personal buildup for

Force Motors Limited Library

SYstems

ATSEEM EIPERIESE NALIBATIER VIRRATIEN TECRNDLEEY
Ligtwweight Design of o AR Tien Tt for M e Frotatiosal Noomniam

atzw 5/2015, as epaper released on 10.04.2015
http://http:www.atz-worldwide.com

content:
page 1: Cover. p.1

page 2: Contents. p.2

page 3: Editorial. p.3

page 4: Funktionale_sicherheit. p.4-11
page 12: Spiegelersatz_ MAN. p.12-17
page 18: Leichte_ NFZ_Achse. p.18-21
page 22: NFz_kalibrierung. p.22-25
page 26: StVO_IGT_29052. p.26-29
page 30: Car2x_lAV. p.30-33

page 34: Imprint. p.34

page 35: Peer_Review. p.35

page 36: CAE_Simulationsmodelle. p.36-41
page 42: Allrad_ RWTH_Aachen. p.42-49









-
www.ATZonline.com ) Springer Vieweg

WORLDWID

>
S
@
S
=
i
S
D
=
£
i
%
S
o
2
o
=
o)
o
S
o
L
S
o
o
o
S
L)
E
IS
IS
c
o
o
S
o
o

COVER STORY

SYSTEM EXPERTISE VALIDATION VIBRATION TECHNOLOGY
Lightweight Design of a AIM Test Facility for NVH and Rotational Nonuniformities
Twin Rear Axle for Trucks Cooperative Functions of All-wheel Drives



CONTENTS

COVER STORY

Safety and Risks in

Assistance Systems

On the one hand, driver assistance systems create

added value, for example by supporting motor cyclists

during braking and accelerating. Or when a camera-
monitor system replaces the six rear-view mirrors on
a truck, making life easier — and safer — for the truck
driver. On the other hand, these electronic systems
may also create certain risks, and these need to be
addressed both technically, with regard to functional
safety, and legally by the Vienna Convention if
autonomous driving is to become a reality one day.

4 Functional Safety for E/E Systems in Motorcycles
Karl Viktor Schaller, Holger Englisch [BMW Motorrad]

12 Camera-Monitor System as Mirror Replacement
in Commercial Vehicles
Albert Zaindl [MAN Truck & Bus and TU Minchen],
Andreas Zimmermann, Karlheinz Dérner, Christian Kohrs
[MAN Truck & Bus]

18

22

26

30

35

36

42

34

DEVELOPMENT

COMMERCIAL VEHICLES

System Expertise and Lightweight
Design - Concept for a Twin Axle
for Trucks

Jens Heimann, Ingolf Mdller,

Friedhelm Langhorst, Holger Bublies [ZF]

Adaptive Calibration on the
Commercial Vehicle Test Bed
David Koch, Joachim Gruber-Scheikl
[Daimler], Andreas Rainer [AVL]

SAFETY

Compliance of an ACC System to
StVO German Traffic Regulation
Daniel Beisel [TU Braunschweig and
IGT-Bahn]

AIM Test Facility for Validating
Cooperative Functions

Benedikt Schonlau, Stephan Grimm [IAV],
Frank Koster, Tobias Frankiewicz [DLR]

Peer Review

SOFTWARE

Automatic Metamodelling of CAE
Simulation Models

Thomas Béck [divis intelligent solutions
and Leiden Institute], Peter Krause,
Christophe Foussette [divis intelligent
solutions GmbH]

VIBRATIONS

Vibrations in All-wheel Drives
Stefan Pischinger [RWTH Aachen
University], Peter Genender, Georg Eisele,
Johann Kartal [FEV]

RUBRICS | SERVICE

Editorial
Imprint, Scientific Advisory Board

COVER FIGURE © Carolyn Franks | fotolia
FIGURE ABOVE © Continental

personal buildup for Force Motors Limited Library



Braking Point

Dear Reader,

By the year 2020, autonomous cars will
be a common sight on our roads, with
their drivers free to relax and read a
newspaper or send a few emails - at
least that is the brave new world envi-
sioned by various car makers and suppli-
ers. We have every right to doubt this
optimism, as decades of research are still
required before humans can be replaced
behind the wheel.

What are putting the brakes on the intro-
duction of automated driving are not so
much the underlying technology, the
costs and the infrastructure. Questions
of customer acceptance as well as the
legal and political framework have not
been finally decided, but at least they are
on the agenda. Far more serious are the
technical obstacles in detail, which nec-
essarily lead to a more conservative
assessment of the roadmap towards
autonomous driving. More than ever
before, the focus is on the functional
safety of some of the systems involved.

In concrete terms, it is the semiconductor
chips that are currently causing the
greatest headaches for car manufacturers.
At the moment, OEMs have to rely on
products from consumer electronics,
which are not necessarily suitable for
tough continuous operation in vehicles.
This also applies in particular to the
safety-relevant functions in the cameras
used for driver assistance systems, and
quality managers in the automotive
industry are already sounding the alarm.
ATZ and its sister magazine ATZelektronik
have looked at this subject in detail. The
cover story of this issue of ATZ provides
an interesting overview of the topic.
Throughout the year, ATZelektronik

will often examine the problem of the
functional safety of consumer electronics
in vehicles.
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One thing is certain: the integration of
consumer electronics into cars will
require the automotive industry to refocus
on quality standards. Interestingly, it is
the semiconductor manufacturers above
all who are warning of the risks. They
have formed a ZVEI working group
aimed at defining the categories rele-
vant to development and production in

a dialogue with OEMs in order to iden-
tify potential risks as early as possible
and in a targeted manner. Initially, this
process will not speed up the introduc-
tion of automated driving but will slow it
down. But it is nevertheless an important
one, as otherwise it will be the customers
themselves who will refuse to accept
autonomous vehicles.

Best regards,

A

Dr. Alexander Heintzel
Editor in Chief
Wiesbaden, 20 March 2015

EDITORIAL
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COVER STORY

Functional Safety for
E/E Systems in Motorcycles

ISO 26262 rule provides the guiding principle behind the safety-based development of electrical and
electronic systems. Originally developed for the passenger car sector, this standard is currently being
adapted for motorcycles. BMW Motorrad explains the specific requirements for two-wheel vehicles
and, working from this, determines requirements for the revision of ISO 26262 for motorcycles. As an
example an E-throttle system serves for safe development.
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WHAT REQUIRES 1SO 26262 AND
WHERE IS IT TO BE APPLIED?

Safety-related vehicle functions for elec-
trical and electronic systems (E/E sys-
tems) are becoming increasingly com-
mon in motorcycles. They contribute on
the one hand to vehicle safety and make
it possible to adapt the vehicle’s charac-
teristics (dynamic mode, rain mode,
etc.). On the other hand, however, these
systems can pose a risk of malfunction.
Development in accordance with state-
of-the-art safety is necessary to control
these risks, FIGURE 1 shows a selection of
safety-related E/E systems for the exam-
ple BMW R 1200 GS [1].

At BMW Motorrad, the “area of applica-
tion” of functional safety is described by
means of extended model of the traction
circle, FIGURE 2. The vertical vector
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Illumination:

Loss of
illumination

Safety-critical
malfunction

undemanded acceleration

Malfunction

Controllable E-throttle
function

force acceleration

Longitudinal
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(green) is the longitudinal force (propor- Instrament cluster:
tionate to the acceleration) of the vehicle. Sty o) vz o s @ 4|
The horizontal vector (green) describes warning indicator(s) .l E-throttle (incl. gear changing assistant):
the lateral forces. The vehicle system is Undemanded acceleration
stable as long as the product of adding
the two vectors (green, dotted) together
is inside the green circle (point @ in Loss of tractive power
FIGURE 2).
If, for example, undemanded accelera-
tion of the vehicle occurs due to a mal-
function of the electronic throttle e/ SE  g— - — 'f,:"
(E-throttle) system, this acceleration is ' S - : :
added to the normal function as an addi-
tional vector (red). This causes the vehi-
cle system to cross the limit into the yel-
low, uncontrolled area of the vehicle.
This is referred to as a safety-critical
malfunction (point @ in FIGURE 2).
The question of whether the vehicle
remains controllable in the event of a ) ABS:
malfunction depe.nds on hon guickly the 2?;{25 ]E/Sgs;;tlza:fwsi;:ay_ - Undemanded deceleration
system detects this safety-critical mal- possible malfunctions with the _ ‘Iivétsivg?z?;&?sg
function and returns it to a safe state by BMW R 1200 GS as an example
technical means (for example safety
mechanisms) (point @ in FIGURE 2). This
is expressed by the yellow vector.
This relationship offers a clear descrip-
tion of the work area of functional safety.
Motion-based functions such as E-throt-
tle systems are monitored by safety func-
tions in the hardware (HW) and soft-
ware (SW). These ensure that malfunc-
tions are detected and that the vehicle is
returned to a controllable, safe state in
the event of a fault, FIGURE 2. @
The development of these safety func-
tions is described by ISO 26262 accord- Ea
ing to state of the art. This requires the 5\"’ b
cases of faults to be analysed for safety- g §'
related E/E functions and safety goal to g s
be defined to enable these risks to be g §
avoided. S }':;
Based on the E-throttle example, the % 2 Lateral force
fault in the acceleration function must be € “éo»
considered in the context of safety- % /%
related development, FIGURE 3. If this ke e
causes a malfunction, then the safety %%
goal is violated. The thresholds for viola- il
tions of the safety goals and the associ- =
ated fault reaction time for a return to a 0
safe state must be defined on a vehicle-
specific basis.
These safety goals are to be proven at
a technical level with safety functions.
The safety goal achievement must be
confirmed according to the standard
through validation and verification tests
as part of development.

. . FIGURE 2 Riding situation “acceleration when banking”: circular model analogue to traction circle for func-
The task of functional safety is the tional safety at BMW Motorrad, developed from the traction circle diagram; this describes the relationship
detection and control of malfunctions in between the E-throttle function @, the occurring malfunction @, and the safe status ® [2]
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Normal operation

Safety goal violation

E-throttle function: accelerating
Safety function

Malfunction

Uncontrollable

PP

Controllable

Derivation of
safety mechanisms

preventing undemanded acceleration for
rotation angle E-throttle-grip

Safety goal:

angle throttle valve

FIGURE 3 Implementation cycle of a safety-oriented E-throttle development: working range of the normal
function with safety-related monitoring function for the “undemanded acceleration” fault; threshold for
violations of the safety goal; formulation of the safety goal for this malfunction, derivation of a safety
mechanism and technical implementation as part of the E-throttle function [2]

E/E systems. ISO 26262 placed demands
on the safety-oriented development proc-
ess and the technical layout of the E/E
systems.

CURRENT REQUIREMENTS
AND SPECIFIC ADJUSTMENTS
FOR MOTORCYCLES

ISO 26262 has been the valid standard for
cars since 2011. It has established itself as
the basis for safety-oriented development
in the automobile sector of the BMW
Group. This is why BMW Motorrad is also
developing technically comparable sys-
tems based on this standard. It was possi-
ble to gather experience based on applic-
ability in the motorcycle industry. It
became clearly apparent that the existing
ISO 26262 standard provided a good basis
for safety-oriented development, but that
the specific requirements of motorcycles
needed to be taken more into account. For
this reason an ISO working group was
established for motorcycles (ISO/TC22/
SC38/WG3) in the industry which revised
the standard for motorcycle development
in line with the internationally estab-
lished state of the art.

The most important point in the revi-
sion was the hazard analysis and risk
assessment in part 3 of the standard. In
future the risk classes of a safety-related
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E/E system for motorcycles will be
expressed by the Motorcycle Safety
Integrity Level (MSIL). This classifying
makes it possible to quantify the specific
risks to motorcycles from malfunctions
and to determine the appropriate
requirements for the design of safety-
related systems from this.

Based on hazard analysis and risk
assessment as specified in ISO 26262, a
motorcycle-specific evaluation basis was
drawn up for the three evaluation
parameters severity (S), exposure (E)
and controllability (C).

Thus, a worldwide accepted standard
for protective clothing for riders was
agreed as the first step in finding a basis
for evaluating severity. In the second
step, all the accident data available from
the OEM was analysed and used to pro-
duce uniform evaluation specifications.

An evaluation of the probability of the
motorcycle-specific road situations, such
as banking, was carried out by analysing
the usage profiles provided by manufac-
turers worldwide. In comparison with
cars, particular attention was paid to the
differentiated usage patterns of motorcy-
cles, for example in relation to night time
use, restricted use due to weather condi-
tions or usage specific to particular
motorcycle types (for example enduro
rides).

The controllability of a two-wheeled
vehicle which is by its nature physically
unstable, is much more dependent on the
rider than that of a car. This was taken
into consideration in a classification
table covering controllability. This was
supplemented with examples and speci-
fications for evaluation methods and
techniques for determining controllabil-
ity classes. In addition, the qualification
of the assessors (expert riders) was for-
mulated in a separate section.

Based on this evaluation specification
for the S, E and C parameters, the cur-
rent revision level of the standard, part 3
arrives at a risk classification according
to MSIL in four risk classes (A to D; D is
the highest risk classification). Depend-
ing on the classes, this gives rise to
requirements in relation to the develop-
ment process, layout and associated vali-
dation and verification tests of the
safety-related E/E systems. These are
described in part 4.

Part 5 and 6 of the standard describe
the requirements for the development of
hardware and software, FIGURE 4. These
parts of ISO 26262 have been revised by
the working group over the last three
years. The aim was to anchor the inter-
nationally established state of the art in
relation to development processes and
technical solutions of motorcycle
industry.

These amendments should be avail-
able in the form of a Publicly Available
Specification (PAS) by 2015 and will be
incorporated in the revision of ISO 26262
(Revision 2). This process will be super-
vised on the German side by a VDA
working group.

DERIVING SAFETY GOALS FOR
MOTORCYCLES

Safety-oriented development based on
the described hazard analysis and risk
assessment is determined through the
safety classification (MSIL) for a system.
Safety goals for the system are derived
from this. Depending on this classifica-
tion, the standard makes demands that
can be divided into three blocks for
simplicity:

1. The documentation requirements of
ISO 26262 include the definition of
safety responsibility and planning of
safety activities in the project as a
description of the functional and tech-
nical safety concept with the associ-
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ISO/PAS

Functional Safety
for Motorcycles

. Scope

. Normative reference

. Terms and definition

3. Concept phase

(A SRR AM ASSISTANCE SYSTEMS

IS0 26262 : 2011 Functional Safety

Scope
Normative reference

1. Vocabulary
2. Management of functional safety

4. Product development at the system level

7. Production and

3-5 Item definition

4-5 Initiation of product

[4—11 Release for production

operation

development at the system level

4. Hazard analysis and
risk assessment

safety lifecycle

3-6 Initiation of the

[7-5 Production

4-6 Operation, service

4-10 Functional safety
assessment

7-6 Operation,

(maintenance and repair), and

service

5. Vehicle integration

|3-7 Hazard analysis
and risk assessment

decommissioning

[4-9 Safety validation }-

(maintenance and

repair), and

and testing

[4—7 System design

] [4—8 ltem integration and testing ]

decommissioning

concept

3-8 Functional safety

. Safety validation

nnex A

e
e

5. Product development at the 6. Product development at the
hardware level software level
nnex B 8. Supporting processes

9. ASIL-oriented and safety-oriented analyses
10. Guideline on ISO 26262

FIGURE 4 Summary of 1ISO 26262 and the amendments drawn up for motorcycles aspects with assignment to the existing ten parts of the standard [3]

ated interfaces (HW/SW interface). In
addition, it is necessary to plan and
document tests for safety activities and
the attainment of their goals. Trans-
parent documentation management for
all process products provides the basis
for comprehensive verification of all
safety activities in line with the
standard.

2. The standard requires analyses in
order to verify the technical safety
concepts. These depend on the MSIL.
In detail these are FMEA (for fault
analysis), methods such as FMEDA
(for determining the probability-based
metrics for random hardware faults)
and FTA (for determining failure rates
and establishing the degree of control
of simple faults).

3. The basis for standards requirements
is the risk-dependent layout of the HW
and SW. Here the standard requires for
technical configurations, such as com-
ponent and signal path redundancies
or independence of hardware compo-
nents or software monitoring solu-
tions. It is necessary to prove the effec-
tiveness of all measures by means of
tests on component, system and vehi-
cle level.

Requirements in relation to permissible
residual failure rates exist for the HW
configurations. In addition, the detection
and control of single-point faults, multi-
ple-point faults and latent faults are
required. Part of this standard involves
monitoring this safety-oriented develop-
ment process by means of reviews and
assessments according to the dual con-
trol principle and confirming the attain-
ment of the goals in a safety case
summary.

The common theme in all of the
required activities is end-to-end tracea-
bility of safety requirements, beginning
with the safety goal and continuing until
the confirmation of the implemented
safety function in the vehicle. The devel-
opment process and the associated
safety-oriented development can be
clearly shown as a V development model,
FIGURE 5.

APPLICATION OF ADAPTED
1ISO 26262 IN PRACTICE

An E-throttle system will be described as
an example of safety-related development
for motorcycles. The basic data is pro-
vided by the hazard analysis and risk

assessment for the system using the
engine-specific assessment requirements.

One of the safety-related system mal-
functions is “undemanded acceleration”.
The following situation is evaluated as
part of hazard analysis and risk assess-
ment: secondary road, medium speed of
50 to 100 km/h. In order to assess the
damage, the risk must be evaluated
according to the standard from the fol-
lowing parameters: severity, exposure
and controllability. The MSIL is calcu-
lated from this.

Accident statistics provide the basis for
the severity (S-table in FIGURE 6) of the
malfunction. A fall in the situation men-
tioned before is often associated with
life-threatening to fatal injuries. In addi-
tion, when travelling on secondary roads
there is also a risk of collision, for exam-
ple with barriers or oncoming vehicles.

The exposure (E-table in FIGURE 6)
involved in travelling on a secondary road
is evaluated with the help of the usage
profile. The basis for this is provided by
the analysis data from the vehicle analysis
and the usage profiles of the vehicle
classes determined worldwide among all
OEMs. Accordingly, the figure for a super
sports motorcycle based on the operating

personal buildup for Force Motors Limited Library



period in the time range can be set at >
10 % according to the standard.

If the E-throttle fails in this situation,
it is necessary to analyse the extent to
which the rider can take action to avoid
danger. This evaluation is in accordance
with the controllability parameter
(C-table in FIGURE 6). In order to prevent
“undemanded acceleration”, it is possible
to declutch or to interrupt ignition by
pressing the emergency stop button. The
question of whether the response time
will suffice is model-specific and
depends on the road conditions. Factors
such as engine output, the layout of the
drivetrain and the level of experience of
the rider are to be taken into account.
The standard requires test rides and
expert assessments. In practice, the eval-
uation is performed by expert riders.

The addition of evaluation parameters
S3, E4 and C2 produces classification
MSIL C (reference: ISO 26262/PAS 19695.
ver 6.3.1, table 6). The safety goal for the
system is formulated as follows: “The
E-throttle system must detect that the
motion impulse on the throttle grip and
the throttle actuator setting do not match
and return the system to a safe state with
a fault reaction time to be defined”. This
safety goal is to be developed according
to MSIL C requirements.

A functional safety concept will be
drawn up according to these require-

ments. This is a documented concept
design for how the safety goal can be
achieved at functional level.

For the E-throttle system, FIGURE 7,
this can mean, for example, that the
sensors for the motion impulse and the
throttle actuator position need two sig-
nal channels. The signal channels are
read into the engine controller and are
subjected to a plausibility check. In
order to ensure integrity, a multi-layered
software concept has developed in the
drive area [4].

The technical safety concept devel-
oped in the next step describes the struc-
ture and architecture of the safety sys-
tem in detail, right down to the safety
obligations for the individual compo-
nents. The standardising requirements of
safety-related systems are to be imple-
mented here (HW redundancies, inde-
pendences from HW modules, SW moni-
toring functions, etc.).

The interfaces for the systems are
also to be described (hardware/soft-
ware interface) and appropriate tests
for the safety function are to be
defined. The analysis methods
demanded by the standard (for example
FMEA, FTA, FMEDA) form an impor-
tant element in the development of the
safety concept.

The functional and technical safety
concepts developed in the concept phase

are tested at component, system and
vehicle level in the confirmation phase
and validated with the safety goals and
verified. This generally occurs on system
and component level on test benches or
by means of functional simulations. The
confirmation of the fault reaction times
for controlling the “undemanded acceler-
ation” system fault by means of injecting
a fault during a road test makes it possi-
ble to prove the attainment of the safety
goal at overall vehicle level. The full
implementation of the requirements of
the standards even in relation to docu-
mentation, review and assessment
checks will be definitively described in
the safety case summary.

FUTURE CHALLENGES

The number of safety-related E/E systems
in motorcycles will grow further in the
coming years, FIGURE 8. They are an
important element in vehicle safety and
product differentiation, as well as an inno-
vation feature for all motorcycle manufac-
turers. What began a number of years ago
with the development of the E-throttle,
traction control and ABS is set to continue
in a range of other E/E systems.

Thus, on the one hand, system
improvements such as ABS or light for
motorcycle-specific applications (bank-
ing) as well as additional functions and

Concept phase

Confirmation phase

Safety-related
development

Function development

System development

Requirements, specifications

Component development

FIGURE 5 V model for describing the product development
process: the development of functions is accompanied by

the safety-oriented development process; the functional safety
activities in the motorcycle development process are shown

in extract form
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Hazard Analysis and
Risk Assessment
-» Safety goals

\

Technical
safety
concept

Functions requi

Implementation

SOP

Vehicle integratign

Verification

Trial
Functional safety concept

Testing

Safety-related development = red
Function development = blue
Other = black
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Injuries None Light Severe and Life-threatening
and life-threatening (survival uncertain),
moderate (survival probable) fatal

S: S3 => Life-threatening or fatal injuries ... crash barriers, oncoming traffic

Probability of exposure Incredible <1 % of 1-10 % of >10 % of
regarding duration in average average average
operational situations operation time operation time operation time

E: E4 - High probability

Ability of people at Controllable Simply Normally Difficult to
risk to avoid harm in general controllable controllable control or
uncontrollable

C: C2 => Normally controllable ... brake, declutch, emergency stop

FIGURE 6 Demonstration of severity (S-table), exposure (E-table) and controllability (C-table) for the
“undemanded acceleration” system malfunction

E-throttle-grip

Engine control unit

E-throttle function

Safety function

comfort features (gear changing assist-
ant, active suspension functions, etc.)
that have to be developed according to
the requirements of functional safety.
At the same time, the motorcycle indus-
try is starting to get involved in electric
mobility on the other hand. Functional
safety in relation to the development of
electric drives, recuperation and energy
storage plays a key role in safe products.
If a forecast for the future is derived
from safety-related passenger car sys-
tems, then all possible kinds of driver
assistance systems, connectivity topics
and airbag systems would be theoreti-
cally conceivable for use in motorcycles.
In future, many of these systems will
need to exchange data with databases or
systems outside of the vehicle. The dis-
semination of this “motorcycle to envi-
ronment” message via vehicle interfaces
is an additional challenge for the devel-
opment of future safety-related systems.
The revision of ISO 26262 for motorcy-
cles established the basis for a meaning-
ful and forward-looking standard. The

Functional safety concept

Result:
FIGURE 7 E-throttle system of BMW $1000 RR: the E-throttle function is Rotation angle E-throttle-grip = angle throttle valve — OK
monitored by the safety function which is implemented according to the or
functional safety concept described Rotation angle E-throttle-grip # angle throttle valve — not OK

10
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“Cloud”
Communication
vehicle/environment

E-throttle

Tire pressure
monitoring

Gear changing

Keyless

access system

W

assistant

S —

determination of motorcycle manufactur-
ers not to permit unacceptable risks for
the rider or the environment through
safety-related E/E systems means that
these systems will quickly become a key
element in the product development
process.
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Emergency
call
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Camera-Monitor System
as Mirror Replacement
in Commercial Vehicles

personal buildup for Force Motors Limited Library

The goal of the new camera-monitor system (CMS) developed by MAN
Truck & Bus is to ensure that the driver has an overview of the entire
vehicle and its surroundings at all times. The system replaces all exterior
mirrors by monitors which increases driving safety as the driver can see
what is happening around him more quickly and more accurately. At the
same time, omitting the exterior mirrors improves the drag coefficient,
thereby saving fuel and protecting the environment. Thus, the three core

topics in truck construction, namely safety, efficiency, and environmental

protection, are all enhanced in an innovative way.
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NEW CONCEPT

The R&D Department at MAN developed
this new concept for mirror replacement
systems in close cooperation with the
Institute of Ergonomics at the Technische
Universitdt Miinchen, presenting it for
the first time at the IJAA Commercial
Vehicles trade fair in 2014. The CMS
combines the exterior mirrors on the
driver’s and passenger’s sides into two
monitor images, thereby focusing the
driver’s attention, as he no longer has to
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constantly switch between several mir-
rors on each side. Professional drivers
are currently testing the system on pub-
lic roads in the German state of Bavaria.
Initial results are very positive.

TRUCK MIRRORS AND FUTURE
MIRROR REPLACEMENT SYSTEMS

Six mirrors are currently required for
commercial vehicles in the European
Union. These comprise the two main side
view mirrors (class II), the two wide-

angle side view mirrors (class IV), as well
as a close-proximity exterior mirror on
the passenger’s side (class V), and a front
view mirror (class VI), FIGURE 1 [1].
Currently, only class V and VI mirrors
may be replaced by camera-monitor sys-
tems, whereby class V mirrors must be
displayed permanently, while the front
area (class VI) only needs to be displayed
when driving straight on at a speed of up
to 10 km/h (6 mph). Discussions are cur-
rently being held at the European level
about approving mirror replacement sys-
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FIGURE 1 Field of vision classes for trucks

tems, based on the new draft of the
standard ISO FDIS 16505 [2]. A modified
UN-regulation No. 46 on indirect visibil-
ity is expected by 2016.

EYE AND COGNITION

In technical terms, the human eye as a
sensory organ is a dual system compris-
ing a high-resolution narrow-angle cam-
era and a wide-angle camera with poor
image quality [3]: the former is responsi-
ble for foveal (central) vision in a range
of approximately 2°, allowing sharp per-
ception of objects. Information in this
range is perceived and processed con-
sciously by the brain. The latter - also
known as peripheral vision - allows
extremely efficient perception of con-
trasts and movements, and is very sensi-
tive to light. A widespread change in
contrast (optical flow) perceived
throughout the entire retina is inter-
preted as movement. This harmonious
image flow does not trigger a saccade, a

FIGURE 2 Analysis of upper body and head movement
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fast movement of the eye. However, if an
object is moving relative to the main
optical flow direction, a saccade toward
that object is subconsciously triggered.
Then, as soon as the eyes are focused on
the object, it now lies in the foveal field
of vision and can be consciously per-
ceived and processed [3, 4, 5].

The peripheral detection of objects in
the exterior mirrors is greatly impaired
by the demands of the continuous opti-
cal flow. Therefore, the driver is respon-
sible for looking at the mirrors regularly
in order to discover environmental stim-
uli in time which would otherwise
escape his peripheral vision.

The capabilities of foveal and periph-
eral vision are already being tested as
part of the process of acquiring a truck
driver’s license [6]. This is because look-
ing in the mirror provides the truck driver
with relevant information on his own
vehicle’s position in relation to the other
road users and allows him to assess pend-
ing movement sequences.

DRIVER SURVEYS AND
TEST STUDIES

To provide the driver with an optimum
display of the objects in his indirect field
of vision, it is first necessary to analyse
how he interacts with his current mirror
system. Therefore, various studies were
conducted with professional truck drivers
under real traffic conditions. Here, both
the directions of view as well as the upper
body and head movements of the drivers
were recorded, FIGURE 2 [7, 8]. The results
provide detailed information about mirror
use in everyday and during specific driv-
ing situations. Main parameters included,
for example, the duration of glances into
the individual mirrors, glance duration
away from the main viewing direction
(eyes on the road), glance sequence, and
the frequency of glance changes. Along-
side these objective parameters, the driv-
ers were also asked how often they used
the mirrors. Together, subjective and
objective data allow for an optimum
design of new CMS.

First off, studies performed with con-
ventional mirrors show that the accept-
ance of current mirror systems among
drivers is very high. This is mainly due
to their familiarity of use.

However, results also indicate that
monitoring of all mirrors leads to long
eyes-off-the-road times, shown both in
preliminary studies with the digital
human model RAMSIS and the driving
studies described above, FIGURE 2. Rea-
sons include the time that is required per
fixation to recognise objects in a mirror,
and also the time to perform the head
and eye movements necessary to change
from one fixation point in a mirror to

personal buildup for Force Motors Limited Library



FIGURE 3 Eye tracking analysis: three glances into the mirrors (conventional system, left), one glance into

the monitor (KMS, right)

another. If, for example, the driver
checks all three mirrors on the passen-
ger’s side in succession, he must look
away from the road for at least two sec-
onds [9]. As a result, experienced drivers
have developed strategies that allow
them to monitor traffic conditions as
effectively as possible under these diffi-
cult conditions. The strategies are spe-
cific to both drivers and situations, and
are usually self-taught. However, even
with these strategies in place it is often
impossible for the driver to be aware of
all that is happening around the vehicle
in complex driving situations.

Thus, displaying only one intuitively
understandable image per vehicle side
can reduce the strain on the driver and

FIGURE 4 Integrating three side mirrors in one monitor
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significantly lessen the eyes-off-the-road
times, FIGURE 3.

DISPLAY CONCEPT

In conventional CMS solutions, each mir-
ror for side area monitoring of the vehicle
is shown on a separate display. MAN,
however, is investigating an innovative
display concept. In this concept, the
viewing areas of the main side view mir-
ror, the wide-angle side view mirror and
the close-proximity exterior mirror are
combined into a single continuous dis-
play, FIGURE 4. Now the driver has to
check only two monitors instead of five
mirrors. The operating principle can best
be explained using the example of an

aspherical mirror of the type frequently
used on automobiles: the image of the
main mirror field is displayed without
distortion on the monitor. On the outside
of this undistorted area, there is a com-
pressed area which represents the wide-
angle area. The close-proximity exterior
mirror area is displayed below these two
areas. Thus, all requirements of the ISO
FDIS 16505 standard with respect to mag-
nification factors are met.

In addition to the described standard
view presented to the driver in most driv-
ing situations, a manoeuvring view is also
implemented in the MAN CMS, which is
freely selectable by the driver when driv-
ing at low speed. In this view, the viewing
area for one side is displayed on the moni-
tor without distortions. The manoeuvring
view can be of great assistance to the
driver, for instance, in situations where the
semitrailer or trailer is at a tight angle when
manoeuvring, thereby masking the main
viewing area, FIGURE 5. The manoeuvring
view also provides the driver with a fast
and undistorted view of what is taking
place at the side of the vehicle.

In addition, when driving, an automatic
switch-over function from standard to
manoeuvring view was implemented for
a defined articulation angle between the
truck and semitrailer. If the driver
manoeuvres through a tight bend or
turns at a tight angle, the inner bend side
is shown in the manoeuvring view as
soon as the semitrailer masks the com-
plete area of the class II mirror. Using this
automatic switch-over function, the driver
is guaranteed to be shown the optimal
field of vision at all times.

INTEGRATION IN THE VEHICLE

Since the side of the truck and the visible
area behind it leading up to the horizon
must be captured and clearly presented
to the driver, the cameras should be
positioned as far at the front and as high
as possible, taking into account aerody-
namic criteria. This applies for both the
driver’s and passenger’s sides [10].
Monitor positioning is considered sep-
arately for the driver’s and passenger’s
sides: On the passenger’s side, the moni-
tor can be installed directly on the A-pil-
lar. This way, visibility is not impaired
by the system, but even greatly improved
in comparison with conventional mir-
rors. In addition, the position also
approximately corresponds to the usual
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mirror position, making it unnecessary
to change the direction of view when
looking at the monitor compared with
the mirrors, FIGURE 6.

However, due to age-related accommo-

dation difficulties (presbyopia), positioning

a monitor on the A-pillar on the driver’s
side can be unfavourable. Here, the eyes
would be too close to the display, which
might cause blurry vision particularly in
older drivers [11]. Hence, the MAN CMS is
positioned directly on the windshield,
thereby realising the maximum monitor
distance possible from the driver. The ver-
tical position of the monitor is defined so
that its bottom edge is slightly above the
horizon from the driver’s perspective and
therefore does not impair direct visibility.

SYSTEM BENEFITS

The intuitive layout of the image in the
CMS enables the driver to easily assess
objects in relation to his vehicle and to fol-
low these objects beyond the boundaries
set forth by the respective fields of vision
of each individual mirror. Information is
presented to the driver in a single continu-
ous image that he otherwise would have
had to assemble from three individual mir-
rors. This makes it easier for the driver to
perceive what is going on at the sides and
the rear of the vehicle, as less effort is
needed for perceiving, processing, and
integrating relevant information.

As another benefit, the driver no
longer has to decide in advance which of
the mirrors’ fields of vision he wishes to
check or in what order. He is provided
with a simultaneous and compact over-
view of all fields of vision on both sides,
thus significantly increasing his chances

(A SRR ASSISTANCE SYSTEMS

FIGURE 5 Manoeuvring view

of peripherally perceiving objects com-
pared with the conventional approach.

OUTLOOK

The MAN CMS prototype is currently
being tested in driving trials of about

45 min lengths. Like in preliminary stud-
ies, both the eye movements and head
movements of the truck driver are being
recorded while driving on a defined route
including freeway, highway, and urban
sections. Initial evaluations show that test
drivers quickly get used to the new sys-
tem. This familiarisation phase is meas-
ured by so-called blind glances towards
the no longer present left mirror. These
are still registered frequently at the begin-
ning of the test drives, but drop to zero
after a short while. The eyes-off-the-road

FIGURE 6 Improved direct visibility through a reduction in hidden areas
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times and head movements are also
reduced compared with the conventional
mirror system. Evaluation of the subjec-
tive data underlines the acceptance of the
camera-monitor system by the profes-
sional drivers: All test drivers stated in
the survey that they could imagine using
the system on a daily basis.

REFERENCES

[1]1 UN/ECE: Regelung Nr. 46 der Wirtschaftskom-
mission der Vereinten Nationen fur Europa (UN/
ECE) — Einheitliche Bedingungen fur die Genehmi-
gung von Einrichtungen fur indirekte Sicht und von
Kraftfahrzeugen hinsichtlich der Anbringung solcher
Einrichtungen. 2009

[2] ISO FDIS 16505 - Road Vehicles — Ergonomic
and Performance Aspects of Camera-Monitor Sys-
tems — Requirements and Test Procedures. 2014
[3] Hunziker, H.: Im Auge des Lesers — Foveale und
periphere Wahrnehmung - Vom Buchstabieren zur
Lesefreude. Zurich: Transmedia, 2006

[4] Remlinger, W.: Analyse von Sichteinschrankun-
gen im Fahrzeug. Minchen, Technische Universitét,
Dissertation, 2013

[5] Ansorge, U.; Leder, H.: Wahrnehmung und
Aufmerksamkeit. Wiesbaden: Verlag fur Sozialwis-
senschaften/Springer Fachmedien Wiesbaden
GmbH, 2011

[6]1 Fahrerlaubnis-Verordnung: Fahrerlaubnis-
Verordnung (FeV) zur Zulassung von Personen zum
StraBenverkehr. Anlage 6, 2010

[7] Zaindl, A.; Bengler, K.; Erber, T.; Zimmermann,
A.: Method to Analyze the Body Movement for the
Mirror View and Test Method to Verify the Simulated
Results. 2 Digital Human Modelling Conference,
Ann Arbor, USA, 2013

[8] Bengler, K.; Gotze, M.; Pfannmdiller, L.; Zaindl,
A.: To See or not to See — Innovative Display Technol-
ogies as Enablers for Ergonomic Cockpit Concepts.
Nurnberg, Electronic Displays Conference, 2015

[9] Rassl, R.: Ablenkungswirkung tertidrer Aufgaben
im Pkw — Systemergonomische Analyse und Prognose.
Munchen, Technische Universitat, Dissertation, 2004
[10] Fagerstrom, K.; Garlund, A.: Mirror Replace-
ment in Trucks. Gothenburg, University of Technol-
ogy, Master Thesis, 2012

[11] Baumeister, M.; Kohnen, T.: Akkommodation
und Presbyopie. Teil 1: Physiologie der Akkommo-
dation und Entwicklung der Presbyopie. In:

Der Ophthalmologe (2008), pp. 1059-1074

personal buildup for Force Motors Limited Library



Automotive
Acoustics Conference

3rd International ATZ Conference

23 and 24 June 2015
Zurich | Switzerland

personal buildup for Force Motors Limited Library

NVH
Vehicle and
Powertrain Development

LIGHTWEIGHT
Design & Material Technologies

TRENDS

Exterior Noise and
CO, Reduction

/Il SCIENTIFIC DIRECTOR

Dr. Davide Caprioli

Autoneum
11/ KINDLY SUPPORTED BY
ATZ live Phone +49 611 7878-131 PROGRAM AND REGISTRATION
Abraham-Lincoln-StraBe 46 Fax +49 611 7878-452 C
65189 Wiesbaden | Germany ATZlive@springer.com WWW. ATZ I I V e . C 0 m

ATZ 0512015 Volume 117




DEVELOPMENT COMMERCIAL VEHICLES

System Expertise and Lightweight Design —
Concept for a Twin Axle for Trucks

Using the example of a twin rear axle for heavy trucks, ZF demonstrated the potential in
commercial vehicle chassis for novel approaches in lightweight design. The advanced
engineering project combines overall system optimisation with detailed mass-reduction
approaches for the chassis system to achieve significant impact to vehicle performance.
Some of the researched solutions — such as a further mass-optimised four-point link

— are also transferable to other truck and passenger car applications.

18

personal buildup for Force Motors Limited Library



AUTHORS

Dipl.-Ing. Jens Heimann

is Project Manager in

the Department of Advanced
Engineering for Chassis/Overall
Vehicle at Corporate Research
and Development of the

ZF Friedrichshafen AG in
Friedrichshafen (Germany).

Dr. Ingolf Miiller

is Senior Consultant on Lightweight
Design & Project Manager in

the Department of Advanced
Engineering for Chassis/Overall
Vehicle at Corporate Research

and Development of the

ZF Friedrichshafen AG in
Friedrichshafen (Germany).

Dipl.-Ing. Friedhelm Langhorst

is Manager of CV Chassis

Modules Advanced Engineering in
the Commercial Vehicle Technology
Division of the ZF Friedrichshafen AG
in Dielingen (Germany).

Dipl.-Ing. Holger Bublies

is Manager of CV Chassis Modules
Product Development in the
Commercial Vehicle Technology
Division of the ZF Friedrichshafen AG
in Dielingen (Germany).

ATZ 0512015 Volume 117

INCREASING EFFICIENCY

In recent years, lightweight design for
truck applications has become increas-
ingly important. Although lightweight
design for increase of efficiency is already
well-established for passenger car applica-
tions, these considerations are just start-
ing to develop in the commercial vehicle
sector. In this process, goals and statutory
provisions regarding the reduction of car-
bon dioxide emissions have proven to be
drivers as significant as economic consid-
erations. With a view to the limitation of
total vehicle mass, a reduced system mass
would allow additional vehicle payload,
which, in turn, will significantly increase
cost-effectiveness via primary and second-
ary effects (for example fewer transports),
in particular for mass transportation
rather than volume transportation. In
such a way, the fuel consumption per ton
of transported cargo will be reduced.

Current approaches for lightweight
design comprise all functional areas of
trucks, from the engine to the driveline
and the body. Recent efforts have shown
that even the truck chassis accommodates
a huge potential for mass saving efforts. In
this context it is vital that an integrated
system approach is adopted which is based
on a holistic lightweight concept. Those
methodologies only guarantee that the
highest impact is achieved to the system in
terms of mass, functionality, and cost.

In an effort to demonstrate the potential
of a consistent and holistic lightweight
design strategy in truck chassis, ZF has
developed an innovative twin axle unit
for heavy trucks as part of an advanced
engineering project. The implementation
and combination of all single measures
results in a mass reduction by up to
950 lbs (430 kg) in comparison to a tradi-
tional reference vehicle. As an example of
an integrated lightweight design concept,
a cast axle body, an GFRP four-point link
as well as an optimised bolt connection
will be presented in more detail below.

LIGHTWEIGHT DESIGN AND
SYSTEM APPROACH

The different lightweight design
approaches are tightly interwoven. How-
ever, in public perception material light-
weight design is frequently recognised as
key approach in lightweighting. The focus
of this approach is the substitution of con-
ventional materials (in particular steel)

with alternative materials having high
specific properties (lightweight materials).
As increasingly acknowledged, the substi-
tution of materials must be supplemented
and supported by other lightweight
approaches, in particular conceptual light-
weight design (as integration of additional
functions) as well as geometric light-
weight design (as topology optimisation).

With a view to this insight, ZF pursues
a holistic lightweight approach with sys-
tematic consideration of all different
lightweight design strategies. In compre-
hensive potential analyses, new concepts
and methods for construction of com-
mercial vehicles and their components
are assessed, researched and explored in
detail, FIGURE 1.

LIGHTWEIGHT DESIGN
AXLE CONCEPT

The ZF lightweight design concept for
trucks is based on a twin axle unit. On
the example of the two axles the applied
approaches for functional integration
(conceptual lightweight design) will be
illustrated.

For the leading axle, the stabilisation for
the upper link level is implemented by a
lightweight four-point link. For the driven
rear axle, this integration occurs within
the lower link level by an optimised sta-
biliser link. Consequently, this concept
results in a significant mass reduction,
as the number of parts and connection
points are decreased. A fundamental deci-
sion of engineering design is introduced
by rotating the leading axle by 180° in
the axle arrangement. As a result, one of

Production Conditional
lightweight lightweight
design design

ZF lightweight

design
: ) Conceptual
Geometric strategies lightweight
lightweight design
design
Material

lightweight design

FIGURE 1 Holistic lightweight design approach with
a focus to material, concept, geometry, require-

ments and manufacturing strategies (according to
[11) which are often closely interrelated in practice
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Optimised installation space

FIGURE 2 Body of the leading axle made from high-strength hollow cast with integrated connection points
for the upper and lower link level as well as for the air spring module and steering actuator

the two conventional support beams
becomes expendable and the two are con-
nected to one central beam. However, to
ensure an ideal kinematic design, a manu-
facturing process with high geometric
flexibility must be selected for the body of
the leading axle. Subjected to this limita-
tion, a concept based on a hollow cast
structure is chosen which also optimises
stress distribution at maximum stiffness.
In the section of the axle junction, a struc-
ture is developed by this hollow cast con-
cept that provides very high torsional
strength in the brake load event while the
installation space and material use is
reduced at same time. The application of
this concept requires a high-strength cast-
ing material with improved mechanical
properties, which also delivers the
required flexibility for the geometric
design of the part. The main hole-like
openings in the lower link level act as a
feedthrough for the tension respectively
pressure links. In such a way, the optimal
kinematic length of these components is
achieved. By means of component integra-
tion, the axle features multiple connection
points for the upper and lower link level
as well as for the air spring module and
steering actuator.

A U-shaped recess clearance gains
additional installation space, which - in
combination with the four-point link -
creates the vertical clearance for the
drive shaft, FIGURE 2. For this purpose,
vertical stiffening ribs are added and the
axle body is shifted towards the front as
these actions will noticeably increase the
available vertical installation space.
Despite the minimal use of the vertical

20

installation space, the required stiffness
and strength of the axle body can be
obtained. As a result, the proposed con-
cept for the body of the leading axle
shows a significant advantage: a single-
piece drive shaft is facilitated between the
transmission and the driven axle. With a
view to the commonly applied multi-piece
drive shafts, an appropriate single-piece
component offers remarkable mass poten-
tial in a range up to 90 lbs (mid-double-
digit kilogram range). Apparently, this
may lead to significant cost savings. In
such a way, an integrated lightweight
design approach will not only result in a
mass reduction of the system, but may
additionally contribute to cost efficiency.

Another detail of the lightweight
design concept - lightweight support
brackets - is illustrated by FIGURE 3. As a
geometric lightweight approach, a load-
conforming positioning of the brackets is
performed in a way that a minimal
number of joining elements (for example
bolts or rivets) is required.

LIGHTWEIGHT DESIGN
FOUR-POINT LINKS

ZF’s four-point link combines three funda-
mental tasks for the truck chassis in one
single component: not only the longitudi-
nal and transverse axle guidance, but also
roll stabilisation. In addition, the installa-
tion of the four-point link increases vehicle
ground clearance. This is possible because
of its special geometry and elasto-kinemat-
ics with specifically defined torsional stiff-
ness. It provides high lateral stiffness for
axle guidance, as well as specific longitu-

FIGURE 3 Lightweight design in every detail was even
implemented successfully for the joints, here for a
support bracket on the chassis frame with a reduced
number of required joining elements (blue concept)

dinal compliance for better comfort behav-
iour. This integration of functions within
the four-point link allows omitting the
three-point link, the stabiliser, and other
chassis connection components. As a
result, a significant mass advantage is
achieved in the 100 lbs range (mid-double-
digit kilogram range) for the overall axle.

The current series version of the four-
point link, which is based on a heat-
treated, ductile, and high-strength ADI
(austempered ductile iron) cast, is further
developed for the presented lightweight
design axle concept. For this purpose, the
cast material is replaced by glass-fibre
reinforced plastics (GFRP). In such a way,
material substitution is combined with
conceptual lightweight design in terms of
functional integration. The impact of this
novel concept results in a mass reduction
from about 100 lbs (46 kg) for the ADI
version to less than 70 lbs (32 kg) for the
GFRP version, FIGURE 4.

In this context, ZF was able to compen-
sate for a design-related disadvantage of
the metal version of the four-point links:
the drawback originates from the fact that
the deformation capacity needed for the
kinematic and elasto-kinematic properties
is induced to a large extent within the
connection of the control arms via large-
volume rubber bearing components with
different radial stiffnesses. The lower
material stiffness of the GFRP compared
to ADI cast may lead to lower require-
ments for the deformation properties of
the bearings, which, in turn, may enhance
the fatigue life for these parts. For exam-
ple, a targeted selection of fibre angles in
the FRP composite component enables
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transferring a significant part of the defor-
mation capacity to the body of the four-
point link itself while allowing a simpler
and cheaper design when constructing the
rubber bearing components. Furthermore,
the kinematic properties of the body can
be adjusted within a wide range and,
thus, can be specially customised to the
requirements from certain vehicle manu-
facturers and to special vehicles.

The design of the fundamental concept
for the GFRP version of the four-point link
implements a differential construction
concept which is based on simple funda-
mental elements. In this so-called
H-design two beams are connected by a
tubular torsion body. The utilisation of a
closed torsion beam guarantees the com-
pensation of the reduced material stiff-
ness of the FRP component in comparison
to the ADI cast version having an open
torsional box. In such away, ZF succeeds
not only in utilising a lightweight mate-
rial with high specific properties, but also
in designing a four-point link with a new,
advantageous structural concept that ena-
bles both an efficient and clear load trans-
fer with reduction of multi-axiality (fibre-
conforming design). The selected concept
also demonstrates significant advantages
for the manufacturing process for volume
production due to the differential con-
struction method.

The single components can be fabri-
cated by use of appropriately modified
standard processes on an industrial scale

with a clear focus on cost efficiency. Fur-
thermore, specialised fibre-conforming
joining processes based on winding
methods were developed which do not
require the utilisation of any metallic
inserts. However, these processes ensure
a load-safe assembly and can be imple-
mented within a framework of highly-
automated production.

The currents design predominantly
employs glass fibres and a thermoset
matrix. Obviously, the distinct laminate
thickness appears to be a particular
challenge in this respect. Accordingly,
customised production environments
including resin chemistry and processing
parameters (for example process times)
are required in order to control exother-
mic reactions. Moreover, construction
and design of components are also
affected by this limitation.

The promising concept design of the
GFRP four-point link developed for the
lightweight rear axle may also be trans-
ferred to other applications - not neces-
sarily limited to the field of commercial
vehicles. The metallic four-point links,
which are currently in series production,
may be replaced on a medium-term view
by the new design, in order to take
advantage of the mass reduction and the
variable stiffness adjustment for the
vehicle manufacturers.

The mass of the lightweight four-point
link - and therefore the savings potential
by the lightweight design approach - ini-

L

37 kg
<32kg
Forged steel version ADI cast version FRP (GFRP) Optimised FRP
(austempered ductile iron) version (GFRP) version

o

Production lightweight design
Conceptual lighweight design

Geometric lightweight design

& W@

Material lightweight design
Conditional lightweight design

FIGURE 4 Applied ZF lightweight design strategies (according to FIGURE 1) exemplified by the four-point link

generations for truck rear axles
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tially appears relatively insignificant com-
pared to the total mass of a heavy truck.
However, the result has to be considered
within the context of the extensive mile-
age performance of current long-distance
commercial vehicles. With a total mileage
of more than 550,000 miles (900,000 km),
even a limited mass reduction will gain
additional payload and fuel savings which
quickly pile up to significant additional
revenue for the fleet owner - in particular
for those trucks operating in the bulk
material and liquids transport sector.

FOCUS ON CONDITIONAL
LIGHTWEIGHT DESIGN

One future topic for lightweight design
efforts at ZF Friedrichshafen AG will

have a particular focus to lightweight
approaches with a view to conditions and
requirements. In addition to extensively
assessing current requirements and speci-
fications, existing load spectra will be
refined while keeping the same level of
reliability and safety for the specific com-
ponent. Improvements in simulation and
validation methodology may widely
unveil additional lightweight design
potential that is currently still buried in
the “reserves” of the customer-specific
load profiles and safety factors. In partic-
ular, the huge uncertainties of the fatigue
load characteristic for components made
of fibre-reinforced plastics (FRP) carry
major potential as excessive safety factors
may be significantly reduced for future
designs. Due to the anisotropy of these
materials, the property profile relies not
only on the load cycle, but is also strongly
dependent on the load direction, the type
of loading, as well as interaction during
the load history. Furthermore, component
requirements may be further differenti-
ated into performance classes to reduce
over-design for a number of applications.
Current results suggest that the condi-
tional lightweight design will lead to
optimised and customised components
conforming to requirements and loads,
which, if applied intelligently, could
release significant potential in terms of
mass and cost efficiency.
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FIGURE 1 Nonlinearity can be described more accurately by adding specific measurement points using the COR design

CHANGING TEST AUTOMATION

The calibration of modern commercial
vehicle combustion engines places high
demands on the test bed environment,
the measurement devices used and
above all the methods implemented. In
recent years, DoE (Design of Experi-
ment) has proven to be a successful
process for handling the perpetually
growing number of variation parameters
on the one hand and for reducing the
required measurement times on the
other. Moreover, using test automation
makes it possible to take advantage of
off-peak hours such as operation at night
and on weekends [1]. COR DoE (Custom
Output Range DoE) described as follows
provides an effective extension to the
familiar concept and also takes into
account the target values when selecting
the combination of parameters to
measure.

CHALLENGES

To utilise the full potential of engines,
the quality of the model is extremely
important. The quality determines the
predictive accuracy of the true engine
behaviour and thus the applicability of
the optimisation results. Some response
values often present difficulties in this
case: As is known from combustion
simulations, particle emissions as well
as combustion stability or misfire rates
(in spark-ignition engines) are very
hard to predict. This is because of the
extremely nonlinear behaviour, which
is affected by a wide variety of forces at
work in the combustion chamber. The
true engine behaviour can only be
determined by engine measurements.
But this would significantly increase the
number of required test points [2].
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DoE designs are limited traditionally
to observing the range of variation, that
is on the calibration parameters [3]. The
actual development objectives, such as
emission behaviour, fuel consumption,
etc., are not yet taken into consideration
at this point. Familiarity with the unit
under test and/or the task in place dur-
ing DoE planning offers tremendous
potential [4].

The challenge is in planning a DoE
experiment in such a way that the gener-
ated models are sufficiently accurate
within the range of the optimum target to
be found. To do this, the range of varia-
tion selected must be sufficient so that the
optimum target, which is often at the
engine’s operability limits, is actually cov-
ered and can be identified. On the other
hand, the distribution of test points must
also be sufficiently compact. This is
essential for good modelling, particularly
in the case of the mentioned extremely
nonlinear response values like the Smoke
Number (SN) shown in FIGURE 1. SN is
often measured as a Filter Smoke
Number (FSN).

Through efficient test automation, it is
possible to analyse test data during the
test run and to adapt the test plans
online at the test bed accordingly [5].
The AVL Cameo software routines have
been used to meet these challenges. This

approach reduces the measurement
times while at the same time improving
the quality of modelling as well as sub-
sequent optimisation considerably.

ITERATIVE TEST PROCEDURES

Iterative test procedures have been in
use in engine development for some time
now. However, previously a certain
amount of experience and familiarity
was required on the part of the user to
set the parameters for these types of test
runs, and the quality of the results
strongly depended on this experience.

COR DoE is a method that aids the
application users in their work through
the use of models. This intelligent, adap-
tive test run procedure makes it possible
to specify the required targets for the
task using a clear parameter configura-
tion interface. For each of the engine’s
operating points, it is possible to provide
all measured quantities that are relevant
for subsequent modelling in the meas-
urement list and to define the required
target, FIGURE 2.

Models are developed through auto-
mation from the DoE initial design meas-
urement results for all required measur-
ing channels. New measurement candi-
dates are then selected within the
required and modeled measuring range.

“Variations | Actions | Special Parameters '|"Limits } Resp C Il |’ il M “Run Order
Measurements: ] S | i
No. Name Type M“?é:r'm’ C(:OhEnE:F Minimum Output Maximum Output
A
1 ST C) Mean 30 vl -infinite +infinite
2| NOX_EO Mezn 20 7] 0 250
PN Mean 30 ]
4| P_MX Mean k] ]
5| SM_VAL Mean 30 vl 1 3
6/ T3 Mean 3 ]
FIGURE 2 Setting the parameters from the target of the application task
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FIGURE 3 Example of extending the range of
variation using COR DoE

An improvement by COR DoE is the
flexible handling of the range of variation.
The algorithm automatically finds and
adapts the optimum range of variation by
increasing each individual variation
parameter incrementally as necessary, as
long as it appears useful for the particular
task. At the same time, unfavourable areas
are hidden and ignored going forward, and
the area of interest becomes the focus,
FIGURE 3. Each individual limit violation,
such as exceeding the maximum permissi-
ble values for the peak cylinder pressure,
exhaust gas temperature, etc., is also taken
into account at the same time during fur-
ther calculation of the candidates [6].

EXAMPLE OF USE

The DoE method has been established
and used on a regular basis in Daimler’s
truck engine development [7]. Usually
the so-called AdaptiveOnlineDoE Cameo
iProcedure is used on the engine test
bed, which offers effective methods for
online limit monitoring and limit han-
dling. This enables safe and fully auto-
mated measurement even in critical
operating ranges up to the operability
range limits. Alternatively, a two-stage
process developed by Daimler for meas-
uring limits and for the DoE test is avail-
able. During the first stage, the process
determines the entire mobile operating
range so that during the second stage it
can measure a DoE test planned within
the determined range [8]. In contrast,
COR DoE has the advantage of being able
to account for the target in addition to
the limits of the modeled quantities
through automation.
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So far, Daimler Trucks has dealt with
the challenge of correctly defining the
range of variation with D-optimal third
order designs and online monitoring of
limits for the exhaust gas lambda and
NO, emissions during screening. For
quantities available online, it is possible
to ensure that the test is restricted to the
relevant measurement range. In the case
of particle emissions there is no reliable,
online test signal proportional to the SN,
and therefore individual test runs need
to be repeated or supplemented
iteratively.

The effectiveness of the COR DoE has
been comparatively tested in a project.
For the comparison, a current heavy
duty engine was used, which features a
boost-pressure regulated air path, cooled
high-pressure exhaust gas recirculation
and a highly flexible common rail injec-
tion system with pressure booster. Four
variation quantities were studied at dif-
ferent stationary points: beginning of
main injection (BOI), rail pressure
(PRAIL), rail pressure amplification
parameters (NOP) and position of EGR
valve (S6EE). Response values: fuel con-
sumption (BEFF), NO, emissions
(MNOXP) and particle emissions or

smoke number (SN), taking into account
various engine limit values.

A series of experiments according to
the traditional DoE methodology was
measured as the basis. In this case, the
AdaptiveOnlineDoE strategy with ramp
adjustment and a D-optimal initial
design with 39 measuring points was
used. During the screening, the NO,
emissions were restricted to an area
width of 7 g/kWh. For the series of com-
parative tests using COR DoE, a central
composite design (face-centred CCD)
was used as the initial design and
extended by 15 COR points. Even this
series of experiments was carried out
with ramp adjustment, and screening
was limited to the same NO, range. As
the target Custom Output Region (COR),
a NO, area width of 5 g/kWh as well as
an upper limit for the SN was specified.

FIGURE 4 shows the initial design (blue
circles) resulting from the screening
process, which was supplemented by the
COR settings (green squares) obtained
from online modelling. At the start of
the COR phase in this example, the NO,
and SN models were insufficient for the
target, resulting in misses (green trian-
gles) - outside the NO, and SN limits,
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FIGURE 4 Supplementation of the initial design using COR DoE in the variation region
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FIGURE 5. With the continuation of the
experiment and iterative, automatic
improvement of the models, the target is
then hit correctly.

Models were developed from the
measured data of both series of experi-
ments, and then from the models of the
traditional DoE design experiment a
NO,/SN trade-off was calculated, taking
into account the engine limits within the
range of the optimum target. These set-
tings were measured as verification
points and used to analyse both models.
The Root Mean Squared Error (RMSE) of
the verification points not used for mod-
elling served as the criterion of quality.
In the mean across all the operating
points, the models from COR DoE show
a reduced RMSE compared to the tradi-
tional DoE, TABLE 1.

The comparison shows that, with
the same experimental work using
COR DoE, the model quality target is
improved. The method described inte-
grates seamlessly into existing tools and
processes at Daimler Trucks and is there-
fore useful without extra effort.

CONCLUSION

The trend is that the requirements for
calibrating modern commercial vehicle
engines are becoming more demanding.
This example demonstrates that it is pos-
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sible to combine DoE experience with
automated modelling. The process auto-
matically selects additional variation
points with which a configurable target
region is fully covered. High model qual-
ity is ensured while the experiment is
underway, particularly within the range
of the optimum target to be found. Using
the same number of test points, the
model quality is significantly improved
compared to the conventional process.
Alternatively, without changing the
model quality, the effort required for
measuring can be reduced. With the
process presented here, applying DoE
can be much more robust and more effi-
ciently designed, particularly in the case
of nonlinear response values.
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Compliance of an ACC System to
StV0 German Traffic Regulation

Assistance systems like Adaptive Cruise Control (ACC) help the driver during
his task keeping the distance. In this connection, the driver is even supported
by technology if he adjusts gap-in-time values that do not respect the conven-
tional thought of safety distance according to German StVO traffic regulation.
Based on examinations at TU Braunschweig, adjustments of gap-in-time values
of three ACC systems are scrutinised in consideration of StVO compliance and
ISO 26262 controllability.
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RIGHT FULFILMENT OF
THE DRIVING TASK

When talking about the compliance of
assistance systems according to the Ger-
man traffic regulations (StVO), the ques-
tion arise if there is a need to fulfil these
requirements. Anyway, these systems
assist the driver during the fulfilment of
his driving task, which he might handle
relating to the rules of conduct of this
regulation. Thus, the first task of an
assistance should be to thereby support
the driver.

According to the requirements of the
StVO regulation it can be assumed that
the traffic will go on without accidents
and the driver can control every traffic
situation. This assumption is based on
the fact that the StVO describes a redun-
dant and divers traffic system. Uncon-
trollable states can arise when the driver
does not respect these requirements and
when the assistance does not help him to
come back into a compliant system state.

Here, the emergency braking assistant
should be mentioned as an example.
This work will deal with the ACC in
detail. Three ACC systems 1, 2 and 3
from different OEMs were investigated.

EXAMINATION OF DISTANCE
PARAMETERS OF ACC SYSTEMS

Before the examination of the system
parameters can be started for an ACC
system, several relevant requirements
contained in the StVO are described,
which are conjoint to the distance
parameters of the ACC system. Literature

[6] describes a gap in time with the value
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of 1.8 s, which can be mentioned as con-
trollable, if the driver’s response time
does not expand one second.

In addition, if the driver uses smaller
gaps in time, he is forced by StVO regula-
tion to compensate his behaviour with
more attention [6]. Under these condi-
tions smaller gaps in time are possible.
Also it is mentioned that the gap in time
will never be lower than 0.8 s, because
this value identifies a hazard state with
the possibility to an accident [6].

With this information it is assumed
that the examined ACC systems will not
carry out a gap in time, which is lower
than 0.8 s, but it is possible that they
carry out gaps in time, which are less
than 1.8 s. According to [4, 7] the
required situation awareness is not pro-
vided by the driver. With this knowledge
all gaps in time below 1.8 s are rated as
not compliant to the StVO.

IDENTIFICATION
OF GAPS IN TIME

For the identification of relevant gaps in
time, different original manuals from
three car manufacturers are investigated.
The results are shown in TABLE 1. The two
manuals to ACC 1 and ACC 2 provide
data of gaps in time with more or less
detailed information about the concrete
values. If we look at ACC 1 there is only a
single gap in time value (1.8, represented
in bold type in TABLE 1) as well as data to
speed and related distance (ACC 2). As
ACC 1 had only one value, the other val-
ues had to be calculated/approximated.
The other values are approximated with a
polynomial function. ACC 3 gives no
information in the manual about the
exact gap in time values but makes men-
tion of five qualitative gaps in time.

The published gaps in time contain
values lower than 1.8 s. For this reason
the ACC 1 and ACC 2 must be rated as
not compliant to the StVO. Based on this
fact it is important to evaluate their con-
trollability. Therefore the gaps-in-time
values of ACC 1 are used, because there
are more values available. Its results can
later be transferred to the other systems.

CONTROLLABILITY EVALUATION

For the controllability evaluation it is
assumed that an expanded response
time [4] in fact of adaptation will not be
taken into account. Furthermore it is
assumed that a driver would response in
a non-expanded way, when he is not
assisted. Under this assumption the eval-
uation takes place under best-case
conditions.

If a critical traffic situation arises, it is
assumed that the only action, which can
be performed by the driver is an emer-
gency brake. This assumption can be
related to his driver education. To get an
idea, which braking values shall be used
for the controllability evaluation, braking
values are collected at the begin (Ref_01)
and at the end (Ref_02) of several driver
safety trainings, FIGURE 1. For the collec-
tion of the data a driving school vehicle
is used. The collected data are based on
225 participants. The gender balance
was 40 % female and 60 % male. The
median of the age was 19 years.

The measured braking values at the
beginning of the training (Ref_01),
FIGURE 2, reflect a naive driver and how
he reacts in the best-case of braking
(protected and almost real testing area).
All trails are performed at a speed of 40
km/h and on a specific place at the
training area, FIGURE 1. The results of the

ACC 1
(polynomially
approximated)

ACC 2 ACC 3
(calculated) (from the manual)

0.80 - Very small (n/a)
110 B0 i (nakee 1391 STl 0
1.30 - _
Gaps in time [s] i
aps in time [s 1.80 Mé%dﬁ'q/ahp?r;oaxkeiolg)at Middle (n/a)
520 Long, approx. 50 m at Long (n/a)

80 km/h (makes 2.25)

- Very long (n/a)

TABLE 1 Extracted gaps in time out of manufacturers manuals
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braking values in the driver safety train-
ing are shown in FIGURE 2. Also the
training effect is recognisable: At the end
of the training 50 % of all participants
can brake as well as test driver [1]. As a
naive driver is normally a not so well
educated driver, it should be paid atten-
tion to the training aspect during selec-
tion of test persons to perform a control-
lability evaluation.

After the braking values are all
entered, the controllability test should be
performed with the ACC 1 system in a
follow up traffic situation like this: The
vehicle in front gets the braking perform-
ance 8.4 m/s? and the vehicle in the back
6.7 m/s2. The ACC 1 system will support
the following driver with a minimum
response time of 500 ms [5] and with a
braking capability of 3.5 m/s2. The

response time of the driver in the
assisted vehicle can assumed with 1 s for
an unexpected braking of the vehicle in
front [6]. Due to the distance behaviour
mentioned in [3], the assumption of an
1-s gap in time is permissible.

Thus, a gap in time of 1.1 s can be
found. As the gaps in time are distrib-
uted not linear it is assumed that the
driver selects the gap in time in the aver-
age so that he follows the vehicle in front
with a distance of 1.3 s, which corre-
sponds roughly to his usual distance
behaviour [3].

Based on the fact that the driver in
front brakes with the assumed decelera-
tion and the following vehicle reacts as
assumed, FIGURE 3 shows that the con-
trollability of this ACC 1 system exists
only for the longest gap in time. Even at

RS

FIGURE 1 Braking area at the driver safety training
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FIGURE 2 Development of the deceleration rate at the beginning (Ref_01) and after completing (Ref_02)
the driver safety training (results based on own data collection)
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1.8 s a minimal collision cannot be sus-
pended. If this procedure is evaluated
like ISO 26262 the controllability classifi-
cation value must be set to C = 3 for all
gaps in time besides the longest, because
this is controllable. This classification
results from the choice of the decelera-
tion ability as a median.

50 % of the participants in this sce-
nario would cause an accident with the
vehicle in front. But this scenario would
be controllable if the braking values at
the end of the driver safety training
(Ref_02) were hypothesised. Indeed, this
does not justice to the naive driver and
shows that the input of a professional
test driver had led to a false positive
result in this scenario.

AVOIDANCE OF ADJUSTING TOO
SMALL GAP-IN-TIME VALUES

One will apply that the distance control
is under the responsibility of the driver,
because an ACC system only performs as
a comfort function of a assistance system
[2]. Basically, this is right. The question,
which arises in this context is, if the
driver can perform this responsibility
task. If the results in [3] are combined
with the models in [8], the following
statement can be made: According to the
lack of information, based on the manual
and the instrument cluster (bar graph
without decimal values) it should not be
assumed that the driver can perform this
task. The reason for this statement is
based on the fact that his not-compliant
StVO distance behaviour is positive
anchored. His behaviour can be changed
by negative experiences. Based on the
fact that this experience stays away the
driver feels assured in his behaviour
positively onwards because the ACC sys-
tem gives him gaps of time, which fit to
his behaviour.

CHANGING IN THE
CONTROLLABILITY WITH AND
WITHOUT THE ASSISTANCE

To get an idea of the controllability differ-
ences between assisted driving and driver
only, the controllability evaluation is done
under the same assumptions as the first
one. FIGURE 4 shows that the longest gap
in time exists without presence of assist-
ance exclusive of a collision.
Therefore, controllability with and

without assistance is identical. The differ-
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ing point is the height of collision speed,
which cannot be confused with the con-
trollability factor. Strictly speaking it has
an effect only on the severity factor (in
ISO 26262). It could be demonstrated why
it makes sense to orientate not at StVO
regulation specifications but at the speci-
fications, which result from the driver.
Consequently the system transfers the
driver from a measure of damages with
potentially high value to a lower one.

CONCLUSION

The article has shown the deficiencies in
the representation of the gap in time val-
ues of ACC systems in the manuals and
instrument clusters. It was also demon-
strated how to prevent false positive
results in the controllability evaluation.
For the distance parameters of the ACC
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the results show that neither the German
StVO regulation nor the controllability
for all gaps in time are given.

In spite of the identified problems and
after the controllability evaluation of
non-assistance, it can be demonstrated
why the ACC parameters are not con-
form to StVO regulation. Such a result
will arise only, when the driver find a
gap in time value in the ACC parameters,
which will be the same as his subjective
gap in time value. Only under these con-
ditions he will primally activate the
assistance system when he finds gap-in-
time values, which deliver a positive
feedback to him for his own behaviour.
Just at this point the ACC system is able
to reduce an accident from high severity
to a low measure of damages.

Due to the fact that the parameters of
the ACC system are not compliant to

StVO regulation it unfolds its protective
effect and thus reduce collision speed. If
the ACC system only supports StVO com-
pliant gaps in time, it could not realise
its potential.
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AIM Test Facility for Validating
Cooperative Functions

In the future, assistance systems will mainly run on
vehicle-to-vehicle and vehicle-to-infrastructure commu-
nication. But functions such as warnings about construc-
tion areas or status the display of traffic lights have to be
designed in a safe manner. Therefore, DLR developed

the new test facility Application Platform for Intelligent
Mobility (AIM): a route that is about 11 km long and which
is implemented into local public road network of city of
Braunschweig (Germany). IAV is one of the first users there.
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COOPERATIVE SAFETY FUNCTIONS

Vehicle manufacturers, suppliers and
research institutions are currently devel-
oping functions for exchanging standard-
ised messages between vehicles and traf-
fic infrastructure elements to avoid
crashes or reduce the severity of crashes.
Interaction between vehicles and infra-
structure is based on Wi-Fi hardware and
a communication protocol adapted to
vehicle-to-vehicle and vehicle-to-infra-
structure communication (V2X communi-
cation). The communication protocol has
been harmonised by the IEEE in the
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802.11p standard all over the world. In
Europe, the Car-to-Car Communication
Consortium has also defined application
messages necessary for communication.

Possible functions include, for exam-
ple, warnings about construction areas
or hazards or information on traffic light
status supporting the driver on reaching
green lights. In addition, in the future it
might also be the case that emergency
braking assistant prevents drivers from
running a red light.

These cooperative safety functions
place particular demands on new test

ATZ 0512015 Volume 117

FIGURE 1 Route of the AIM test facility and installed roadside units (RSU), marked in blue
(source: Open Street Maps, www.openstreetmaps.org)

infrastructures. Adequate testing of the
functions needs a test environment
embedded in flowing traffic, such as the
Application Platform for Intelligent
Mobility (AIM).

THE APPLICATION PLATFORM
FOR INTELLIGENT MOBILITY TEST
FACILITY

In the city of Braunschweig (Germany),
the German Aerospace Center (DLR)
operates a large-scale research facility
called Application Platform for Intelligent
Mobility (AIM) [1]. Together with an effi-
cient simulation infrastructure and a
large number of other vehicle laboratories
and test infrastructures, this also includes
a test facility for cooperative vehicle func-
tions based on V2X communication. In
July 2014, this test facility was opened for
research purposes in the field of traffic
research. Implemented in the public
road network, AIM stretches over 11 km
(6 miles) of length circular around the
city centre of Braunschweig.

The route includes among others two
highways, an emergency detour for the
A2 motorway and a road leading into the

city centre. Hence it carries high vol-
umes of traffic and it can be said to be of
major significance in the context of
transport. Altogether 35 traffic light sys-
tems are installed along the route,
equipped with so-called roadside units
(RSU) [2]; the term roadside ITS station
is a frequently used synonym.

The equipment level in the North-West-
ern part of the test route reflects a possi-
ble roll-out scenario. Here only major
intersections are equipped with RSUs:
Although communication with the infra-
structure takes place, it is not possible to
obtain a constant flow of information via
the traffic infrastructure. This constitutes
a great challenge particularly at the start
of a roll-out. In contrast, all traffic lights
in the South and East of the test route
have been fully equipped. Here it is possi-
ble, for example, to simulate a high-load
scenario that entails transferring particu-
larly large data volumes because of the
many communication partners involved.
FIGURE 1 shows the test route and the sta-
tions installed along it.

The individual sites of the test facility
are connected by Wi-Fi and linked into
the DLR IT infrastructure by ADSL at
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DEVELOPMENT SAFETY

selected points. This way, DLR can
remotely monitor the current state of the
test facility. New software and protocol
data can be imported into the system as
well.

RSUs receive continuous information
on the current status. Together with
other traffic-relevant information (for
example intersection topology) the status
can be transferred via V2X communica-
tion, FIGURE 2. Additional information
can also be transmitted at any time in
standardised message formats as defined
by ETSI/CEN and in the German project
SimTD [3]. In this national project, a pro-
prietary communication protocol was
defined that represents the basis of
standardisation done by the European
standardisation bodies ETSI and CEN.
Moreover, proprietary messages can also
be defined and used in the test facility.

AIM TEST FACILITY AS EMITTER
OF V2X MESSAGES

Current cooperation between IAV and
DLR focuses in particular on the traffic
light systems equipped with IEEE
802.11p communication units. These are
capable of sending the following V2X
messages:

- topology of an intersection (Topo)

- signal phases and timing (SPAT) of a
traffic light system located at the
intersection

- relevant messages related to the sur-
rounding of a vehicle (decentralised
environmental notification messages,
DENM).
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FIGURE 2 V2X transmission and receiver units in the AIM test facility, also called RSU

The Topo information is defined for
every equipped intersection and is com-
paratively static. The dynamic contents
of the SPAT messages are defined mainly
by the switching algorithm of the traffic
light system. Adjusting the duration of
the red, amber and green phases can be
static by controlling the fixed times, or
dynamic based on an algorithm, for
example depending on traffic density
(traffic-dependent control). Both control
variations are available in the AIM
framework.

SCENARIOS FOR TRAFFIC
LIGHT SYSTEMS IN THE AIM
TEST FACILITY

Only as an exception to the rule it is
allowed to intervene with traffic. The
person in charge of the AIM test facility
needs to apply for a special permission
with the City of Braunschweig. For
example, without a permission it is not
possible for existing traffic signal plans
to be changed for test purposes. How-
ever, the V2X messages on the test route
may be adapted as required, so that the
SPAT and Topo contents of studies may
differ from the physically apparent
attributes of a traffic light junction. This
way, users of the AIM test facility such
as OEMs and suppliers involved in devel-
oping the V2X hardware and functions
can either use the real-life traffic light
signals and intersection topologies in
form of SPAT and Topo for their test sce-
narios, or specify their own traffic sce-
narios. The latter may contain any

number of complex, physically non-
existent intersection topologies and traf-
fic light configurations that are encapsu-
lated in SPAT and Topo. For example,
V2X messages from public transport
vehicles with special or priority rights
may be simulated.

In addition to SPAT and Topo, traffic
lights within the AIM test facility can
also send DENMs. Scenarios that simu-
late safety-critical incidents (for example
a crash or break-down of another vehi-
cle) in the surrounding of a vehicle can
be implemented. The complexity and
depth of a specific application can be
configured in a flexible manner offering
a high variability for integrated simu-
lated infrastructure-based scenario com-
ponents. If this process reaches its limits,
AIM also offers the alternative possibility
of reverting to simulation-based environ-
ments or a mobile traffic light module for
use on testing grounds.

FUNCTION SPECIFICATION
IN THE RECEIVER

For validation of the safety functions,
these have to be specified precisely so as
not to allow any undefined function
state. Therefore, the function specifica-
tion has to consider the greatest possible
number of applications and external
influences on the system.

Journeys on the AIM test facility while
specifying the functions help collecting
information about environmental influ-
ences on V2X-based functions. Rain,
snow and leaves can impair the range of
the radio signals or be detrimental to sat-
ellite-based geolocation.

FIGURE 3 shows the influence of faulty
direction sensing on the safety function
“Warning of red light violation”. The ego
vehicle is within the reception range r of
the SPAT message sent by the traffic
light. But the deviation from the actual
direction is too large, so that the rele-
vance cone specified by the opening
angle « does not include the traffic light.
As a result, the system fails to detect the
critical area and the desired safety effect
of potentially warning the driver is not
diminished. This means that either the
safety function has to be adjusted or
more reliable geolocation is required, for
example, by using vehicle distance and
direction as well (dead reckoning).

The information gathered on journeys
through the AIM test facility can subse-
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quently be evaluated, prioritised and

used, as not all situations are relevant for

all safety functions. Consequences can

include displaying warnings about haz-

ardous areas, for example, with the fol-

lowing information:

- point in time (time or distance to the
incident)

- duration of the display

- updating interval

- level of detail of the information

- priority when several incidents are rel-
evant at the same time.

TESTING COOPERATIVE
SAFETY FUNCTIONS IN THE
AIM TEST FACILITY

The AIM test facility can be used for var-
ious applications in the test and valida-
tion process. The following features a
few applications as examples such as
sensitivity analyses, calibrations and ref-
erence journeys.

Sensitivity analyses: The calibration of
cooperative safety systems entails know-
ing the relevant influencing parameter.
This includes, for example, possible
ranges depending on weather, traffic vol-
ume, roadside structures or the number
of active network nodes. In order to per-
form the analyses, a catalogue of criteria
is defined and a certain route selected
within the test facility. The relevant data
are then acquired.

Calibrations: Vehicle functions are
often developed with a higher degree of
freedom that are defined for a specific
vehicle in the calibration process. Cali-
bration can be carried out within the test
facility by driving along a defined cali-

bration route. It is thus possible to com-
pare the behaviour of the cooperative
safety functions in the development
vehicle with a reference vehicle. Another
option is to administer calibration based
on expert knowledge.

Reference journeys: Reproducibility of
behaviour is an important criterion for
the quality of safety functions. Repro-
ducibility is usually validated inter alia
by defining reference routes and driving
along them with the development vehi-
cle. For the specific calibration case, a
fixed route can be defined within the test
facility and driven repeatedly under
defined conditions. The journeys can be
evaluated using data from the vehicle
and from the test facility.

Ensuring the accurate operation of
safety functions in all traffic situations
requires a lot of effort with regard to
planning, setting up, conducting and
evaluating tests. Providing the stand-
ardised function for sending V2X mes-
sages in AIM, only reception and safety
functions have to be tested in the test
vehicle. This way, the time invested in
setting up the test infrastructure is sig-
nificantly reduced.

OUTLOOK

The AIM test facility is being maintained
by DLR for the purpose of extensive
research. The DLR uses its facility for a
wide range of research projects including
their own research as well as govern-
ment funded projects or industry funded
projects. The large-scale research facility
is constantly improved and new features
are implemented in order to keep pace

FIGURE 3 The ego vehicle fails to detect a
hazard area (traffic light) by mistake
because of incorrect direction determination
in the relevance cone with reception range r
and opening angle a
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with state-of-the-art engineering and to
fulfil the research needs of the DLR and
its partners.

The cooperation between IAV and DLR
described here illustrates the effective
collaboration of a research institution in
supporting the industry with the roll-out
of cooperative functions. In particular,
testing and validating cooperative safety
functions has a high priority and testing
these functions within a suitable test
infrastructure is an essential prerequisite
before introducing new technologies.
The launch of the AIM test facility and
its integration in IAV’s test environment
for cooperative safety functions fulfils
the requirements for the needed infra-
structural test site.
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RESEARCH SOFTWARE

Automatic Metamodelling of CAE Simulation Models

There are many applications for CAE simulation models in the automotive industry. Simulations are
usually less expensive and faster than conducting the real experiment, but still in some applications
the simulation run times exceed several days. If the CAE simulation models could be replaced by
metamodels, then a drastic runtime reduction would be achieved. divis intelligent solutions has
developed reliable metamodels of CAE simulation models within a FAT research project.
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MOTIVATION

METAMODELLING

BENCHMARKS WITH AUTOMOTIVE DATA SETS
EMPIRICAL ANALYSIS OF MODEL SELECTION CRITERIA
SUMMARY
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1 MOTIVATION

CAE simulations used in the automotive industry may have long
runtimes, for example simulations of crash tests run for several
days. If it is possible to replace a simulation run with a metamodel,
then the runtime could be reduced drastically. This motivated the
research project “Development of methods for reliable metamod-
elling of CAE simulation models” initiated by the FAT. Two aspects
of the research project will be presented in this article. Firstly,
benchmarks of modelling methods were conducted on real auto-
motive data sets. Secondly, several model selection criteria were
compared through an empirical analysis. Before we present the
results, we introduce the concepts of metamodelling and its
terminology.

2 METAMODELLING

A metamodel is a mathematical approximation model that should
replace a time-consuming CAE simulation. Metamodels are
learned with data stemming from simulation runs. After a meta-
model is created successfully it can be used to predict the results
of a simulation. The quality of a metamodel is derived from pre-
diction errors. The so-called generalisation error measures how
well a metamodel predicts all possible observations. In applica-
tions, the generalisation model can only be approximated, because
the output is not known for all possible observations. However, the
so-called training error can be calculated. It is the prediction error
that the metamodel makes on the learning data set. Exclusively
minimising the training error can yield a model that performs badly
for new observations, thus having a bad generalisation error. This
situation is called overfitting and should be avoided.

There are a lot of metamodelling techniques in the field of super-
vised learning, an overview with introduction to machine learning
is given in [1, 21. For our benchmarking experiments we used the
techniques which are implemented in the software ClearVu Ana-
lytics. They cover the range from relatively simple methods like
linear models to more complex ones like Support Vector Machine
(SVM). The complete list is: Linear Models, Decision Trees (CART)
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[31, Random Forests [4], Fuzzy Models [5-9], Neural Networks
[10, 111, SVM [12, 13], Kernel Quantile Regression (KQR) [14],
Partial Least Squares Regression (PLSR) [15], Principal Compo-
nent Regression (PCR) [15] and Gaussian Processes [16].

Metamodelling methods share the common feature that their
fitting behaviour can be controlled by a set of parameters. The
parameters have to be adjusted to the data set at hand. Doing this
manually is a time-consuming task and can be replaced by an
automatic model optimisation. As described before, only minimis-
ing the training error may lead to overfitting. So, in order to con-
duct a model optimisation we need a selection criterion to choose
amongst fitted metamodels the one that yields the lowest gene-
ralisation error. There are two approaches for model selection cri-
teria. One is a parametric approach derived by the analysis of lin-
ear models, the other non-parametric approach is cross-validation
(CV) which uses validation data sets retained during the learning
process.

CV is applicable to arbitrary modelling methods, and neither any
assumptions have to be made, nor any knowledge about the inter-
nals of the modelling method is needed. With a k-fold cross-vali-
dation the learning data set is partitioned into k preferably equally
sized parts, with 1 <k < n. Each of the k partitions serves as a
validation data set for a model that is fitted on the union of the
remaining (k — 1) partitions. So, in CV modelling takes place k
times. Then error measures can be calculated based on the pre-
dictions and the true output values of the validation sets. Since
the validation data was not seen during the learning process, error
measures derived from CV are better estimates for the generalisa-
tion error than the training error. Concerning the choice of k, a
good compromise is k= 10, an empiric analysis [17] even showed
that CV with k= 10 estimates the generalisation error better than
leave-one-out (k = n).

The parametric model selection criteria were developed for lin-
ear models. Their calculation is based on measures derived from
a fitted model. In detail, they are the residual sum of squares
(RSS), that is to say the quadratic prediction error made on the
training data set, and the degrees of freedom (DF) which is a com-
plexity measure for linear models. The Akaike Information Crite-
rion (AIC) [18] is defined as

Eq.1 AIC := 2 - DF + n - log(RSS/n)

the Bayesian Information Criterion (BIC) [19] as

Eq.2 BIC := n - log(RSS/n) + DF - log(n)

and the Generalised Cross Validation (GCV) [20] as

Eq.3 GCV := (RSS/n)/(n - DF)?

In order to apply these three model selection criteria to other mod-
elling techniques than linear models, their DF values have to be
known, respectively a complexity measure for arbitrary modelling
techniques equivalent to DF has to be used. Ye [21] developed
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such a complexity measure, called generalised degrees of freedom
(GDF) which is defined for a fitted model M as

n o QE})
Eq. 4 GDF(M) = ZH 6—yy

The sum over the partial derivatives measures the sensitivity of the
expected value of a prediction E[] in terms of an original output y;.
Application of GDF to linear models yields the same value as DF. To
calculate the partial derivatives, [21] uses a Monte-Carlo approach.
In the following they are calculated numerically with a two sided
variation. Thus (2 - n) models have to be fitted to calculate GDF.

The software tool ClearVu Analytics offers automatic model opti-
misation. It uses 10-fold CV as model selection criterion to deter-
mine the best parameter set for any of the modelling technique.
Furthermore, we compare the best models found by each model-
ling techniques to determine a best model. For this purpose we
conduct nonparametric statistical tests on the prediction errors
from the 10-fold CV to find significant differences between the
best parameterised metamodels. The optimisation is conducted
by an Evolution Strategy [22, 23].

3 BENCHMARKS WITH AUTOMOTIVE DATA SETS

The FAT provided 41 data sets, TABLE 1. The data is mostly derived
from crash simulations. In order to avoid giving away internal
knowledge of the automotive companies involved, the names of
input and output variables were anonymised. In total there are 861
output variables, all of them real valued, for which a metamodel
has to be fitted. The size of the data sets ranges from 36 to 708
regarding the number of observations and the amount of input
variables varies between 5 and 142.

An automated model optimisation with the software ClearVu
Analytics was conducted for each of the 861 output variables. To
summarise the metamodel quality over all data sets, the correla-

Company Data set count Output variable count
Behr 2 13

Bosch 1 67

Ford 21 645

Opel 9 55

Porsche 6 55

TRW 1 19

ZF 1 7

TABLE 1 Overview of the delivered data sets

tion between the true output value and the predicted value is used.
A correlation value greater than 0.95 indicates a very good model,
for a correlation value greater than 0.9 the model can be consid-
ered good and the quality of a model with a correlation value
greater than 0.8 is still acceptable. According to this classification
455 out of 861 output variables were modelled very well. Further-
more, for 88 output variables good metamodels and for 116 out-
put variables acceptable metamodels were found. FIGURE 1 shows
a graphical summary of these results. FIGURE 1 (right) shows which
modelling method yielded the best metamodel. Despite its rela-
tively simple structure generalised linear models are the best mod-
elling method on the automotive data sets. In almost 200 cases
decision trees and SVM prevailed.

That leaves 202 out of 861 output variables where no suitable
metamodel could be found by automated model optimisation. For
those output variables the metamodels could be enhanced by
enlarging the amount of observations or by variable transforma-
tions. As an example for a very good metamodel, a screenshot of
ClearVu Analytics shows the validation scatter plot of the meta-
model, FIGURE 2. A scatter plot visualises the metamodel quality
by plotting the true output values against the predicted values.
With a perfect metamodel all points would be located on the
bisecting line.

Histogram of correlation values
of the best models

Histogram of the best modelling methods
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4 EMPIRICAL ANALYSIS OF
MODEL SELECTION CRITERIA

For model optimisation different selection criteria can be used.
Chapter 3 introduced the model selection criteria CV, AIC, BIC and
GCV. An empirical examination shall show which of these criteria
leads to well generalising models. As mentioned in the previous
chapter, the calculation of the generalisation error is not possible
except for constructed examples. To estimate the generalisation
error reasonably well a huge amount of data is required. Neither
the data provided by the team members nor the data from the UCI
machine learning repository [24] is available to such an extent.
Therefore, test functions of the black box optimisation are used
to generate datasets. These are particularly the functions Katsu-
ura, Rastrigin and Rosenbrock as used for the Blackbox Optimisa-
tion Benchmark (BBOB) [25]. They are nonlinear and except for
Rosenbrock have many local optima. This is advantageous for this
experiment because a dataset which is difficult to model is likely
to show an extensive Pareto front between complexity and train-
ing error during the model optimisation. From this Pareto front the
selection criteria can select a model. The test functions are used
with two input variables from the design space [-5, 51x[-5, 51.
The validation data set for estimating the generalisation error is
given on a grid with a distance of 0.01 in the design space by
evaluations of the test function. So the validation dataset contains
more than one million observations. A learning dataset of one hun-
dred random observations is drawn from of this dataset. With this
learning dataset five model optimisation runs are performed for
each model selection criterion. The created models are applied on
the validation dataset and the resulting prediction error is used as
an estimator for the generalisation error of the model.

For the evaluation the generalisation errors of the specific model
selection criteria are examined pairwise with a non-parametric test,
the Student-t test, to find significant differences. In case of a signifi-
cant difference the model selection criteria showing the lower gen-
eralisation error wins, otherwise the comparison is evaluated as unde-
cided. This approach is run with 30 different learning datasets for
the modelling methods support vector machine, linear models, deci-
sion tree and neural networks. The choice of the modelling methods
is motivated by their good performance on the automotive data sets.

For each test function and each modelling method a model
selection criterion competes with three other model selection cri-
teria in 30 runs, so it may reach at most 90 wins. The win count
is presented in TABLE 2. The cases, where only a few wins were
counted due to few significant differences, that is neural networks
with all test functions and SVM with test function Katsuura, do
not designate a superior model selection criterion. However, in the
remaining eight scenarios ten-fold CV is the best model selection
criterion. In five of these eight cases CV clearly wins. From these
results we conclude that ten-fold CV should be used as model
selection criterion during model optimisation.

5 SUMMARY

One aspect of the research project is to benchmark metamodel-
ling methods on real automotive data sets. 41 data sets with 861
output variables were provided by the members of the FAT group.
The automatic metamodelling approach of ClearVu Analytics
yielded for 659 out of 861 output variables acceptable metamod-
els, for 455 of them even very good ones.
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FIGURE 2 Screenshot of ClearVu Analytics showing the scatter plot of a very
good metamodel

Another aspect of the research project is the evaluation of sev-
eral model selection criteria. For this purpose an empirical analy-
sis on constructed data sets was conducted to identify the model
selection criterion which generalises best. For some of the criteria
a complexity measure for arbitrary modelling methods is needed
and GDF is identified and is implemented as a plausible complex-
ity measure. Ten-fold CV is superior to the criteria AIC, BIC and
GCV according to our comparison.
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Vibrations in All-wheel Drives

The charging of internal combustion engines leads to a higher rotational irregularity of the
torque output. This nonuniformity can stimulate the downstream drivetrain vibrations. This is,
particularly rotational oscillations have been found to be relevant to the acoustic behaviour
inside the vehicle. Now at FEV, the resulting from the interconnection of front and rear drive-
lines all-wheel drivetrain was tested for its vibrational properties for rotary stimulation.
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MOTIVATION

VARIANTS OF THE ALL-WHEEL DRIVE

CALCULATIONS OF DRIVETRAIN VIBRATIONS

PARAMETER VARIATIONS OF THE ROTATIONAL DRIVETRAIN
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SUMMARY

1 MOTIVATION

The trend of high-load downsizing to reduce CO, emissions from
car engines could prevail against the high-speed downsizing in
recent years. As high-load downsizing is achieved by supercharg-
ing the engine‘s load change, the resulting torque fluctuation is
changed. Especially in lower speed ranges an increase of the
engine’s rotational irregularities can be observed, which may excite
the driveline and cause NVH issues [1-4]. As a combination of
front- and rear-wheel drivetrains, the all-wheel drivetrain is more
complex concerning rotational vibrations. This can be explained
by the increased rotational degrees of freedom.

The aim of this work is to investigate a four-wheel drivetrain with
a four-cylinder diesel engine , which is mounted longitudinally in
the front of a vehicle in terms of its vibrational properties with
rotatory stimulation. With the application of a virtual holistic
approach the effects of rotational irregularities at the crankshaft
on the vehicle interior are calculated additionaly. For this purpose,
a full vehicle model is created with the usage of a three-dimen-
sional multi-body simulation programme and coupled with a vibro-
acoustic transfer path synthesis. In addition to the virtual tests,
the vehicle is measured on a test track for the calculated operat-
ing points. The measurement results are used to validate the vir-
tual model. By comparing the real interior noise measures (which
include all real excitation mechanisms in driving mode) with the
calculated interior measures, the share of noise and vibrations
inside the vehicle which are caused by rotational irregularities are
presented. By varying the parameters of the rotating components
in the calculation model, factors and trade-offs can be identified
in the design of the examined four-wheel drivetrain.
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2 VARIANTS OF THE ALL-WHEEL DRIVE

Mass produced passenger cars that use all-wheel drivetrains with
mechanical coupling of both driving axles can be divided into two
groups. Based on the basic drivetrain one can distinguish between
front and rear drive-based all-wheel drive. The permanent torque-
transmitting base drive is supplemented by an additional drive to
the second axle. The mechanical coupling of the partial drivetrains
is usually realised by an all-wheel transmission. Adjustable
clutches are often used in addition to influence the power distri-
bution between the two driving axles. The investigated powertrain
in this article is a rear drive-based all-wheel drivetrain with longi-
tudinal front-engine and fixed drive to the rear axle. With an all-
wheel transmission after the main transmission, the front part of
the drivetrain can be switched in by closing the clutch in the all-
wheel transmission, so that the power flow is divided in two paral-
lel paths to the front and rear axle. The ratio of the all-wheel trans-
mission is 1.0 to both axles. Front and rear differential have the
same ratio. The use of identical tyre dimensions on both axles
result in a symmetrical all-wheel drive, which does not wind up
while driving without load and without wheel spin on road. The
resulting static torque distribution between front and rear axle is
50 : 50.

3 CALCULATIONS OF DRIVETRAIN VIBRATIONS

3.1 PROCEDURE

For an evaluation of rotational induced drivetrain oscillations and
its impact on the vehicle’s interior noise and vibrations, a holistic
virtual approach is used. A multi body simulation (MBS) model is
built up, which can be expanded with other software tools in a co-
simulation, if necessary. For the calculation of the drivetrain vibra-
tions a 3D full vehicle model is designed with a rigid body in multi-
body simulation software. Besides the drivetrain, the chassis is
modelled with subframe and all existing rubber and hydraulic bear-
ings. The calculation is performed on the basis of the cylinder
internal pressure via the drivetrain and its connection points to
the vehicle interior.

For the frequency range below 30 Hz, the calculation was per-
formed with an impulsive excitation. Below 30 Hz, the examined
body structure proves to be almost rigid in the vehicle longitudinal
direction (x-direction), so that the acceleration at the driver’s seat
rail in x-direction is determined directly in the MBS model. Above
30 Hz this is not the case. The consideration of the body proper-
ties is mandatory, which is why the MBS model is extended by a
transfer path analysis. The body properties are determined by the
transfer path analysis tool FEV-VINS (Vehicle Interior Noise Simu-
lation) [5-71 on the actual vehicle. For determining the interior
noise shares the transfer path functions are combined with the
results of the multi body simulation. The calculated internal meas-
ures are the airborne sound at driver’s ear and vibrations in the
vehicle vertical direction at the forward end of the outer driver’s
seat rail. For both, the calculation of the interior noise shares and
the interior vibrations the transfer path functions of all existing
structure borne noise coupling points between powertrain, chas-
sis and body are used.

For the frequency range of 30 to 200 Hz, the vibration calcula-
tion is based on a periodic excitation. To determine the isolated
noise and vibration shares which are induced by rotational irregu-
larities, dynamic torque fluctuations at the crankshaft are used for
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the excitation of the drivetrain. FIGURE 1 shows the procedure for
the case of periodic excitation.

3.2 EXCITATION AND OPERATING POINTS

For the examination of the frequency range below 30 Hz pulse the
necessary impulsive engine torque was determined in road tests
and is shown in FIGURE 2 (left). Coming from coasting operation a
sudden load change into full load at 1250 rpm in second gear is
performed. The frequency range between 30 and 200 Hz is exam-
ined by a periodic excitation. For this the excitation of combustion
and crankshaft mass forces is used. A speed sweep from 1000
rpm to 4000 rpm in full load conditions is calculated in sixth gear.
In a first step, the cylinder pressures are determined in quasi-static
operating points using engine bench tests of an identical engine.
The measurements are carried out between 1000 and 4000 rpm
with a speed increment of 250 rpm and summarised in a cylinder
pressure map. The cylinder pressure is then calculated by the
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to interior noise shares and vibrations in the
passenger

crank mechanism properties (mass and geometry) to a map of the
dynamic crank shaft torque which is used as an excitation in the
MBS model. Between the measured engine speeds a linear inter-
polation is performed within the MBS model. FIGURE 3 shows the
dynamic torque at the crankshaft via a working cycle in full load
conditions at 2000 rpm after combining gas and mass forces.
Between two firings, the dynamic torque lowers to negative torque
values and has a maximum torque difference of about 1800 Nm.

3.3 RESULTS

The investigations of the drivetrain are carried out using modal
analysis and running mode analysis. Based on the solution of the
eigenvalue problem of the homogeneous differential equation,
the eigenvalues and eigenvectors of the vibration system are
determined. By applying the principle of superposition and the
representation of the eigenmodes an easier inspection of the lin-
ear differential equation system is possible. The evaluation of
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the modal analysis for the frequency range of 1 to 200 Hz shows
a higher modal density at the all-wheel drive with eleven rota-
tional eigenmodes as the front-wheel drive with seven or rear-
wheel drive with six rotational eigenmodes. In particular, the
occurring eigenmodes do not correspond to a superposition of
the individual powertrains. On the other hand the running mode
analysis is the particular solution of the inhomogeneous differ-
ential equation, which can be defined by considering the external
constraint forces. In this case, the external constraint forces in
the two investigated operating points are the described “impul-
sive” and “periodic” excitation.

The dynamic torque to the cardan shafts to the front and rear axle
are used for the model validation and as drivetrain internal evalua-
tion measures. FIGURE 2 (right) shows the resulting engine speed
during the operating point with impulsive excitation. FIGURE 4 shows
the calculated torque fluctuation of the two cardan shafts during
this driving manoeuvre (diagrams on the left and in the centre)
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and the acceleration on the driver’s seat rail in vehicle longitudi-
nal direction (right). The engine speed, the torque fluctuation of
the both cardan shafts, and the acceleration inside the car oscil-
late in phase with a frequency of 3.5 Hz and can be observed in
the measurement and calculation results. Unlike expected from
the ratios, the resulting torque distribution between two drive axles
is not 50 : 50. This can be attributed to the fact that the drivetrain
to the rear axle with respect to the drivetrain to the front axle has
a higher rotational stiffness by a factor of two. FIGURE 5 shows the
results of the modal analysis of the rotating drivetrain. The vibra-
tion at 3.5 Hz can be attributed to a global rotational eigenmode
of the drivetrain. The entire drivetrain oscillates in phase and is
tightly clamped at one end by the tyre-road contact, FIGURE 5 (left).
The state of vibration in the passenger compartment can be deter-
mined directly in the MBS model, despite the use of a rigid body
structure, FIGURE 4 (right). The body turns out to be approximately
rigid in this direction below 30 Hz.
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FIGURE 6 shows the order analysis of the cardan shaft torque
fluctuation in firing order after periodic excitation. Clearly visible
is the maximum dynamic torque fluctuation at 1150 rpm (38.3 Hz
in the second engine order) on both cardan shafts, whereas the
amplitude of the cardan shaft torque fluctuation to the rear axle
is higher. Despite a static torque split of 50 : 50 between the two
drive axles, both parts of the driveline have different torque fluc-
tuation amplitudes because of the different rotational stiffness of
both parts. The amplitude maximum at 1150 rpm can be attrib-
uted to a concatenation of different powertrain properties. On the

Time [s]

sudden load change from coasting in full load conditions
in second gear

one hand the modal analysis of the drivetrain shows a torsional
eigenmode at 27.8 Hz, FIGURE 5 (right). On the other hand, the
modal analysis of the elastically mounted rear axle shows a rigid
body eigenmode, FIGURE 7, since the rear axle bounce mode of
39.2 Hz is also within the frequency range of the maximum ampli-
tude at 1150 rpm. The dynamic torque fluctuation in the cardan
shaft to the rear axle, in addition have a local maximum at 1560
rpm and an amplitude increase starting from 3500 rpm. The local
maximum at 1560 rpm (corresponding to 52 Hz in the second
engine order) can be attributed to the pitch mode of the rear axle

BB Engine: rotational dynamic damper and crankshaft
Bl Torque converter: primary and secondary mass
B Transmission
AWD-transmission: input, AWD-clutch, output to front and rear axle

Cardan shaft

FIGURE 5 Results of modal analysis of
the rotating drivetrain

B Differential: input shaft primary and secondary, output flanges to left and right tyre

Bl Side shafts

3 Rim

All-wheel-drive, eigenmode 3.5 Hz (2" gear)

Amplitude

]

All-wheel-drive, eigenmode 28.7 Hz (6 gear)
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in firing order of dynamic torque fluctuation in
cardan shaft to rear (left) and front axle (right)

Engine speed [rpm]

Engine speed [rpm]

Rear subframe

Initial position

FIGURE 7 Results of modal analysis of the rear axle

at 51.6 Hz, FIGURE 7 (centre). The amplitude increase at high
engine speeds can be attributed to the pitch mode of the rear
differential at 146.9 Hz (corresponding to 4407 rpm). The trans-
lational eigenmode shapes of the rear axle react back on the
rotating system and can be seen within the cardan shaft to the
rear axle.

FIGURE 8 and FIGURE 9 show the interior noise shares and interior
vibration in the vehicle’s vertical direction as Campbell diagrams
for the operating point of periodic excitation. In each figure the
overall measurement signals are displayed on the left side, on the
right side the calculation results representing the noise shares due
to rotational excitation are shown. In the frequency range below
100 Hz the interior noise and vibrations are dominated by rota-
tionally excited oscillations. In particular, the high amplitudes in
firing order are largely caused by rotationally excited vibrations.
Since the vehicle measurement in contrast to the calculation
model includes noise shares of all existing noise sources in the
vehicle, the Campbell diagrams of the vehicle measurements also
contain non-rotationally excited noise shares. In FIGURE 8, this con-
cerns for example the sound pressure rise in the fourth engine
order at 100 Hz. In particular, since the intake and exhaust sys-
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Rear differential

N T

Cardan shaft to rear axle

Rear subframe
Bounce 39.2 Hz

Rear subframe
Pitch 51.6 Hz

Rear differential
Pitch 51.6 Hz

tems are not included in the calculation model, all real noise com-
ponents cannot be predicted by the calculation. Vehicle inspection
with led away exhaust system identified the airborne noise of the
exhaust system as the dominant noise source in the case of level
increase in the fourth engine order at 100 Hz.

4 PARAMETER VARIATIONS OF THE
ROTATIONAL DRIVETRAIN

The validated calculation model was used to perform a sensitivity
analysis by varying single parameters. A systematically variation
of all rotating components in the vehicle, concerning their rota-
tional inertia and the rotation stiffness, was performed separately
by 25 %. In addition, the ratio of the main transmission and the
differential ratios on the front and rear were varied by the same
amount. The variations were evaluated based on running mode
analysis with the periodic and impulsive excitations which were
used previously. FIGURE 10 shows the effects on the drivetrain by
a gear ratio variation of 25 %. A reduction of gear ratio by 25 %
affects a decrease of amplitude after impulsive excitation,
FIGURE 10 (left). However, at the same time this component varia-
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tion means an increase in the oscillation amplitude with periodic 5 SUMMARY

excitation, FIGURE 10 (right). This relationship identifies a general

trade-off within the powertrain design of the examined four-wheel

drive with the following component parameters:

— moment of inertia of rotating parts from crankshaft to first trans-
mission ratio

— rotational stiffness of rotating parts between differentials and tyres

— ratio of main transmission

— ratio of differentials.

An increase of inertia between the crankshaft and the first trans-

mission ratio causes an increase in the vibration amplitudes at

impulsive excitation and a decrease at periodic excitation. An

increase of the rotational stiffness of components which are

located between the differential ratio and the tyre or a reduction

of main transmission and differential ratio cause the same effect.
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With the use of a co-simulation that contains a multi-body simu-
lation model and a transfer path analysis, the entire functional
chain from rotational irregularities at the crankshaft which excite
the driveline to its impact on the total vehicle on the driver’s
seat is considered. The all-wheel drive has a higher modal den-
sity than the front or rear-wheel drive, especially do the eigen-
modes of the all-wheel drive not correspond to a superposition
of front and rear-wheel drive eigenmodes. Despite a static torque
distribution of 50 : 50 between the two drive axles due to the
symmetrical drivetrain configuration, significantly different
torque fluctuation amplitudes occur in both partial powertrains
due to their different rotational stiffness. Below 100 Hz for the
investigated four-wheel drive with supercharged four-cylinder
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diesel engine, the interior noise shares and vibrations in the pas-  REFERENCES

senger cabin are dominated by rotational irregularities. By vary-
ing the parameters of the individual drivetrain components sep-
arately in running mode analyses optimisation potentials, but
also trade-offs of powertrain design regarding impulsive excita-
tion (sudden load change) and periodic excitation (rotational
irregularities caused by combustion) can be identified. The
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hand, but do react back on the rotating system of the drivetrain
on the other hand.
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