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Foreword

Foreword

Asthe complexity of automotive vehicles increases this book presents operational
and practical issues of automotive mechatronics. It is a comprehensive introduction
to controlled automotive systems and provides detailed information of sensors for
travel, angle, engine speed, vehicle speed, acceleration, pressure, temperature, flow,
gas concentration etc. The measurement principles of the different sensor groups are
explained and examples to show the measurement principles applied in different

types.

Complex technology of modern motor vehicles and increasing functions need a
reliable source of information to understand the components or systems. The rapid
and secure access to these informations in the field of Automotive Electrics and Elec-
tronics provides the book in the series “Bosch Professional Automotive Information”
which contains necessary fundamentals, data and explanations clearly, systemati-
cally, currently and application-oriented. The series is intended for automotive pro-
fessionalsin practice and study which need to understand issues in their area of work.
It provides simultaneously the theoretical tools for understanding as well as the
applications.
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Basics of mechatronics

Mechatronic systems and components

Basics of mechatronics

The term “mechatronics” came about as
a made-up word from mechanics and
electronics, where electronics means
“hardware” and “software”, and mechan-
ics is the generic term for the disciplines
of “mechanical engineering” and “hy-
draulics”. It is not a question of replacing
mechanical engineering by “electronifi-
cation”, but of a synergistic approach
and design methodology. The aim is to
achieve a synergistic optimization of me-
chanical engineering, electronic hard-
ware and software in order to project
more functions at lower cost, less weight
and installation space, and better quality.
The successful use of mechatronics in a
problem solution is dependent upon an
overall examination of disciplines that
were previously kept separate.

Mechatronic system

Mechatronic systems
and components

Applications

Mechatronic systems and components are
now present throughout almost the entire
vehicle: starting with engine-management
systems and injection systems for gasoline
and diesel engines to transmission control
systems, electrical and thermal energy
management systems, through to a wide
variety of brake and driving dynamics sys-
tems. It even includes communication and
information systems, with many different
requirements when it comes to operability.
Besides systems and components, mecha-
tronics are also playing an increasingly
vital role in the field of micromechanics.

Examples at system level

A general trend is emerging in the further
development of systems for fully automatic
vehicle handling and steering: more and
more mechanical systems will be replaced
by “X-by-wire” systems in future.
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Basics of mechatronics

A system that was implemented long ago is
the “Drive-by-wire” system, i.e. electronic
throttle control.

“Brake-by-wire” replaces the hydrome-
chanical connection between the brake
pedal and the wheel brake. Sensors record
the driver’s braking request and transmit
this information to an electronic control
unit. The unit then generates the required
braking effect at the wheels by means of
actuators.

One implementation option for
“Brake-by-wire” is the electrohydraulic
brake (SBC, Sensotronic Brake Control).
When the brake is operated or in the event
of brake stabilization intervention by the
electronic stability program (ESP), the SBC
electronic control unit calculates the re-
quired brake pressure setpoints at the in-
dividual wheels. Since the unit calculates
the required braking pressures separately
for each wheel and collects the actual val-
ues separately, it can also regulate the
brake pressure to each wheel via the
wheel-pressure modulators. The four
pressure modulators each consist of an
inlet and an outlet valve controlled by
electronic output stages which together
produce a finely metered pressure reg-
ulation.

Pressure generation and injection are
decoupled in the Common Rail System.

A high-pressure rail, i.e. the common rail,
serves as a high-pressure accumulator,
constantly providing the fuel pressure re-
quired for each of the engine’s operating
states. A solenoid-controlled injector with
a built-in injection nozzle injects fuel di-
rectly into the combustion chamber for
each cylinder. The engine electronics re-
quest data on accelerator pedal position,
rotational speed, operating temperature,
fresh-air intake flow, and rail pressure in
order to optimize the control of fuel me-
tering as a function of the operating condi-
tions.

Mechatronic systems and components

Examples at component level

Fuel injectors are crucial components in
determining the future potential of Diesel-
engine technology. Common-rail injectors
are an excellent example of the fact that an
extremely high degree of functionality
and, ultimately, customer utility can only
be achieved by controlling all the physical
domains (electrodynamics, mechanical en-
gineering, fluid dynamics) to which these
components are subjected.

In-vehicle CD drives are exposed to partic-
ularly tough conditions. Apart from wide
temperature ranges, they must in particu-
lar withstand vibrations that have a critical
impact on such precision-engineered sys-
tems.

In order to keep vehicle vibration away
from the actual player during mobile de-
ployment, the drives normally have a
spring damping system. Considerations
about reducing the weight and installation
space of CD drives immediately raise ques-
tions concerning these spring-damper sys-
tems. In CD drives without a damper sys-
tem, the emphasis is on designing a me-
chanical system with zero clearances and
producing additional reinforcement for
the focus and tracking controllers at high
frequencies.

Only by combining both measures
mechatronically is it possible to achieve
good vibration resistance in driving
mode. As well as reducing the weight by
approx. 15 %, the overall height is also
reduced by approx. 20 %.

The new mechatronic system for electri-
cally operated refrigerant motors is based
on brushless, electronically commutated
DC motors (BLDC’s). Initially, they are
more expensive (motor with electronics)
than previous DC motors equipped with
brushes. However, the overall optimization
approach brings benefits: BLDC motors
can be used as “wet rotors” with a much
simpler design. The number of separate
parts is therefore reduced by approx. 60 %.
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In terms of comparable cost, this more
robust design doubles the service life,
reduces the weight by almost half and
reduces the overall length by approx. 40 %.

Examples in the field of micromechanics
Another application for mechatronics is
the area of micromechanical sensor sys-
tems, with noteworthy examples such as
hot-film air-mass meters and yaw-rate
sensors.

Because the subsystems are so closely
coupled, microsystems design also re-
quires an interdisciplinary procedure that
takes the individual disciplines of mechan-
ical components, electrostatics and possi-
bly fluid dynamics and electronics into
consideration.

Model library for a micromechanical yaw-rate sensor

Development methods

Simulation

The special challenges that designers face
when developing mechatronic systems are
the ever shorter development times and
the increasing complexity of the systems.
At the same time, it is vital to ensure that
the developments will result in useful
products.

Complex mechatronic systems consist of
alarge number of components from differ-
ent physical domains: hydraulic compo-
nents, mechanical components and elec-
tronic components. The interaction be-
tween these domains is a decisive factor
governing the function and performance
of the overall system. Simulation models
are required to review key design deci-
sions, especially in the early development
stages when there is no prototype avail-
able.

Microsystem
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Basic issues can often be clarified by pro-
ducing relatively simple models of the
components. If more detail is required,
more refined component models are
needed. The detailed models focus mainly
on a specific physical domain:

® This means that detailed hydraulic mod-
els of common rail injectors are avail-
able, for example. These can be simu-
lated using special programs with nu-
meric calculation methods that are
exactly tailored to hydraulic systems.
Cavitation phenomena have to be taken
into consideration, among other things.
Detailed models are also needed to de-
sign the power electronics that trigger
the injector. Again, this involves the use
of simulation tools which must be devel-
oped specifically to design electronic
circuits.

The development and simulation of the
software that controls the high-pressure
pump and the power electronics in the
control unit with the aid of the sensor
signals also takes place using tools that
are specially designed for this area of
the overall system.

As the components in the overall system
interact with each other, it is not sufficient
to consider specific detailed models of the
components in isolation. The optimum so-
lution is also to take into account the mod-
els of other system components. In most
cases, these components can be repre-
sented by simpler models. For example,
the system simulation that is focussed on
the hydraulic components only requires

a simple model of the power electronics.

The application of various domain-specific
simulation tools during the development
of mechatronic systems is only efficient if
there is some sort of support for exchang-
ing models and parameters between the
simulation tools. The direct exchange of
models is highly problematic due to the
specific languages used for describing the
models of each of the tools.

Basics of mechatronics Development methods

However, an analysis of the typical compo-

nents in mechatronic systems shows that

they can be composed of a few simple ele-

ments specific to the domains. These stan-

dard elements are, for example:

e In the hydraulic system: throttle, valve
or electric line

o In the electronic system: resistor, capac-
itor or transistor

e In the mechanical system: ground with
friction, transmission or clutch (or the
equivalent for micromechanics)

The preferable solution is that these ele-
ments should be stored in a central stan-
dard model library that is also decentrally
accessible to product development. The
essence of the standard model library is
a documentation of all the standard ele-
ments. For each element, this comprises:
Description of physical behavior in
words
The physical equations, parameters
(e.g. conductivity or permeability),
state variables (e.g. current, voltage,
magnetic flux, pressure) and
The description of the associated inter-
faces

In addition, a major part of the environ-
ment is a reference model written in a
modeling language that is independent
of the tool. Overall, the library includes
reference models from the mechanical,
hydraulic, electronic, electrodynamic
and software areas.
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V model

The dependencies of the different product
development phases are illustrated in the
“V model”: from requirement analysis to
development, implementation, testing and
system deployment. A project passes
through three “top-down” levels during
the development stage:

e Customer-specific functions

e Systems and

e Components

A requirements specification (what) must
first be produced at each level in the form
of specifications. This results in the design
specification, which is drawn up on the ba-
sis of design decisions (the actual creative
engineering work). The performance spec-
ifications describe how a requirement can
be met. The performance specs form the
basis for a model description which allows
areview (i.e. validation) of the correctness
of each design stage together with previ-
ously defined test cases. This procedure
passes through each of three stages, and,

Recursion method at one level

Requirement
specification (what)

depending on the technologies applied, for
each of the associated domains (mechani-
cal engineering, hydraulics, fluid dynam-
ics, electrics, electronics, and software).

Recursions at each of the design levels
shorten the development stages signifi-
cantly. Simulations, rapid prototyping, and
simultaneous engineering are tools that al-
low rapid verification, and they create the
conditions for shortening product cycles.

Outlook

The major driving force behind mecha-
tronics is continuous progress in the field
of microelectronics. Mechatronics benefits
from computer technology in the form of
ever more powerful integrated computers
in standard applications. Accordingly,
there is a huge potential for further in-
creases in safety and convenience in
motor vehicles, accompanied by further
reductions in exhaust emissions and fuel
consumption. On the other hand, new

Tool-supported
test-case creation

Design decisions
(“creative engineering
work”)

Validation,
feasibility

Model,

3
<
o
% Specifications <
3
®
2
o)
-
o)
3]
®
1)
»

Performance
specifications

Design
specification (how)

4_

prototype Test cases

(Virtual)
sample

UAE0943-1E



challenges are emerging with regard to
the technical mastery of these systems.
However, future “X-by-wire” systems
without the mechanical/hydraulic fall-
back level must also provide the pre-
scribed functionality in the event of a
problem. The condition for their imple-
mentation is a high-reliability and high-
availability mechatronic architecture
which requires a “simple” proof of safety.
This affects both single components as
well as energy and signal transmissions.

As well as “X-by-wire” systems, driver-as-
sistance systems and the associated man/
machine interfaces represent another area
in which the consistent implementation of
mechatronic systems could achieve signifi-
cant progress for both users and vehicle
manufacturers.

Basics of mechatronics  Outlook

The design approaches of mechatronic
systems should strive toward continuity
in several aspects:
e Vertical:
“Top-down” from system simulation,
with the objective of overall optimiza-
tion, through to finite element simula-
tion to achieve a detailed understanding,
and “bottom-up” design engineering
from component testing through to
system testing
Horizontal:
“Simultaneous engineering” across
several disciplines in order to deal with
all product-related aspects at the same
time
e Beyond company boundaries:
Step by step, the idea a “virtual sample”
is nearing our grasp

Another challenge is training in order to
further an interdisciplinary mindset and
develop suitable SE processes and forms
of organization and communication.
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Fig. 1

Source:

Mercer management
consulting
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Architecture

Over the last three decades, tremendous
progress has been made in automotive
engineering. Modern injection and ex-
haust-gas treatment systems drastically
reduced pollutants in the exhaust gas,
while occupant-protection and vehicle
stabilization systems improved safety

on the road. Much of this success is due
to the introduction of electronically-con-
trolled systems. The proportion of these
systems used in cars increased continu-
ously. The requirements of safety and
environmental compatibility, but also
the demand for comfort and convenience
functions, will increase yet further and
this will in no small part be achieved
through the use of electronics. Up to
around 90 % of innovations in the motor
vehicle will be realized by electronics
and microprocessor-controlled systems.
The networking of these electronics cre-
ates the prerequisite for having this wide
variety of electronic systems integrated
within the complete vehicle system to
form a whole. However, this results in

a complexity that can only be overcome
at considerable expense.

Overview

History

The on-board electrical network of a car
around the year 1950 comprised approx.
40 lines. Essentially, cables were only re-
quired for the battery, starter, ignition and
the lighting and signaling systems.

With the first electronic injection and
ignition systems, cabling complexity began
to increase fast. Sensors fitted in the en-
gine compartment (e.g. speed sensor,
engine-temperature sensor) had to deliver
signals to the engine control unit, while
the fuel injectors required their triggering
signals from the electronic control unit.

A further increase in cabling complexity
resulted from the introduction and rapid
widespread adoption of the antilock brake
system (ABS). Meanwhile, comfort and
convenience systems, e.g. electrical power-
window units, would also form part of the
standard equipment. All these systems re-
quire additional connecting lines for the
connection of sensors, control elements
and actuators to the control unit.

n Proportion of electrics/electronics in the motor vehicle
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Technology of the present day

In the 1990s the cabling work in a luxury
class vehicle amounted to around 3 km.
This figure clearly demonstrates how
complex the vehicle system has become.
The growth of the proportion of electron-
ics in the motor vehicle (Fig. 1) can mainly
be attributed to the growth in microelec-
tronics and sensor technology.

At first, many of the new systems were
integrated into the vehicle by means of
their own dedicated electronic control
unit. For the most part, the individual
electronic control units operated in mutual
independence. All the same, connecting
lines became increasingly necessary be-
tween electronic control units to enable
the exchange of data by means of PWM
signals, for example. Depending on the
vehicle class, there are between 20 and
80 electronic control units fitted in today’s
vehicles. They control such equipment as
the engine, antilock brake system or the
airbags. The number of microcontrollers
in the vehicle has therefore risen continu-
ously in recent years (Fig. 2).

The components of the individual sys-
tems are optimally matched to each other.
The systems may originate from different
manufacturers that use previously agreed,
albeit still their own, interfaces. The rain
sensor, for example, “speaks” in a different
way to the sensors for the engine manage-
ment. The following example demon-
strates just how networked the functions
in a modern vehicle are: the radar sensor
of the adaptive cruise control system
(ACC) measures the distance to the vehicle
traveling in front. If this distance is shorter
than a specified minimum distance, the
ACC electronic control unit sends this in-
formation to the engine management, the
ESP electronic control unit and the airbag
electronic control unit. The engine man-
agement reduces torque and thus driving
speed. If this is not sufficient, the elec-
tronic stability program (ESP) must also
generate brake pressure to decelerate
the vehicle. If the distance continues to

Architecture  Overview

shorten, the airbag and seat-belt preten-
sioners are set to emergency standby.

The communication between the elec-
tronic control units cannot take more than
fractions of a second. The more electronic
control units interact in the one complete
system, the more difficult it becomes for
them to communicate undisturbed.

With the number of electronic control
units and the associated need for mutual
communication, the costs of developing
the systems rose as did the adaptation
costs for making interfaces compatible.
With the CAN bus (Controller Area Net-
work) developed by Bosch, a powerful and
widely used data bus system has become
commonplace in vehicles for the first time.
The data line of the CAN bus makes it pos-
sible for the electronic control units to
exchange specific and relevant items of
information with each other. At the start,
the network only comprised a few elec-
tronic control units, such as the engine-
management system, the electronic stabil-
ity program and the transmission control.
Gradually, further systems would expand
this network, especially in the areas of
comfort and convenience and infotain-
ment. The CAN bus has gradually evolved
into the standard for networking systems
in the motor vehicle. Today it is the stan-
dard for communication between elec-

Number of microcontrollers in the motor vehicle
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tronic control units within different areas
of the electronics (drivetrain, suspension,
body electronics and infotainment) and
forms a powerful backbone for networking
these areas with each other. Additional bus
systems (e.g. LIN bus, MOST bus) are used
as subbuses or for transmitting at high
data rates with comparatively low realtime
requirements in the motor vehicle.

Development trends

The proportion of electrics and electronics
in the motor vehicle will continue to in-
crease. In the drivetrain, the number of
components in the exhaust line (e.g. ex-
haust-gas sensors) is increasing due to
stricter exhaust-emissions legislation.
While the demands for reductions in fuel
consumption can, for example, be fulfilled
by means of new valve-gear concepts, even
this requires additional electronic compo-
nents. A further increase in the proportion
of electronics results mainly from the
growth of electronic systems in the areas
of safety, comfort and convenience, and
infotainment.

Objectives

Drivers demand a high level of reliability
from a car. The vehicle manufacturer and
the supplier of assemblies, meanwhile,
are constrained by other requirements
such as minimization of manufacturing
costs, space restrictions and the weight
of components. An opportunity to fulfill
these requirements in the face of the in-
creasing complexity of the “vehicle” sys-
tem is seen in the shift of the traditional
implementation technologies of mechan-
ics, hydraulics and electrics towards
microprocessor-controlled, electronic
systems. For this reason, the development
of software will continue to gain in impor-
tance in future.

The current situation in the electrical
and electronic architecture of motor vehi-
cles is characterized by an increase in
functionality and an increasingly strained
costs situation. To achieve both of these

objectives simultaneously, development
partners are more frequently tapping into
resources that are already available in sub-
systems. These can be sensors or actuators
as well as realized functions that are avail-
able to different systems over the commu-
nications network. For new systems and
functions, manufacturers strive to get by
on a minimum of additional resources.

In the meantime, engineers are faced with
anew challenge in the form of "networked"
thinking and subsystem integration, espe-
cially when the assemblies for the subsys-
tems originate from different development
partners (suppliers).

Complaints in the field (i.e. with series-
production vehicles) due to electrical or
electronic failures could be the conse-
quence of not having taken the interac-
tions of the subsystems into consideration.
The causes - unmanageable behavior of
functionality spread among networked
systems, and their integration - are avoid-
able through the logical application of cer-
tified development processes as early as
in the specification phase. Furthermore,
modeling and tools for authoring a formal
description of architectures are gaining
ever more in importance.

Broadened requirements for a complete
motor vehicle system in the future are
leading to increased networking of vehicle
components and subsystems. In this re-
gard, new functions are being developed
that go beyond the frontiers of traditional
applications - and this is without addi-
tional expenditure on hardware wherever
possible.

New development methods and technol-
ogies are required to make this achievable.
With a top-down approach, new functions
are viewed from the perspective of the
complete vehicle. This means that, in ac-
cordance with the method of systems engi-
neering, functional requirements and non-
functional requirements (e.g. quality ob-
jectives, safety, costs, etc.) are set for the
vehicle as a whole and derived as specifi-



cations for the subordinate subsystems.
These requirements are formulated as a
model and can thus be used as a specifica-
tion for the subsystems and the creation
of test cases. This is what is known as an
“executable specification”, which makes

it possible to prove the completeness and
the traceability of the requirements, for
example, or to identify the requirements
for interaction and communication be-
tween subsystems. In this way, it is possi-
ble to form an optimized architecture for
the complete vehicle and its subsystems
and components. The functional relation-
ships between the complete motor vehicle
system and the subordinate subsystems
can be surveyed in different levels of detail
and suitable interfaces can be defined for
the functions. This approach supports an
expanding networking of functions. Syner-
gies are exploited between vehicle areas
(domains such as the drivetrain, interior,
infotainment) that were hitherto consid-
ered in isolation and resources are spared.

As an element of the development pro-
cess that works in the opposite direction,
the generation of new functions from avail-
able resources and existing systems (bot-
tom up) should also be taken into consid-
eration to minimize innovation risks.

This is how new functions are integrated
into existing systems, for example. Exam-
ples of this approach are measures to avert
the consequences of an accident by “pre-
paring” subsystems for an imminent crash
(closing windows, closing the sliding sun-
roof, activating the airbag, etc.) or the as-
sistance of the driver in emergency brak-
ing situations in ESP in future. In this way,
it is possible to reduce the number of elec-
tronic control units and counteract rising
system costs.

The development process described
characterizes the CARTRONIC® concept
that Bosch developed in the 1980s.

The results of this concept are being
incorporated into the Autosar Initiative
(see Autosar Initiative)

Architecture Overview

Vehicle system architecture

Architecture

The architecture of a system represents
its “construction plan”. It describes the
structural and dynamic system character-
istics as a whole. The architecture is usu-
ally specified in a description language.
Special draft mechanisms are used for
specific requirements. With architecture
being a construction plan for different
realization technologies and a means of
proving that functional and nonfunctional
requirements have been fulfilled in the
system draft, different views of the system
architecture are required. Examples of this
include:

e Hardware architecture

e Software architecture

e Network architecture in the area of real-
ization technologies

e Cost and resource consumption in the
area of economical analysis and

e For the area of social requirements,
aspects such as safety, availability and
legal conformity

The problems that arise in the integration
of differently structured subsystems can
be reduced by means of an architecture.

Functional structure

The domain of vehicle motion has the task
of ensuring the controlled movement of
the vehicle as well as its directional stabil-
ity. This task can be subdivided into vari-
ous levels (Fig. 3).

The navigation level is home to the plan-
ning tools for the driving route. These are
merely informational in nature and have
no interventional influence on vehicle
motion.

At vehicle guidance level, the decisions
of the driver are implemented by means of
the steering wheel and accelerator pedal
but also various assistance systems for ve-
hicle handling (e.g. ACC, course stability
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systems). At this level, the driver is able
to overrule the assistance systems at any
time.

At the stability level, there are the sub-
systems that are able to correct the deci-
sions taken at handling level if these hap-
pen to be outside the range of safe refer-
ence variables (e.g. ABS, ESP). This may
be the case when cornering or on wet road
surfaces, for example.

At stabilization level, correcting vari-
ables for implementation by the vehicle’s
actuators are determined. Information
about the environment (e.g. road condi-
tion, air temperature, rain sensor signal)
is still required at the various levels for
the implementation of the relevant tasks.

These tasks can be assigned to func-
tional components, which are the architec-
tural elements of the functional architec-
ture. In this way, the driver information

Levels in the vehicle motion domain

functional component represents the tasks
of the navigation level, which are to inform
the driver of the driving route determined
by means of a mapping system (Fig. 3).
Vehicle guidance represents the guidance
level, and stability intervention the tasks
of the stabilization level. The vehicle mo-
tion coordinator determines the correcting
variables for the actuators, e.g. of the
drive and electronic stability program
(ESP), from the information input by
vehicle guidance and stability interven-
tion.

Figure 4 shows how the functional com-
ponents of guidance level, stabilization
level and vehicle actuators are related in
a hierarchical structure within vehicle
motion. Communication relationships
between the components and interactions
with other domains, e.g. body and interior,
are also featured in the model.
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In the same way as Vehicle motion is
refined, these functional components
require further detailing until the refined
components represent manageable,
clearly delimited tasks that make flexible,
modular implementation possible through
different realization technologies. Defined
interfaces between the components enable
communication and the exchange of data.
For example, the transmission control
issues a request through the engine-man-
agement system for a specific reduction

in torque during a gearshift. This value is
exchanged as a physical variable via the
interface.

With its integration into a suitable pro-
cedural model, the functional structure is
the starting point for subsequent stages in
the development process.

Architecture  Vehicle system architecture

Systematic creation of EE system
architectures

The increasing amount of networking in
traditional vehicle domains for the realiza-
tion of new functions can be illustrated
using the ACC (Adaptive Cruise Control)
driver-assistance system as an example.
Adaptive, same-lane driving is made possi-
ble by the networking of a combined
cruise and distance control system with
the engine-management system, brake sys-
tem, transmission and cockpit. Here, sub-
systems from the drivetrain, chassis and
infotainment (interaction with the driver)
domains are used to realize the new func-
tion with minimal cost.

The decision as to whether a function
(e.g. ACCQ) is realized in a dedicated logic
close to the sensor or in one of the exist-
ing, subscriber electronic control units
has no bearing on the function itself.

Example of a functional structure for the vehicle motion domain

Vehicle motion

Vehicle motion coordinator

Vehicle guidance

Acceleration
requirement

‘ Drive torque ‘ ‘Steeringangle‘

!

‘ Drive H Brake H Steering H Chassis

‘ Stability intervention

v
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Rather, the decision is affected by non-
functional requirements such as safety,
availability, costs or resource availability.
In addition to the functional requirements,
these requirements mainly determine how
the function is realized. The “how” is de-
scribed by the architecture of the system.
Different requirements result in different
system architectures.

CARTRONIC® concept

With the CARTRONIC® architecture con-
cept, all closed and open-loop control
tasks in the vehicle have been structured
in accordance with logical, functional
viewpoints and modeled in the form of

a functional architecture. Delimited func-
tions (and their dependencies) that imple-
ment specific functional requirements
have been represented by defined archi-
tectural elements. The functional struc-
ture, i.e. the structural description, repre-
sented a hierarchical decomposition of
the subsystems down to manageable size.
Interactions between elements of the func-
tional structure have been described by
communication relationships. Since the
use of the architecture concept could have
led to different functional structures,

it was essential to reach agreement on

the tasks and interfaces. It was necessary
to choose interfaces that were based on
physical variables and thus supported
aspects such as reusability and inter-
changeability.

The motor vehicle system with all its open
and closed-loop tasks was dismantled into
subsystems that implement clearly defined
tasks. These subsystems include the en-
gine management, brake system, transmis-
sion control, ACC, lighting management,
etc. Different levels of functional structure
detail can be assigned to the system and
subsystem levels (Fig. 5). It was therefore
possible to create development frame-
works for selected functional components
and component groups on which to base
implementation in the form of partial real-

ization stages. This required a decoupled
development process and the exploitation
of synergies between subsystems. The de-
velopment frameworks took into consider-
ation the dependencies and interface con-
tents within the individual domains and
with the rest of the vehicle, as is the case
with a networked system such as ACC,

for example.

Bosch introduced this concept to the Auto-
sar Initiative (Workpackage 10.x).

Software architecture

The independence of the functional struc-
ture, or architecture, from the later real-
ization stage results in a decoupling of
functionality and technology and thus
forms the first stage of a model-based
development process. The functional
structure can be used on several occasions
and expanded as the foundation for draft-
ing system architectures. This architecture
is characterized by architecture drivers
(specific criteria of the architecture) that
are essentially the product of nonfunc-
tional requirements (e.g. costs, quality,
reusability, relocatability).

Further precision of the development
frameworks devised from the functional
structure, and of their interfaces in partic-
ular, is required if it is to be possible to
evaluate an electronic control unit for the
relocatability of functions and the integra-
tion of software, which is a contribution
of various participants in the project.
While retaining the realization-indepen-
dent information from the functional
structure - such as an agreed torque inter-
face - the frameworks are supplemented
by realization-specific information such
as data type, quantization, runtime prop-
erties or resource requirements.

In the same way as hardware and disci-
plines such as mechanics or hydraulics,
software can also be classified as a realiza-
tion technology. Product-line or platform
approaches have long been a familiar



feature of mechanical development or pro-
duction optimization and their application
is virtually universal. The trend towards
software-based system solutions and im-
provements, in conjunction with the vastly
expanding software scopes of electronic
systems, has given rise to the demand for
this strategy to also be transferred to soft-
ware-intensive systems.

The decisive challenge faced today is
less to do with technical feasibility but
more about how to develop methods fur-
ther and apply already developed methods
and processes in product developments
in a systematic and disciplined way, and
to anchor them within the organization.
The product-line approach in software de-
velopment was transferred to the motor
vehicle domain with the participation of
Bosch with methodological support from
the software engineering institute (SEI).
The method will be used systematically
in future Bosch product generations.

Architecture  Vehicle system architecture

Network architecture

With the spreading of open standards
such as the CAN bus, the integration of
functions into application-specific elec-
tronic control units, and satellites linked
by subnetworks, network architecture has
become the synonym for the complexity
management of distributed systems.
Extensions and “attachment solutions”
are easily integrated until the limits of
network capacity are reached. If these
possibilities were to be exploited without
checking the system draft, this would
result in unmanageable increases in com-
plexities and integration conflicts. Biologi-
cal systems solve these unmanageable
complexities through specialization and
the creation of subnetworks with new
forms of organization. Their objectives
are stability and the ability to survive.
This model has, to a certain extent,
evolved on its own in motor vehicle sys-
tems through assignment to traditional

B Functional architecture

System level

/| B

Subsystem
level

L]

e~

Tmmmme |
Em e

Hardware
architecture

Network architecture

Software
architecture

SVAOO36E

15



Architecture Vehicle system architecture

fields of application or domains and the
comparatively slow growth of networking
within these domains.

Bus systems for the individual domains are
becoming more specialized due to their
plainly different requirements. With the
CAN in the drivetrain as the point of ori-
gin, new bus systems such as the LIN sub-
bus have begun to infiltrate the area of
body electronics or FlexRay in the case of
safety-relevant x-by-wire systems. In the
multimedia field, where demands for high
data rates but low safety requirements
prevail, bus systems such as Bluetooth
have started to make an appearance.
Breaking through these traditional do-
mains with ever more applications leads
to known consequences, e.g. dramatic in-
crease in complexity, high start-up costs,
increasing integration times and costs, and
more demanding work in customer service
as a consequence of diagnostics no longer
being manageable. A solution for these
multidimensional optimization tasks has in
the past been sought in the software field.
In the case of technical systems in particu-
lar, the paradigm is still king, especially in
software realizations, because the absence
of physical boundaries supports unlimited
growth.

Autosar Initiative

The Autosar Initiative (AUTomotive Open
Systems ARchitecture) was founded in
July 2003 by several vehicle manufacturers
and suppliers - Bosch among them. Their
global objective is the joint development
of an open system architecture for future
automotive applications. The aims of the
partnership include the standardization
of fundamental system functions (basic
software) and function interfaces; they
will replace the company-specific, individ-
ual solutions used to date. Model-based
concepts and methods ought to reduce
complexity in spite of an expanding range
of functions. The demands for quality and

reliability are fulfilled by the multiple use
of proven standards. Autosar concerns
itself with all vehicle domains.

Based on the uniform electronics plat-
form, which primarily consists of standard
software modules, each vehicle manufac-
turer is then free to build its own specific
content. They enable integration into the
electronics network. These software func-
tions permit differentiation between the
competition.

Not only does software have to conform
to the Autosar standard. The electronic
control units must be built in such a way
that the Autosar software is able to run on
them. The Autosar members are hoping
that the new development methods yield
such benefits as shorter development
times and lower development costs.

Until now, it was often the case that dedi-
cated electronic control units would be
developed and fitted for new functions
(e.g. electronic transmission control,
antilock brake system, air conditioning).
The number of electronic control units
fitted in the vehicle grew continuously;
today’s generation of vehicles are
equipped with between 20 and 80 elec-
tronic control units. In future vehicle gen-
erations, it is intended that all functions
be covered by a network of 10 to 20 elec-
tronic control units. Some of these will
function a little like main computers that
will bundle the important function groups
together. These include the drivetrain,
suspension management system, body
and interior and the multimedia/telematics
domain. On data buses, sensors with inte-
grated electronics output processed and
verified signals, while the buses carry the
relevant control commands to actuators
with integrated triggering electronics.

In future, new functions will often be
able to use the existing computer architec-
ture up to its performance limit and will
be widely realized in the form of a soft-
ware add-on. This would therefore render



unnecessary the additional electronic con-
trol unit that would have been required
today. The system only needs to be supple-
mented by the sensors and actuators re-
quired.

Software will no longer be an inevitable
component of hardware, but will increas-
ingly become a stand-alone product.

The first examples of business and col-
laborative models between supplier and
manufacturer have already been put into
practice at Bosch, e.g. in drivetrain man-
agement.

Examples

Individually-controlled drive components
at each of the wheels with different wheel
positions and wheel loads permit optimum
use of tire force potential. This results in
increased driving dynamics and safety
while at the same time reducing consump-
tion, wear and emissions. For this to be
possible, all active elements in the drive-
train, suspension and steering must be
networked.

One example of superordinate functions
realized by networking is the ASIS (Active
Shift Strategy) drive strategy for automatic
transmissions in passenger cars. Based on
the evaluation of various control elements
(e.g. accelerator pedal) and conclusions
drawn from the information of other sys-
tems (e.g. cornering detection from the
wheel speeds), this strategy is able to con-
trol the gearshift in such a way as to meet
the driver’s real-time demand for agility
and power through selection of the appro-
priate gear. In future, the telematics will
be able to support additional, improved
driving strategies, e.g. through the use
of GPS signals for transmission control
in terms of predictive driving.

Architecture  Vehicle system architecture

Outlook

Increasingly greater demands for safety,

reliability and availability are being placed

on the network architecture of modern
vehicles. This is where energy network
architecture will play a key role. In the
face of vehicle functions increasingly be-
ing realized electronically, this architec-
ture makes for a reliable supply of power
to systems and thus forms the basis for

the reliability and safety of future systems.

One possible future technology is the

transmission of power and information

on the supply line. The following benefits
arise from the powerline communication

(PLC) concept used in the public grid:

e Weight and cost reductions as well as
space savings from the discontinuation
of data lines

e Easier retrofitting for retrofit systems
(spare parts trade)

e Reduction in complexity of the wiring
harness in respect of manufacture and
installation

e Increase in system safety, especially in
mechanically stressed zones (e.g. door,
mirror) that are characterized by pre-
mature aging of lines and increased risk
of failure

e Powerline as a redundancy path for sys-
tems relevant to safety

e Simultaneous, or parallel, implementa-
tion of several bus systems or services,
e.g. diagnostics
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Electronic control unit

Digital technology furnishes an extensive
array of options for open and closed-loop
control of automotive electronic systems.
A large number of parameters can be in-
cluded in the process to support optimal
operation of various systems. The control
unit receives the electrical signals from
the sensors, evaluates them, and then
calculates the triggering signals for the
actuators. The control program, the
“software”, is stored in a special memory
and implemented by a microcontroller.
The control unit and its components are
referred to as hardware. The Motronic
control unit contains all of the algo-
rithms for open and closed-loop control
needed to govern the engine-manage-
ment processes (ignition, induction and
mixture formation, etc.).

Operating conditions

The control unit is subjected to very
high demands with respect to

e Extreme ambient temperatures
(in normal vehicle operation from
-40 to +60...+125 °C)

e Extreme temperature changes

o Indirect materials and supplies
(oil, fuel etc.)

o The effects of moisture and

e Mechanical stress such as vibration
from the engine

The control unit must operate reliably
when the vehicle is started with a weak
battery (e.g. cold start) and with high
charge voltages (vehicle electrical system
fluctuations).

Other requirements arise from the need
for EMC (ElectroMagnetic Compatibility).
The requirements regarding immunity to
electromagnetic interference and limita-
tion of high-frequency interference signal
emission are extremely stringent.

Design

The printed circuit board with the electri-
cal components (Fig. 1) is installed in a
housing of plastic or metal. A multiple
plug connects the control unit to the sen-
sors, actuators and electrical power sup-
ply. The high-performance driver circuits
that provide direct control of the actuators
are specially integrated within the housing
to ensure effective heat transfer to the
housing and the surrounding air.

The majority of the electrical compo-
nents are of the surface-mounted device
technology type. This concept provides
extremely efficient use of space in low-
weight packages. Only a few power com-
ponents and the connectors use push-
through assembly technology.

Hybrid versions combining compact
dimensions with extreme resistance to
thermal attack are available for mounting
directly on the engine.

Data processing

Input signals

In their role as peripheral components,
the actuators and the sensors represent
the interface between the vehicle and the
control unit in its role as the processing
unit. The electrical signals of the sensors
are routed to the control unit via a wiring
harness and the connector plug. These sig-
nals can be of the following type:

Analog input signals

Within a given range, analog input signals
can assume practically any voltage value.
Examples of physical quantities which

are available as analog measured values
are intake-air mass, battery voltage, in-
take-manifold and boost pressure, coolant
and intake-air temperature. They are con-
verted into digital values by an analog-
digital converter in the microcontroller
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of the control unit and used for calcula-
tions by the microcontroller CPU. The
maximum resolution of these analog sig-
nals is 5 mV. This translates into roughly
1,000 incremental graduations based on
an overall measuring range of 0 to 5 V.

Digital input signals

Digital input signals only have two states.
They are either “high” or “low” (logical 1
and logical 0 respectively). Examples of
digital input signals are on/off switching
signals, or digital sensor signals such as
the rotational-speed pulses from a Hall
generator or a magnetoresistive sensor.
Such signals are processed directly by
the microcontroller.

Pulse-type input signals

The pulse-shaped input signals from
inductive-type sensors containing infor-
mation on rotational speed and reference
mark are conditioned in their own control
unit stage. Here, spurious pulses are sup-
pressed and the pulse-shaped signals
converted into digital rectangular signals.

Electronic control unit  Data processing

Signal conditioning
Protective circuits limit the voltages of in-
put signals to levels suitable for process-
ing. Filters separate the useful signal from
most interference signals. When neces-
sary, the signals are then amplified to the
input voltage required by the microcon-
troller (0 to 5 V).

Signal conditioning can take place com-
pletely or partially in the sensor depend-
ing upon the sensor’s level of integration.

Signal processing

The control unit is the switching center
governing all of the functions and se-
quences regulated by the engine-manage-
ment system. The closed and open-loop
control functions are executed in the mi-
crocontroller. The input signals that are
provided by the sensors and the interfaces
to other systems (such as the CAN bus) are
used as input variables. and are subjected
to a further plausibility check in the com-
puter. The control unit program supports
generation of the output signals used to
control the actuators.

Design of a control unit using the example of an ME Motronic (sectional view through housing cover)
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Fig. 2

a Period duration
(fixed or variable)

b Variable on-time

Electronic control unit  Data processing

Output signals

The microcontroller uses the output sig-
nals to control output stages that usually
provide enough power for connecting the
actuators directly. It is also possible to ac-
tuate certain output stage relays for con-
sumers that use up a great deal of power
(e.g. motor fans).

The output stages are proof against
short circuits to ground or battery voltage,
as well as against destruction due to elec-
trical or thermal overload. Such malfunc-
tions, together with open-circuit lines or
sensor faults are identified by the output-
stage IC as an error and reported to the
microcontroller.

Switching signals
Actuators can be switched on and off using
the switching signals (e.g. motor fans).

PWM signals

Digital output signals can be in the form
of PWM (Pulse-Width Modulated) signals.
These are constant-frequency rectangular
signals with variable on-times (Fig. 2),
Various actuators can be moved to various
operating positions using these signals
(e.g. exhaust-gas recirculation valve,
boost-pressure actuator).

PWM signals
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Control unit-internal communication

In order to be able to support the micro-
controller in its work, the peripheral
components must communicate with it.
This takes place using an address/data
bus which, The microcontroller outputs
the RAM address whose contents are to
be read (for example) via the address bus.
The data bus is then used to transmit the
relevant data. For former automotive ap-
plications, an 8-bit bus topology sufficed.
This meant that the data bus comprised
8 lines which together could transmit
256 values simultaneously. 65,536 ad-
dresses can be accessed using the 16-bit
address bus in this system. Presently,
more complex systems demand 16 bits,
or even 32 bits, for the data bus. In order
to save on pins at the components, the data
and address buses can be combined in a
multiplex system, i.e. addresses and data
are dispatched through the same lines
but offset from each other with respect
to time.

Serial interfaces with just a single data
line are used for data that does not have
to transmitted extremely quickly (e.g. fault
memory data).

EOL programming

The extensive variety of vehicle variants
with differing control programs and data
records, makes it imperative to have a sys-
tem which reduces the number of control
unit types needed by a given manufac-
turer. To this end, the Flash-EPROM’s com-
plete memory area can be programmed

at the end of production with the program
and the variant-specific data record

(this is the so-called End-of-Line, or EoL,
programming).

Another way of reducing the type
diversity is to store several data variants
(e.g. transmission variants) in the memory,
which are then selected using coding at the
end of the production line. This coding is
stored in an EEPROM.
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The performance of electronic control units
goes hand-in-hand with advances achieved in
the field of microelectronics. The first gasoline
injection systems were still analog — with lim-
ited flexibility in the implementation of control
functions. These functions were constrained
by the hardware.

Progress advanced in quantum leaps with
the arrival of digital technology and the micro-
controller. The entire engine management sys-
tem was taken over by the universally applica-
ble semiconductor microchip. The actual con-
trol logic in microcontroller-controlled systems
is in a programmable semiconductor memory.

From systems that initially simply con-
trolled fuel injection, complex engine-manage-
ment systems were then developed. They con-
trolled not only fuel injection but also the
ignition system including knock control, ex-
haust-gas recirculation and a whole variety
of other systems. This continuous process of
development is bound to continue in a similar
vein over the next decade as well. The integra-
tion of functions and, above all, their complex-
ity are constantly increasing. This pattern of
development is only possible because the
microcontrollers used are also undergoing
a similar process of improvement.

Microcontrollers in the Intel 8051 family
were used quite some time until they were re-
placed with 80515 derivatives with additional

I I Development of electronic control units

Performance of electronic control units

I/O facilities for timer-controlled signals and
an integrated analog-digital converter at the
end of the 1980’s. It was then possible to cre-
ate relatively powerful systems. Figure 3 shows
a comparison between the performance of a
fuel-injection system (LH3.2) and an ignition
system (EZ129K) — equipped with 80C515
controllers — and that of the succeeding
Motronic systems. The ME7 has approximately
40 times the performance capability of the
LH/EZ combination with a clock frequency of
40 MHz. With the benefit of a new generation
of microcontrollers and a further increase in
clock frequency on the ME9, this figure will
increase to a factor of well over 50.

In the foreseeable future microcontrollers
will process more than just digital control se-
quences. Signal processors are integrated that
can also directly process the signals provided
by knock sensors, for example.

Advances in the development of semiconduc-
tor memory chips are also worthy of note.
Complex control programs require an enor-
mous amount of memory space. The capacity
of memory chips at the start of the 1980s

was still only 8 kilobytes. The ME7 now uses
1-megabyte chips and soon memory capacities
of 2 megabytes will be required. Figure 3
shows this pattern of development and likely
future trends.
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Fig. 3

Chart illustrating

» Performance
capability of
engine-management
systems

»  Number of control
unit connector pins

»  Program memory
capacity

» Data memory
capacity (RAM)

By way of comparison:
The performance
capability of a state-
of-the-art engine-
management system
far exceeds that of
Apollo 13.



Electronic control unit

Digital modules in the
control unit

Microcontroller

Structure

A microcontroller consists of the following
interacting components (Fig. 1):

o Central processing unit (CPU): this con-
tains the control unit and the arithmetic
and logic unit. The control unit executes
the instructions from the program mem-
ory, whereas the arithmetic and logic
unit performs arithmetical and logical
operations.

Input and output devices (1/0, Input/Out-

put), which handle the exchange of data

with peripheral devices. Peripheral de-
vices include input and output devices
and external data storage media.

® Program memory, in which the operating
program (user program) is permanently
stored (ROM, PROM, EPROM or flash
EPROM).

e Data memory, which is accessed for

reading and writing (RAM). This con-

tains the data that is currently being
processed. Non-volatile memory

(EEPROM) is used for data that must

not be deleted when the supply voltage

is switched off.

The bus system connects the individual

elements of the microcontroller.

o A clock generator (oscillator) ensures
that all operations in the microcon-
troller take place within a defined timing
pattern.

® Logic circuits are modules with special-
ized tasks such as program interrupts.
They are integrated in individual
I/0O units.

The chief components of a microcomputer
are generally separate modules connected
to one another on a printed-circuit board.
The microprocessor within such as system
- the CPU - is not functional on its own:

it is always part of a microcomputer.

Digital modules in the control unit

In a microcomputer, however, the above-
mentioned functions are integrated on a
silicon wafer (system-on-a-chip). This is
not functional on its own (standalone) and
is therefore referred to as a single chip
microcomputer.

The microcontroller is used to control
self-regulating systems such as an engine-
management system. Depending on the
application, they may also have expansion
modules connected to them (e.g. addi-
tional memory for data and program
code).

The user program is fixed and is not re-
placed for different applications. This is
the difference between a microcontroller
system, for example, and a PC.

Programming

The only command form capable of direct
interpretation by a microprocessor is a
bit pattern, i.e. the binary representation
of a number. Since, however, this form of
instruction is not easy to work with for a
programmer, and is therefore susceptible
to errors, easily memorable abbreviations
(mnemonics) are used. These are automat-
ically translated by an assembler program
into bit patterns (machine code) that can
be understood by the microprocessor.

For more complex systems and pro-
grams, high-level programming languages
such as C are needed, as otherwise it would
be impossible to keep extensive programs
manageable and free of errors. Such lan-
guages require sophisticated translation
programs (compilers) which convert the
text of the high-level language into a form
that can be processed by the microcon-
troller.

The machine code is stored in the
program memory, where it remains
permanently. The CPU accesses these
components via the bus system, reads
the numerically coded commands and
executes then.
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Digital modules in the control unit

Electronic control uni

Microcontroller
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Electronic control unit

Semiconductor memories

Applications

Memories are used to store large volumes

of

e Digital signals representing data
(I/0 data, statuses, intermediate results
involving frequent and rapid reading
and writing)

e Program code (usually permanently
stored) and

e Constants (permanently stored)

Storage involves

e Recording (writing)

e Permanent retention (actual storage)
and

e Location and retrieval (reading) of
information

Memories utilize physical effects that
clearly and easily create and show two
different states (e.g. conducting/non-con-
ducting or loaded/not loaded). The infor-
mation that is to be stored must therefore
exist in binary form, i.e. encoded as a
series of “yes or no” statuses (logical “1”
or logical “0”). Such a “yes or no” unit of
information is called a bit (binary digit).

Overview of semiconductor memories

Digital modules in the control unit

Memory modules are organized on a bit or
word basis, depending on the application.
A “word” is a group of bits that can be pro-
cessed as a single unit. The word length is
equal to the number of bits processed as

a single unit. Eight bits are referred to as

a byte.

Memories can be organized on the basis
of different word lengths. An 8 M x 8-RAM,
for example, has a memory capacity of
8 million times 8 bits (64 Mbits). The data
is organized into bytes (8 bits), making the
memory capacity 8 Mbytes.

Word lengths of 4, 8, 16 and 32 bits are
common in microcontroller systems.

The word length is one of the factors that
determines the performance capability of
the system. The word length that is used
depends on the performance capability
requirements of the system.

The most important terms are explained
below according to their standardized def-
initions, where applicable, or their most
common usage (see Figure 2 for overview).

| Semiconductor memories |

| Non-volatile memories |

Volatile memories

| Factory programmed | | User programmed |
Programmable Pr bl Stati D ;
on a program- rogrammable atic ynamic
ming device in the circuit memories memories
I
[ ulv |
Electrically
Read-only | | erasable | | erasable |
[ [ [ [ [

w
ROM PROM EPROM Flash EEPROM SRAM DRAM 5
Read- Program- Erasable EEPROM | Electrically Static Dynamic 3
only mable read- PROM erasable RAM RAM S
memory  |only memory PROM 4
)




Random-access memory (RAM)
Random-access memory or RAM is a
short-term memory that allows direct ac-
cess to any storage location. Information
can be read/written from/to the memory
any number of times.

Static RAM (SRAM)

Static RAMs use bistable switching ele-
ments as the data storage cells. Their func-
tionality is similar to that of a flip-flop,
a simple circuit with two transistors, of
which either the one (logical “1”) or the
other (logical “0”) conducts at any one
time. In SRAM, the information remains
stored until the storage cell concerned
is addressed and overwritten, or the
operating voltage is switched off.

SRAM is therefore volatile memory.

Dynamic RAM (DRAM)

Unlike SRAM, the information is stored

as an electrical charge in the gate capacity
of a CMOS transistor in dynamic RAM
(DRAM). As such capacitors are suscepti-
ble to leakage, the charge is gradually lost.
In order to retain the information, the
charge has to be refreshed at regular
intervals (every few ms).

Read-only memory

Read-only memory (ROM) is permanent-
storage memory that allows any memory
location to be accessed directly but - as the
name indicates - allows the information
only to be read and not modified.

A ROM is nonvolatile memory, i.e. the
information it contains is retained even
when the operating voltage is switched off.
It is usually used to store program code
(control programs) and fixed data (func-
tion tables, encoding rules, engine charac-
teristic data maps) that need to be retriev-
able at any time. The information may
be indelibly entered in the memory by
the manufacturer or the user by means
of appropriate programming of specially
prepared memories (PROMs or program-
mable ROMs).

Electronic control unit  Digital modules in the control unit

Erasable ROM

There are also ROMs whose contents can
be erased and reprogrammed as outlined
below.

EPROM (Erasable PROM)

This type of erasable read-only memory
can have its contents completely wiped
by irradiation with UV light and can then
be reprogrammed using a programming
device.

EEPROM (Electrical EPROM)

The EEPROM (also known as E2PROM) can
be electrically erased and reprogrammed.
Every storage cell of an EEPROM be indi-
vidually overwritten. For that reason,

this type of memory module can also

be used as nonvolatile data memory

(e.g. for learned information in engine
management systems).

Flash EEPROM

A more sophisticated variant of the
EPROM and EEPROM is flash EEPROM.

In this case, electrical flash pulses are used
to erase specific storage areas or the entire
contents of the memory. The erased areas
can subsequently be reprogrammed.

The flash memory can be reprogrammed
on a programming station. However, the
advantage of flash EEPROM is that is can
also be reprogrammed while still inside
the sealed control unit.

Flash EEPROM is used in cases where
relatively large quantities of data need
to be stored, but must also be modifiable
(e.g. program memory in vehicle control
units).

25
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Fig. 1

Depiction of several
program levels on the
example of the software
from a Motronic system

Electronic control unit  Control unit software

Control unit software

Real-time capability

One of the requirements on electronic sys-
tems is real-time capability. This means
that control procedures must react to in-
put signals within an extremely short time.
For example, a wheel that has a tendency
to lock must be detected so quickly that
the ABS control algorithm in the control
unit can reduce the brake pressure via

the hydraulic modulator quickly enough.
Brake slip is therefore reduced before

the wheel can lock. Engine management
systems make considerable real-time ca-
pability demands so that crankshaft angles
can be adhered to with extreme accuracy
at fast engine speeds for injection and igni-
tion timing purposes.

The complexity of an electronic system
therefore makes extremely high demands
of the software that is developed. The soft-
ware structure is explained below on the
basis of an example.

Software structure

The microcontroller in the control unit ex-
ecutes commands sequentially. The com-
mand code is obtained from the program
memory. The time taken to read in and

CPU power distribution principle

Tooth
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Synchro
interrupt
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interrupt rL
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program
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execute the command depends on the
microcontroller that is used and the clock
frequency. The microcontrollers that are
currently used in vehicles can execute up
to 1 million commands per second.

Because of the limited speed at which
the program can be executed, a software
structure with which time-critical func-
tions can be processed with high priority
is required.

The engine-management program has
to react extremely quickly to signals from
the speed sensor, which records the en-
gine speed and the crankshaft position.
These signals arrive at short intervals that
can be a matter of milliseconds, depending
on the engine speed. The control unit pro-
gram has to evaluate these signals with
high priority. Other functions such as
reading in the engine temperature are not
as urgent, since the physical variable only
changes extremely slowly in this case.

Interrupt control

As soon as an event occurs that requires
an extremely rapid response (e.g. speed
sensor pulse), the program that is cur-
rently running must be interrupted. This
can be done using the microcontroller’s
interrupt control facility. Events can trig-
ger a program execution interrupt, where-
upon the program jumps and executes
the “interrupt routine”. When this routine
has been executed, the program resumes
at the point at which it was interrupted
(Fig. 1).

An interrupt can be triggered by an ex-
ternal signal, for example. Other interrupt
sources are timers integrated in the micro-
controller, with which timed output signals
can be generated (e.g. ignition signal:
microcontroller ignition output is switched
at a point in time that is calculated before-
hand). However, the timer can also gener-
ate internal time frames.



The control unit program reacts to several
of these interrupts. An interrupt source
can therefore request an interrupt while
another interrupt routine is currently
being executed. Every interrupt source
therefore has a fixed priority assigned to
it. The priority controller decides which
interrupt is allowed to interrupt another
interrupt.

Tooth interrupt

The crankshaft is equipped with a pulse
wheel (Fig. 2a) that has a certain number
of teeth on its circumference. The teeth
are scanned by the speed sensor. This
allows the crankshaft position to be re-
corded. The typical distance between

a pair of teeth on the crankshaft sensor
wheel is 6°. In order to determine the
crankshaft position, the control unit pro-
gram must execute certain routines as
each tooth is detected. At 6,000 rpm the
detection time between two teeth is ap-
proximately 300 ps. Every command in
these routines must be executed within
this time. This requires a rapid response

Crankshaft sensor ring with speed sensor
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o

Digital
signal
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Electronic control unit  Control unit software

to the speed sensor signal. For this pur-
pose, the engine-speed signal is connected
to a microcontroller interrupt input. Every
falling signal edge at this input interrupts
the current calculations that are in prog-
ress and forces a branch to the interrupt
routine. After executing the commands in
the interrupt routine, the program contin-
ues execution at its point of origin.

In order to perform certain operations
the control unit program requires the time
taken for the crankshaft to travel between
one tooth and the next. This calculation is
performed by an internal timer. This is a
freewheeling 16-bit counter (Fig. 3) that
increments at a certain rate, depending on
the microcontroller oscillator clock cycle.
This time frame amounts to about 0.5 ps.
When the falling tooth flank occurs,
the current counter status is recorded.
The difference (and therefore the tooth
interval) is calculated using the stored
counter from the previous tooth.

Example: crankshaft position calculation
The engine-management system (Motronic
for gasoline engines, EDC for diesel en-
gines) must know the crankshaft position
at any given point in time. This is a pre-
requisite for injecting into the right cylin-
der at the right time and ensuring that ig-
nition takes place at the calculated ignition
angle (Motronic systems). In order to

Time calculations via internal timer

Th+1

Tn

Counter status

Time t—=

UL

Speed sensor
signal

Th:  Counter status at tooth n
Th+1: Counter status at tooth n+1
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Design
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detect the engine position and the engine
speed, the control unit evaluates the speed
sensor signal (Fig. 2b).

There is gap in the crankshaft sensor
wheel in which two teeth are missing.

The tooth space has a defined position

in relation to the top dead center (TDC) of
cylinder no. 1. The control unit program
has to synchronize itself with this tooth
space. This is done by measuring the times
between two consecutive falling tooth
flanks. The time for the tooth space is
considerably greater than the time before
and after the gap. Following a “short -
long - short” sequence the last thing to

be scanned was the falling flank of the
second tooth after the space.

The crankshaft has rotated by 6° for
each falling tooth flank that has been de-
tected by the control unit program. This is
how the control unit program knows the
crankshaft position within this time frame.

Since cylinder no. 1 is in the tooth space
position in the vicinity of top dead center
(TDC) or bottom dead center (BDC), an ad-
ditional signal is required to determin