tyeditestddnvedisengaged)
Test speed km/h
Braking distance Sm
Formula for

Mean fully developed
deceleration
Actuating force

Type test drive enagiedj

Test velocity
B = 80% va, but
Braking distanceo

Btaking distance lormuia

Mean fully developed
deceleraton
Actuating force

Type I test

,I = 80% ?,, but
02 = '/2 0,
Braking cycle repetitions
Braking cycle duration
Effectiveness of hot brakes
at end of Type I Test

Type II Test
on ong descents

Effectiveness of hot brakes
at end of Type || Test

Brakingdistanceformula

Braking dislarce
Mean fully developed
deceleration

m/s 5.8
<n

80
50.7

0.11:

1 150

60 60 80 60 60
36.7 36.7 61,2 36.7 36,7

0.15t, + 2

5.8I 5.0
700

Behaviour of vehicle under braking
from 30% - 80% mand
brakingeiciety

5km/h|160
m 212.9

>m/s 5.0
Sn 500

km/h

I
s

>m/

> mis2

0.1c

100 90 120 100 90
111.691.8 15711116 91.8

103.

4.0
700

Repeated braking at 3 ms
loaded, drive engaged

120 100 60 120 60 60 -

15 15 20 15 20 | 20
45 55 60 55 60 1 60

>80% of brake efficiency specified for
Type 0 test (drive dise-rgaged) and
>60% of the brake efficiency achieved
in Type 0 test (drive disengaged)

Energy corresponding to 30 km/h,
69 downh1l gradient and 6 km,
loaded, engi'e drive engaged con-
tinuous-operation braking system in
operation. Measurement as for Type
o test drive disengaged)

MNI:0,15v1331 N0.15v+1-332
133 115

458
3.75

50,6
3,3

60 60
z 050,
Semitrailer

0,45

60

at <E.5 bar

Continuous
braking,load
ed 4C knVh -
7% cownhill
gradi/nt
1.7 ki
z-0.36 and
z>60 1% of
figurk mea-
surertin
Type 0 lest
at 40 km/h

at
40

km/h

Exceptions may still be allowed for older models.
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Vehicle class

(For classi'ication, refer to P 717)
Type Ila Test

For continuous-operalion
braking systems
Type III Test

R duabrLb.ing effec after
failure in the transmission
device/circut failure engine
drive disengaged
Test speed kn/h
Braking distance, oaded m
Braking distance, empty Sm
Mean fuly developed deceleation.
loaded >m]
empty 3mis2

Actuating force <n

ISkcondary bralkin sstern
(tested as for Type 0 Test.
drive disengaged)
Test speed km/h
Brakingdistance m

Braking-distance formula

Mean ully developerf
deceleration

Actuating force,
by hand
with foot

iris 2

Passenger cars Commral
& motor coaches vehicies

M I MI w N1] N , N 3

Energy corresponding to 30 knih,
7% downhill grad'enf, 6 kn, loaded,
only continuous-operation braking
system in operation.
Only permitted for M31) and towing
O, N3.

80 60 60 70 50 40
150.2 1013 101.3 152.5 80.0 52.4
178.7 119.8 101.3 180.9 94.5 52.4

1,7 1.5 1,5 13 1.3 1,3
1.5 1.3 1.5 1.1 1.1 113

700 700 700 700 700 700

80
93,3
0.1r'

212150

2.9

on 400
<n 500

60 60
64.4 64.4

+2v2
0,15v'

130

2-5

600
700

70 150407O5 40
957,540 38.3

.15' 2v
'15

600
700

Trailers

0 o, 03_

The brakes of the
fraiter must be capable
of full or partial opera-
lion using varible
force,

The brakes of he
trailer must be oper-
ated using variable
force.

Pgrkingbraking syster(Loadedlest)
Holding stationary on incline
(downgrade or upgrade) 3% 11 - 18

Together with unbraked
vehicle of class0 P% 12 12
Actuating force,
by hand Sn 400 600 600 - 600
with foot n 500 700 700 -
Type O est)
(drive disengaged, loaded)
Test speed km/h
Mean fully developed
deceleration and decele-
Iation prior to standstill umIs2

IAutomatic brakin syatem
With compressed-airsystems,
automatic traier braking in case of
pressure loss in supply line

ITest speed km/h
I Braking factor >%

80 60 60

1.5

70 50 40

1-5 -

- 40
- 13.5

0% of level
2) Except public transport busses
3) Repeated braking as for Type I test for N. Afterwards, braKing efficiency 40 and 6

achieved in Type O Test.
4) With parking braking system or via auxiliary control device for service braking system.
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Design and components
of a braking system

Basic components of a braking
system:
The braking system consists of:
- Energy supply,
- A control device,
- A transmission device for controlling

braking force, and for activating the en-
gine brake, parking brake, and retarder,

- Additional equipment in the towing ve-
hicle for braking the trailer.

- Wheel brakes.
Each of those components affects the
braking forces which are decisive for
slowing down the vehicle or vehicle com-
bination,

Different ranges of applications for dif-
ferent vehicle types result in highly varie-
gated demands being placed on braking
systems. The inescapable result is a mul-
tiplicity of highly diversified braking sys-
tems, differing from one another in both
design and application.

Braking-system applications
Legal regulations stipulate that the brak-
ing system on a heavy commercial vehi-
cle will consist of:
- service brakes,
- secondary brakes,
- parking brake, and (in some cases)
- additional retarding braking systems,

and
- self-actuated braking system.
The service and parking brakes are
equipped with separate individual control
and transmission devices. The service
brakes are generally applied with the foot,
while the parking brake can be actuated
with either hand or foot. The secondary
braking system frequently shares compo-
nents with the service or parking brakes.
For instance when one circuit in a dual-
circuit service-braking system also func-
tions as secondary brake. The additional
retarding braking system, which acts as a
supplementary, wear-free unit, is espe-
cially useful for relieving the service
brakes on long downgrades (see "Addi-
tional retarding braking system", page
682). Self-actuated (automatic) braking
systems apply to trailers only.

Deceeraionei

fr77intrak Lea Frnbnk ra h,,;e
LIIia~laiecirdila'a n v

Type of energy and transmission media
Depending upon the type of energy ap-
plied to control the braking system, a dis-
tinction is drawn between:
- muscular-energy braking systems,
- energy-assisted braking systems,
- non-muscular-energy braking systems,
- inertia braking systems.
The various systems can also be installed
in combination. In contrast to the non-
muscular-energy braking system, for in-
stance, the energy-assisted system also
depends to some degree on the force ex-
erted at the pedal.

Energy-assisted and non-muscular-en-
ergy systems are distinguished not only
by energy type, but also by the mediums
used to transmit the energy. Pneumatic
(vacuum, compressed air) and hydraulic
energy are the most common, electrical
energy is sometimes also employed

Type of transmission device
The means employed to transmit energy
within the braking system may be me-

Brakesystemlayout (trucktracto)

-- Mscionv davia --

V

Transmiscsde n devo

L
I-
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Electronic/compressed-air braking system for two-axle tractor
1 Wheel-speed sensor, 2 Brake-pad wear sensor, 3 Control valve., 4 Front-wheel cylinder,
5 Rear-wheel cylinder, 6 ECU, 7 Brake pedal, 8 Cornpressed-air cylinder, 9 Compressed-airsup-
ply to trailer, tO Trailer control line, I 1Coupling-force sensor 12 Steering-wheel position sEnsor,
13 Control for retarder and engine-braking system, 14 Yaw-ratefiatral-accoleration sensor

.-...------

.2

5v-

chanical, hydraulic, pneumatic or elec-
tric/electronic. Hybrid combinations may
also be used in transmitting the force
to the wheel brakes. Electric/electronic
transmission mechanisms will play an im-
portant role in the electronic-pneumatic
and electronic-hydraulic braking systems
;or the next generation of vehicles

Braking-system design

The braking system is designed with re-
ference to both the requirements of the ve-
hicle and the intrinsic imperatives of the
system itself. In the case of the vicle-ori-
ented design, the vehicle's center of grav-
ity and the specified distribution of braking
force to the front and rear axles, deter-
mine the amount of braking force which
can be applied before the wheels lock at
any specific level of adhesion between tire
and road surface. The braking-force-distri-
bution diagram is used to illustrate this re-
lationship. The coordinate axes show the
braking force at front and rear axles rela-
tive to weight. The intersection of the
straight lines representing equal adhesion
coefficients at front and rear axles form
the parabola defining "ideal" braking-force
distribution. Lines representing constant
braking complete the diagram.

If no braking-force metering device is
litted, then the distribution of the braking
force as installed in the unit also forms a
straight line. The slope is the ratio of the

braking forces at front and rear axles as
determined by the dimensions of the
brakes. The wheels will always lock on the
front axle first as long as the line for as-in-
stalled distribution remains below the
ideal distribution (stable distribition of
braking forces). The point at wnich the
front wheels lock is found at the intersec-
tion of "as-installed distribution" and the
lines representing the respective coeffi-
cient of adhesion.
The essential design criteria are:
- regulations governing minimum brak-

ing force required before the onset of
lock, and locking sequence,

Distribution of braking force witheIt
braking-force metering device
Idealdistributionofbrakingforceat 1'ap-
provedgross vehilee gb2forcurbeght
with driver3 Brakinrc dsributiodn55cin-
stalled, 4 Front brakes locked. FeRearbraking
force, , Front brakingforceG WeightaBrak
ing. AdhesioncooeentsrerHSH. fI LF.

0.4 =0  4

---

0 1
P 0.4 0.8

0 0 2 0.4 0.6 0.8

2 3l

:17 13
12-

14 Li
6

9

10

8
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654 Braking systems

- distribution of load weight,
- influence of fading,
- engine braking,
- failure of a brake circuit,
- braking-force metering device (if fitted),
- retarder (if fitted).

System-oriented designconcentrates on
the dimensions for the wheel brakes and
on the control devices.

Design criteria for the wheel brakes:
- brake type (disc or drum),
- endurance (resistance to wear and

severe use),
- space available for installation,
- acceptable pressure levels,
- rigidity (on hydraulic brakes: volume of

brake fluid required for actuation).

Design criteria for the control device:
- Pedal travel and pedal force for normal

braking, emergency braking, and in the
event of failure of a brake circuit
or the brake servo

- comfort requirements,
- installation space,
- combination with systems for brake-

pressure regulation.

Brake-circuit configurations

Legal regulations stipulate a dual-circuit
transmission system as mandatory.

Of the five available options
(DIN74000,see below), versions II and X
have become standard. As the brake
lines, hoses, connections, and static and
dynamic seals remain at a low level of
complication, the probability of failure due
to leaks is comparable to that achieved
with a single-circuit system. The potential
response to failure of a circuit due to over-
heating at one wheel points up a serious
weakness in the HI, LL and HH distribu-
tion patterns, where loss of both brake cir-
cuits on a wheel could lead to total brake-
system failure.

Vehicles with a forward weight bias use
distribution pattern X to fulfill the regula-
tory requirements. The II distribution pat-
tern is an excellent solution for vehicles
with rear weight bias and mid-range and
heavy commercial vehicles.

Brake-circuit configuration: VariaIts
a) li distribution, b) X distribution, c) P1 distribu-
tion, d) LL distribution, eHH distribufon.
I Brake circuit 1. 2 Brake circuit 2.
e- Direction of travel.

a -

C.

<-T -- -

1 2

..

d

62

12
C: LIChD

II distribution pattern
Front-axle/rear-axle split. One circuit
brakes the front axle and the other the
rear axle.
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Braking systems 655

X distribution pattern
Diagonal distribution pattern. Each circuit
brakes a given front wheel and the diago-
nally opposite rear wheel.

HI distribution pattern
Front-axle and rear-axle/front-axle split.
One circuit brakes the front and rear
axles, and one circuit brakes only the front
axle.

LL distribution pattern
Front-axle and rear-wheel/front-axle and
rear-wheel split. Each circuit brakes the
front axle and one rear wheel.

FV- uum-operated brake booster
Effect ofdesign parameters.
I Master-cylindersurface area, 2 Pedal
leverage3Boost factor, pedal leverage,
4 Diaphragm surface area, vacuum levet
5 Effect of pedal force, 6 Effect of servo
assist, 7 Output point.

2Pd o

a

-- e7

+

Pedal force-

HH distribution pattern
Front-axle and rear-axle/front-a:<e and
rear-axle split. Each circuit brakes the
front axle and the rear axle.

Vacuum-operated brake booster
I Push rod, 2 Vacuum chamber with vacuum
connection, 3 Diaphragm, 4 PIston, 5 Bell
valve, 6 Air filter, 7 Piston rod, 8 Rear cham-
her 9 Backing plare.

3
4
5
6
7

8
9

2 .. -

4M I

Tandem master cylinder
with central valve
in secondary circuit

1 Cylinder body.
2 Prossure chamber,
3 Pressure connection,
4 Connection for

compensating reservoir
5 Thrust-rod piston,
6 Secondary piston,
7 Central valve,
8 Stop for central valve,
9 Primary seal,

10 Separating seal,
II Balancrng port.

1 3 2 4 8

7 9 6 10 2 9

3 4 11 5
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656 Braking systems

Braking systems for
passenger cars and light
utility vehicles

Control devices
The control device consists of:
- brake pedal,
- vacuum brake booster,
- master cylinder,
- brake-fluid reservoir,
- device to warn of a brake-circuit failure

and/or low brake-fluid level.
In addition to the basic equipment listed
above, hydraulic boosters or hydraulic
non-muscular-energy braking systems
may be used in certain applications. In
non-muscular-energy systems, the brake
booster and master cylinder are replaced
by a brake valve. The force at the pedal is
modulated to achieve the desired brake
pressure. High-pressure pumps and ac-
cumulators are included to generate and
to store the requisite energy.

A vacuum brake booster is generally
used due to its inexpensive and uncom-
plicated design. On this type of booster,
the force applied at the pedal regulates
the amount of outside air which is applied
to a diaphragm, while vacuum remains
present on the diaphragm's other side.
The pressure differential at the diaphragm
generates force to supplement that ap-
plied at the pedal. The simplified diagram
provides a schematic illustration of the
main factors which influence the braking
pressure; working losses and efficiency
levels are not considered:
- Pedal conversion,
- boost factor,
- diaphragm surface area,
- vacuum pressure,
- surface area of master cylinder.
The brake pressure is the result of a com-
bination of the force at the pedal and an
auxiliary assist. The proportion repre-
sented by the assist increases steadily up
to full boost; the designed-in boost factor
determines the precise rate. At full boost,
the maximum pressure difference be-
tween outside air and vacuum has been
reached. Additional augmentation of the
output force is only possible via an unac-
customed increase in the force applied at

the pedal. Thus it is important that the
booster be designed to ensure that high
rates of deceleration can be achieved
without exceeding full boost toany appre-
ciable degree.

The major determinant for oitput force
is the surface area of the diaphragm, Two
diaphragms in tandem are eriployed to
satisfy higher pressure requirements.
Technical considerations limit the maxi-
mum feasible diaphragm diameter to ap-
prox. 250 mm. The maximun negative
pressure, as obtained at the intake mani-
fold of a spark-ignition engine with the
throttle closed, is approx 0.8 bar. A vac-
uum pump is required on diesel engines,

As the demand for boost pressure in
heavy vehicles is characteristically
greater, the logical choice is a hydraulic
booster, which can be designed to func-
tion on the same principles.

The energy is frequently provided by
the power-steering pump, with an inter-
mediate hydraulic accumulatcr being in-
corporated in the circuit to redUce the ten-
dency of brakes and steering to influence
each other.

A push rod carries the output force di-
rectly to the piston in the tancem master
cylinder The hydraulic pressure thus gen-
erated istransmitted to the "floating" inter-
mediate piston, resulting in roughly equal
pressures in the two chambers which
supply the respective circuits.

Failure in one of the brake -ircuits can
have one of two results: Either the push
rod comes up against the intermediate
piston, or hydraulic force presses the in-
termediate piston back against the wall of
the master cylinder. This concition will be
felt at the pedal, which will continue mov-
ing with virtually no resistance.

A master cylinder which responds in
several stages has proven a Useful expe-
dient on vehicles with the II distribution
pattern. The intermediate piston, which
has a smaller diameter than the push-rod
piston, applies pressure to the rear-axle
circuit. The system responds to failure in
the front-axle circuit by increasing the
pressure which is transmitted to the rear
circuit at a constant pedal pressure. The
degree of pressure increase s based on
the ratio of the piston areas of the push-
rod and intermediate pistons.
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Braking systems 657

A brake-fluid reservoir is connected to
the master cylinder to compensate for the
effects of brake-lining wear and leakage.
When the brake is released, either a cen-
trally positioned valve in the master-cylin-
der piston opens or the piston seal opens
a balancing port. This arrangement en-
sures that the brake system is not under
pressure when released, while also pro-
viding compensation for fluid losses. The
chief disadvantage of this simple layout
lies in the fact that vapor bubbles in the
brake fluid, which have been generated
due to overheating, cause the fluid to
drain from the affected brake circuit when
the brakes are released. This could make
it impossible to build up pressure when
the brakes are applied again.

In order to prevent complete drainage in
the event of a major leak, the brake-fluid
reservoir is designed (at least as from a
given brake-fluid level) with two circuits.
One or two float-actuated switches trigger
an optical display once the fluid falls below
a certain level. The float-actuated switches
can be replaced by differential pressure
switches on the master cylinder, these
then indicate failure of a brake circuit.

Wheel brakes
The wheel brakes must meet the following
requirements:
- uniform effectiveness,
- smooth, graduated response,
- resistance to contamination and corrosion,
- extreme reliability,
- durability,
- resistance to wear,
- ease of maintenance.
Whereas on small passenger cars and
commercial vehicles, various types of drm
brakes fulfill these demands satisfactorily;
disc brakes represent the only means of
achieving even response and good control
on heavy, high-speed passenger cars.

Gray cast-iron brake discs with bilater-
ally acting calipers have proven to be the
most satisfactory layout. The brake disc is
usually located within the well of the
wheel rim. An arrangement which makes
it necessary to provide for adequate heat
dissipation through radiation, convection
and thermal conductance. Additional ex-
pedients such as internally-ventilated
brake discs, air ducts and optimal-flow

Disc brakes
a) Fixed caliper, b) Floating caliper,
I Friction pads, 2 Piston, 3 Brake disc,
4 Caliper, 5 Sopport.

a 421 2 b 41 2 5

t - t-

3 '3--

wheel designs are employed to reduce
disc temperatures, particularly on high-
performance vehicles,

Brake calipers fall into one of two cate-
gories: Fixed calipers or floating calipers.

In the case of the fixed calper, the
housing is rigid and "grips" the brake disc
from both sides. When the brakes are ap-
plied, two pistons in the caliper housing,
one on each side of the brake disc, force
the brake pads up against the br 3ke disc

Two basic subcategories of floating
calper have established themselves.
The sliding caliper and the so-called Mark
11 caliper. With both designs, the piston or
pistons act directly against brake pad on
the inner side of the disc. The sliding-
caliper frame or the caliper then pulls the
outer pad against the disc. Corrpared to
fixed calipers, the floating units offer the
following advantages:
- Modest space requirement between

brake disc and wheel nave (convenient
where suspension employs small or
negative steering-roll radius),

- Reduced thermal stress on the fluid, as
no fluid lines are located in the critical
area directly above the brake disc.

Constructive measures effectively allevi-
ate inherent disadvantages (tendency to
rattle and squeak, uneven wear of friction
pads, corrosion in transmission elements).
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Braking-force metering device
The braking-force metering device is not a
closed-loop control element, like the
brake-pressure regulating valve as used
for ABS, but rather an open-loop control
element. The individual metering devices
differ with respect to their function as
braking-force limiters or reducers, or their
control parameters, such as brake pres-
sure, axle load or rate of deceleration.

The braking force is apportioned be-
tween the front and rear axles in accor-
dance with the dimensions of the particu-
lar brakes. It is the job of the metering de-
vice to adjust this braking-force
apportionment in order to achieve a
closer approximation to the ideal distribu-
tion, i.e., the parabolic curve. The ideal
braking-force distribution is determined
solely by the vehicle's center of gravity
and the nature of the particular braking
maneuver. These relationships can be
shown in a dimensionless braking-force-
distribution diagram. The weight-related
braking forces at the front and rear axles
are entered on the coordinate axes. The
lines for identical braking appear as
straight lines with a negative slope (-1).
The ideal braking-force-distribution
curves for the vehicle conditions "curb
weight" and "approved gross vehicle
weight" are in the form of parabolas. Dia-
gram "a" is for a braking-force limiter and
diagram "b" a braking-force reducer.

Pressure-sensitive metering valves
achieve good approximation of ideal dis-
tribution with the vehicle in the "curb
weight" state. On the other hand, under
"approved gross vehicle weight" condi-
tions (upper parabola), they deviate from
the ideal once the limiter or reducer be-
comes operative (bend in the curve), i.e.,
the proportion of the total braking force di-
rected toward the rear axle decreases as
the rear-axle load increases,

The load-sensitive apportioning valve
responds to increased loads by displacing
the triggering point upward, allowing a
reasonable approximation of ideal brak-
ing-force distribution under all load condi-
tions.

The deceleraton-sensitive apportion-
ing valve is triggered by a specific rate of
deceleration, and is thus basically insen-
sitive to load.

[Braking-force-distribution diagram
a) Braking-force limiter, b) Braking-orce
reducer, FLRear braking force, F, Front
braking force. GWeight Loaded, 2 Empty
3Loaded,accordingtoload,4EtyEgac-
cording to pressure; empty according to de-
celeration, and loaded; empty accoding to
load,5Loaded.accordingtopressure

0.3-3

0.1

o 0.2 04 0.5 068

The metering valve must be designed
to ensure that the distribution of braking
force remains on orbelow the ideal curve,
The potential eftects of fluctuations of the
padfrictioncoefficient, as wellasofen-
gine torque and tolerances of the valve it-
self,mrust all be considered in reventing
over-brake of the rear axle.Ilr practice,
this means that actual Installed distribu-
tion (with bend in curve) should remain
well below the ideal.

The criteria according to which the me-
tering valve is designed include the fol-
lowing:
- ABScompatibility,
- Complexity in the case of spli: rear-axle

braking circuits (e.g. Xdistrib~tion),
- Bypassfunction fordealing th brake-

circuit failure, especiallywith braking-
force limiters,

- Facilityfor testing of settingand opera-
tion.

Vehicles with balanced load tonditions
arenot necessarily equipped witha me-
tering device, as the disadvantagesofan
undetected defectinthedeviceoutweigh
its minimal advantages.
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Braking systems (passenger cars) 659

ABS antilock braking
systems for passenger cars
ABS antilock braking systems are closed-
loop control devices within the braking
system which prevent wheel lock-up dur-
ing braking and, as a result, retain the ve-
hicle's steerability and stability. The main
ABS components are:

Hydraulic modulator, wheel-speed sen-
sors, and the ECU for signal processing
and control and triggering of the signal
lamp and of the actuators in the hydraulic
modulator.

Basic closed-loop control process
On initial braking, the brake pressure is in-
creased; the brake slip ? rises and at the
maximum point on the adhesion/slip
curve, it reaches the limit between the sta-
ble and unstable ranges. From this point
on, any further increase in brake pressure
or braking torque does not cause any fur-
ther increase in the braking force FB. In
the stable range, the brake slip is largely
deformation slip, it increasingly tends to-
wards skidding in the unstable range.

Brake slip K= (uF-up)/ur 100%
Wheel speed UR = r- to
Braking force Fr = PHF -
Lateral force Fs = gs G
p4F Coefficient of friction,
s Lateral-force coefficient.

There is a more or less sharp drop in the
coefficient of friction pHF, depending upon
the shape of the slip curve. The resulting
excess torque causes the wheel to lock-
up very quickly (when braking without
ABS); this is expressed as a sharp in-
crease in wheel deceleration

The wheel-speed sensors monitor the
motion of the wheels. If one of the wheels
shows signs of lock-up, there is a sharp
rise in peripheral wheel deceleration and
in wheel slip. If these exceed defined crit-
ical values,the controller sends com-
mands to the solenoid-valve unit to stop
or reduce the buildup of wheel-brake
pressure until the danger of lock-up has
passed. The brake pressure must then be
built up again in order to ensure that the
wheel is not underbraked. During auto-
natic brake control, it is constantly neces-

sary for the stability or instability of the
wheel motion to be detected, and the

Forcesatthebraked wheel
G Force due to weight, F, Braking force,
Fs Lateral force, up Vehicle speed,
a Slip angle, w Angular velocity a Cater

Adhesion/slip curve
The curve shape differs greatly as at aicton

Iof roadsunlace and tire condition

00

_jU

Stable Unstable

1.0
PHF

0.8

0.6-

0.4 - s for r(= V

0.2 Free-rolling
Locked -77

0 20 40 60 SC
Brake slip).

ABS control loop
1Solenoid-valveunit,2Mastercylinder

3 Wheel-brake cylinder, 4 Electronic control
unit (ECU), 5 Wheel-speed sensor

Manipulated 1 Refereice
variable variable

controIled
variabe

-- - 5
Controlled system

tDsturbance
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660 Braking systems (passenger cars)

wheel must be kept in the slip range with
maximum braking force by a succession
of pressure-buildup, pressure-reduction
and pressure-holding phases.

Disturbances in the closed control loop
The ABS system must take the following
disturbances into account:
- Changes in the adhesion between the

tires and the road surface caused by dif-
ferent types of road surface and
changes in the wheel loadings, e.g.
when cornering,

- Irregularities in the road surface caus-
ing the wheels and axles to vibrate,

- Out-of-roundness, brake hysteresis,
brake fading,

- Variations in the pressure input to the
master cylinder caused by the driver's
brake-pedal actuation,

- Differences in wheel circumferences,
for instance when the spare wheel is fit-
led.

Criteria of control quaity
The following criteria for control quality
must be fulfilled by efficient antilock brak-
ing systems:

Maintenance of driving stability through
provision of sufficient lateral guiding
forces at the rear wheels.

- Maintenance of steerability through
provision of adequate lateral guiding
forces at the front wheels.

- Reduction in stopping distance as op-
posed to braking with locked-up wheels
through optimum utilization of the adhe-

sion between tires and road.
- Rapid matching of the braking force to

different adhesion coefficients, for in-
stance when driving through'deep water
or driving over patches of ice or hard
snow.

- Guaranteeing low braking-torque con-
trol amplitudes to prevent vibrations in
the running gear.

- High level of comfort due to silent actu-
ators and low feedback through the
brake pedal.

ABS system variants
A variety of versions are available de-
pending upon the braking-force-distribu-
tion concept, the type of vehicle drive con-
cerned, functional stipulations, and costs
factor. The overview below shovs six sys-
tem variants, which are described in the
following according to the number of
channels and sensors.

4-channel systems (variants 1 2)
These systems permit the individual con-
trol of the wheel-brake pressure of each
wheel for the rear axle/front axle (II) and
for the diagonal (X) braking-force-distribu-
tion concepts. When braking on split-co-
efficient road surfaces though, measures
must be taken to ensure that the yaw mo-
ment (torque around the vertical axis)
cannot adversely affect driving stability,
The solution here is to control ihe wheels
on the front axle individually and those on
the rear axle in accordance with the "se-
lect-low" principle (that is, the ear wheel

ABS system variants
Control channl,4 SeSenr < Sensor (afternative tosensor on differential).

4-channel 3-channel 2-channel
4 sensors 3 sensors 3 sensors 2 sensors

front - rear I diagonal front - rear front - rear Iront - rear dagonal
Variant I Varian2 Variant 3 -- Varianti4-

~fl Thj

r4 ~~~7 a]]frr_ r
_____ _____ ____ ____ ____ I ____

Variant 5 Variant 6

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1201



Braking systems (passenger cars) 661

with the lowest coefficient of friction deter-
mines the braking pressure applied to
both rear wheels).

3-channel system (variant 3)
The yaw moment when braking on split-
coefficient road surfaces is reduced to
such an extent (due to the system's oper-
ating principle) that passenger cars with a
long wheelbase, and a high moment of
mass inertia about the vertical axis, are
well able to control this braking situation.

In the case of the 3- and 4-channel sys-
tems, passenger cars with a short wheel-
base and a low moment of mass inertia,
however, require electronic delay of the
yaw-moment buildup. When braking on
split-coefficient road surfaces, this causes
a delayed buildup of the braking torque at
the front wheel with the high coefficient of
friction. As a result, the driver has enough
time to correct the yaw by an appropriate
steering adjustment.

2-channel sstems'variants4,5.6
The 2-channel systems on the one hand
need less components than the 3- and 4-
channel versions, and this makes them
less costly to manufacture. On the other
hand though, this is accompanied by a
number of functional limitations.

With variant 4 in the select-high mode
(the front wheel with the higher coefficient
of friction determines the brake pressure
applied jointly to both front wheels), prac-
tically every time the driver hits the brakes
hard (panic braking), one of the front

wheels locks up. This is accompanied by
a high level of tire wear and reduced
steerability. With version 5, this always oc-
curs when the "sensed" front wheel sud-
denly encounters a higher level of friction
coefficient than the "non-sensed" wheel.
Variant 6 can be used only with diagonal
braking-force distribution (X). In this ver-
sion, the brake pressures at the front
wheels are controlled individually, while
the brake pressures at the rear wheels
are jointly controlled. Because the front-
to-rear distribution of braking force bears
the responsibility for ensuring tiat the
rear wheels do not lock, this system pro-
vides somewhat lower deceleration rates
than a 3- or 4-channel system.

Note: For some light-truck models with
front-rear brake-circuit split in the Ameri-
can market there is a simple system con-
sisting of a sensor on the rear difierential
and a control channel (without return
pump) which prevents the rear wheels
locking. The front wheels can lock up with
sufficiently high braking pressures with
the consequent loss of steering fjnction,
This system is not an ABS with the range
of functions described at the beginning of
this section and is used only for certain
specialized types of vehicle.

ABS versions

ABS 2S-3-channel/-4-channeLsytems
(Bosch)
In this system, the ABS and the brake
booster are separate units.

Functional diagrams
a) Three-channel hydraulic modulator b) Four-channel hydraulic modulator.
D Damper, HZ Master cylinder, M Electric motor, MV Solenoid valve, P Pump, R Control cl annel,
RZ Wheel-brake cylinder, S Accumulator.

RZ P7 -- __

P1 P2

HZ

7Z

------- 3

]z

b

I~~iz I nJ P 4
Rrvi I P - .1 P2' p V4

HZ HZ

No"
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AScontrolcycleforhighfriction
coefficients

I
Slip-sw cnirg threshol

- whe

A

A- Time I

The 3-channel hydraulic modulator for
the II braking-force-distribution version
(front/rear) comprises three solenoid
valves with three possible positions, and a
return pump with electric drive motor.

In the first, de-energized position, there
is an unhindered passage from the mas-
ter cylinder to the wheel-brake cylinder,
with the result that the wheel-brake pres-
sure rises during initial braking and during
automatic brake control. In the second,
semi-energized position, the passage
from the master cylinder to the wheel-
brake cylinder is interrupted, with the re-
sult that the wheel-brake pressure is kept
constant. In the third, fully energized posi-
tion, the wheel-brake cylinder is con-
nected to the return and the wheel-brake
pressure drops.

Pressure dissipation takes only about
20 ms so that the wheel does not lock up
pressure build-up, on the other hand,
takes place in several stages with inter-
vening holding phases and typically takes
around 200 ms.

The 4-channel hydraulic-modulator
valve for diagonal braking-force distribu-

tion calls for four solenoid valves, be-
cause the rear-wheel brakes belong to
different brake circuits. However, both the
rear-wheel valves are jointly energized,
so that there is the same pressure in each
of the rear-wheel-brakes, and the "select-
low" control mode is easy to irr plement.

The depicted control cycle shows auto-
matic brake control in the case of a high
friction coefficient. The change in wheel
speed (deceleration) is calculated in the
ECU. After the value falls belcw the (-a)
threshold, the hydraulic modulator valve
unit is switched to the pressure-holding
mode. If the wheel speed then also drops
below the slip-switching threshold X, the
valve unit is switched to pressure reduc-
tion: this is done as long as the (-a) signal
is present. During the subsequent pres-
sure-holding phase, the peripheral wheel
acceleration increases until the (+a)
threshold is exceeded; thereupon, the
brake pressure continues to be kept con-
stant. After the relatively high (.LA) thresh-
old has been exceeded, the brake pres-
sure is increased, so that the wheel is not
accelerating excessively as it enters the
stable range of the adhesion/slip curve.
After the (+a) signal has droppad out, the
brake pressure is slowly raised until,
when the wheel acceleration again falls
below the (-a) threshold, the second con-
trol cycle is initiated, this time with an im-
mediate pressure reduction. In the first
control cycle, a short pressure-holding
phase was necessary initially for the filter-
ing of disturbances. In the case of high
wheel moments of inertia, low friction co-
efficient and slow pressure rise in the
wheel-brake cylinder (cautious initial
braking, e.g., on black ice), the wheel
might lock-up without the deceleration
switching threshold having responded. In
this case, therefore, the wheel slip, too, is
used in automatic brake contrcl.

Under certain road-surface conditions,
passenger cars with all-wheel drive and
with differential locks engaged Dose prob-
lems when the ABS system is in opera-
tion; this calls for special measures to
support the reference speed, lower the
wheel-deceleration thresholds, and re-
duce the engine drag torque.
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Buildup of yaw moment induced by large
differences in friction coefficients
Mf1Yaw moment F Braking-force,
it Coefficient of friction
1 High"wheel2'tow'wheeL

1 2

A 53

i! Yfyav-

Curves for brake pressure/steeringangle
withdelayedyaw-momentbuildup{GMA)
1.Masler-cylinder pressureP. 2Baking
pressure p,, /MA 3  wh:
4PaNitvh GMA 2.5p,,a ,t'towewhIeL6
Steering angle at GMA 7 Steingangle
a with GMA.

1

3
4

77

Time 1-

Brake control withyaw-moment
I;buildupelay
When the brakes are applied on an asym-
metrical road surface (for instance, left
wheels on dry asphalt, right wheels on
ice), the result is vastly different braking
forces at the front wheels. This difference
induces a turning motion (yaw moment)
around the vehicle's vertical axis.

When a heavy passenger car with ABS
is braked, the resulting yaw sets ir slowly
and the driver has time for co retive
steering maneuvers. On smaller cars, the
ABS must be supplemented by an addi-
tional yaw-moment buildup-delay device
(GMA) to ensure that control is rain-
tained during panic stops on asyrnmetri-
cal surfaces. GMA delays the p essure
buildup in the wheel cylinder of the front
wheel with the higher coefficient of brak-
ing force at the road surface ("high"
wheel).

The GMA concept is demonstrated in
the diagram: Curve 1 represents the mas-
ter-cylinder pressure puc. Without GMA,
the wheel on asphalt soon arrives at the
pressure Phgh (Curve 2), while the wheel
which Is running on ice goes top,, (Curve
5): each wheel achieves the maximum re-
tardation available under the given cir-
cumstances (individual control).

The GMA 1 System (Curve 3) is suited
for use with vehicles with a less cr eal re-
sponse pattern, while GMA 2 is designed
for cars which display an especially
marked tendency toward yaw-induced in-
stability (Curve 4).

In all cases in which GMA comes into
effect, the "High"wheelis under-b-aked at
first. This means that the GMA must al-
ways be very carefully adapted tc the ve-
hicle in question in order to limit increases
in stopping distances.

ABS 2E5(Bosch)
This economical "full ABS" design (a 3-
position solenoid valve with electronic
control stage is replaced by a
plunger/floating piston arrangement) of-
fers the same safety features and func-
tions as the ABS2S system with only min-
imal loss of comfort in terms of brake
pedal feedback and noise.

Under normal braking, without active
ABS, brake fluid flows to the right rear

a

Y
a
cc

angle
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664 Braking systems (passenger cars)

wheel through the rear-axle solenoid
valve (4), while the plunger's central valve
(6) supplies the left rear wheel,

When the ABS is activated, each of the
left-side solenoid valves (2) controlsa
front brake, while the rear-axle solenoid
(4) directly controls the rear right wheel
(HR). The rear-axle solenoid valve (4)
switches to position 3 upon receiving the
"pressure-reduce" command from the
ECU. In the process, fluid is released from
the rear right wheel (HR) into the accu-
mulator chamber (3) via the valve (4) so
that the pressure at the wheel brake (HR)
is reduced. Since the upper side of the
floating piston (7) is hydraulically con-
nected to the wheel brake (HR), this pres-
sure reduction is also applied above the
floating piston (7). The underside of the
piston (7) is subjected to pressure from
the master cylinder (1), and the resulting
force on the piston (7) causes the floating
piston assembly to move upwards. The
upper plunger now comes into contact
with the central valve pin (6) so that the
central valve closes and volume can be
accepted from the rear brake (HL) when

upward movement continues. At the
same time, the pressure in the brake (LR)
and on the underside of the top plunger
also drops as required. The movement of
the plunger then comes to a standstill
when the resulting force on the plunger
assembly has dropped to zero. This is the
case when the pressure in the two brakes
(HL) and (HR) is equal. The processes for
"pressure hold" and "pressure buildup"
are analogous to the pressure-reduction
process and are controlled by the position
of the solenoid valve (4).

ABStFamily (Bosch)
As a result of the development of solenoid
valves with two hydraulic positions it has
been possible to thoroughly revolutionize
the ABS system while retaining the range
of functions of the ABS2S. The ABSS is
based upon the tried and proven return
principle as used in the ABS2S. It con-
tains the following components for each
brake circuit (with X and II braking-force
distribution):
- Return pump,
- Accumulator.

ABS2E hydraulic system (Xbraking-force distribution)
I Brake booster, 2 Solenoid valves, 3 Accumulator chambers, 4 Rear-axle solenoid vAlve,
5 2-circuitreturn pump,6Central valve, 7 Plunger piston,
V trot H rear, R right, L loft

VR HR

_____________________3_

a-6

VL HL
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Braking systems (passenger cars) 665

- Damper chamber, and
- 2/2 solenoid valves with two hydraulic

positions and two hydraulic connec-
tions.

Each wheel (or the rear axle in the case of
i braking-force distribution) is allocated a
solenoid-valve pair, a solenoid valve (EV
- open when de-energized) for the pres-
sure increase (inlet) and a solenoid valve
(AV - closed when de-energized) for
pressure reduction (outlet). In order to
achieve rapid release of pressure at the
brakes when the pedal is released, the in-
let valves each have a non-return valve
which is integrated in the valve body (e.g.
non-return valve sleeves or unsprung
non-return valves).

Pressure increase and decrease are
each allocated a solenoid valve which
features only 1 active (energized) posi-
tion. This leads to compact valve designs
with only 2 hydraulic connections, smaller
volume, lower weight, and low magnetic
forces. The design means that only a sin-
gle switching transistor is needed for the
electrical triggering, with the attendant re-

duced electrical power loss in the solen-
oid coils and in the ECU. The valve block
for mounting the 2/2 solenoid valves re-
sults in a smaller and lighter hydraulic
modulator and means that the ECU can
be attached directly to the hydraulic mod-
ulator, This has the advantage that the ve-
hicle's wiring harness needs less lines.
Because of their compact design, the 2/2
solenoid valves enable shorter electrical
switching times and even pulse-width-
modulated cyclic operation which sub-
stantially improves function (e-g. adapta-
tion to changes in coefficient of friction)
andcontrolconvenience(e.g.smallerde-
lay fluctuations with the aid of pessure
stages and lower levels of valve noise).

By coordinated development of me-
chanical valve design and pulse-width-
modulated control (mechatronic optimiza-
tion), it has been possible to produce an
ABS system with "quiet" solenoic valves
which represents a new miles.one in
terms of noise generation and pedal feed-
back.

Electric-motor variants, together with
hydraulic throttling (restriction) of he flow

ABSS hydraulic system (X braking-force disribution)
I Master cylinder, 2 Hydraulic modulator, 3 Damper chamber, 4 Return pump 5 Electric rr oor
6 Accumulator 7inlet valvos, 8 Outlt valves,
V front, H rear R right, L left.

11 2*
2__

s)6 6

17 8 7 8 \ V

;i'j ~ , -L.

-L -'. VR - VL -. )-HR
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666 Braking systems (passenger cars)

cross sections in the solenoid valves, and
variations in the accumulator volumes,
mean that the ABS5-family represents a
new generation of ABS systems suitable
for installation in all series-production
passenger cars.

ABS with TCS (Bosch)
See chapter TCS traction control sys-
tem P. 606

ABS and ESP hydraulics (Bosch)
Proper control of vehicle-handling dynam-
ics by means of ESP Electronic Stability
Program (previously known as VDC Vehi-
cle Dynamics Control) requires suffi-
ciently rapid build-up of braking force in
the brakes. On the one hand, low temper-
atures and low coefficients of friction are
the conditions under which the ESP is
called upon most often. On the other
though, at low temperatures the brake-
fluid viscosity increases considerably,
thus making it necessary to modify the hy-
draulic concept compared to that used
with ABSITCS. The ABS/TCS5 system as

described in the Chapter "ABS with TCS
(Bosch)" was taken as the basic system.
Here, the pre-charge pump (VLP) was in-
corporated to ensure the returi-pump de-
livery capacity when the ESF is needed
under cold-weather conditiors. The re-
quirement for closed and separate brake
circuits meant that this pre-charge pump
could not be connected hydraulically di-
rectly upstream of the returr pump. In-
stead it is applied to a charge-plunger unit
(LKE) connected between he master
cylinder and the ABS/fCS hydraulics. As
soon as brake pressure is reeded, the
pre-charge pump switches on (together
with the pre-charge valves (VV) and the
changeover valves (USV)) and delivers
brake fluid to the charge-plunger unit
(LKE) so that the two plungers in the unit
move apart.

This mechanically closes the central
valves of the LKE and the brake-fluid vol-
ume from the two LKE cylindErs is forced
through the opened pre-charge valves to
the return pumps of the AES/TCS hy-
draulics. The pre-charging o the return

Hydraulic system for ABS and ESP
VLP Pre-charge pump, VLV Pre-charge valve. RFP Return pump. RVR Non-return valve,
LKE Charge-plunger unit, USV Change-over valve, D Damper, AV Cutlet valve, EV Inlet valve,
HZ Mafstercynder, S Accumulator, VA Frontaxle, HA Rear axeV Front, H Rear R Right. L Left.

vLLP2 Z2 HZ10.35
LKEI

VLP

USV S J.! WVI 

0RFP

9vR1

EVHR EVVL EN

Y

AVL2 .

4 , ~ '1712
RFP

RiPP.
EVHL

4_1,VHL

HL

AVHH «VVL

6HH ,V

XAVVR

R
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Braking systems (passenger cars) 667

pumps means that sufficiently rapid
brake-pressure buildup is ensured at the
wheel brakes even at low temperatures. A
separate line with a small restriction is
provided between the LKE and the reser-
voir in order that the brake fluid in the pre-
charge circuit can be bled, and the LKE
plungers return to their initial position
when the pre-charge pump is switched
off.

By further optimization of the master
cylinder and the ABS/TCS5 induction
valves with the aim of increasing the hy-
draulic flow cross-section, it has been
possible to produce an ESP hydraulic
modulator that enables adequate pres-
sure generation dynamics even without a
precharger pump at low temperatures
and thus further reduces the number of
system components.

MK 2 (Teves)
The hydraulic components - brake
booster and ABS - form a compact inte-
grated unit for installation on the firewall.
Under normal braking, the booster piston

impels brake fluid directly to the rear
brakes while pushing the master cylinder
piston to the left, supplying brake fluid to
the front brakes.

When the ABS is activated, the main
valve opens, connecting the booster
chamber with the primary side of the mas-
ter cylinder piston while closing off the
connection between the primary s de and
the reservoir. Brake fluid flows from the
booster chamber to the front braKes via
the connecting line and seal of the mas-
ter-cylinder piston. During ABS-coitrolled
braking, booster pressure is exerted
against the left side of the positioning
sleeve, maintaining master cylinder and
booster piston in a middle positicn. This
ensures that sufficient piston travel re-
mains available for front-wheel braking in
the event of ABS failure.

The supply and discharge valves pro-
vide optimal regulation of the pressures in
the wheel cylinders during ABS-con-
trolled braking maneuvers, with the brake
fluidwhich is ejected from the wheel cylin-
der flowing back to the reservoir.

Schematic diagram: ABS MK 2 (Teves)
Brakes not actuated
I Main valve, 2 Connecting line, 3 Master-cylinderpiston 4 Positioning sleeve, 5 Outlet valves,
6 Servo chamber, 7 Fluid reservoir, 8 Pressure accumulator, 9 Pump, 10 Brake valve, II Servo
piston, 12 Inlet valves.
VLNR Frontaxle letiright .HA Rearaxle.

6 11

125 12 5 12

14 234-L 10

.I -1 - ] --

T 12 5 1

8

-fYVL _ i VR
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668 Braking systems (passenger cars)

The front brakes are controlled individ-
ually The rear brakes are regulated to-
gether, whereby the wheel with the lower
coefficient of traction determines the level
of pressure (select low).

MK 4 with TCS (Teves)
This version is used with a conventional
vacuum booster to provide "separate
ABS". The system can also be extended
to include TCS.

When the start of active ABS control
makes it necessary to reduce the brake
pressure at one of the wheels, the dis-
charge valve is opened while the supply
valve remains closed, allowing brake fluid
to flow back to the reservoir from the
brake. When the supply valve opens to in-
crease the pressure, brake fluid flows
from the master-cylinder chamber, and
the pedal gives way somewhat. The hy-
draulic unit must supply new energy, as
repeated cycles would otherwise cause
the pedal to drop too far.

The ABS hydraulic energy-supply unit
employs an electrically-driven, dual piston
pump which is triggered when the system

Schematic diagram: ABS/TCS MK 4 (Teves)
1 Energy supply 2 Wheel-speed sensor 3 Master-cylinder piston, 4 Position sensor,
5 Pressure-relief valve, 6 ASR solenoid valves, 7 Inlet valve. 8 Outlet valv
V front, H rear, R right, L left

recognizes incipient wheel lock. The
pump extracts brake fluid from the reser-
voir and pumps it through the supply-
valve orifice and to the brake at a suitably
increased pressure.

The excess flow quantity from the pump
flows into the chambers of :he master
cylinder, where it presses back the mas-
ter-cylinder piston and the brake pedal.
The position sensor triggers and switches
off the pump so as to ensure that the in-
termittent flow which it produces results in
adequate feel and travel at the pedal.

The hydraulics can be excanded for
traction control by adding 2 TCS solenoid
valves, which serve to isolate the master
cylinder from the TCS, and 2 pressure-
relief valves, responsible for regulating
pressure in the TCS system.

The rotation sensor is a secirity device
tor monitoring the operation cf the pump
motor.

MK20 Faml (Teves)
In contrast to the MK4, the MK 20 system
operates according to the return principle
using sealed brake circuits. Pressure

-M- _ L-

L .><HR

hiT

.r

VR
HL
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modulation is by means of a pair of 2/2
solenoid valves (inlet/outlet) for each
wheel and the system can be upgraded to
TCS/ESP by the addition of two
changeover valves and two induction
valves. The hydraulic components thus
correspond exactly to the arrangement
employed by the Bosch ABS5 Family.

Pumpless ABS(Denso)
For a certain section of the Japanese
market, a greatly simplified ABS system
was developed which dispenses with
damper chambers and return pumps to-
gether with their electric motors and con-
trol systems. It operates according to the
following principle:

If the wheel-speed sensors detect that
wheels are about to lock under braking,
the appropriate inlet valves are closed in
order to prevent further increase of pres-
sure in the wheel cylinders. If this does
not succeed in preventing the wheels
locking, the corresponding pressure re-
lease valve is opened until the wheel
stops slipping and is then closed again.
The brake fluid that flows out of the wheel

cylinders in the process returns to the
reservoir chambers. Once the wheel
speed becomes stable again, the inlet
valves concerned are opened aga n. The
process described repeats itself continu-
ally until the driver stops braking or the ve-
hicle comes to a standstill. When the
brake pedal is released by the driver, the
brake fluid that has collected in the reser-
voir chambers flows back through the
reservoir-chamber springs and the non-
return valves to the master cylinder. The
system is then ready for ABS braking
again.

The smaller number of components
compared with conventional systems of
fers considerable cost savings but the
system has significant functional deficien-
cles. Among other things, under extended
periods of ABS braking (e.g. from high
speeds on road surfaces with poor adhe-
sion or in situations where adhesion fluc-
tuates dramatically), the reservoir cham-
bers can reach their capacity while at the
same time the brake-pedal travel in-
creases considerably in an unfamiliar
way Apart from the loss in pedal-opera-

Schematic diagram: ABS MK 20 (Teves)
HZ 1,2 Master cylinder 1,2, D 1,2 Damper chamber 1,2, RFP 1,2 Return pump 1,2,
Spk 1,2 Reservoir chambers1, 2, EV HL,... Inlet valve. L, etc AV HL,... Outlet valve, LR, e c.
HL rearJeft. HR rear right.
VL front left, VR front right

HZ2 HZI

D2 D

rFP2g FP

EVHL Spk 2 EVVR VLSk

1,AVVRrAl

HLR

HR

I

HR
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tion comfort, this means that the pressure
in the wheel cylinders can not be reduced
any further with the result that the wheels
could lock up. For that reason, this type of
system is only used on certain vehicles
with limited top speeds and has not as yet
become established in the European or
American automobile markets.

ABS components (Bosch)

Wheel-sp.eed sensor
The inductive wheel-speed sensor pro-
vides the control unit (ECU) with informa-
tion on wheel speed.

ECU unit with vehicle-specific LSI circuits
The ECU shown in schematic form in a
4-channel system receives, filters and
amplifies the speed-sensor signals and
ascertains from them the degree of wheel
slip and the acceleration of the individual
wheels as well as the reference speed,
which is the best possible calculation of
vehicle road speed.

Input circuit:
The input circuit consists of a low-pass
filter and input amplifier, the circuit sup-
presses interference and amplifies the

Schematic diagram of pumpless ASS (Denso)
Only one of each component is labefled
EV Inlet valve. AV Outl valve
Spk Reservoir chamber, RV Non-reurn valve
HZ Mastercylinder RZ Wheelcylinder

signals from all wheel-speer sensors
(Channels t...4).

Digital controller:
The digital controller consists in the case
of ABS2S of two identical but indepen-
dent digital vehicle-specific LSI circuits
which each process the information from
two wheels (channels 1+2 or 3+4) simul-
taneously and perform the logical
processes. Once processed, [he wheel
frequency data continues in the circuit to
a serial arithmetic-logic unit. This logic
unit, in turn, uses the data to calculate the
values for -wheel slip" and "cirumferen-
tial deceleration" or "circumferential ac-
celeration" required for closed-loop con-
trol. A self-adapting, complex controller
logic converts the control signals into po-
sition commands for the solenoid valves,
A serial interface, connected to the input
stage, arithmetic-logic unit and controller
logic viadata link, maintains data commu-
nications between the two digital LSI cir-
cuits.

Yet another function block contains
the monitoring circuit for error recognition
and analysis. Should the ECU malfunc-
tion, a warning lamp informs 'he vehicle
operator that the ABS is no ]or ger opera-

lye.Vvuletvlve

v 4tcanh7Rvonreurvave
cylinerHZ __/V

RV

Spk

~r~L'AV

HZ.
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tionaL However, the braking system re-
tains full normal operating capability
when the ABS is deactivated.

Output circuits:
Two output circuits function as current
regulators for Channels 1 + 2 and 3 + 4
while receiving the position commands
employed for solenoid excitation from the
LSI circuits.

Output stage;
The output stage employs the input from
the current regulators in the two output
circuits in providing the excitation current
for the solenoid valves.

Voltage stabilizer, fault memory:
This function block stabilizes the supply
voltage and monitors it to ensure that it re-
mains within the tolerances required for
reliable operation. The block also incorpo-
rates undervoltage recognition, which re-
acts to insufficient on-board voltage by
shutting down the unit, as well as relays
and the warning-lamp control circuit.

ECU unit with microcontrollers
Instead of the vehicle-specific LSI circuits,
this control unit has two microcontrollers
which take care of signal processing.
trunning" the controller program and self-
monitoring on the part of the ABS system.
The unit also carries out diagnosis in ac-
cordance with ISO standards, making it
possible to track down defective ABS
components with the aid of either the
warning lamp or an "intelligent" tester.

The use of microcontrollers could
achieve substantial optimization of con-
troller algorithms incorporating cus-
tomization to vehicle and driver require-
ments. For example, more precise calcu-
lation of wheel slip enables early
detection of excessive rear-wheel braking
which can then be corrected in time by
changes in brake pressure with the result
that, on some vehicles, the rear-wheel
pressure reducer can be dispensed with.
This achieves better overall vehicle brak-
ing (electronic brake balancing).

Further hybridization of the electronic
components has succeeded in consider-
ably reducing their number and thereby
the size of the control unit as well.

ECU(Bosch,4-chancellayout),
1 Wheel-speed sensors, 2 Battery 3 InIut
crrcuit, 4 Digital controller 5 LS1 circuit 1,
6 LS circuit 2, 7 Voltage stabilizer/fault mem-
ry,8 Output circuit 1, 9 Output circuit2,

1 Output stage, I ISolenoid valves,
12 Safety relay 13 Stabilized battery voltage,
14 Warning lamp.

Sensors ECU Act-
ators

I -4
1 -

1 -5 11

3 10

6 I

2 12

9OS" ~ ->14

Hydraulic modulator (for ABS2S and
ABS5S with II and X braking-force
distribution)
Foreach brake circuit, the hydraulic mod-
ulator consists of:
- Electric-motor-driven return pump P,
- Accumulator chamber S,
- Damper chamber D, and
- Various solenoid valves.

RnumP:
The return pump returns the brake fluid
from the wheel-brake cylinders to the
master cylinder.

Accumulator S:
The accumulators provide temporary
storage of the large quantity of brake fluid
whichaccompaniespressureredction.

Damper chamber D:
Thedampers and their downstream throt-
tling devices serve to smooth the high lev-
els of pulsation which occur durinc the re-
turn of brake-fluid to the master cylinder.
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They ensure that the noise level is kept to
a minimum.

3/3 solenoid valves on ABS2S:
Each wheel is allocated a 3/3 solenoid
valve. The valve serves to modulate the
pressure in the wheel cylinders during ac-
tive ABS control. The modulation takes
place in 3 modes (build-up, hold, and re-
duce).

2/2 solenoid valves on ABS5:
Each wheelis allocated an EV/AV valve
pair. The same pressure-modulation
modes as above can be achieved for each
wheel brake by appropriate control of the
valves.

In addition to the effect of the damper
chambers, PWM control of the 2/2 soen-
oid valves allows the required pressure
changes in the wheel cylinders to be
achieved with a greater degree of driver
comfort in terms of noise, initiation of sus-
pension vibration and pedal feedback.

Schematic diagram of hydraulic modulator
a) ABS2S system. ) ABES5system.
HZ Master cylinder M Electric motor, P Plunger pump, D Damper S Volume accumulator,
MV 3/3solenoid valve, EV 2/2 inlet valves, AV 2/2 outlet valve, RZ Wheel cylinder

a b
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Electrohydraulic Brakes
(EHB)
In contrast to antilock braking systems
(ABS), the traction control system (TCR)
and electronic stability program (ESP)
can generate pressure in the wheel cylin-
ders independently of driver action. This
capability forms an important basis for
electrohydraulic brakes.

Function
In conventional car braking systems, the
force applied by the driver is transmitted
mechanically by the lever action of the
brake pedal to the vacuum brake servo
and from there in amplified form to the
master cylinder. The pressure thus gener-
ated is used to achieve the desired braking
effect with the individual brakes on each
wheel. With electrohydraulic brakes, that
purely mechanical-hydraulic sequence of
actions is broken and replaced by sen-
sors, an ECU and a hydraulic pressure
supply. Under normal operating condi-
tions, there is no mechanical link between
the brake pedal and the wheel brake.

Design
Ar electrohydraulic braking system con-
sists of the following components (see di-
agram):
- Actuator unit,

- Hydraulic pressure modulator
- Sensors (e.g. wheel-speed sensor),
- Add-on ECU (at the hydraulic pressure

modulator),
- or separate ECU,
- Control and pressure lines.

Mode of operation
For safety reasons, two separate sensors
(one on the actuator unit for detecting the
pedal travel and a pressure sensor on the
hydraulic modulator) are used to detect a
"braking request" and transmit it to the
ECU. Using software, this ECU also in-
corporates the brake servo, ABS, TCS
and ESP functions. The other sensors in
the ABS, TCS and ESP systems provide
the ECU with data relating to aspects of
vehicle dynamics such as road speed,
cornering, and the motion of the wheels.
Using this information, the ECU calcu-
lates the signals to be sent to tie hy-
draulic modulator which are converted by
the wheel pressure modulators into the
brake pressures for the individual wheels.
An electrically driven hydraulic pump with
a high-pressure accumulator and a pres-
sure monitoring system provides the hy-
draulic pressure supply.

For safety reasons, in the event of a
fault in the system it switches to an oper-
ating mode in which the vehicle can be
braked without power assistance.

Electrohydrautic brake EHO

Brake functions Vehiclecontrol systems

Brakea L ati on Brake boouring
Braking-force Interface s gnals

- dsibution (gateway)Pe ASTcPcCS ESF, ECU
travel +0
simlulator 

P
Hydraulic
modula-
tion

Isclate

Wheelpressuremrrodul I F
_ Ip
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Braking systems for
commercial vehicles above
7.5 t laden weight

System and configuration
Power-braking systems of medium and
heavy-duty commercial vehicles mostly
operate with:
- Compressed air (normal pressure

level) as a medium for energy supply
and as a transmission device.

- Pneumatic-hydraulic power transmis-
sion in the service-braking system and
pneumatic power transmission in the
parking-brake system, or

- Pneumatic high pressure level (Figs. B
& C).

Service-braking system for towing
(tractor) vehicles
For practical operations, in medium and
heavy commercial vehicles, the force ex-
erted by the drivers foot alone is not suf-
ficient to generate adequate braking de-
celeration. For this reason, compressed-
air power-brake systems are principally
used; these systems use compressed air
as a stored form of energy to control
or actuate the service-braking system.
Diaphragm actuators create the brake ap-
plication forces on the wheel brakes. "Air-
over-hydraulic" brake systems are be-
coming less and less common, as the air
pressure required to control the wheel
brakes must be converted into hydraulic
pressure by means of brake servo-unit
cylinders, compact brake assemblies or
actuating cylinders-

A modern dual-circuit compressed-air
brake system with trailer-brake connec-
tion, spring-type brake actuator, sec-
ondary and parking-brake system con-
sists of the following main components:
- Energy supply,
- Compressed-air reservoir,
- Brake valves,
- Braking-force controler,
- Wheel brakes, and
- Control and air supply for the trailer

braking system (diagram D).

The energy supply comprises a compres-
sor and pressure regulator. Where neces-

sary, antifreeze pumps, automatic water
drainage, air filters. air dryers and inter-
mediate reservoir are added, providing
clean and well-drained air.

As there may be a number of air-con-
suming installations apart from the brak-
ing system in the tractor-traile combina-
tions used in modern-day commercial-ve-
hicde operations, it is advisable to install
considerably more powerful compressors
than those, for instance, required by
EC/ECE brake regulations.

The four-circuit protection valve is lo-
cated at the interface point between the
energy supply and the compressed air
reservoir. In the event of a fau t, this pro-
tection valve ensures the security and
continuing supply of the individual brake
circuits and of priority secondary con-
sumers.

The actuating mechanism for the ser-
vice brakes starts with the bake pedal
and ends at the mechanically operated
components of the dual-cicuit brake
valve,

Sometimes, in commercia vehicles,
the limited space available makes it
necessary to fit the brake valve on the
frame behind the cab instead of in the
(tipping) cab itself. The problem of left-
hand and right-hand drive trucks with the
brake valve in the same posiion on the
frame is solved by means of a dual-circuit
hydraulic transmission device for the
braking-circuit control. In this aracess an
electrical warning system monitors the
level of fluid in the compensating reser-
voirs of both circuits.

Additional installations in towing vehi-
cles for pulling trailers/semitrallers with
compressed-air brake systems (see
"Basic components of a braking system")
help to supply air to the trailer/semitrailer
braking system, and provide a controlling
function with regard to the braking effect
(trailer control valve, coupling heads,
etc.).

Two-line braking system for trailers
In the case of the two-line braking system,
which is the standard European design
version, one line (supply line) connects
the energy reservoirs in the towing vehicle
with those in the trailer/semitrailer, and
this line is permanently under pressure.
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Braking systems (commercial vehicles)

The second line (brake line) leads from thus per
the trailer control valve in the towing vehi- metering
cle to the trailer brake valve in the load-sen
trailersemitrailer (diagram E). Braking oc- or they p
curs as a result of pressure increase. portant f
Automatic braking when the trailer/semi- trailer op
trailer accidentally comes loose from the load-sen
towing vehicle is ensured in this system valves (F
by the supply line. Ifthe supply line comes
loose or breaks, air flows out of it and the 1 Brakin
brake valve in the trailer/semitrailer acti- Above
vates the brakes. With the aid of a dual- braking-f
circuit trailer control valve and the tour-cir- of brakin
cut protection valve, it is possible to con- that is to
tinue the supply of air to the trailer/ ing-force
semitrailer and to control braking, even if
one circuit of the dual-circuit hrakng sys-
tmin the towing vehicle fails. The stan- Even un
dardized coupling heads for "supply" and tions, lo
'brake" are fitted with an automatic shut- ers per
off element, which opens during the cou- approac
pling process. (ideal) b

Automatic load-sensitive device for the area
braking-force metering braking
The automatic device for correcting brak- reduced
ing forces as a function of load (ALB) is a ing-force
vtalelementofthebraking-systemtrans- stalled b
mission device. With the vehIcle partially- dent on
oaded or empty, braking-force metering switchov
valves permit the braking forces to be ad- pendent
justed to the reduced axle loading e.g., by metering
sensing of the axle ride clearances) and

Load-sensitive braking-force metering device (digramA)

mit a correction of braking-force
to the vehicle's axles ('kinked

sitive braking-force metering"),
ermit a set level of braking (im-

or vehicles in road train orIractor-
eration). There are two kinds of
sitive braking-force metering
ig. A):

g-force imiters
agiven "switchover poirt", the
orce limiter restricts the increase
g force (e.g., on the rea axle),
say there is a "kink" in the brak-
metering characteristic.

2. Braking-force reducers
der most unfavorable loac condi-
ad-sensitive braking-force reduc-

mit braking-force metering which
hes the parabola of the dynamic
raking-force metering character-

istic(see"Design of a braking system"). In
above the switchover point the

forces on the particular axle are
with respect to the original brak-

metering level. Here, the in-
raking-force metering is depen-

the transmission ratio ano on the
er pressure (which in turn is de-
on axle load) of the brakirg-orce
valve.

675

Limiter
E A

l(;A
CE

~1 -_____________________

['A 'A

BHA
G
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676 Braking systems (commercial vehicles)

Compressed-airbraking systems for trucks
1 Compressor, 7Water drain valve,
2 Pressure regulator 8 Non-returnvalve,
3 Anti-freeze pump, 9 Test valve,
4 Four-circuit safely valve. 10 Parking-brake valve.
5 Compressed-air cylinder I ITrailer-control valve,
6 Coupling head with auto- 12 Coupling head without

matic shutoff valve, shutoff valve,

13 Spring-type brike cylinder
14 Front wheels,
15 Automatic Load-sensitive

Braking-force metering (ALB),
16 Rear wheels,
17 Service-brake valve,
18 Brake cylinder

Dual-circuit two-line power-brake system with pneumatic transmission device (ig. B)

4

'5

19 1
-11is'

15 I-f
- r~

16

Dual-circuit two-line power-brake system ("Air-over-hydrauic" braking system)
with hydraulic transmission device (Fig C)

22

42 3 7 22
-6

7.

21

L.23 13

12

15

16

.1

17 3

18

14

.... 4T 24

14

PETITIONER'S EXHIBIT 1002 
US PATENT NO. 6,581,565 

Page 1217



Braking systems (commercial vehicles) 677

19 Relayvalve, 24 Precharger cylinder dual-
20 Combinationbrake cylinder, circuit
21 Service-brake valve with 25 Traier-brakevalve,

pressure limiter, 26 Loadedempty valve,
22 Pressure limiter valve, 27Anciliarv systems,
23 Parking-brake valve with (e.g. Engine braking sysem

pressure limiter,

Main components of a modern compressed-airpower-brake system (Fig. 0)
a) Energy supply device, b) Reservoir, c) Brake valves, d) Trailer control and supply device,
e) Braking-force control. f) Wheel brakes-

[a b d
5Y - 6

2 7 8 10

5

S 27 -172 ' 1---- 17.-

25 15

fI 23
18

14 1

Two-line braking system for trailer/semitrailer (Fig. E)

25

15 7

18

18

141 161 20
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Basic comments on "kinked" braking-
force metering
Load-sensitive braking-force metering de-
vices adjust the installed braking-force
metering to the dynamic (ideal) metering
level and prevent the wheels of a given
axle from locking prematurely. However,
at low adhesion coefficients and low rear-
axle load, it is possible for the wheels to
lock. This is because the metering de-
vice's switchover point can enter the un-
stable range of braking-force metering if
highenginebrakingtorque(retarderbrak-
ing torque), tolerance fluctuations in the
metering device and/or high fluctuations
at the wheel brakes occur.

A braking system which works precisely
under all braking conditions is only possi-
ble if braking-force metering is optimized.
Commercial vehicles with extreme differ-
ences between empty and fully laden con-
ditions require braking systems with auto-
matic load-sensitive braking-force control
(AL) on the rear axle together with
empty/loaded valves (in order to increase
the working range of the ALB, Fig. F).

Wheel brakes
In future, disc brakes will be litted more
and more on medium- to heavy -duty com-
mercial vehicles (at least on the towing-
vehicle's front axles). Currently, drum
brakes are prevalent worldwide.

The brake factor C as an assessment
criterion for brake performance, indicates
the ratio of braking force to actuating
force. This value takes into account the in-
fluence of the internal transmission ratio
of the brake as well as the friction coeffi-
cient, which in turn is mainly dependent
on the parameters speed, brake pressure
and temperature (Fig. G)

Drum brakes
The actual construction of the drum brake
depends upon the requiremerts imposed
by brake-shoe actuation, anchorage. and
adjustment.

Simplex drumbrakes (Fig. H): These dif-
fer in particular according to their type of
application (floating, fixed) and type of
support or anchorage (rotating shoes,

ALB function diagram for four-wheel vehicles Fig F)
1Service-brakevalve,2From pressure supply Load'empty valve (FA 4 ALB valve (RA),
5 Diaphragmactuator(FA), 6 From parking brake, 7Combinationbrake cylinder (RA).
RA= Rear axle, FA =Front axle.

1 2

3 4

5 7
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Braking systems (commercial vehicles) 679

sliding shoes). Wheel brakes with float-
ing-brake application and rotating-shoe
support are common- In the case of hy-
draulic braking-force actuation, for in-
stance, the brakes are applied by means
of floating pressure pistons whose travel
is not fixed, and which develop actuating
forces which are equal in both directions.
One of the shoes is the leading shoe and
the other the trailing shoe. In the former,
the frictional forces between the brake lin-
ing and the brake drum support the actu-
ating force, whereas in the latter the fric-
tional forces oppose it-

In the case of the Simplex drum brake,
C'is the sum of the values for the individ-

ual shoes, and is = 2.0 (referred to a coef-
ficient of friction of 't = 0.38; it always ap-
pears in the following C' observations as
the basis value). A disadvantago of this
design is the considerable difference in
the braking effect between the two brake
shoes, and the resulting greatly increased
wear on the leading shoe as comared to
the trailing shoe.

For this reason, the trailing shse often
has a much thinner lining than the leading
shoe.

The simplex drum brake can also be
actuated by means of a wedge L nit (with
integrated adjusting mechanisn). This
has become more and more p evalent,

Brake factor C' as a function of the coefficient of friction and initial road speed (Fig G)
I Due-servo drum brake, 2 Duo-duplex drum brake,3 Simplex drum brake, 4 Disc brake.

5
1 2

4-

3
3 -

2-

4

0 I
0.2 0.4 016

Coeffic ent of riction u -

4

Simplex drum brakes (Fig. H)

Design Rota' ngsho e V/edge

princ pie

Brake actor

Brakeashoea

12

o f I
20 40 60 80 100 km/h

Initial speed at start ol brakin

1 2

A

M
2

C4

t I

1 Leading sho, 2 Trailing shoe

I
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680 Braking systems (commercial vehicles)

particularly in light and medium commer-
cial vehicles with compressed-air braking
systems (Figs. H, K).

The type of wheel brake used most of-
ten in heavy-duty commercial vehicles is
the pneumatic S-cam simplex drum brake
with fixed application (Fig. J).

Advantages:
- Uniform lining wear on leading and trail-

ing shoes as a result of fixed applica-
tion,

- Long lining life,
- An application mechanism which is

simple, reliable and insensitive to tem-
perature. It comprises diaphragm cylin-
der, automatic slack adjuster. brake
shaft and S-cams,

- Little change in brake factor C',
- Simple operation of the parking-brake

system via spring-brake actuators,
- Precise adjustment by means of auto-

matic slack adjusters.

Disadvantages:
- High internal forces and thus relatively

heavy brake construction, as unequal
cam forces occur and lead to high free
bearing forces,

- Relatively low brake factor C-, which
means considerable application work
when braking,

- Due to the roughly equal application
travel of leading and trailing shoes,
compared to individual shoes, the ap-

Simplex drum brake with S-cam (Fig. J)
I Diaphragm actuator, 2 S-cam, 3 Brake
shoes, 4 Return spring, 5 Brake drum.

3 1 IT
4il; C
5>

plication forces behave in the opposite
manner.

- For the same coefficient of iriction, the
brake factor C' is somewhat lower than
that of simplex brakes with hydraulic or
pneumatic application.

Duo-duplex drum brakes: The Duo-
duplex brake with two leading shoes
(for instance with wedge-unit control)
(Fig. K) is rarely used nowadays.

This brake features floating application
and the resulting sliding shoe anchorage.
An advantage of this brake type is the
practically equal brake-lining wear on
both shoes and the significant y higher in-
ternal transmission ratio in comparison to
simplex drum brakes. Twin leading shoes
achieve characteristics of C' = 3.0 which,
however, can not be sustained constantly
for long periods due to the tendency of
this type of drum brake to fade.

Duo-servo drum brakes: In the past.
these were widely used in light commer-
cial vehicles (particularly on the rear
axle). This brake's primary characteristic
is the fact that both when driving forwards
and when reversing, the support force of
the primary shoe is used as the actuation
force for the secondary shoe. The brake
factor is C' 5.0.

The popularity of the duo-servo brake
lies in the fact that the high brake factors
achieved permit even relatvely heavy
vans and light-duty trucks up to a weight
of approx. 7.5 t to be equipped with vac-
uum-assisted braking systems At the
same time, the manually operated park-
ing brake incorporated in such systems
generates a braking torque of consider-
able magnitude However, under condi-
tions of high thermal stress, significant
brake-factor fluctuations occur. This fact
limits the range of applicatior of this type
of brake and necessitates a traking-force
metering system which is precisely
adapted to the vehicle in question. In fu-
ture wheel-braking systems, duo-servo
drum brakes will for the most part no
longer be used for the service-braking
system
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Disc brakes
Apart from their use in express coaches,
disc brakes are currently fitted to medium
and heavy commercial vehicles.

The advantages of disc brakes in com-
parison to drum brakes are:
- Brakes can be applied with far more

sensitivity,
- Equal wear of the inboard and outboard

brake pads if the appropriate degree of
heat dissipation is provided,

- Less tendency to brake noise,
- Relatively constant characteristics with

minimal fade tendency.

Disadvantages:
- Shorter brake-lining life,
- Usually higher acquisition and operat-

ing costs (in comparison to drum
brakes).

The high degree of adaptive braking re-
quired at high highway speeds is handled
better by disc brakes. The brake discs are
less susceptible to cracking than the
drums of the drum brakes, apart from
which disc brakes are less subject to fad-
ing. The brake factor of the disc brake is
C' = 0.76, referred to the basis value of
L = 0.38.

Floating-caliper disc brakes are cur-
rently replacing the fixed-caliper brakes

Quo-drum brakes and disc brake (Fig. K)

Design

Operatng
princ pIe

Brake factor

I Brake sices

Duo-Duplex
Wedge

r

l

used in the past, This development is the
result of efforts to design lighter and
cheaper brake assemblies which are
more temperature-resistant. Floating
calipers have a positive effect on variabi-
ity and consistency of braking effect

Automatic adjustment of wheel
brakes
Brake-lining wear increases ihe clear-
ance between brake lining and brake
drum, and thus increases the braking dis-
tance. If the clearance is not adjusted cor-
rectly, in extreme cases the piston stroke
in the brake cylinder may increase to such
an extent that there is no braking effect.
Automatic adjustment to the correct clear-
ance is effected when the wheel brake is
released.

When the vehicle is braked. :he piston
stroke in the brake cylinder necessary to
bridge the total clearance can be divided
into three sections:
- Preset constructive clearance between

brake lining and brake drum/clisc,
- Clearance resulting from lining wear,
- Clearance dependent on the elasticity

of the brake drum/disc and of the brake
linings, as well as on the transmission
of force between brake cylIder and
wheel brake ("elasticity clearance").

Disc brake

-+1~
I

Dujo-Servo
Positive-acrion

adjustment

1LeadngS~,~. ',.C,

681

C* = C7 q C

1 Leading shcp, ' T,, ,Ii- - shoe
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682 Braking systems (commercial vehicles)

A slack adjuster automatically ensures
the correct adjustment (Fig. L).

Parking-brake system
The braking systems with spring-type
brake actuators which are usual in com-
mercial vehicles above 7.5 t are a conve-
nient form of parking-brake and service-
braking system. In these, in a purely com-
pressed-air braking system, spring-type
brake cylinders from the parking-brake
system and diaphragm brake cylinders
from the service-braking system are com-
bined.

In the disengaged position the four-cir-
cuit protection valve and the handbrake
valve connect the reservoirs of the ser-
vice-braking system with the spring com-
pression chamber, and maintain the
spring under tenson. In vehicles with a
connection for the trailer/semitrailer brak-
ing system a buffer reservoir is also lo-
cated in this line. When the handbrake
valve is actuated, the pressure in the
compression chamber is reduced. Con-
sequently partial braking occurs at first
and, with the handbrake valve still actu-
ated, a pressure reduction down to the
"surrounding conditions" takes place, and
thus full braking of the spring-brake actu-
ator (secondary braking), occurs. Further
actuation defines a"Parking setting". With
the aid of a further lever setting, in vehicle
combinations only the tractor vehicle is
braked, and not the entire tractor-trailer

Brake clearances (Fig. L)
a Due to elasticity b Due to wear
c Constructive I Brake shoe, 2 Diaphragm
cylinder 3 Automatic slack adjuster

abc
1 3 2

(5

rig. As well as this test setting for check-
ing the efficiency of the mechanical park-
ing brake with a trailer attached, EU/ECE
legislation for instance stipula es a safe-
guard emergency-air supply, as well as a
nine-fold actuation and release using the
energy reserve, a warning device indicat-
ing that the spring-brake is beginning to
function, and an auxiliary release device.

Retarder braking systems (additional
retarding braking systems)
The wheel brakes used in passenger cars
and commercial vehicles are not de-
signed for continued retardinc operation.
In a prolonged period of braking (e.g.,
when driving downhill) the brakes can be
thermally over-stressed, causing the
braking effect to be reduced ("fading"). In
extreme cases (particularly if the service-
braking system has been badly main-
tained) this may even lead tI complete
braking-system failure. In order to permit
continuous downhill braking therefore,
particularly vehicles with a high laden
weight are frequently fitted with a wear-
free supplementary retarding braking sys-
tem in addition to their normal wheel
brakes. This system is independent of the
wheel brakes, and is also used for braking
the vehicle so as to comply with speed
limits.

This reduces brake wear as well as in-
creasing braking comfort for tie driver In
commercial vehicles two basic types of

Exhaust brake with additional pessure-
control valve (Fig. )
1 xhasl-lap acluation (compressed air),
2 Bypass, 3 Pressre-control valve, 4 Dis-
charge, 5 Intake, 6 Piston (4 exhaust stroke)

Km 1

2 4.

3n ___

3 ____

5
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additional retarding braking system are
used:

1. Exhaust (engine) braking system
The exhaust braking power is comprised
of the drag power together with the
braking power (effected by thethrottling of
exhaust-gas flow in the exhaust stroke).
The maximum drag power of standard en-
ginesis5... 7 kW/dependingupon engine
swept volume. In contrast, standard en-
gines with conventional exhaust brakes
("exhaust-flap brakes") achieve braking
powers of 14.20 kW/. A further increase
in exhaust braking power is only possible
by means of additional design modifica-
tion, Decompression exhaust brakes
(e.g., "C-brake", "Jake brake", "Dynatard"
or "Powertard") as well as the constant-
throttle exhaust brake can significantly im-
prove braking power (Fig. P).

Exhaust brakes sstm with exhaust flap:
The exhaust-flap brake is still the most
common system in use today. In this sys-
tem the driver is able to close a butterfly
valve in the exhaust tract by means of
compressed air (relatively little construc-
tional outlay is involved). As a result. a
counterpressure is generated in the ex-
haust-gas system which must be over-
come by each piston during its exhaust
stroke (Fig. M),

Through the use of a pressure-regula-
tor valve in the bypass, in conjunction with

an exhaust flap, the braking power can be
increased in the engine's lower and
medium speed ranges. At higher revs, the
pressure-regulator valve prevents pres-
sure increases beyond the limits which
could lead to valve or valve-gear damage.

Exhaust brake system with constant
throttle:
The conventional exhaust brake with ex-
haust flap utilizes only the energy avail-
able in the engine's gas-exchange
process, i.e. during the 41 (exhaust) and
1 (intake) working strokes. Specific de-
compression during the 2n" and 3d work-
ing strokes releases part of the compres-
sion energy. The 'pressure-volume" dia-
grams below show the pressurecurves in
a cylinder for the "exhaust flap" and "con-
stant throttle" exhaust braking systems as
well as for the combination of both sys-
tems (Fig. N). The braking power when
Using the constant throttle system, as op-
posed to the flap system, is obtained prin-
cipally in the engine's high-pressure cy-
cle.

The installation of a small restriction
valve in the bypass to the exhaust valve
permits an increase in braking power.
This valve is actuated by compressed air,
in the same way as in the servo-cylinder
of the exhaust-brake flap. During exhaust-
brake operation the valve can remain
open, thus providing a constait throttle
cross-section (Fig. 0)

1~1
683

Principle of operation of exhaust (engine) braking systems as illustrated by "prssure-
volume" diagram (nm = 1700 min-') (Fig. N)
a) Exhaust-brake flap closed, b) Constant throttle actuated,
c) Exhaust-brake flap closed and constant throttle actuated

a b c
bar bar bar

30 30 30

20 20 20

10 - 10 10

10[ ~ 10

0 0.5 1.0 0 05 10 0 0.5 1.0

Speciic cylinder voturne
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2. Retarders
Retardersare increasingly being used as
wear-free additional retarding braking
systems in trucks and buses. In this way,
the demands of legislation are met, active
vehile safety is increased due to the re-
duction of the stress placed on the ser-
vice-braking system, and vehicle econ-
omy is increased as a result of higher
average speeds and the reduction of
brake-lining wear.

Retarders can be fitted between the en-
gine and the transmission (primary re-
tarders) or between the transmission and
the driven axle(s) (secondary retarders).
The disadvantage of primary retarders
lies in the unavoidable interruption of

Exhaust brake with exhaustflap and
constantthrottle(Mercedes-Benz)(FIg.0)
I Compressed air, 2 Exhaust flap, 3 Exhaust,
4Consant throttle, 5 Intake, 6 Piston

I(2' working stroke).

2 3 4 -4
23

IL,

5
I.

U '

Kflt7rfl~i
; 1a

power transmission, and thur braking ef-
tect, which occurs during gear changing
with manual transmissions. Primary re-
tarders can be employed in conjunction
with power-shift transmission ,and in the
case of steep downhill gracients which
are negotiated at low speeds, this pro-
vides for aslight advantage in comparison
to the secondary-retarder system.
(Fig. R).

Currently, two basic design concepts
represent the state-of-the-art:

Hydrodynamic retarders: This retarder
works in the same way as the Foettinger
clutch (Fig. S). The rotor converts the me-
chanical energy supplied by the drive
shaft into kinetic energy of a f d. This ki-
netic energy is in turn converted into heat
at the stator, which means that the fluid
used must be cooled,

A hand lever or the brake pedal (in the
case of an integrated retarder) transmits
the driver's braking-power requirements.
In conjunction with an electronic control
circuitry, a defined control air pressure is
set. By means of a corresponding quan-
tity of air, this control air pessure then
forces a quantity of oil into the retarder's
working area between roto and stator.
The flow energy absorbed by the oil as a
result of the vehicle speed and the asso-
ciated rotor motion is braked by the sta-
tor's fixed blades. This in turr effects brak-
ing of the rotor and thus of the entire vehi-
cle. Characteristics are:
- Adequate cooling-circuit dimensioning

is necessary in order to dissipate to the
engine cooling circuit the heat gener-
ated by braking. An oil/water heat ex-
changer is used,

- Relatively complex desigr,
- Low weight of the hydrodynamic re-

tarder which is integrated directly into
the transmission,

- High specific braking powers,
- Very sensitive control of applied braking

torque,
- Fan losses occurring when the retarder

is not running must also be taken into
consideration in retarder design

In the hydrodynamic secondary retarder,
an almost constant braking torque is
available over a broad propshaft-

Braking-power curves (VB engine) (Fig P)
1 Exhaust flap and constant throttle
2Constantthrottle 3Exhaustflap

1501

~1o00 1 .

50-

40 60 80 100 %
Reativec engine speed

-_<= 1
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Braking systems (commercial vehicles) 685

speed range (Fig. T) Below approx.
1,000 mir- the braking torque drops
steeply. As a result of this characteristic,
conventionally designed hydrodynamic
retarders are particularly suited to high-
speed transport vehicles (overland trans-
port).
Modern retarder designs rectify the unfa-
vorable braking torque characteristic of
the secondary retarder design described
above by providing high braking torques

Braking-torque characteristics of primary
and secondary retarders (Fig. R)
I Secondary retarder, 2 Limit of cooling effect'
undercontinuous load (300 kW), 3 Primary
retarder on input side of 6-speed gearbox

Nni

K00

1000)

0 500 1000 1503 2000 min-
Propshat soeed

even at still low propshaft speeds. A spur-
gear stage with a transmission 'atio of ap-
prox. 1 : 2 drives such "boost retarders",
which are fitted to the side of the trans-
mission (Fig. S). Even in the propshaft
lower speed range, a microprocessor
control ensures acceptable braking-
torque levels via a proportional valve.

Hydrodynamic retarders can only be
used as continuous-operation braking
systems in certain situations for limited

Hydrodynamic retarder performance
characteristics (Fig. T)
I Boostretarder, 2 Conventional rtarder,

3 Coating power limit atcontinuou load
(300 kW)

Nrr

3000 -

m200 0

0 503 1030 1500 2000 min

Electrodynamicretarder (Fig U
1 Star-shaped bracket,2 Rotor, transmission
side, 3Spacers(foradjustingclearance)
4 Stator with coils, 5 intermediate finge,
6 Rotor, rear-axte side. 7 Transmission cover,
8 Transmission output shafts, 9 Clearance gap.

1 2 3 4 5 6

7 8 99

/2

/ I 3

Boost retarder (Fig. S)
I Transmission, 2 Spur gears (transmission

ratio), 3 Gearbox ange, 4Rotor 5Star,
6Compressed-aircylinder, 7 Proportional
valve, 8 Wing connector

Retarder R115

Separate
Al ~ brake-fluidA B

1 23 4 5 6 7 8
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686 Braking systems (commercial vehicles)

periods. The maximum cooling power
of modern diesel engines is approx.
300 kW. Thus, as a result of the coupling
of the engine and retarder cooling circuits,
there exists a risk for both engine and re-
tarder it additional safety measures are
not implemented. For this reason, thermo
switches are used to restrict the retarder's
braking power so that thermal equilibrium
is ensured.

Electrodynamic retarders: Currently com-
mon electrodynamic retarders have a
mounting in the form of a stator, on which
field coils are mounted (Fig. U). The ro-
tors mounted on both sides of the drive
shaft are ribbed for better heat dissipa-
tion. In order to brake the vehicle, voltage
is applied to the field coils (from the bat-
tery or alternator) which thus generate a
magnetic field which induces eddy cur-
rents in the rotors as they pass through
the field. This generates a braking-torque
level which is dependent on the stator ex-
citation and on the air gap between rotor
and stator.

Characteristics are:
Dissipation to the atmosphere of the
heat produced,

- Relatively simple design,
- Relatively heavy construction,
- Trouble-free operation only with ade-

quate current supply,

Braking-torque characteristic ofan
electrodynamic retarder (Fig.1V}
4 Brakingpower when the cooling power
limithas beenreached (switching stage 4)_

Nm
Transmission stage

3000F
IT

M 2000 3
c t4a

0
0 1000 2000 mn

Engine speed

- Heating of the retarder leads to a re-
duction in braking torque,

- High braking powers even a' low vehi-
cle speeds,

- Braking power influenced by rotor blad-
ing, air-flow conditions around the
eddy-current brake, and bv ambient
temperature.

In contrast to the conventional hydrody-
namic secondary retarders, electrody-
namic retarders provide relaively high
braking torques at low driveshaft speeds
(Fig. V).

The significant reduction n braking
torques of the electrodynamic retarder as
the rotor temperature increases result
from the thermal safeguard (Fig. W)
Vehicle deceleration is reduced as ther-
mal stress on the electrodynaric retarder
increases,

In order to prevent temperatire-related
destruction of the retarder when the vehi-
cle is being braked, a bi-meta switch re-
stricts the current supply to ialf of the
eight coils when the stator tmperature
reaches approx. 250C (Fig. W).

influence of transmission ratioand rotor
temperature on the performance of elec-
trodynamic retarders (17 commericial vehi-
cle, laden) (Fig. W).
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Air compressor (compression and discharge)
I Cylinderhead, 2 Airintake, 3 Intermediate
plate (with intakeand outlet valve), 4 Cyinder.
5 Piston, 6 Connectingrod, 7 Crankcase,
8 Crankshaft, 9 T compressedairsystem

2

3

4-i

Pressure regulator
I From air compressor 2 To air reservoirs,
3 Blow-off.

3 3

1 - 2

pressure regulator). These are ntegrated
in the valve plate and actuated oneumati-
cally via an actuator. At idle, either a by-
pass from the compressor's pressure
chamber to the input side is opened, or
the intake bore is opened by rotating/shift-
ing the intake valve.

The air compressor is usually mounted
on the vehicle engine by means of base or
flange attachment, In some cares it is in-
tegrated in the engine block.

During its downward stroke, the piston
draws in air after the intake valve has au-
tomatically opened as a result of the vac-
uum. The intake valve closes at the be-
ginning of the return movement of the pis-
ton. The air is now compressed and, after
reaching a set pressure, it is conveyed via
the outlet valve, which also opens auto-
matically, into the downstream com-
pressed-air system.

in terms of delivery rate, the aim is a
volumetric efficiency of 70% ard in terms
of oil consumption a maximum of 0.5 g/h
is desirable.
Pressure regulation: The presaure regu-
lator ensures that the desirec pressure
level is maintained. Two principal types of
regulation are used:
I Regulation in which the pressure regu-

Components for compressed-air
brakes

Energy-supplying device
The energy-supplying device comprises
the following:
- Energy source
- Pressure regulator
- Air conditioning
Eneroy source: The energy source is a
continuously running air compressor
which is driven by the engine via V-belts
or toothed gears- It consists of:
- Crankcase with crankshaft (driver for

power-steering pump at the free end of
the shaft), bearing assembly and con-
nections for circulating engine lubrica-
tion;:

-Cylinder with piston and connecting rod:
Intermediate plate with intake and outlet
valves;

- Cylinder cover with suction and pres-
sure connections for air and, if appropri-
ate, the fittings required forliquid-cooled
versions.

Energy-economy controls are increas-
ingly being used in order to reduce the
losses during idle operation (opening and
flow resistances in the valves, lines, and
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688 Braking systems (commercial vehicles)

lator has no influence on the energy
source (in compressors with maximum
speeds >2,500 min-1).

The pressure regulator switches off
when the desired maximum operating
pressure is reached, and returns the air
supplied by the compressor to atmos-
phere during the subsequent no-load pe-
riod, If the pressure in the air reservoirs
reaches the lower operating-pressure
limit the pressure regulator switches on
again and supplies theairdelivered by the
compressor to the air reservoirs.
2. Regulation in which the pressure regu-
lator influences the energy source (in
compressors with maximum speeds
<2,500 min- ).

When the desired maximum operating
pressure is reached, the regulator applies
pressure to a plunger in the compressor
and opens its intake valve. Without being
supplied to the air reservoirs, the intake
air is expelled through the intake fitting.
When the pressure in the air reservoirs
reaches the lower operating-pressure
limit, the regulator switches and the intake
valve can again automatically open and
close, and the air reservoirs are filled.
Pressure level: In towing vehicles, values
between 7 and 12 bar (low pressure) and
between 14 and 20 bar (high pressure) are
used. In the two-line braking system, the
pressure in the lines connecting towing ve-
hicle and trailer is between 6 and 8 bar-
Compressedair conditioning: The air
must be conditioned in order to ensure
proper operation of the downstream brak-
ing-system components. Impurities in the
air can cause leaks in the control valves,
and water in the compressed air leads to
corrosion or icing-up during frost. To com-
bat these problems, an air drier is con-
nected downstream of the air compres-
sor Such a configuration makes it unnec-
essary to add antifreeze to the system

SingleD-box air drier
Basically, an air drier consists of a desic-
cant box and a housing. The housing in-
corporates the air passage, a bleeder
valve, and a control element for granulate
regeneration. Normally, the granulate is
regenerated by switching in a regenera-
tion air reservoir with integral regenerat-
ing throttle.

Function: When the bleeder valve is
closed, the compressed air from the air
compressor flows through the desiccant
box and from there to the supply-air reser-
voirs. When flowing through the desiccant
box, water is removed from the moist
compressed air by means of condensa-
tion and adsorption. At the same time a
regeneration-air reservoir with a volume
of approx. 4.6 liters is filled wih dry com-
pressed air.

The granulate in the desiccant box has
a limited water absorption capacity and
must therefore be regenerated at regular
intervals.In the reverse process, dry com-
pressed air from the regeneration-air
reservoir is reduced to atmospheric pres-
sure via the regenerating throttle, flows
back through the moist granulate from
which it draws off the moisture, and flows
as moist air via the opened bleeder valve
into the atmosphere. On air dr ers with an
integrated pressure regulator, its control
element is fitted to port 4 of the air-drier
valve body.

Control device
Normally, the control device comprises
the brake pedal and all devices up to the
point where influence is exerted on the
control units.

Single-box air drier
1 Desiccant box, 2 From pressureregulator
3 From aircompressor, 4 Heatingelement,
5Bleeder valve, 6 Exhaust, 7 Tgener -
tion-air reserkmir To supplyairewsero

C *

4
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Braking systems (commercial vehicles) 689

Transmission device
The transmission device comprises the
following:
-Circuit isolation (e.g., multiple-circuit

protection valve),
- Energy storage (e.g., air reservoirs),
- Control units (e.g., brake valves),
- Load-sensitive braking-force metering

device (e.g., automatic load-sensitive
braking-force control), and

- Brake cylinders or servo cylinders.

These components work together as
shown in the block diagram below of a
power-braking system with dual-circuit
service-braking system (see also the
braking-system diagram on P 676).
Functions and design of components
Circuit isolation: Separation of the circuits
with respect to one another in the event of
damage in one circuit, as well as preser-
vation of the operational integrity of the in-
tact circuits.

Circuit isolation is primarily achieved by
a combination of overflow valves grouped
together as a unit; the operation of these
valves is ensured at both low and high de-
livery rates.
Enrgy storage: Provision of the required
volume of energy for all circuits in the
braking system, including provision of en-

Transmission device in a power-braking
system (block diagram)
1 Energy supply 2 Circuitisolation,

3 Enrgyr7storage, 4 Cntrol equipment,
5 Automic load-sensive tb in ce
motoring, 6 Brake orservo cylinder
VA Front axe, HA Rear axle.

r_1 r- t- I k-i-: - - n-ki

2 3_ 4 _5 w
0ye "U11 11S .

14ue 5'ue

Carcutl2 Sec--k2 12,

3 4 6

J__

ergy in the event of failure of the energy
source. Commercially available air reser-
voirs are used for this purpose; these
have corresponding safety allowances for
excess pressure and rust.

Control equipment
This equipment is used to cont~ol the me-
tering of the required pressure to the cor-
responding parts of the system. Mechani-
cally, hydraulically or pneumat cally actu-
ated or controlled reaction valves are
used to control the pressure at the output
of each valve as a function of the input
variable. Due to the wide rance of appli-
cations, a correspondingly large number
of different components are in use. Dual-
circuit control valves are also required for
dual-circuit service-braking systems.
Proper braking-system operation requires
good control behavior, good pressure-
metering capability, fast reaction times
and low braking-system hysteresis.

Automatic load-sensitive braking-force
meterang (ALBI
Automatic braking-pressure control as
a function of vehicle load. Load is often
determined by spring compression (in the
case of steel-spring suspension) and bel-
lows pressure (in the case of pneumatic
suspension). A control valve vith a vari-
able reaction-surface area reduces the
output pressure in the valve in relation to
the input pressure as a functicn of spring
compression or bellows pressure.

Brake cylindersrLevo cyliners
Convert the pressure applied to the
braking system into braking :orce. Both
plunger- and diaphragm-type cylinders
are used. Diaphragm-type cylinders are
primarily used for the service-traking sys-
tem, while spring-brake actiators are
used for the parking system. In the case
of axes which are acted upon by both the
service-braking system and the parking-
brake system, combined sing e-chamber
spring-brake actuators (so-cailed combi-
nation cylinders) are used in braking sys-
tems without hydraulic force transmission.

Wheel brakes (see P 678)

1

I
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Service-brake valve
Two tandem-arranged control valves are
actuated by a common device (brake
pedal with transmission). The synchro-
nized opening of both circuits is ensured
by identical spring and valve sealing
forces as well as by the mechanical over-
coming of the opening forces in both con-
trol valves. In the braking position, the
rocking piston between the control circuits
is subjected at its two ends to the cur-
rently applied braking pressure and thus
guarantees that the circuits are synchro-
nized. The preloaded travel spring pro-
vides small resoonse travels of the ser-
vice-brake valve. The interaction of the
force of the reaction piston with the travel
spring enables the system to execute the
necessary control travels independently.
Dual-circuit sealing of the rocking piston
ensures the required safety.

Parking-brake valve
Todays compact design of the parking-
brake valve is a direct result of the lack of
installation space at the instrument panel
(where it used to be fitted) The parking-
brake valve always actuates the brake
cylinders via relay valves.

A hand lever (actuating lever) adjusts
an internal valve seat by means of an ec-

Service-brake valve
1 Actuation, 2 Reaction piston, 3 Brake cir-
cuit 1, 4 Rocking piston, 5 Brake circuit 2,
6 Exhaust, 7 Travel spring, 8 Supply circuit 1,
9 Control valves, 10 Supply circuit 2

1

2 *

36
22 1

centric and a linking strap. In doing so, it
controls a double-seat valve in which
compressed air from above arid the force
of compression springs from below act on
a valve piston. In the brake position the
actuating lever latches into position auto-
matically, and the space above the valve
piston is purged of air. As many interme-
diate settings between the drive and
brake settings as desired are possible.

If the actuating lever is moved beyond
the brake position, the aux liary (test)
valve is actuated and compressed air
flows from the supply-air reservoir into the
connecting line to the trailer-control valve.
This leads to the towing-vehicle braking
effect being retained, although it is can-
celled for the trailer.

Automatic load-sensitive brakiig-force
regulator
This device is connected between the ser-
vice-brake valve and the brake cylinders.
Depending on the vehicle load, it regu-
lates the applied braking pressure. The
device has a reaction diaphragm with
variable active area. The diaphragm is
held in two radially arranged and inter-
locking rakes. Depending on the position
of the control-valve seat in the vertical
direction, there is a large reaction area

Automatic load-sensitive braking force
regulator
I Exhaust, 2 Rake, 3 Reaction diphragm
4 From air reservoir, 5Exhaust, 6 From
service-brake valve, 7Controlvalve, 8 Relay
piston. 9 To brake cylinders, 10 Rotary cam.

.6

.7

-8

10

4-1
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(valve position at bottom) or a small reac-
tion area (valve position at top).
Consequently, the brake cylinders are
supplied via an integrated relay valve with
a pressure which is lower than (unladen),
or which is the same as (fully laden), that
coming from the service-brake valve The
regulator is mounted on the vehicle frame
and senses the compression position of
the axle by a rotary lever via linkages. The
rotary cam moves the valve rod accord-
ingly in the vertical direction and thus de-
termines the valve position. The pressure
limiter which is integrated into the device
at the top allows a small partial pressure
to flow in on the top side of the diaphragm.
Thus, up to this pressure there is no re-
duction in the brake-cylinder pressure,
This results in the synchronous applica-
tion of the brakes on all vehicle axles. If
the rotary lever breaks, the applied pres-
sure flows to the brake cylinders at a ratio
of 2:1.

Combination brake cylinder for wedge
brakes
The combination brake cylinder consists
of a single-chamber diaphragm cylinder
for the service brakes and a spring-brake
actuator for the parking brakes. The cylin-
der and spring-brake actuator are in tan-

Combination brake cylinder for wedge
brakes
t Single-chamber cylinder control line,
2Spring-brakeactuator controltline,
3 Pressure rod, 4 Piston rod, 5 Reese screwa

i
% 12

dem and act on a common pressure rod.
They can be actuated independently of
each other. Simultaneous actuation re-
suits in the addition of their forces. The
central release screw permits lensioning
the spring of the spring-brake actuator
without compressed air having to be ap-
plied. This is the setting when iistalled in
the vehicle. Following installation, the re-
lease screw is screwed into the spring-ac-
tuator cylinder, and the spring acts via the
piston rod on the wedge mechanism. The
entry of compressed air into the spring-
actuator cylinder (when parking brake is
released) forces the piston bak against
the action of the spring, loads the spring
and releases the brake (position illus-
trated). When the service brakes are op-
erated, compressed air flows into the di-
aphragm cylinder, actuating tie wedge
mechanism by way of the diaphragm and
the thrust rod. A drop in air pressure re-
leases the brake.

The principle described above is modi-
fied for cam-operated brakes aid for disc
brakes.

Tradier-control valve
in two-line braking systems, he trailer-
control valve which is installed in the tow-
ing vehicle controls the traile's service

Trailer-control valve
I Service-brake circuit 1. 2 Parkin-brake cir-
cuit, 3 Service-brake circu2it 4 Pot spring.
5 Control piston 1 6Control linetotraer,
7 Contro-piston unt, 8 Supplyin totraer
9 Control pston, 2 10 Exhust.

10

3 4 5
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brakes. This multi-circuit relay valve is
triggered by both service-brake circuits
and by the parking-brake system-

In the driving position, the supply cham-
ber as well as the chamber of the parking-
brake circuit are each subjected to equal
pressure, and the trailer-control line is ex-
hausted through the central exhaust port
A rise in pressure upstream of the control
piston of brake circuit 1 (top) and/or of
brake circuit 2 (bottom) leads to a corre-
sponding rise in pressure in the trailer-
control line. Brake circuit 1 is equipped
with a larger control piston than brake cir-
cuit 2, which means that it has priority
over the control piston of circuit 2. This
priority ends when the pilot pressure is
reached (pilot-spring force is exceeded).
A reduction in pressure in the service-
brake circuits leads to the same reduction
in the trailer-control line. The exhausting
of the parking-brake circuit (braking) in-
creases the pressure in the chamber to

the trailer-control line. The application of
air to the parking-brake circuit (releasing)
again exhausts the trailer-control line.

Mufflers
Current and future legislation stipulates
the reduction of compressed-sir valve ex-
haust noise. Absorption-principle mufflers
are used whose size depends on the ex-
haust-air quantity, air pressure, exhaust
duration, and required noise level.

The muffler is a cylinder with radial and
axial slits, and is filled with insulating ma-
terial, Noise damping is due to inflow
geometry, the insulation cartridge, and
the exhaust slits with spherical exhaust
flow. Mufflers are attached to the com-
pressed-air valves via threaded, snap-ac-
tion, bayonet, or pipe connections. Some
versions fulfill the "Low-Noise Vehicle"
conditions [72 dB(A)].

l 6

1 6
- --

Examples of ABS systems for commercial vehicles
a) Single-axle (two-wheel systems)
(semitrailers),a

b)To-axe (four-wheel systems).
c)lThree-axe (six-wheel systems)

(articulated buses).
I Wheel-speed sensors,
2 ECU,
3 Pressure-modulation valve.
4 Service-brakevalve,
5 Brakeecylinder
6fReuctor ring. -

1

c

-3 5

1 1 - 5 5 6 1

3I

b -- -- -- -- -- - -

1 6
3 3

3 3
10 6- 5 5 _,6 of
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Antilock braking systems
(ABS) for commercial vehicles
The ABS prevents the wheels from lock-
ing when the vehicle is overbraked. The
vehicle therefore retains its directional
stability and steerability even under emer-
gency braking on a slippery road surface,
The stopping distance is often shorter
than with locked wheels. ABS prevents
the danger of jackknifing in the case of ve-
hicle combinations.

In contrast to passenger cars, commer-
cial vehicles have pneumatic braking sys-
tems. Nevertheless, the functional de-
scription of the ABS control circuits for
passenger cars (see P 659) also applies
in principle to commercial vehicles.

The antilock braking system as used
in commercial vehicles consists of wheel-
speed sensors, an electronic controller
(ECU) and pressure-modulation valves.
The ABS regulates the brake pressure in
each brake cylinder by increasing the
pressure, holding it constant or reducing it
by exhausting to atmosphere.

Individual control (IR)
This process, which sets and controls the
optimum brake pressure individually
for each wheel, produces the shortest
braking distances. Under U-split condi-
tions (different friction coefficients be-
tween right-hand and left-hand wheels,
e.g., black ice at edge of road surface,
good grip at center of road surface) brak-
ing produces a high yawing moment
about the vertical axis of the vehicle, thus
making short-wheelbase vehicles difficult
to control. In addition, this is coupled with
a high steering moment as a result of the
positive steering roll radii in commercial
vehicles.

Select-low control (SL)
This process reduces the yawing and
steering moments to zero. This is
achieved by applying the same brake
pressure to both wheels on the same
axle. This requires only one pressure-
control valve for each axle. The pressure
applied is chosen to suit the wheel with
less grip (select low), the wheel with more
grip is braked less heavily compared to
the individual control (IR) method. Under

ABS controlprocesses
ExampIe: Braking on u-spt
a) IR individual control(rcar axe, b /RM in-
dividual control modified (steering ae).
HV= Holding alve, AV= Outlet vale.
Subscriots FZvehicle, Right wbeel, L Left
whec, 0. 1,2 Ohrshocis.

<I
0)

CO

U

Y

+Kall-
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a-split conditions, braking distances are
longer but steering control/directional sta-
bility of the vehicle is better. If grip condi-
tions (coefficients of friction) are the same
on both sides, braking distances, steering
control and directional stability are virtu-
ally identical with systems which control
each wheel individually (IR).

In the case of similar control principles
with higher pressure levels than that in the
SL method, the wheel running with the
lower friction coefficient is forced to run
with higher slip until it eventually locks up.
Under a-split conditions, braking dis-
tances are shorter compared with pure
SL control systems. Steering control and
directional stability of the vehicle may be
very slightly worse. Normally, due to the
lower frictional coefficient, there is no tire
damage at the wheel which locks up.

Individual control modified (IRM)
This process necessitates a pressure-
moduilation valve at each wheel of the
axle. It reduces yawing and steering mo-
ments only as far as necessary, and limits
brake-pressure difference between left
and right sides to a permissible level. This
leads to the wheel which is running at the
high friction coefficient being braked less
strongly. This compromise results in a
braking distance which is only a little
longer than that for individual control (IR),
but it does ensure the safe control of vehi-
cles which tend to handle critically.

Commercial-vehicle ABS versions
Since 1 October 1991, within the area cov-
ered by the EU member states, ABS has
been prescribed by law for the initial regis-
tration of commercial vehicles intended for
trailer operation, and of semitrailer tractors
(> 16t), as well as trailers (>10t), and bus-
ses (>12t). This regulation has been ex-
tended so that since 1/10/1998 all busses
and since 1/10/1999 all trucks and trailers
(> 3.5 t) have had to be fitted with ABS.

The law stipulates 3 categories of ABS
which differ from each other with respect to
their specifications regarding retardation
and the wheel and vehicle behavior on
y-split road surfaces. Most European vehi-
cle manufacturers only use ABS systems in
category 1. Only those have to conform to
all specifications of Directive 71/320/EEC.

All ABS installations must be equipped
with a warning lamp which must light up
for at least 2 sees after switching on the
driving switch. This lamp is tc be referred
to by the driver as a form of visual inspec-
tion. If it lights up while the vhicle is be-
ing driven, this indicates that the installa-
tion's continuous self-testing facility has
detected a fault. This can result in the
ABS being switched off completely.

Towing vehicles and trailets with ABS
systems from different manufacturers
may be combined as desired provided
there is an ABS plug and socket connec-
tion between the two vehicles in accor-
dance with ISO 7638.

On all vehicle combinations (semitrailer
tractors, truck tractor/trailer combina-
tions), optimum control of braking at the
physical limits is only guaranteed when
both tractor vehicle and trailer are
equipped with ABS. Howevei, even with-

ABS/TCScontrolunit(ECU)
1 Wheel-speedsensor, 2 TCS ergine-
management interface, 3 Self-dignosis,
4 Vehiclepower suoply 5Power uppy.
safety unit, 6in ot stages, 7 ocomputers
I and2, 8 Output stages, 9 Pressure-controt
valve, 1O TCS solenod valve, I IWarning
lamp, 12 TCS [ndicatorlamp, 13 Retarder
relay 14 Valve relay

6 7 8 9
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out ABS throughout (only on tractor unit
or only on trailer) there are significant im-
provements compared to a vehicle combi-
nation which has no ABS at all.

In order to be able to provide the opti-
mum and cost-effective equipment for the
very wide range of commercial vehicles
on today's roads, single-axle, 2-axle, and
3-axle ABS systems are available in ac-
cordance with the number of axles which
are to be controlled. The single-axle sys-
tems as used primarily on semitrailers, in-
dividually control the wheels on a given
axle. The remaining axles are supplied
with the same brake pressures as the
controlled axle.

2-axle systems are mainly fitted to two-
axle buses, trucks, and trailers. Three-
axle vehicles can also be equipped with a
2-axle ABS system insofar as two of the
axles are in close vicinity to each other
and can be provided with the same brake
pressure (as for the single-axle ABS sys-
tems). The 3-axle systems are mainly in-
tended for installation in long-wheelbase
vehicles (e.g. articulated buses). In the
case of 2-axle and 3-axle ABS installa-
tions, the steered axle uses either the
IRM control method or, if this axle is only
provided with a single pressure-control
valve, the SL control method Individual
control (IR) is always used on commer-
cial-vehicle rear axles.

The range of available ECU's permits
further control combinations (not de-
scribed here in detail). Example: If both
axles of a semitrailer have wheel-speed
sensors, but each side of the vehicle is
only equipped with a single pressure-
modulation valve, the wheels of one side
of the vehicle are SL-controlled. In this
case, one axle may be a lifting axle, which
is automatically excluded from the control
process when lifted.

All ABS systems can be equipped
with single-channelpressure-modulation
valves. ABS trailer systems can also be
fitted with relay-type pressure-modulation
valves (see Fig.).

In light commercial vehicles with pneu-
matic/hydraulic converters, ABS inter-
venes in the pneumatic brake circuit via
single-channel pressure-modulation
valves and defines the hydraulic brake
pressure. In other versions, an ABS pres-

sure modulator with integral solenoid
valves is connected in parallel to the
pneumatic/hydraulic converter The mod-
ulators are controlled by the same ECUs
as the single-channel pressure-modula-
tion valves.

When the vehicle is running on a low-
friction-coefficient road surface, the oper-
ation of an additional retarding brake (en-
gine brake or retarder) can leac to exces-
sive slip at the driven wheels. This would
impair vehicle stability. ABS therefore
monitors the brake slip and coitrols it to
permissible levels by switching the addi-
tional retarding brake on and off.

ABS components

Wheel-speed sensor
For most applications nowadays, an ap-
plication-engineered inductive sensor at-
tached to the axle tube is used (for de-
scription of function, refer to P 103). In
contrast with car applications (rigidly at-
teched sensors), on commercial vehicles
the sensor is held in a spring sleeve.
When the vehicle is in motion, the action
of the wheel-bearing play and :he flexing
of the axle moves the sensor along its
axis, thereby automatically adjusting the
clearance between the sensor and the re-
luctor ring. If, under exceptional circum-
stances, the clearance gap becomes ex-
cessive, the ECU switches off the control
for the wheel in question.

In the future, inductive sersors inte-
grated in the wheel bearings and semi-
conductor speed sensors will be used
more and more frequently dLe to eco-
nomic considerations.

Electronic control unit (ECU)
The ECU's input stages convert the in-
coming sinusoidal signals from the wheel-
speed sensors into square-wave signals.
The wheel speeds are calculated from the
frequency of the square-wave signals
by (redundant) microcomputers. These
speeds are used to estimate avehicle ref-
erence speed. The brake slip for each
wheel is calculated using this reference
speed and the individual wheel speed. If a
wheel has a tendency to lock, this is de-
termined from the "wheel-acceleration"
and "wheel-slip signals". In suh a case.

695
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696 Braking systems (commercial vehicles)

Pressure-modulation valve (schematic)
I Ho/ding valve, 2 Outlet valve, 3 Solenoid valve for Maintain pressure", 4 Solenoid valve lor "Reduce
pressure", 5 Control piston, 6 Valve plate, 7Compression spring, 8 Brake cylinder 9 Service-brake
valve, 10 Supply airt I Exhaust
Single-channelpressure-modulation valve Pressure-modulationvalvewithrelayaction

3- --

Prsuemdlainvlewthrlyato
3-

the microcomputer energizes (via the
ECU output stages) the solenoids of the
pressure-modulation valves which control
the brake pressure in the individual
wheel-brake cylinders

The ECU contains a comprehensive
program for the detection of faults
throughout the entire antilock system
(wheel-speed sensors, ECU, pressure-
modulation valves, wiring harness). If a
fault is detected, the ECU switches off the
defective part of the system and stores a
code detailing the faulty signal path. That
code can be retrieved by a service techni-
cian with the aid of the warning lamp
(flashing signal) or using an intelligent
testing device (e.g. personal computer)
via a standardized serial interface.

The ECUs of some European ASS
manufacturers include not only the ABS
function but also functions for TCS trac-
tion control and in some cases for cruise
control (see also page 611). The most im-
portant factor is that depending upon the
model, the ECU automatically configures
itself to the required function. In other
words, it the vehicle concerned is only
ABS-equipped, the ECU only carries
out the ABS function; if the vehicle has
TCS components the ECU also controls
wheel slip automatically.

Pressure-modulation valve
Single-channel pressure-modulation valves
are available with and without relay action.
The relay-action valves are installed in
semitrailers and drawbar trailers. The stan-
dard trailer-braking system often includes
relay valves which can then be replaced by
ABS relay-action valves, Non-relay-action
ABS valves are used in all other vehicles,
i.e.in buses, trucks and tractor-trailer rigs, as
well as in trailers and special vehicles. Both
types of valve have 3/2 pilot valves. The non-
relay-action valves thereby conrol 2/2 di-
aphragm valves, which have a sufficiently
large cross-section for almost all applica-
tions. In the case of the relay-action valves,
the 3/2solenoid valves affect the Dressure in
the pilot chamber of a relay valve. The elec-
tronics control the solenoid valves in the ap-
propriate combination so that the required
function is performed (pressure retention or
pressure release). If no pilot-valve actuation
takes place, "pressure build-up'is the result.

When braking normally (that is, without
ABS response z no locking tendency of a
wheel), the air flows through the pres-
sure-modulation valves unhindered in
both directions when pressure is applied
to or removed from the brake cylinders.
This ensures fault-free functioring of the
service-braking system.

~1

9
d
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Braking systems (commercial vehicles) 697

Electronically controlled
braking system (ELB) for
commercial vehicles

Assignment
The aim of the electronically controlled
braking system (ELB) for commercial ve-
hicles is to optimize the braking process
and, in certain cases, the power transmis-
sion process. The ELB system also sup-
ports the driver and the service technician
during monitoring and servicing of the
braking system, as well as contributing to
an increase in economic efficiency ELB
comprises the areas of ABS (Antilock
Braking System), EPB (Electropneumatic
Brake), and TCS (Traction Control Sys-
tem). Within an electronic vehicle-man-
agement system, the ELB utilizes the in-
formation available from the data bus net-
work to produce easy-to-control and

Adhesion-slip diagram, scope of ELB
Slip, p Adhesion coefficiont

Indices: A Traction, B Brake.

geBrakinc

ABS

EPB

ASR

Traction ut

Structure of the operating and working circuits
elp Electrical/pneumatic operation, P Pneumaticworkingccut (AK).
1, 2 Compressed air from reservoir 1,2,

K Valve for circuit isolation (decoupling),
A...F vanants.

Operation = 1-e + 2-p Operation = 1 e + 1 p
2AK pneumatically controlled AK pneumcon'roled12 AK pneum cont-olled
A B eC 7

S e pl p 2 e p2I p2
0C)Fe i-

IK

P1 FP2[P1 P2
<C

D E F

e pd p2 e p2 e p2

0*

C 1 P92 P1, ' P2P1 ip-
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698 Braking systems (commercial vehicles)

directionally stable braking and power
transmission, and to provide information
for other systems. Compared with con-
ventional braking systems, an ELB sys-
tem can be simpler in design. In the ELS.
complex functions are processed elec-
tronically.

Function blocks
An ELB encompasses at leasthe follow-
ing function groups:
- Electropneumatic braking system

(EPB),
- Antilock braking system (ABS)
-Traction control system (TCS).

ABS and TCS are already in use on com-
mercial vehicles (see PP 693 and 610)
and in the ELB are up-graded by the ava 1-
ability of additional information such as
brake pressures and axie loads. Under
stable adhesion/slip range (see Adhe-
sion-Slip Curve) the action of the brakes
is controlled electronically by the EPB. In
this process, the effect of pressure control
on the wheels, axies and the tractor and
trailer units over the EPB range as a
whole, is designed to comply with a vari-
ety of different targes. Thus, for light
braking operations, the control-system

objective may be even brake- ining wear,
for medium to heavy braking it may be
precise balancing of braking forces, and
for emergency braking the aim may be
maximum possible braking effact.

Design
Compressed-air supply, circuit isolation,
energy storage and brake cylinders are
the same as in conventional braking sys-
tems. The additional components include:
pressure-control modules in the vicinity of
the wheels for adjusting the brake pres-
sure in the wheel cylinders as required,
and an ECU. The system may also in-
clude a trailer control module the main
function of which is to brake a conven-
tional trailer.

Today, ELB systems with pneumatic re-
tention circuits are available in the form of
back-up systems at the safety level. To-
morrow's vehicle generations will be able
to provide adequate safety wh le featuring
electrically controlled multiple circuits
without retention circuits. Normally, the
pneumatic working circuits for operation
of the brake cylinder in the tractor vehicle
are of the dual-circuit design (II braking-
force distribution, see P. 654) and in the
trailer they are single circuit. The Figure

CAN networking of the brake components and their networking to other systems in the
vehicle
a) Tractor vohicl, bTaPler
1, 2. 3 CAN stations (e.g. information, chassis, drivetran).
4, 5 CAN stations (EL8 control unit,
6 CAN stations (ELB pressure-contro'n odule,
7 Plug connection ISO 7638 (7-pole).

a b

General CAN (as per SAE J 1939) Tr

2 3 4

Brake CAN

t6I

ailer CAN (as per SO 11992)

7

Vrake CAN
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Braking systems (commercial vehicles) 699

"Structure of the operating and working
circuits" shows combinations of electrical
and pneumatic control of two working cir-
cuits. For example, electrical operation of
all axles is possible with Variant A which
also features separate pneumatic reten-
tion circuits. Trailers are controlled via a
standardized CAN data bus (ISO 11992)
(see P. 884). The pneumatic control circuit
is retained in order to cope with tractor/
trailer rigs using conventional vehicles
and the stipulated control for all braking
circuits. However, this function too can be
performed by an electronically controlled
trailer control module.

Apart from the CAN data bus connect-
ing it to the trailer, an ELB has at least two
more: One bus links it to the ECUs for the
drivetrain (e.g. EDC and/or retarder
ECUs, transmission ECU, etc.) and one
internal bus to the system for communi-
cating with the pressure-control modules
and the trailer control module (see dia-
gram"CANNetworking").TheELBisthus
able to exchange intormation with other
systems in order to optimize vehicle man-
agement functions,

Functional sequence EPB
A single-circuit ELB with 2-circuit reten-

tion circuit (le + 2p) is shown in the Fig.
"Service-brake installation of an ELB". In
addition to a conventional pieumatic
traler control, this ELB also features an
electrical control.

After the driving switch is turned the
ELB is initialized and subjected to a
self-test. If no faults are detected on the
ELB, the warning lamps go out and elec-
trically controlled braking can now take
place. Redundant principles are applied in
the registration of the brake-pedal posi-
tion. This is used by the EL control unit to
calculate the optimum pressure level for
each control channel. The data is trans-
mitted to the pressure-control modules (lo-
cated near to the wheels) via the braking-
system CAN. At the same time, the brake
values are sent to the trailer via CAN. The
pressure-control modules (DRI) on the
tractor unit and trailer automatically adjust
the brake pressure to the required level.
Sensor signals from the wheels for vari-
ables such as wheel speed, brake lining
thickness, etc. are sent by the pressure
control modules via the CAN Ic the ELB
control unit. The system's rapid reaction
with simultaneous pressure regulation on
all axies produces a direct braking feel
similar to that in a passenger ca,

a

2 3--.-

2 g

17 2

Service-brake installation of an ELB
a) Tractor vehicle b) Traler.
I Four-circuitprotection valve, 2 Airreservoir 3 Service-brake valvewith braking-value sensor
(l-+2p). 4 Single-channel pressure-control module (ORM), 5 Wheel-brake cylinder. 6 WhEel-speed
sensor 7 Lining-wear sensor, 8 ELB control unit inthe ractorvehicle,9Two-channel presure-con-
trol module (2K-DRM), 10 Pressure sensor. I IAir-suspension bellows. 12 Trailer control valve,
13 Supply coupltng head (glad-hand), 14 Brake coupling head (glad-hand).1 5 Plug-in connetion ISO
7638 (7-pole), 6 Line fiter, 17 Trailer brake valve with release device. 18 ELB control unit in the trailer

lb

13 16

12 14

7 6 56
_ _I s

110 -

5

'5

5
7 16

10.1: 7.716

115

5

61 '
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700 Braking systems (commercial vehicles)

Trailers equipped with ELB which are
towed by tractor vehicles having a 5-pole
ABS plug-in connection generate their
electrical brake value from the pressure in
the pneumatic trailer brake line.

When the driving switch is at "Off". or if
pressure control is deactivated in the
event of a fault, the solenoid valves in the
pressure-control modules revert to the
mechanically held normal position. In that
position, the pneumatic retention circuits
from the service brake valve apply the
brake pressure to the wheel cylinders un-
modified (back up braking).

Extended functions
ELB incorporates EPB, ABS and TCS as
standard functions. Other functions for
automatic brake balancing and functions
which require interaction with other sys-
tems are already available fur use on pro-
duction models or are in the course of de-
velopment.

A few examples are given below:

Brake management
The braking effect desired by the driver
can be achieved by means of either the
retarder and/or the engine bake and/or
the service brakes. The ELB control unit
can perform the task of allocating the
braking function to the approariate brak-
ing system or systems.

Braking regulation
Vehicle deceleration is performed accord-
ing to the driver's command, 1 e. the posi-
tion of the ootbrake valve, regardless of
whether the vehicle is loaded or empty.
An automatic brake monitoring system
prevents overload.

Brake-lining wear control
Thebrake-lining thickness is detected by
sensors. Under normal braking with low
levels of deceleration, the brake-lining

Braking torq e

c2z: Yaw momen'

Principle of ESP braking action on articulatedvehicles
a) Vehicle oversteering
b) Vehicle understeering

a

½

biic~

i 24~ N

>%JC~ 1~

I
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Braking systems (commercial vehicles) 701

wear between the wheels on the same
axle is equalized by slight adjustment of
the brake balance.

Brake balancing between tractor unit
and trailer
The aim of automatic balancing of the
braking force of the tractor unit and the
trailer is to generate optimum trailer-cou-
pling forces between the two units when
braking. For articulated vehicles, the opti-
mum trailer-coupling force is equal to the
coupling load; for truck-and-trailer combi-
nations it is zero, Each unit is then braked
individually according to its own mass.
Assuming appropriate braking-system
design and choice of brake linings, this
then generally leads to equalization of
temperatures and therefore of wear be-
tween the brake linings on the tractor unit
and the trailer.

Brake monitoring
The energy generated in a brake is de-
pendent on the vehicle's speed and the
braking torque, while the temperature of
the brakes is also dependent on the dissi-
pation of the heat produced by friction.
Using those variables, the ELB can esti-
mate the temperature of the brakes and
then take action to prevent overloading.

Inappropriate reduction of braking
torque on one or more wheels can be de-
tected by ECU analysis of the vehicle be-
haviour under braking.

Rollback limiter/Bus-stop brake'
The use of information that is normally
available from other electronic systems
via the SAE J1939 CAN enables auto-
matic application of the brakes shortly af-
ter the vehicle starts to roll with the drive
disengaged, e.g. when stopping at traffic
lights. In the same way, the brake is auto-
matically released when the vehicle starts
to pull away. On public transport busses,
this function can replace the so-called
"bus-stop brake".

Electronic stability program (ESP)
ESP is an extension of the ABS system
and controls not only longitudinal dynam-
ics (like ABS) but also actively responds
to the vehicle's transverse dynamics at
the limits of adhesion (e.g. in the event of

a skid). This requires a yaw-ra e sensor
and a lateral-acceleration sensor for de-
termining the actual vehicle behaviour, as
well as a steering-angle sensorfordetect-
ing the drivers intentions. If there are in-
consistencies between the driver's inten-
tions and the vehicle's behaviour, e.g. if
the tractor unit starts to understeer or
oversteer, the ESP modifies the vehicle
behaviour by automatic braking of individ-
ual wheels to reflect the intentions of the
driver. The physical processes involved
are explained in the description of ESP for
cars (see P. 704) The same basic princi-
ples apply to commercial-vehicle ESP
systems with the exception of the braking
strategy This is modified to suit commer-
clal vehicles in their various forrrs. For ex-
ample, as well as braking of individual
wheels on the tractor unit, correction of
oversteer can be assisted by braking the
trailer to tension the tractor-and-trailer
combination (see diagram "Principle of
ESP braking action on articulated vehi-
cles"). The trailers do not normally have
sensor systems fordetecting haidling dy-
namics and are therefore not involved to
any greater degree in the control of vehi-
cle directional stabiity.

It is clear that the risk of overturning is
considerably greater with commercial ve-
hicles than with cars. For that reason, the
commercial-vehicle ESP also incorpo-
rates functions for reducing the likelihood
of vehicle overturn. This applies to ELB
systems both on the tractor urit and on
the trailer. From the available signals, crit-
ical vehicle conditions are detected and
the vehicle or vehicle combinaion auto-
matically braked as required by the partic-
ular situation. The behaviour of trailers
without ELB is estimated by the tractor
unit's ECU. It then instigates appropriate
braking operations as requirecl to avert
hazardous situations.
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702 Brake test stands

Brake test stands

The brakes are of decisive importance in
maintaining high technical standards of
vehicle safety; it is therefore imperative
that the brake system be inspected on a
regular basis. The German motor vehicle
inspection prescribed by Paragraph 29 of
the StVZO Road Licensing Regulations
(FMVSS/CUR) employs brake test stands
(roller dynamometers) for this purpose, as
do automotive service centers for inspec-
tions and repairs. The braking forces
monitored at the wheel's circumference
provide the basis for evaluating the oper-
ation and effectiveness of the brake sys-
tem. Brake stands employed for the in-
spections stipulated in Paragraph29 must
conform to the "Regulations governing
use, design and testing of brake test
stands" as administered by the Federal
Transport Minister.

Design
The brake test stand's main components
are two roller sets, for the left and right
sides of the vehicle respectively. The ve-
hicle is driven onto the test stand so that
the wheels of the axle being tested rest
upon the rollers.

A stable frame supports the roller sets,
which assume the form of a drive roller
and a secondary roller in a parallel layout,
while a drive chain provides the positive
dynamic connection between the two
rollers. An AC motor powers the drive
roller through a gear set with an upward
conversion ratio, while the drive unit itself
is suspended on an extension of the drive
roller's shaft. Pressure exerted against a
torque lever flanged onto the gear-drive
unit is transferred through the load sen-
sor, with the frame providing positive sup-
port for the entire assembly. The braking
force Fr is actually measured by monitor-
ing the reaction torque MR. The electric
motors set the rollers in motion and then
maintain an almost constant rotational
speed against the opposing forces that
occur when the vehicle's brakes are ap-
plied. The suspended drive unit with
torque lever transmits the braking forces
to the load-sensing device. The load-
sensing device is designed as a flexural
sensor with wire strain gauge.

The system's computer emloys digital
technology in the subsequent evaluation
of the various data derived from braking-
force testing, such as fluctuations or
differences in braking force. Once
processed, the information is presented in
either analog or digital form, depending
upon the specific system, while a printer
can be connected to provide a hardcopy
test protocoL

Operation
The drive motors forthe roller 3ets may be
activated in one of two ways, either by re-
mote control or with an integral automatic
on/off switch. An automatic-activation test
stand is distinguished by the pressure-
sensitive rollers located between the main
test rollers on each roller set. When the
vehicle is driven onto the tEst stand, it
pushes down the pressure-sensitive
rollers and activates the stand. When the
vehice leaves the stand the pressure-
sensitive rollers are released and the unit
is switched off. Should the applied braking
forcestarttoexceedtheavailabletraction
between tires and test rollerE,the wheel
will respond by starting to slip and will
then lock. Tire slip, however, makes it im-
possible to perform useful measurements
of braking force. Under these conditions,
it is the slip resistance between tire and
roller (as a function of wheel load) that is
measured and this is of no use. Here, as-
sistance is provided by an automatic over-
ride device which recognizes this kind of
slip by monitoring the test-roller speed,
and which responds to it by switching off
the test unit when a given maximum figure
is exceeded. This avoids both false mea-
surements and possible tire damage The
display, meanwhile, continues to show the
maximum braking force achieved before
the override device was activated. An
electronic memory circuit ensures that the
final display remains in place long enough
to be recorded by the operator.

In addition, the vehicle and/or axle
weight can also be measured at the test
stand or entered remotely; he test unit
can then use this information to calculate
the effective retardation.

The brake test stand emplys specific
test sequences to provide extremely ratio-
nalized examination procedures, allowing
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Brake test stands 703

the operator to carry out complete testing
of both front and rear brakes without leav-
ing the vehicle,

Vehicles with permanent 4-wheel drive
and variable torque distribution are tested
on special stands, which are constructed
to prevent the forces generated at the
test axle from being transferred to that
axle which is at rest.

Braketeststand: Measurement sensor
I Adjustment plate, 2Alinment pin
3 Flexurat sensorwith wirestrangauge
4 Thrust block, 5 Torque lever

1 2 345

-I

Determining braking force Fa via measurement of reaction torque.Il
I Vehicle tire,

2 Roller set with spacinga.
3 Motor with gear set,
4 Torque lever with length 1.
5 Measurement sesor
6 Display

4

0

2- 2 5

3 Fr

AR

6
k - 0
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704 Electronic Stability Program

Electronic Stability
Program (ESP) for
passenger cars

Quantities and terms
a Distance of front wheels from

center of vehicle mass
ax Estimated longitudinal accele-

ration of vehicle
a1  Measured lateral acceleration

of vehicle
A(, A,, Parameters for calculation of
A,   tire operating point
c Distance of rear wheels from

center of vehicle mass
C, Brake-torque ratio
C; Longitudinal tire stiffness
Dr Sampling time of the controller
1); Tolerance band of drive-slip

difference
FH   Brake force on the tire
1 F Steady-state (filtered) brake

force on the tire
F, Normal force on the tire
FR   Resultant force on the tire
F; Lateral force on the tire
1'10 Moment of inertia of the engine
JVhl Moment of inertia of the wheel
K,, K, Controller gains for the P-, D-
K, and I-parts
Mou Local brake-torque difference

between the driven wheels
Mon Engine torque requested by driver
iyNo Nominal yaw moment on the

vehicle
AMwYNO Small change in the nominal

yaw moment on the vehicle
1 csauf Half of the torque on the cardan

axle
M1ca Torque on the cardan axle

f40 Actual engine torque
Mw1oL Nominal brake torque

MNDD Nominal engine torque
MNoTock Nominal brake-torque difference

between the driven wheels
AosPS Nominal engine-torque reduction

by spark retard
Paw Brake circuit pressure induced

by the driver
mvhi Pressure in wheel brake cylinder
pWhiPr, Nominal pressure in wheel brake

cylinder

R Wheel radius
7 OFF Time during which the fuel

injection is shut off
U1, Transmission ratio
U,1 Actuation mode of solenoid

valve
Ioc- Characteristic velocity of the

vehicle
5 fl Difference between driven-wheel

velocities
¼v Vehicle velocity
Ubc Cardan-axle speed

Wh' Measured wheel speed
liwki Measured wheel speed, rear left
tw1 io Measured wheel speed, rear right
1 wi0re Wheel speed (free-rolling)
bc uo Nominal difference between

wheel velocities
~a Nominal velocity of the cardan

axle
1)x Vehicle speed in the longitudinal

direction
Y Vehicle speed in lateral direction

t1 xA Parameters of the inverse
hydraulic model

a Slip angle of the tire
uA, 10 Arbitrary operating point of the tire
ji Slip angle of the vehicle
j$No Nominal slip angle of he vehicle
6 Steering-wheel angle
Kw Front-wheel steering angle
A Tire slip

IAN Nominal tire slip
A. Nominal average drive slip of the

driven wheels
pIHF Coefficient of friction between

tires and road
Pries Resultant coefficient of friction

between tire and road
ip Yaw rate
VND Nominal yaw rate
m Minimum value of the nominal

driven-wheel brake to que
MIN Minimum-value operaior
SUM Event-driven integration
ZWV Spark retard (SPR)

Assignment
The Electronic Stability Program ESP (ve-
hicle dynamics control) system is a closed-
loop control system which prevents lateral
instability of the vehicle. It is integrated
within the vehicle's brake system and dri-
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vetrain. While ABS prevents wheel lockup
when braking and TCS preventsspin of the
driven wheels, ESP prevents the vehicle
from "pushing out" of the turn or spinning
out of the turn when it is steered

Further to the advantages inherent in
ABS and TCS, ESP improves the active
driving safety in the following points:
- Provides the driver with active support,

even in laterally critical dynamic situa-
tions.

- Enhances vehicle stability and tracking
performance even in limit situations in
all operating modes such as full braking,
partial braking, coasting, accelerating,
engine drag, and load shift.

- Enhances directional stability even dur-
ing extreme steering maneuvers (panic
reactions), resulting in a drastic reduc-
tion in the danger of skidding.

- Improved handling behavior also in limit
situations. For the driver, this behavior
becomes predictable as a function of
his (or her) experience. The vehicle re-
mains fully under control even in critical
traffic situations.

- Depending upon the situation, even bet-
ter utilization of the friction potential be-
tween the tires and the road when ABS
and TCS intervene, and therefore im-
proved traction and stopping distances
in addition to improved steerability and
stability.

Vehicle handling
The vehicle's steering properties are de-
fined in the description of the vehicle's lat-
eral dynamics (P 350). This description is
derived from steady-state cornering and
shows the dependence of the tire slip an-
gle a on the lateral vehicle acceleration a,
and therefore on the lateraltire forces. Fur-
thermore, the description of ABS (P 659)
and TCS (P. 606) also underlines the de-
pendence of the lateral tire forces on the
tire slip. This means that the vehicle's
steering properties can be influenced by
means of the tire slip. ESP utilizes this tire
characteristic in order to effect servo-con-
trol for vehicle handling.

It is important for good vehicle handling
that the vehicle remains safely on a track
which corresponds as far as possible to the
course of the steer ng-angle (see Fig."Lat-

Electronic Stability Program 705

eral dynamics of a vehicle", Curve 2). Dur-
ing steering maneuvers, this is the case if
the lateral tire forces remain considerably
belowthefriction potentialbetweenthetire
and the road surface. The yaw-rate curve
then corresponds to that of the steering
angle.

For ESP though, the mere control of the
yaw rate according to the steer ng angle
proves to be inadequate and the vehicle

Block diagram of ESP controller

von cleGc~oIroedsysTeml
Actuators for brake andeng eneerTion
fleasuremenVestnallon of motion varieles

No'nnlbefasor Actafbeavs

Cootroicevatfior

controllerlfIaculafon of vanats

Lateral dynamics of a vehicle
I Step input at steering wheel, steering-
wheel angle fixed, 2 Track on high-p road
3 Track onlow-p road witl 'open-loco'
steerncorrectionandyaw-rate cor rol
4 Track on tow-p road when the slipangle is
also controiled (ESP).

1

2

T1
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706 Electronic Stability Program

can become instable (see Fig., Curve 3).
TheESPthereforecontrolsnotonlytheyaw
rate but also the vehicle's sideslip angle.

The ESP vehicle-handling control is not
restricted to ABS and TCS/MSR opera-
tions, but also extends to cover the area in
which the vehicle is rolling freely, and also
comes into action during partial braking if
thevehicle is moving at the physical driving
limits.

ESP control systems

Control
The control of the vehicle's behavior at the
physical driving limit must influence the ve-
hicle's three degrees of freedom in the
plane of the road (longitudinal and lateral
velocities, and yaw moment about the ver-
tical axis) so that vehicle handling is in line
with the driver's input and with the prevail-
ing road conditions. In this respect, as
shown in the block diagram, it must first of

all be defined how the vehicle is to behave
at the physical driving limit in accordance
with the drivers input (nominal behavior),
and how it actually behaves (actual behav-
ior). In order to minimize the difference be-
tween nominaland actual behavior (devia-
tion), the tire forces must in some way be
controlled by actuators.

The overall system (Fig. "0verall control
system of ESP" below), shows the vehicle
as the controlled system, with sensors
(1..5) for defining the controller input var-
ables, and actuators (6 and 7 for influenc-
ing the tractive force and the braking force.
Also shown are the hierarchically struc-
tured controller comprising the higher-
level vehicle dynamics controller, and the
lower-level slip controllers. The higher-
levelcontrollersinputthenominalvaluesto
the lower-level controllers in the form of a
nominal slip. The "observer" determines
the controlled state variable (vehicle slip
angle /).

Inordertodeterminethedesiredperfor-
mance, the signals are eva uated which

Overall control system of ESP
I Wheel-speed sensors, 2 Brake-pressure sensor, 3 Steering-wheel sensor. 4 Yaw-rate sensor,
5 Lateral-acceleration sensor, 6 Pressure modulation, 7 Engine management 8 Sensor signals
for ESP a Tire slip angle, w Steering angle of the wheel, aNominal tire slip.

Observer '- --

Estimated value of vehicle-motion vahables ~ ----4-- I

ESP controllerI

Sideslip-angle control anda
yaw-rate conrol iiI I

Stip controller -- o 2I
--- - with interace to ESPI

-~ -.... IIIa

1_ - - - - - I--------- 1- I

)II3I

+i~ r
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Electronic Stability Program 707

define the driver's input. These comprise
the signals from the steering-wheel sensor
(3, driver's steering input), the brake-pres-
sure sensor (2, desired deceleration in-
put), and the engine management (7, de-
sired drive torque). Apart from the vehicle
speed, the calculation of the desired per-
formance alsotakes the coefficients of fric-
tion between the tires and the road into ac-
count, These are calculated from the sig-
nals outputted by the wheel-speed
sensors (1), the lateral-acceleration sen-
sor (5), the yaw-rate sensor (4), and the
brake-pressure sensor (2). Depending
upon the control deviation, the yaw mo-
ment which is necessary to make the ac-
tual-state variables approach the desired-
state variables is then calculated.

in order to generate the required yaw mo-
ment, it is necessary for the changes in de-
sired slip at the wheels to be determined by
the vehicle dynamics controller. These are
then set by means of the lower brake-slip
controller and traction controller together

withthe"brake-hydraulics"actuator(6).and
the "engine-management actuator"(7)

The system relies on tried and proven
ABS and TCS components, The TCS hy-
draulic modulator (6), which is described
elsewhere, permits high levels of dynamic
braking of all wheels throughout the com-
plete temperature range encountered,

The necessary engine torque can be set
by means of the engine manacement (7)
and the CAN interface, so that the traction-
slip values at the wheels can be adjusted
accordingly.

System components

Vehicle dynamics controller
The relationship between steering angle,
vehicle speed, and yaw rate during
steady-state driving on a circu ar course
(P 355), is taken as the basis tor the de-
sired vehicle motion during steady-state
driving, and when braking and/or acceler-
ating. By applying the "Single-track (bicy-
cle) model": the nominal yaw rate is cal-

Block diagram of ESP vehicle dynamics controller with input and output variables

Measured variables ctuators
6 , qra"wh Vehice Brake hydraulics
AlMo01 'AID R Engine management

' 2,6 Observer' Jr Fe8 ' NNWc1, MNos PR
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culated from the vehicle speed and the
steering angle:

+ (a+c)(1 )

For the sideslip-angle control, this value is
first of all limited according to the road-
surface coefficient of friction:

llj PI -HF g l

wherebyg is the acceleration due to grav-
ity,andthecoefficientoffrictionYHFandthe
vehiclespeedtvareestimatedvalues.

No attempt is made to directly influence
the lateral speed, and with it the sideslip
angle, by means of changes in the lateral
forces. It is better to adjust the lateral mo-
tion indirectly by means of changes in the
slip angle, whereby the vehicle's rotation is
initiated by the generation of yaw mo-
ments.

A simpliied block diagram is used to
demonstrate the structure of the vehicle
dynamics controller. Using the measured
variables (nominal yaw rate 'No, steering-
wheel angle 6, and the vehicle lateral ac-
celeration a,), together with the estimated
variables (vehicle longitudinal speed vx,
and braking forces FB), a so-called "Ob-
server", using a simple vehicle model, de-
termines the slip angle /1, the sideslip
angle a, the vehicle lateral speed 4, the
wheel forces in the lateral and vertical di-
rections Fs and F1, and the resulting
wheel forces FR in the plane of the road.

Thenominalsideslip-angleffNGandthe
nominal yaw rate ipNo, are determined
from the following driver inputs: steering-
wheel angle 6, engine-torque input MAt ,
(accelerator-pedal position), and the
brake pressure Parc, together with the es-
timated vehicle longitudinal speed v, and
the coefficient of friction UHF which is de-
termined using the estimated longitudinal
acceleration a, and the measured lateral
acceleration In the process. the vehicle's
dynamic response, and special situations
such as inclinations, banks, and/or a-split
road surfaces (different coefficients of fric-
tion between tires and road on the left and
right side of the vehicle) are taken into ac-
count.

The vehicle dynamics coniroller is de-
signed as a state controlle'. The con-
trolled-state variables are 'he sideslip
angle and the yaw rate. The more the
sideslip angle increases, the more it is
taken into account by the vehicle dynam-
ics controller. The state controller's output
variable corresponds to a yaw moment
Mjyw o.

Together with the actual s ip values2.,
the resultant wheel forces FA and the slip
angles a, the linearized vehizle model is
now also applied to convert this yaw mo-
ment into changes of the nominal slip at
the appropriate wheels. For instance, pre-
suming that the vehicle is iolling freely
and oversteers in a right-hand bend so
that the nominal yaw-rate is exceeded,
among other things a nomina brake slip is
requested at the front left wheel. This sub-
jects the vehicle to a counterclockwise
change in yaw moment whic reduces the
excessive yaw rate. The nominal slip is
changed by the lower-level ABS or TCS
wheel controller. If the brakes have not
been applied, or the driver's brake-pres-
sure input does not suffice t set the re-
quired nominal slip (partial-braking
range), the pressure in the brake circuits
is actively increased.

When TCS is operative, ir order to set
the vehicle's nominal yaw moment MywNo,
the vehicle dynamics controller outputs a
mean absolute drive slip Aw, a drive-slip
tolerance band D), and a nominal brake
locking torque MoLock. In order to achieve
distinct improvements for the ABS and
TCS basic functions with regard to their uti-
lization of the adhesion potential in line
with the driving situation, all available mea-
surement quantities and estimated values
are also applied to the full in the slip con-
trollers.

Lower-level brake-slip contrcller (ABS)
and engine drag-torque contolle MSR
In order to be able to control the wheel slip
to a definite level, it must be possible to
evaluate it with an adequate iegree of ac-
curacy The vehicle's longitudinal speed is
not measured, but is determ ned from the
wheel speedsu To do so, individual
wheels are "under-braked" during ABS
application. In other words, slip control is
interrupted, and the instantaneous wheel
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brake torque is reduced by a defined
amount and held constant for a given pe-
riod of time. Assuming that the wheel
speed is stable toward the end of this pe-
riod, the zero-slip (free-rolling) wheel
speed UNhipr can be calculated from the
momentary braking force FB and the tire
stiffness C;.

U~I-re Vhi

Using the yaw rate ,the steering
angle w. and the lateral velocity u. to-
gether with the vehicle geometry, the
(free-rolling) wheel speed is transformed
into the center of gravity in order to gen-
erate the center-of-gravity velocity ,in
the vehicle's longitudinal direction. Finally,
u is transformed back to the four wheel
positions in order to evaluate the free-
rolling speed of all four wheels. This en-
ables the actual slip A to be calculated for
the control of the three remaining wheels-

A= 1 Vmi

Starting from the stationary brake
force Fer, using a PID control law the
nominal torque at the wheel can be calcu-
lated as a function of the slip deviation.

= BF K,-(ANO-,)A

ddl i dT ""

K, C, -SUM {(As0l) LDr}

In the case of the driven whee s, in order
to implement an engine drag torque con-
trol (MSR) the nominal brakng torque
Mav.e can be partially set by .he engine
(or completely when the brakes are not
applied). The driven wheel with the lower
nominal wheel torque is controlled within
the permissible limits by engine interven-
tion.

Block diagram of the brake-slip controller for ABS and MSR with input and output
quantities
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