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Ever since the invention of the car, there has always been a conflict
between technical possibilities and design. Electrification is now
offering new degrees of freedom for Vehicle Design — but also new
restrictions — the ATZ cover story looks ahead.
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Dear Reader,

The Vienna Motor Symposium, which
can without exaggeration be described
as a Mecca for powertrain developers,
has been one of the industry’s leading
events for 30 years. In their entirety, the
presentations that Professor Lenz brings
together with his untiring élan serve as
a barometer for the very latest develop-
ment trends.

So which way is the arrow pointing on
the scale between the persistent further
development of the internal combustion
engine and the hype surrounding the
technical revolution known as the elec-
tric drive system? I believe that both ex-
treme positions remain unchanged, but
gradually a new voice of reason is starting
to be heard. One that realises that crude
oil, or even energy itself, is gradually be-
coming a scarce resource. Dr. Warnecke,
who presented key findings of a Shell
study, pointed out that, by 2030, the CO,
emissions caused by German car drivers
will fall by only 23 percent if the focus
remains only on the optimisation of ex-
isting technology. This is a reduction that
seems almost irrelevant when set against
the background of higher levels of goods
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EDITORIAL

New Energy

traffic and a global increase in mobility.
Only if electric and hybrid drive systems
gain a significant market share of 60 per-
cent will it be possible to reduce CO, emis-
sions by 38 percent by the year 2030.

For the first time in Vienna, there were
no longer discussions on abstract hybrid
designs but presentations of real devel-
opments that will be on the roads this
year. And the view into the future, for
example with compact range extender
powertrain modules from AVL and FEV,
was not ‘Powerpoint engineering’ but
was tangible in the form of functioning
prototypes on the companies’ stands.

Once again in this issue, we provide
you with detailed information on the
very latest approaches - not only in the
design cover story but also about light-
weight design on page 24.

Vienna, 8 May 2009

Johannes Winterhagen
Editor-in-Chief
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Vehicle Design and
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4 ATZ 0612009 Volume 111




The Author

Professor

Wolfgang Kraus

is Professor for Vehicle
Concepts and Design

at the Department of
Vehicle and Aircraft
Engineering at Hamburg
University of Applied
Sciences, the institution
succeeding the well-
known “Wagenbau-

schule” (Germany).

Ever since the invention of the car, there has always been a conflict between
technical possibilities and design. Electrification is now offering new degrees
of freedom for vehicle design — but also new restrictions. Professor Wolfgang
Kraus from the Hamburg University of Applied Sciences provides ATZ with a
view into the future.
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1 Introduction

There is no doubt about the necessity to
provide sufficient mobility in an ad-
vanced society. It is an undisputed fact
that the car has been making a key con-
tribution towards economic growth for
more than 100 years. It not only allows
people to reach their destination quickly,
safely and with little effort. The enjoy-
ment of mobility and the pleasure of
ownership are also other reasons for buy-
ing a car.

Today therefore, cars are both an ex-
pression of our wishes and our necessities
at the same time. Will people‘s mobile be-
haviour essentially change due to current
developments? The answer is probably
“yes and no”. Basically speaking, new tech-
nologies have always resulted in changes
in our social behaviour and therefore
have influenced our product world. And
vice versa. Such conflicts are the driving
force behind the constant process of de-
velopment and the design of our environ-
ment. At the same time, changes in the
development of vehicles take place step-
by-step and tend to be evolutionary.

The importance of road traffic is
clearly shown in a study carried out by
the German Federal Ministry of Trans-
port[1]. It clearly shows that the number
of kilometres travelled per person is in-
creasing for all types of use, Figure 1.
Cars are becoming more important es-
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pecially for leisure use. For business
travel, cars have even lost relative mar-
ket shares. Therefore, in future it is not
a question of whether we need individu-
al car transport but of how we design it.
In addition to the more objective and ra-
tional reasons for driving a car, people
will always take pleasure in movement.
This has always inspired designers and
coachbuilders to build cars that express
driving pleasure through their design.
Today, we need to ask the question to
what extent new technical concepts will
have an influence on vehicle design. Or
will the new technical possibilities even
initiate changes in our mobile behav-
iour? It is clearly impossible to describe

formal-aesthetic

functions

Main means of transpori
On foot

Bicyche

Virhac b, drives
Vighicle, passenger
Pablic transpert

Figure 1: Kilometres driven per person
during the day classified by purpose
and type of traffic in West Germany,
1982 and 2002; source: [1]

in detail at this point what future cars
will really look like. But show cars and
prototypes have already revealed certain
trends that will influence future auto-
motive designs in their shapes and pro-
portions.

Design is an integral component of
the overall development of a car and will
be influenced not only by engineers but
will also inspire designers towards crea-
tive solutions. The final shape is there-
fore not the result of an individual per-
son but, in effect, the result of all people
involved in the process and their interac-
tions. Therefore, every new car is the ex-
pression of this unique process that can-
not be copied.

product

symbolic semanfic
functions

visualfsign
functions

symbolic
functions

Figure 2: The tasks of design, design of product-language functions
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2 Parameters for Design

The design of cars is a complex process in
the conflicting area of functional eco-
nomic, ergonomic and aesthetic criteria.
The most important task of designers in
future will be to design a car body ac-
cording to the following requirements:
- presentation of a brand-typical design
or corporate design for a company
- design according to the requirements
for product-language, sensuous con-
tents, Figure 2. In the ideal case, the
form and the contents are combined
in symbiosis. A sports car must also be
clearly recognisable as such.
But we must be careful. Aesthetic model
concepts are subject to constant change.
Technical changes have always found their
expression in the design of a vehicle. I
would call this area the stylistics of cars.
Stylistics can certainly follow fashion
trends that are subject to what tend to be
short-term changes. Long-term influences
can be expected from the area of new tech-
nologies. In this respect, the current devel-
opment towards alternative drive concepts
is a more exciting development for design-
ers than has been seen for a long time.
Fundamentally, cars are and will re-
main dynamic objects. This dynamism
in particular must ultimately be visible
in the design, regardless of the type of
drive system that powers the vehicle.

3 The Influence of the Drive System
on Body Design

The vehicle concept can be subdivided into
three basic areas: the drive concept, the

Figure 3: Basic body design

chassis and the body. Of these three areas,
it is the body that is the determining com-
ponent which, in its design, is most strong-
ly influenced by the user‘s requirements.
Our behaviour, our wishes and our objec-
tives with regard to mobility determine
body shapes. For example, families prefer
vans, gardeners might choose a pickup,
while fun-seeking drivers will buy a con-
vertible. The engine power might vary con-
siderably within a user spectrum.

Our mobile behaviour and therefore
the user spectrum are not expected to
change fundamentally. Derived from the
package that determines how our vehi-
cle is used, most vehicle shapes can be
represented with just a few design ele-
ments, Figure 3. However, the conditions
and solutions resulting from new techni-
cal possibilities may change. For users,
the design of the drive system is ulti-
mately of secondary importance provid-
ed that their desire for mobility is ful-
filled and the car remains affordable.

3.1 The Package

The proportions of vehicle bodies are deter-
mined in particular by the arrangement
and position of the technical components
in the vehicles. The sensible arrangement
of all components related to the overall ve-
hicle concept is called the vehicle package.
Basically, this is a driveable vehicle that
does not yet have its exterior and interior
design — in other words, the body.

In the package process, all the techni-
cal and design-relevant arrangements of
the units and subassemblies are fixed in
their dimensions at an early phase long
before the actual design process. The
package is designed in joint coordina-

tion between the development engineers
and the design team. Beginning in the
early phase of vehicle development, the
package process is a constant process of
coordination right through to the so-
called ‘design freeze’. An excellent vehi-

cle concept must not necessarily lead to a

good design concept and, conversely, an

attractive design concept might result in

a poor result from a technical or econom-

ic point of view. Finding the right bal-

ance requires that both sides make ac-
ceptable compromises.

In the package process, all dimensions
are derived from the product strategy to
form a dimensional concept according to
the module or platform strategy. The fol-
lowing aspects are considered:

- the main dimensions of the sub-as-
sembly modules for the drive system
and chassis

- all important interior components,
ergonomic specifications and the le-
gally and functionally important exte-
rior body contours

- comparisons with the contours and
dimensions of direct competitors and
the company’s own models

- a list of innovations and competitive
advantages

- verification of compliance with legal
requirements related to the target
markets

For designers, the main task after the def-

inition of the package, Figure 4, is the for-

mulation of the exterior and interior de-
sign within defined dimensional limits.

Their job here is to use their design skills

to convert the dimensional specifications

from the package process into an attrac-
tive shape in an optimum manner.

ATZ 0612009 Volume 111 1
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Figure 4: Concept package

One example of many other coordi-
nation problems is the way in which the
proportions are influenced by the de-
sign concept of front-wheel-drive and
rear-wheel-drive vehicles. In front-wheel-
drive vehicles with longitudinally in-
stalled inline six-cylinder or eight-cylin-
der engines, the front overhang ahead
of the front axle must be increased due
to the length of the engine and the ar-
rangement of the transmission and
steering. The distance to the bulkhead
and the root of the windscreen is short-
er. This also has influences on the ar-

Figure 5: Proportion study, front vehicle overhang

8  ATZ 0612009 Volume 111

rangement of the doors and how easy it
is to get into or out of the car.

In rear-wheel-drive vehicles, the en-
gine can be moved further towards the
occupant space. As a result, the propor-
tions are improved in favour of smaller
vehicle overhangs. In this way, they cor-
respond to the wishes of most vehicle de-
signers.

In vehicles with a large front over-
hang, the large overhangs are concealed
by strong tapers or sweeps in the frontal
view and large transition radii from the
front to the side. For the design, axle po-

sitions close to the vehicle ends are bene-
ficial, Figure 5. This design appears more
stable and emphasises the centre of grav-
ity between the axles. Small vehicle over-
hangs also seem much more dynamic.

For the transition scenario towards
hybrid vehicles, no fundamental chang-
es to today‘s vehicle proportions are to be
expected. As can be seen in current vehi-
cle concepts, the main problem is that of
installation space for additional compo-
nents. The basic package structures usu-
ally remain unchanged. As a general ten-
dency, vehicles with a large volume or
underfloor concepts are particularly well
suited for this drive system. A sandwich
floor can be particularly easily installed
in MPVs and vans.

Installation space management is also
important for fuel cell and electric vehi-
cles, but from a completely different per-
spective. The challenge here lies in creat-
ing the necessary installation space for
the energy storage systems (the batteries)
and the fuel cell stacks. For the design
and proportions of these vehicles, greater
degrees of freedom are available with re-
gard to the wheelbase and the overhangs.
When one considers the studies published
and the small-series vehicles produced so
far, it is clear that underfloor solutions
are preferred. Related to this are higher
seating positions (H-point positions) and
greater roof height. As far as the axle posi-
tions and vehicle overhangs are con-
cerned, designers can implement their
wishes more easily. Examples are the con-
cept vehicles from Mercedes-Benz and
General Motors. Whereas Daimler imple-
ments a sandwich floor concept in its A-
Class and B-Class vehicles, GM showed a

personal buildup for Force Motors Ltd.



Figure 6: GM Skateboard and Mercedes-Benz A-Class

completely new approach as long ago as
2003, which was described by the compa-
ny as a ‘skateboard’, Figure 6.

Another challenge for design is pre-
sented in particular by sports cars, in
which a customer expects a flat and low
silhouette. In the course of the further
development of energy storage systems,
improvements are to be expected in par-
ticular for the package design and the
proportions of the body.

For fuel cell and electric vehicles how-
ever, completely new package concepts
will also be possible. These drive con-

cepts offer a series of possibilities for re-
positioning the subassemblies within
the body. This offers the designer new
degrees of freedom in design. If all sub-
assemblies are distributed in the floor or
installed cleverly beneath the seats, new
seating arrangements and storage space
concepts are conceivable. This also ap-
plies to new door arrangements and in-
teresting concepts for getting into and
out of the vehicle. Storage spaces can be
completely redefined.

Or will these new concepts also bring
about a change in our understanding of

Figure 7: Vehicle studies at HAW Hamburg (sources: Voigts, Bussmann)

the silhouettes of sports cars? It is not yet
possible to make any clear statements on
this. The vehicle concepts presented so
far do not have any uniform package def-
initions.

In studies carried out with students
at the HAW Hamburg, a change in the
understanding of future vehicle shapes
can certainly be recognised. Even
though the sporty character of vehicle
designs is emphasised by young design-
ers, initial approaches to new propor-
tions are becoming apparent, Figure 7
and Figure 8.

Figure 8: Vehicle studies at HAW Hamburg (sources: Cai, Bast)

ATZ 0612009 Volume 111 9
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Figure 9: Vehicle studies at the |AA 2007

For the exterior designer, the struc-
ture and proportions of the front face
can be redefined by the new drive con-
cepts. As conventional components such
as the classic radiator are no longer re-
quired, front face graphics with com-
pletely new faces are possible. Vehicles
without a classic radiator design have al-
ready been presented as studies, Figure 9.

3.2 Stylistics
The influences on stylistics are always
dependent on the time in which the de-
sign of the product is developed. There is
always a mutual relationship between all
genres involved in cultural progress.
These are art, architecture, engineering,
product design and social developments
of thought. All these have had a mutual
influence on each other and have devel-
oped style forming objects. Clearly, the
aim is to find a design in addition to cor-
porate design that can be typical of new
drive concepts. In the ideal case, this de-
sign will visualise the new technology.
In the early years of automotive devel-
opment, designs often followed the tech-
nical guiding concepts of the respective
age, Figure 10. Examples are the boat style
in the 1920s, which was replaced by the
aerodynamic design of the 1930s, which
was modelled on the Zeppelins and air-
craft engineering. The rear fins of the
1950s can be interpreted as a stylised jet
engine. In the 1960s and 1970s, there fol-
lowed an era that was strongly influ-
enced by concepts of functionalism. De-
signs were characterised by function,
with the application of principles of or-
Figure 10: Boat design, jet design and aircraft spoilers in automotive design der and an architectural design lan-
(source: Archiv Eckermann) guage.

10 ATZ 0612009 Volume 111
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Figure 11: Proportion study (source: GM, Collage Kraus)

Since the 1970s and 1980s, the devel-
opment of car design has been emanci-
pated and has found its own inherent
styles. The development was considera-
bly influenced by the aspect of the se-
mantics of designs, so-called product se-
mantics. This resulted in designs with
increasingly high emotional and sym-
bolic design contents.

The stylistics of future vehicles must
visually symbolise the high technical
performance of a car in the sense of a se-
mantic expression and, due to short-
term influences, it can only be vaguely
predicted. It will be interesting to see
how designers apply their design lan-
guage to the new technologies of alter-
native drive concepts.

Future vehicles will be fundamental-
ly influenced by new materials (light-
weight, translucent, soft touch, chang-
ing colour, etc.). New lighting systems
will have the greatest influence on the
car’s face, as is already common prac-
tice today. The use of LED lighting sys-
tems allows new designs with high de-
grees of freedom. However, these aspects
work independently of new drive sys-
tems.

Completely new tasks for designers
will result from the low noise produced
by the new drive systems. Acoustic de-
signers must create a sound for the qui-
eter vehicles. Sound modules with indi-
vidual or historic acoustic properties
are conceivable (for example, artificially
generating the acoustics of a boxer en-
gine).

The design and operating strategy of
the many new electronic systems in the

interior must also be determined.
Autonomous or semi-autonomous driv-
ing will have effects on the arrange-
ment and design of the vehicle interi-
orS.

Another possibility is plastic bodies
that change colour according to the oc-
casion.

But what will remain, as has been
the case throughout the history of auto-
motive design, is a demand for a mobile,
dynamic design. Vehicles have always
been designed with surface elements
such as edges and beads to provide in-
teresting light changes and reflections
to express motion as part of the design.
Designers have always used long body
lines to support dynamic shapes. In the
end, it does not matter which technolo-
gy is used to power the vehicle.

Based on an assessment of current
concepts, the following trends can be
recognised for the design of vehicles
with alternative drive concepts:

- a change in proportions towards
higher vehicles

- high H-point positions and therefore
high entry and exit

- Shorter vehicle overhangs

- new design of air guidance compo-
nents/front face

- LED lighting technology

- interesting material combinations

- new package concepts with effects
on interior design, door arrange-
ments, position and concepts of usa-
ble space and storage space.

Figure 11 shows possible basic changes in

the overall proportions of a future vehi-

cle concept.

4 Qutlook

The complex developments mentioned
above can only be mastered with a high
level of technical intelligence. There will
not be any home-made bodies. Future de-
velopments will certainly not be restrict-
ed only to the aspect of alternative drive
concepts, even if this is the prevailing is-
sue at the moment.

In future, vehicle development will
still require a high level of passive and ac-
tive safety. Ecological and economic as-
pects and further requirements will have
to be addressed in addition to the devel-
opment of alternative drive concepts.

And what about the traditionalists?
For such customers, sound designers will
generate the gentle growling sound of a
large-displacement eight-cylinder engine,
while perfume makers might work on re-
inventing the scent of 99-octane fuel.

New possibilities for vehicle design
that point to interesting solutions are
now opening up. Today, we are only at the
beginning of vehicle development with
new technologies and therefore a wide
range of possibilities for body design.

Without doubt, design will always be
exciting!
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Safety

Frontal Crash Pulse
Assessment with Application
to Occupant Safety

| crash pulse

crash

pulse analysis

restraint system

Well tuned restraint systems are essential for occupant safety. A key parameter in this context
is the crash pulse. TRW Automotive has examined suitable criteria for the characterization of
crash pulses and proposed an extended pulse criterion. Furthermore, based on this extended
criterion an approach has been investigated to give vehicle manufacturers and safety suppliers
an early indication for the potentially recommended safety equipment.

1 Introduction

Occupant restraint systems are essen-
tial parts of today’s vehicles to reduce
occupant injuries during collisions. In
order to evaluate the restraint perform-
ance, computer simulations, sled tests
and vehicle crash tests are conducted

12 ATZ 0612009 Volume 111

for several frontal collision types. A sub-
stantial parameter in this context is the
acceleration field effective on occu-
pants during a crash test - the so-called
crash pulse.

Crash pulses strongly influence the
development of restraint systems be-
cause their variations have significant

influence on the overall system respons-
es. This paper deals with the develop-
ment of a crash pulse criterion that al-
lows a robust assessment of crash pulse
“severity” and also gives an indication
on restraint component selection. It is
focused on the specific load-cases of US
market and on passenger side.

personal buildup for Force Motors Ltd.



2 Crash Pulse Criteria

In literature many crash pulse criteria
are known and some of the most impor-
tant are explained in the following. A de-
tailed description is given in [1]. Several
of the proposed criteria are derived di-
rectly from the pulses by means of sim-
ple mathematical operations, e.g. maxi-
mum acceleration, point in time when
the vehicle velocity is zero T _, velocity
difference, average acceleration, or slid-
ing mean SM_, where x defines the win-
dow size for averaging. Other criteria ex-
ist, that are calculated on the basis of
simplified mechanical models, e.g. occu-
pant load criterion (OLC) or frontal crash
criterion (FCC) based on [2].

OLC takes into account the principal
physical behavior of restraint forces ap-
plied to the occupant chest. At the begin-
ning of a frontal crash the restraint forces
are very low — therefore in the OLC model
set to zero. The occupant remains at its in-
itial velocity (v,) until the relative distance
of 65 mm between occupant and vehicle
is reached (area Al between vehicle and
occupant velocity curve, Figure 1). After
this free flight phase it is assumed that
the occupant is ideally restrained, which
causes a constant deceleration until addi-
tional 235 mm relative displacement be-
tween occupant and vehicle is reached
(A2). The constant deceleration of the oc-
cupant defines the OLC value.

FCC is based on a similar approach to
OLC. A two-mass model is applied. The
crash pulse is imposed on mass m1 which
represents the vehicle. Vehicle and occu-
pant (mass m,) are connected by a spring
element. The spring represents the re-
straint system elasticity in a standard vehi-
cle environment. Analogous to OLC, free
flight is taken into account by a relative
distance between vehicle and occupant in
which no forces are exchanged. After this
slack phase the spring is activated. The
spring rate defines a linear force versus dis-
placement characteristic. The maximum
acceleration of m, is calculated which de-
termines the FCC criterion value.

3 Analysis of Correlation
To investigate the quality of pulse criteria,

the correlation between injury parame-
ters and pulse criteria is considered.

3.1 Approach

Injury parameters depend on load case,
vehicle structure, vehicle interior, re-
straint system, occupant and its posi-
tion. In this study the restraint system is
configured by standard passenger and
driver airbags, constant load limiter and
retractor pretensioner. The specific vehi-
cle interior is a middle class vehicle. A
large number of US NCAP crash pulses
of various vehicle classes and manufac-
turers are imposed on a system model.
The model is set up in Madymo [3] in-
cluding 50" perc. Hybrid-III Ellipsoid
Dummy. In parallel, all crash pulse cri-
teria are evaluated for each crash pulse
imposed.

Finally, injury parameters generated
by the system model are displayed ver-
sus corresponding crash pulse criteria,
Figure 2. A regression curve is built for
each criterion and injury parameter
combination according to all pairs of
crash pulse and corresponding injury
parameter values. The regression is built
by polynomial (2*¢ order) least squares
regression. For the assessment of corre-
lation quality, the root mean square
(RMS) is taken into account which is a
measure of the mean distance of all
sample points to the regression curve.

3.2 Evaluation of Results —

Selection of Suitable Criteria

The results of the correlation analysis
are visualized exemplarily for injury pa-
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Figure 2: Approach correlation analysis

rameters HIC,, Chest,  versus OLC.The
correlations are arranged separately for
passenger and driver occupant, Figure 3
and Figure 4. All crash pulse criteria de-

scribed in Chapter 2 are investigated. A
summary of RMS-correlation values of
the most promising crash pulse criteria
is given in Table 1 (green). As possible

candidates for pulse assessment with
low RMS values OLC, FCC, T, and SM,,
are identified. All other examined crite-
ria show significantly worse correla-
tions, e.g. the 3 ms value of the maxi-
mum acceleration, Table 1 (red), and are
therefore not further considered.

4 Development of a Robust Criterion

For all criteria found in Chapter 3, pulses
can be identified where the criterion val-
ue indicates higher injuries, while lower
injury values are observed. This is investi-
gated in more detail by conducting a ro-
bustness analysis utilizing a generic US
NCAP pulse field that covers a wide range
of possible crash pulse shapes. In a subse-
quent step an optimization is carried out
to develop a new criterion with improved
correlation and robustness for the US
NCAP load-case.
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Table 1: Summary of correlation — RMS. Left: passenger; right: driver
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4.1 Robustness Analysis

In order to evaluate robustness of the rel-
evant pulse criteria to various pulse
shapes, generic pulses are defined. Two-
stage pulses and triangular pulses are
utilized, Figure 5. For both generic pulse
types level,, level,, t, and t, are varied re-
spectively. According to Chapter 3 a cor-

S mmm== = Level,

al m/s2

H

Figure 5: Generic pulses for robustness analysis

relation analysis is carried out. The re-
sults show that for all criteria, injury pa-
rameter values can be identified with a
substantial lack of correlation.

As an example, in Figure 6 HIC_ is giv-
en over OLC. With increasing OLC a
strong divergence of HIC,, values is ob-
served. Consequently an extended criteri-

Figure 6:
Correlation 800
of OLC to HIC,,
for the gener- T00
ic pulse field
600
S
= 500
I
400
300 '_f
Lk
200 e
100
20 25

on with improved correlation properties
is developed.

4.2 Optimization of the Pulse Criterion
The robustness investigation in the previ-
ous section indicates the need of an opti-
mized criterion that shows better corre-
lation and robustness to the US NCAP
load-case. Possible additional terms for
the criterion and the combination of all
terms is realized utilizing the numerical
optimization tool optiSLang [4].

4.2.1 Definition of a New Criterion

In order to define a pulse criterion with
better correlation and robustness prop-
erties, potential additional terms are
identified by analysis of pulses with the
same criteria values but with substantial
difference in injury values and vice versa
- as indicated by arrows in Figure 6. It is
found that all criteria identified in Sec-
tion 2 are beneficial for some of the puls-
es. Hence, the idea is to combine OLC,
T _,and SM,, in one criterion and adjust
the coefficients a, b, ¢ and the sliding
mean window size At, Eq. (1)

0LC v SM

a At

OLCH:D’.H*'b'—ZQTTFO_C'W Eq.(1)
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4.2.2 Optimization of OLC* Coefficients
for US NCAP Load-Case

The objective for the optimization of a, b,
c and At is to maximize the correlation
of OLC™ to the US NCAP load-case. This is
achieved by minimizing the RMS values
for HIC,, and Chest, _for the field of ge-
neric and real vehicle pulses. The multi-
criteria optimization algorithm SPEA in
optiSLang [4] is applied. In Figure 7 the re-
sult of the optimization is given with the
Edgeworth-Pareto (EP) optimal front as
continuous line. All solutions on the EP-
front have to be considered as optimal,
because it is not possible to improve one
criterion without worsening the other.
Any solution can therefore be chosen
from the set of EP-optimal solutions. The
previous investigation indicated that all
terms in Eq. (1) are beneficial for specific
pulse shapes. Thus it was decided to use
that design on the EP-front where the
term with the overall lowest weights (c,
SM) has its largest coefficient max(c). It
follows the OLC™ function for US NCAP,
Eq. (2), where the sliding mean window
size is chosen to 25 ms.

v
OLC*™ = 0.2454 - OLC + 0.6810 - T—a981 -
SM, o
0.0735 557 Eq.(2)

4.3 Comparison of OLC* to other Criteria
An interesting question is then how the
new OLC" correlates to the existing pulse
field with real vehicle pulses (as used in
Chapter 3) in comparison to the original
criteria. In Table 2 the corresponding RMS
values are shown. It can be seen that the
OLC™ criterion leads to a substantial im-
provement for chest acceleration and
HIC with respect to all other criteria.

5 Pre-selection of Restraint
Components on the Basis of OLC*

With an improved criterion another
question arises: Is it possible to identify
areas of pulse severity based on the new
criterion that allow for a pre-selection
of restraint components for a specific
vehicle on the basis of its crash pulse?
This question is examined utilizing the
simulation models from the previous
correlation analysis. The following fo-
cuses on one vehicle type (executive),
the US market and passenger side. Sev-
eral combinations of restraint compo-

16 ATZ 0612009 Volume 111
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nents are examined - each for a variety
of crash pulses. A crucial point for such
an investigation is that in contrast to
the previous correlation analyses, abso-
lute values of injury measures, legal re-
quirements and consumer ratings have
to be taken into account. All setups are
therefore tuned by numerical optimiza-
tion with respect to each specific pulse
and the actual restraint components.
Criterion bounds are identified subse-
quently.

5.1 Examined Restraint Systems

The baseline model is equipped with a
seatbelt system with retractor preten-
sioner and constant load-limiter and a
standard passenger airbag. Following
types of load-limiters and airbag features
have been combined and investigated

- constant load-limiter (CLL)

- degressive load-limiter (DLL)

- switchable load-limiter (SLL)

- adaptive load-limiter (ALL)

- regular airbag with constant vent

- airbag with additional active bag vent
(ABV).

For all adaptive components (SLL, ALL,

ABV), the possibility of an occupant de-

tection (IE), that distinguishes between

the 5% perc. female and the 50" perc.

male dummies, is assumed.

5.2 Optimization Criteria and Approach

To optimize each restraint system to the
US market, the regular bag vent is first ad-
justed to the unbelted load-cases FMVSS
208, except 30° oblique. Then a numerical
optimization is carried out with the mini-
mization of the P . value (US NCAP,
model year lower than 2011) as optimiza-
tion goal. As inequality constraints all inju-
ry measures for 5" perc. and 50" perc.
from the FMVSS 208 belted load-cases (both
56 kph) are taken with 20 % undershoot,
e.g. HIC<70070.8. Further, a safety distance

Table 2: RMS values, passenger side, real vehicle pulses without generic pulses

RMS
Pulse Criterion
HIC, Chest,
OLC 51.3 1.81
SM,, 63.0 1.99
T, 441 2.08
OLC+ 31.6 1.03
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asing restraint system complexity

SLL-IE CLL-ABV-E

ALL-IE DLL-ABV-IE

CLL: Constant Load Limiter
DLL; Degressive Load Limiter
SLL: Switchable Load Limiter

oLC*

SLL-IE CLL-ABV-

oLC

of dummy head to interior parts is en-
sured. An adaptive response surface meth-
od is applied, compare [4] or [5].

5.3 Results

The results of the investigation are given
in Figure 8. Each line represents an US
NCAP crash pulse from a specific vehicle
with downwards increasing criterion val-
ues OLC™ The columns define different
restraint system combinations as dis-
cussed in Section 5.1. Every field in this
matrix represents a restraint system
tuned to the actual pulse and restraint
component combination. Green indi-
cates that it is possible to reach 5 stars in
the US NCAP rating with 20 % under-
shoot of FMVSS 208. Red indicates that
this is not possible with the specific re-
straint system for that pulse severity.

In the upper diagram in Figure 8 the
pulses are sorted by OLC™. Almost unique
bounds of the criterion values can be
identified which distinguish between
pulses that allow five stars, and such that
do not for the given restraint system. It
can also be seen that for increasing re-
straint system complexity, these thresh-
old values increase as expected. This
gives further confidence in the robust

E ALL-IE

ALL: Adaptive Load Limiter
ABV: Active Bag Vent
IE: Occupant Detection

DLL-ABV-IE

correlation of OLC™ to the injury values
and it indicates the general possibility to
identify criterion bounds for restraint
component combination.

In comparison to the OLC" results, in
the lower diagram in Figure 8 the pulses
are sorted by OLC which leads to a sub-
stantial divergence of criterion values for
the first three restraint systems. In this
fuzzy region it would not be possible to
identify unique threshold values. Again,
this is an indication for lower robustness
of OLC in comparison to OLC*. Analo-
gous behavior is observed for all criteria
identified in Chapter 3.

The question remains how the identi-
fied criterion bounds fit to existing vehi-
cles. The presented approach is based on
several assumptions and approximations
e.g. it is based on mathematical simula-
tion in one vehicle environment where
only pulses are exchanged. A first cross-
check with existing vehicles indicates
that the bounds fit relatively well for ve-
hicles of similar vehicle classes. For
strongly different vehicle types like su-
per-minis, SUVs and sports cars the crite-
rion still gives a good indication. Howev-
er, the bounds for required restraint sys-
tems seem to be shifted.

Figure 8: Pre-selection of restraint-components using pulse
criteria OLC** vs. OLC, passenger model

6 Conclusions and Outlook

Several crash pulse criteria exist that
show the correlation to injury values in
different load-cases e.g. OLC, sliding
mean, time of velocity zero crossing. A
common factor for all, however, is that a
better correlation would be preferable
for the development of occupant re-
straint systems. In this investigation on
basis of a robustness analysis, existing
criteria were extended to a new com-
bined criterion: OLC™.

Further, criterion bounds for the new
pulse criterion were identified, that give
an indication for a pre-selection of re-
straint components depending on the spe-
cific vehicle pulse. It has been shown that
the OLC* criterion has the potential to de-
fine criteria bounds with respect to specif-
ic restraint component combination.

The investigation is ongoing and sev-
eral topics are planned
- Further correlation analysis and indi-

cation of required restraint system for

the Euro NCAP load-case,

- Investigation for the new US NCAP
rating,

- Taking different vehicle types into ac-
count e.g. super-minis, SUVs and
sports cars,

- Develop an extended, general criteri-
on using relevant geometrical infor-
mation.
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Hybrid and Electric Vehicles
Dimensioning and Integration of
Energy Storage Systems

Magna Steyr shows with an argumentation guideline, which dimensioning criteria and target
conflicts need to be handled for a future city vehicle. The question, which high voltage energy
storage systems are suitable for which car concept and application is answered. The Austrians
come up with a modular concept, thatis especially characterized by a special energy management
and operating strategy approach. Within this the acceptance of potential consumers, cost consider-
ations and over all energy balances of vehicle concepts are taken into account.
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1 Introduction Dipl.-Ing. (FH)
Gerald Teuschl
works in the develop-

ment of alternative

tation to special purpose. Two main rep-
resentatives in the areas Formula 1 and
special vehicles are the short term stor-
age systems like Supercaps and the Kinet-
ic Energy Recovery (KIT) system. High
power density and cycle stability charac-

At the assessment and strategic choice of
future vehicle concepts methods like
Well-to-Wheel-Considerations are execut-
ed - overall cost and energy balances

powertrain systems at
Magna Steyr in Graz
(Austria).

play a decisive role. Therefore the con-
sideration of entire life cycle of a vehicle
with the focus on energy needs, all envi-
ronmental impacts and cost is needed,
Figure 1. The ecological evaluation meth-
od therefore is the so called Life Cycle As-
sessment (LCA) the Life Cycle Costing
(LCC) respectively. Already in a very early
phase of product development Magna
Steyr places emphasis on the LCA for the
systematic consideration and optimiza-
tion of technical and ecological proper-
ties and impacts of the product over the
entire life cycle. Using LCA and LCC the
meaningful and feasible usage of new
technologies within the propulsion sys-
tem of a vehicle can be evaluated. Magna
Steyr discusses in this article state of the
art storage technologies and the integra-
tion of these within vehicle concepts,
Figure 2.

2 Core Technology:
Electric Storage Systems

Analyzing possibilities of allocation of
primary energy within a vehicle, the re-
sult are electric, chemical and mechanic
storage possibilities. Electric energy stor-
age systems — here the focus of discus-
sion - based on high voltage become
more important due to the fact of in-
creasing the energy efficiency within hy-

terize these systems. Capacitors could be
called the electric hydrostatic storage sys-
tems. They are already in field testing as
an option for replacement of hydraulic
systems. A major technical drawback is
the high voltage gradient, that might
lead to difficulties in the control of the
electrical machine - a further rectifier
might be necessary.

Because hybrid vehicles use as well a
not negligible amount of energy, these
systems drop out for the bigger part of
hybrid vehicles. Today’s hybrid vehicles
are equipped with nickel metal hydride
batteries — a wide experience in field and
the cost benefit up to now are arguments
for the use of these systems. Especially in
high volume production it seems to be
hard to beat this technology. On the long
run NiMH systems are going to be re-
placed by Lithium Ion ones due to their
much better system weight, higher ener-
gy density and more compact dimen-
sions. The exact time and the degree of
substitution will be determined by the
market and the progress in the develop-
ment and production of this new energy
storage systems.

ECO BALANCE
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brid power train applications in middle o -
and long term, Figure 3. For electric hy- e &

brid vehicles, electric storage systems are BT Fust
T P Rl garis
used that show a high power but low en-
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the application, different storage systems
are available. The field of applications
varies from Formula I over road transpor- Figure 1: Entire life cycle of a vehicle
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Compared with the Kinetic Energy Re-
covery systems and the Supercaps, both
systems have a much higher energy den-
sity at still high power density. So these
systems are qualified for the use in the
entire hybrid segment. The voltage gradi-
ent at charging and discharge of the sys-
tems is much lower compared to the
short term storage systems. A drawback
is the lower cycle stability. Anyway the
up to now executed life time testing
looks promising. From the integration
point of view the tempering concepts for
this storage systems is a quite high effort.
Especially the power output and input
capability of this systems at low tempera-
tures (<0 °C) and at high temperatures
(>45 °C) needs to be considered. At Lithi-
um lon chemistry further safety meas-
ures need to be addressed due to issues
like fire risk, gas evolution (e.g. carbon
monoxide) and deposit of hydrofluoric
acid. For these risks the used chemistry
for anode/cathode[separator/electrolyte
has a high impact.

A further variant of an energy storage
system is the so called Zebra battery - a
high temperature storage system based
on sodium nickel chloride. This system is
used in civil and military vehicle applica-
tion. The battery has to be kept on 300 °C
by being plugged to the grid and con-
suming some energy for heating.

3 Degree of Hybridization

All up to now mentioned systems are
based on the same approach, out of which
the ICE is dominating propulsion system.
In general hybrid systems of today are
more electric assistance systems than real
propulsion units, which have mainly the
challenge to support and complement
the ICE and power train of the vehicle.
With the upcoming expansion of the elec-
tric dominance in the power train of hy-
brid vehicles, Figure 4 - Plug in hybrid elec-
tric vehicle (PHEV) and range extender —
the ICE will take over the supporting and
complementing role.
Variants of Plug-in hybrid electric ve-
hicles:
- ICE dominated plug-in vehicle
- ICE for higher power and increased
range
- coupled operation possible (parallel
hybrid)

20  ATZ 0612009 Volume 111
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Figure 2: Well to Wheel Analysis of several powertrain concepts
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Figure 3: Portfolio of high-voltage energy storages

- electric driving in near field (Green

Zones)

- electric dominated plug-in vehicle

(range extender)

- ICE for increased range
- mainly serial hybrid
- electric driving.

Energy storage systems like batteries
need to be designed for these require-
ments — a migration out of the power
storage systems (cells with 5 to 7 Ah) to
an energy storage (cells with 20 to 60 Ah)
will take place. Energy storage systems
(contrary to power oriented storage sys-
tems) are necessary for the final stage,
the pure electric vehicle (EV).

One main discrepance that needs to be
considered: By increasing the energy den-

sity of the battery system, the power den-
sity is reduced. A promising approach for
solving this point could be the combina-
tion with Supercaps —an interesting and
very often discussed solution statement.
The resulting additional costs and weight
need to be evaluated. Equally the advan-
tages of increased life time due to better
filtering effects of current ripple and
short time spikes need to be evaluated.

Another disadvantage is the tempera-
ture behavior analogue to the power ori-
ented storage systems, whereas these sys-
tems have a higher thermal capacity. For
the tempering system (heat/cool), also air
cooled systems are imaginable, although
if there is still the lack of experienced da-
ta for today’s chemistry.
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A very important factor for the evalu-
ation of storage systems, that allow more
electric range, is the ratio between “ener-
gy/power density and overall weight”.
Why is this value that important? The
electric energy storage system is a chal-
lenging the current fuel storage systems.
To keep the system weight and the range
approximately constant, the energy den-
sity of gasoline or diesel fuel of approxi-
mately 10 kWh/kg needs to be the target
dimension. Today’s electric storage sys-
tems are around 100-150 kWh/kg. So for
being able to answer the question of the
best power train system under considera-
tion of CO, emissions for a certain appli-
cation, several parameters of the vehicle/
system and the utilization need to be de-
fined.

4 Electric Storage Dimensioning

The target data in Figure 5 illustrates the
challenges for an EV, starting from target
costs over to system weight and comfort/
range requirements. For example the
range of today’s vehicles with one tank
content is more than 600 km in average.
The average daily mileage within high
density areas is around 50 km and more
than 75 % of the earth population is liv-
ing within this areas. Prognosis show
that this percentage is going to rise to
85 % until 2020. So a vehicle with about
100 km of range per day would cover
most required mobility within this are-
as. In general the consumer is currently
still requesting the same mileage like
conventional cars have, even though sta-
tistically this mileage is not used. A dif-
ferent situation could be found if you an-
alyze the segment of second cars, but
here the purchase price and the mainte-
nance cost, or better to say cost of owner-
ship are very important attributes.

Analyzing the segment of second vehi-
cles, the small to lower middle class vehi-
cles are the main representatives. So the
target values of such a vehicle, shown in
the target value table, result in a limited
corridor for comfort and respectively for
the vehicle dynamics. For the EV weight a
reduced target value needs to be consid-
ered and the range requirements are at
this point kept constant. All this require-
ments need to be more detailed and split
down for singular components.

Figure 4: Electric storage dimensioning: motivation and tasks

As Figure 5 and Figure 6 show, the re-
duced requirement of electric range and
the linked weight reduction, result as
well into better circumstances for the
rest of the vehicle like in the area body
structure/materials, and crash safety. For
market placement of this vehicle with re-
duced range, the price and surplus val-
ues are very important. Taking a look at
current second vehicles, a price corridor
0f 14,000 to 25,000 Euro seems currently
to be a meaningful segment for such a
EV. Taking the current energy storage sys-
tem price out of Figure 5, the system
price would be between 10,500 Euro to
18,000 Euro, due to this the lower seg-
ment of the target corridor seems cur-
rently to be out of range for a pure EV ap-

plication, so the class of compact vehi-
cles remains as target group.

Today’s compact vehicles have a price
range between 15,000 and 25,000 Euro
on the consumer market. Hence this, on-
ly a small number of vehicles remains
within the target group and still for this
group the cost target seems to be possi-
ble but hard to reach nowadays. For mak-
ing the EV in future compatible to con-
ventional vehicles, on the one hand the
cost for the energy storage systems needs
to be dramatically reduced and on the
other hand the market for this vehicles
needs to be more attractive. Today plug-
in hybrids seem to be an attractive com-
bination between electric mobility, range
and costs.

Conventional vehicle

Electric Enengy Siorage Dimesnsacning EW

008 010 011 2002 M3 04 2015

Fora range of SO0km e Batied would sxcesd 1500kg
B0 QOO of cond wnd 1E0EWR
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Figure 5: Vehicle requirements, Storage Dimensioning and Costs
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Figure 6: Balancing of costs and performance of range extender and EV-concepts

5 Modular Energy Storage Concepts

The discourse in the former chapter il-
lustrates, that EVs are one of several so-
lutions for the mobility of tomorrow.
Even if there are still open points, this
technology should be introduced into
the market for gathering the informa-
tion for future improvements. One still
remaining main challenges is the stor-
age of electric energy, even if essential
steps have already been made. The ques-
tion to be answered is, how could this
process be speeded-up for gathering the
necessary information for optimization?
For reaching this one big step is the
bridging between plug-in hybrids and
the EV.

A first step is to make the entire vehi-
cle concept and the energy storage mod-
ular, so you could use the same platform
for both, the EV and the PHEV. Due to
this reusability approach, costs could be
reduced. One of the main weaknesses of
this concept is the lack of standards for
the entire system properties like voltage
and current levels and cooling systems.
Because of this situation, also on the
module level changes are required and
so the entire modular approach is put
again into challenge. For this there are
already ambitious efforts going on, but a
speed-up of this would be very support-
ing and desirable.

A second approach that would make
bridging become more easy would be the
standardized system integration on vehi-
cle level, functional and mechanical. A
further step in integration depth of sin-
gular systems like DC/DC converter, DC/
AC inverter and charger into one central
system shows several potentials, even if
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the question for exchangeability of this
systems is still open.

For all these appendage exists one key
technology on the vehicle level, that
mainly influences the bridging and mar-
ketability. Exactly this technologies are
under focus of the development work
done at Magna Steyr in Graz. Next to the
key technology energy storage system
that is developed in an separate depart-
ment, the focus is set to the central
themes integration and energy manage-
ment and respectively operating strate-
gy, without which no holistic approach
would be possible.

6 Key Technology — Integration and
Operating Strategy

Previous of a vehicle development there
is the need for evaluating the propulsion
technology that is the most efficient so-
lution related to the entire target values.
Considering all possible propulsion
topologies including the energy storage
systems and the available energy distri-
bution network, the “pure” EV currently
addresses a niche market. The already
discussed combination of propulsion sys-
tems (PHEV) increases the market poten-
tial. Expanding this approach with the
modular concept for the energy storage
system and completes the system with
the modular power train concept, dis-
cussed before, the opportunity to address
both markets is given.

What is the impact on the integration
and the operating strategy for such a ve-
hicle - especially on the energy storage,
the propulsion system and the require-
ments for the aspects of comfort and dy-

namics? The core of a vehicle with a high
degree of electrification is the energy
storage.

At this system, the factor chemistry
weight to overall system weight, that has
been introduced before, needs to be taken
into account. The overall weight could be
optimized and reduced by means of light
weight design and integration of the bat-
tery into the vehicle structure. Due to this
high level of integration, new interfaces
with the supplier come up, because the
battery isn’t a box anymore. So this new
interfaces require a much deeper cooper-
ation of the integrator and the supplier.
The before discussed standardization
would lead to lower costs in this case, be-
cause the basic platform would already be
specified for this purpose. Further chal-
lenges are coming up at system testing —
for example at electromagnetic compli-
ance, thermal and crash safety testing.
One main difficulty is the definition of
the system borders and responsibilities.
For illustration - if the supplier of the en-
ergy storage system delivers “only” the
modules, than the integrator needs to
take care of all integration work done and
takes over all the responsibility for the en-
tire system. But if this interface and re-
sponsibilities are solved in a proper way,
further cost saving potential arises.

Magna Steyr come up with its modu-
lar concept, Figure 7. With the modular
concept and its components it was pos-
sible to realized, due to close coopera-
tion of the energy storage supplier and
the integrator, the optimal energetic
material at optimal cost - currently
steel is used. Because the energy storage
system was integrated in a modular de-
sign - the modular concept and its com-
ponents also the energy content, the
cost and weight are easily scalable, so as
well the propulsion system need to be
designed in a similar modular way for
reaching the markets mentioned before.
By combination of a Range Extender -
electric machine with 25 kW continu-
ous power and a two-cylinder ICE with
25 kW - and an pure electric propulsion
unit, the vehicle can be driven pure elec-
trical, in a serial and in a parallel hybrid
mode. Using this propulsion system, the
vehicle can be built as a pure electric or
electric dominant plug in hybrid elec-
tric vehicle. If the vehicle is built as a
PHEV the energy content of the battery
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Figure 7: The modular concept (IMC) shown by Magna Steyr

system can be reduced. Despite the addi-
tional combustion engine including all
periphery the vehicle can be realized
weight and cost neutral compared to
the pure EV. In the shown example the
power of the range extender is compara-
ble high. For a further increase of effi-
ciency the possibility of direct coupling
of the ICE to the wheels has been intro-
duced. This PHEV combines an increased
range with the possibility of low cost
electric mobility in the near field.

A central exercise is handled by the
energy management while the utiliza-
tion phase of the vehicle. The so-called
operating strategy is in charge to solve
the stress field of dynamic and comfort
in an optimal way. Further measures re-
duce cost and weight: thanks to new
strategies of preconditioning of the en-
tire vehicle, for instance heating and
cooling at parking condition and inte-
gration of navigation and driver data the
storage system could be reduced by 5-
10 % (for example never again ICE scarp-
ing or entering a too hot vehicle).

7 Simulation

For reaching all targets, the necessity of
modeling the entire vehicle and its sub-
systems within a simulation is given.
From the beginning on the operating
strategy and the dimensioning of the
subsystems need to be harmonized. For
the development of the modular concept

in Graz several simulation tools have
been used and merged (VeDyna, KULI,
Matlab/Simulink). At the beginning the
singular systems are modeled and ana-
lyzed. In case of conclusiveness the sys-
tems are merged.

From this time on basic operating
points can be investigated. Out of this an-
alyzes the characteristics and properties
of systems and singular components can
be derived. For example the necessary
tempering methods and insulation val-
ues have been calculated and derived by
this tool chain. Based on the results out
of the simulation and the existing and
patented generic solution for the power
train management of full hybrid demon-
strator “HySUV”, the operating strategy
was enlarged for the requirements of an
electric dominant PHEV, Figure 3 - tar-
gets of energy management (Chart Oper-
ating strategy) The existing rudiment
was expanded by new functionalities in
the area driver assistance (Track informa-
tion/Driver information), energy man-
agement of ancillaries (climate/cooling)
and charging. These new functionalities
enable an optimized strategy not only
while driving, but as well while charging
and parking condition. In the area of an-
cillaries the further possibility of de-
mand controlled systems has been imple-
mented, still taking the cost-benefit ratio
into account. The entire operating strate-
gy, developed in Matlab/Simulink State-
flow, is integrated in this platform. It can
be simulated and tested within this tool

chain and be validated with measure-
ment data of the vehicle. These new func-
tionalities enable the system to reduce
the necessary energy within the electri-
cal system for comfort components from
5 up to 15 % and to stabilize the load on
the electric system. This continuous vir-
tual approach of development increases
the degree of maturity of a concept in
the early phase and conducts the reduc-
tion of development time and physical
slopes with cost intensive prototypes.

8 Conclusion

Magna Steyr shows with the continuous
illustrated module concept and the inno-
vative energy management and the real-
ized operating strategy a possible solu-
tion for the mobility of tomorrow. Cen-
tral focus is set on the themes standardi-
zation and respectively shared platform
solutions and conducted with this the
cost reduction with consideration of en-
ergetic optimal life cycle.

Are all problems solved? For sure not.
There are still a lot of issues and ques-
tions open and many of them are not
even known up to now. Furthermore the
necessary infrastructure for a wide
spread energy supply needs to be intro-
duced.

When are the hybrid vehicles substi-
tuted by the electric vehicle within cities?
The answer to this is given by the core
technology, the energy storage itself and
especially by the cost/kWh and the ener-
gy/power density. If the currently planned
targets, like 200 Euro/kWh, are reached,
the change to electric mobility can be
reached within the middle term. |
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2

Weight Reduction with
Optimised Longitudinal Shafts

The engine/transmission unit shall be connected robustly, uniformly and
without vibration with the differential. This was done in former times by
“cardan shafts” and cardan joints with certain disadvantages. Nowadays
GKN uses longitudinal shafts with constant velocity (CV) joints. One solution
is called Direct Torque Flow (DTF) utilizes modern CV joints and fulfils the
competing targets weight reduction and cost savings by eliminating the
bolted connection.

ATZ 0612009 Volume 111
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1 Introduction

Longitudinal shafts (propshafts) link
the engine/transmission unit with the
axle differential, thus transmitting
torque and rotational speed to the driv-
en axle. Cardan joints were often used
in the past, and as a result the term
“cardan shaft” is still often heard. Ex-
cept in the case of purely front-wheel
drive vehicles, any vehicle needs at least
one longitudinal shaft, apart from those
with electrically driven axles. Nowa-
days, modern NVH-optimised vehicles
often use constant velocity (CV) joints.
These allow torque to be transmitted
uniformly and without vibration, and
also decouple movements of both the
engine/transmission unit and the differ-
ential.

2 Current State of the Art

Current longitudinal shafts with con-
stant velocity joints at the gearbox or the
differential are designed as flange or
disk joints. Such joints are generally bolt-
ed onto the counter flange with six bolts.
This bolted connection must provide
both sealing and torque transmission.
Even today, as a consequence of the de-
velopment of higher torques and the lim-
ited space available for installing these
connections, they are already being sub-
jected to extremely high stresses and
therefore the torque can no longer be
transmitted by friction alone, so the con-
nection is subjected to additional shear-
ing forces. As a result of this, in assembly
plants considerable importance must be
attached to the tightening accuracy of
the bolts.

Another disadvantage of this connec-
tion is the frequent diameter changes in
torque transmission and the large
number of components, this solution
requires. For example, there is a jump
from the small diameter of the gearbox
pivot/differential pinion to the large di-
ameter of the bolted connection. This is
followed by a reduction to the small di-
ameter of the stubshaft, followed in
turn by another jump to the large diam-
eter of the tube. The disadvantages de-
scribed form the point of departure for
a new way of connecting longitudinal
shafts.

3 Direct Torque Flow

The “Direct Torque Flow” (DTF) principle

by GKN simply turns the CV joint round:

the longitudinal shaft is welded directly

to the large external diameter of the

joint, while the output shaft from the

gearbox or the differential is inserted di-

rectly in the inner part of the CV joint.

This has several advantages:

1. Flange, bolts, washers and one stub-
shaft are eliminated

2. Vehicle assembly involves less work

3. reduced weight

4. improved unbalance as a consequence
of reduced weight.

DTF solutions can be designed for fixed

or plunging joints with various types of

axial retention. The text that follows de-

scribes two application examples that

have been selected.

3.1 Plunging Joints

The solution for plunging joints involves
connecting the cardan shaft to the vehi-
cle (front axle gearbox, distributor gear-
ing and rear axle gearbox) with the aid of
a slotted sleeve. This sleeve solution is
specially designed for a plunging joint,
because in this case it achieves a compact
design with integration of the boot. In-
stead of the conventional flanged con-
nection, Figure 1, with bolted connections
and an angled torque flow, the new DTF
constant velocity plunging joint, Figure 2,
is fitted directly to the gearbox shaft and
has a smoothed torque flow. The torque
is transmitted through the output shaft
splines.

The DTF connection makes the cardan
shaft’s stubshaft redundant, and depend-
ing on the design this can make it up to
800 g lighter. Eliminating the bolted con-
nection and the vehicle flange allows up
to 1.8 kg mass to be saved if the DTF con-
nection is used on one side of the vehicle.
In addition, eliminating the flange/gear-
box shaft interface has a positive effect
on residual unbalance and the space re-
quired by the system.

This DTF solution offers OEMs clear
process advantages when assembling the
longitudinal shaft: Manually fitted onto
the pinion shaft or transmission output
shaft, itis centred by means of a clearance
spline to spline. The clearance in the spline
results in a radial clearance and backlash
which, as a consequence of the self-cen-
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tring of the splines does not result in high-
er unbalance within the drive train. Un-
balance tests show that the values ob-
tained are in line with the state of the art.

No increase in backlash was found in
dynamic resistance tests, which went
well beyond the service life of the longi-
tudinal shaft. For NVH-critical vehicles a
major diameter fit spline is available
that eliminates the radial clearance of
the joining parts as far as possible.
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Gearbox Flange

Powertrain

Constant Velocity Plunging Joint
with Cap and Boot

Figure 1: Parts and torque flow (red arrows) through a conventional connection

Figure 2: Torque flow through the new DTF solution

Axial retention up to an axial load of
5 kN is provided by closing a clamp. As
this can only be done via the gearbox
shaft’s groove, process control for the as-
sembly procedure is assured. There is no
further need for time-consuming bolted
connections.

3.2 Fixed Joints

Another DTF design is particularly suit-
able for fixed joints. Here, the inner part
of the joint is fitted onto the gearbox
pivot or differential pivot and bolted by
means of a union nut. This permits an
extremely compact and weight-saving
design, which in turn has a positive im-
pact on the residual unbalance that can
be achieved. As a consequence of using a
fixed joint, the design of the protective
boot is extremely compact. This allows
the amount of grease required to be re-
duced.
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DTF Clamp

Constant Yelocity Plunging Joint

The slightly greater workload involved
in mounting the longitudinal shaft in the
vehicle by tightening the nut is compensat-
ed for by the possibility of additionally cen-
tring the joint via a cone. In the case of the
combination with fixed joints, further
cost-effective solutions are currently being
developed in order to secure the longitudi-
nal shaft axially with the aid of a circlip.

4 Summary

DTF solutions from GKN have allowed
the two normally conflicting aims of re-
ducing weight and cost to be achieved.
Eliminating the bolted connection al-
lows OEMs to obtain cost advantages in
assembly. At the same time, the reduced
weight also reduces the residual unbal-
ances that can be achieved in the shaft/
gearbox system. |
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Active Yaw Control
in Front-wheel Drives

As a manufacturer of manual and axle transmission systems, Getrag has
developed solutions for ‘Active Yaw' (AYC) systems in all drivetrains. Two
different approaches for a front-wheel drive, torque-led and speed-led,
are presented below. The customer benefits gained from FWD under-
steering are also noticeable to a normal driver. Getrag has therefore taken
a step towards practical implementation, demonstrating that Active Yaw
produces astonishingly positive drive dynamics when used in front-wheel
drive systems.
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1 Introduction

When the standard rearwheel drive (RWD)
and front-wheel drive (FWD) systems are
evaluated, the RWD offers distinct benefits
in terms of longitudinal and lateral dy-
namics. This is due mainly to the fact that
in RWD systems the steering and drive
functions are distributed over front and
rear axles, whereas in the FWD the front
axle must handle both functions.

The vehicle’s self-steering behavior is
more heavily influenced by the drive
torque in FWD systems than in RWD sys-
tems. This becomes more noticeable as
the engine torque increases or when the
tire-road adhesion coefficient (coeffi-
cient of friction) is low. A helpful simpli-
fied model is “Kamm’s circle”, Figure 1.
The maximum drive power that the
wheel can transfer is the power resulting
from the longitudinal and transverse
forces.

In acceleration on a skidpad with a
constant radius, it can be seen that the
greater the induced drive torque, the
greater the steering angle requirement
(tire slip angle  understeering increases).
Further acceleration is prevented when
the lateral acceleration limit is reached.
The open differential “torque scale” func-
tion limits the transmittable torque of
the entire front axle due to the unloaded
wheel on the inside of the curve.

What is advantageous here is that a
vehicle with FWD remains stable, as the
power engages in front of the vehicle’s
center of gravity.

In the case of RWD vehicles, the self-
steering behavior is not so dependent on
the drive torque. In addition, the rear ax-
le’s dynamic axle load shift means that the

Area of Circla = Traction Potential

C

wheel on the inside of the curve is more
loaded, which allows the RWD vehicle to
achieve a higher lateral acceleration.

However, the RWD vehicle shows a
tendency to oversteer in the limit range
as the power engages behind the vehi-
cle’s center of gravity.

The effects that different drive tor-
ques will have on the steering torque mil-
itate against the use of AYC systems on
the front axle. Unwanted steering prob-
lems, e.g. steering torque, can occur as
soon as a torque difference builds up on
the front axle. In this case the manual
torque will drop on one side and in ex-
treme cases the steering wheel will even
turn in one direction by itself.

The sensitivity of the steering system
to such torque differences depends on var-
ious factors, e.g. axle kinematics, toe-in
flexibility and scrub radius. The design
and the type of steering system also play
an importantrole here. Experience gained
during the development of the Twinster
four-wheel drive concept and the active
limited slip differential on FWD applica-
tion was particularly helpful.

2 Requirements

Two different AYC concepts were chosen
for testing and the requirements were de-
fined in terms of the driving dynamic.

2.1 Schnellster (speed-led system)
Superimposed gearset parallel to the
open differential

Requirements:

- 10 % speed offset

- 1200 Nm torque difference

- response time <100 ms.

Figure 1: ,Kamm Circle”, open Differential: acceleration on constant corner radius
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Figure 2: ,Kamm Circle”, AYC system: acceleration on constant corner radius

2.2 Twinster+ (Torque-led System)

Two separately controlled wet multiple-

plate clutches, no open differential

Requirement:

- Maximum wheel torque must be
reached (1800 Nm per clutch)

- Response time <100 ms

- p-split acceleration must be acceptable

2.3 Schnellster

The system does not depend on the en-
gine drive torque. To generate a torque
difference between the wheels, the re-
quired speed offset is supported on the
road surface, Figure 2.

A torque difference can be delivered
at any time if there is sufficient tire-road
adhesion potential at the front axle.

Turning radii at which speed differ-
ences that are greater than the offset of
the superimposed gearset are geometri-
cally induced will require the system to
drop out. Otherwise the yaw support can
be lifted or the transmission can run in
self-blocking mode.

2.4 Twinster+

The system is designed as a two-clutch
system. The drive torques are transmit-
ted to the relevant wheel according to de-
mand by the separate clutch control sys-
tem. The open differential drops out and
the system must therefore be driven with
a higher complexity of control compared
with the Schnellster.

The basic thinking behind torque-
led systems is that the vehicle is in a
“drive-torque free” state when it drives
along the ideal line. Understeering that
has been initiated by induced drive
torque can be reduced by a torque dif-
ference that is adjustable at the front
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axle. It must be noted that only the
driveline torque can be varied. In throt-
tle off mode relatively little engine
drag torque is delivered at the wheel,
depending on the gear, but wheel selec-
tive braking to boost yaw on demand is
feasible. Single-side braking will not
then be felt as interference by the driv-
er, as he will want to slow the vehicle
down in any case.

The system must have very good ad-
justment accuracy and fast adjustment
speed so that, for example, the torque
for the wheel with the lowest friction
coefficient can be applied for both
wheels when accelerating to p-split (dif-
ferent left | right friction coefficients).
Otherwise a high yaw moment will
build up and this will affect driving sta-
bility.

The clutches’ torque capacity will lie
above the maximum wheel torque. The
clutches have a fail-safe design (open
without power applied).

3 Control Concept

The control concept has a modular struc-

ture and it is essentially identical for

both systems. It includes the following

modules

- traction

- agility (for pre-controlling)

- yaw support and yaw damping

— smart actuator

- valve control

- clutch thermo-management

- torque interface to other control sys-
tems

- differential (Twinster+ only)

- starting clutch (Twinster+ only).

The Twinster+ controller is a wheel-slip

based controller and therefore needs an

additional speed sensor fitted at the

clutch input.

4 Test Vehicle

A Mini Cooper S/R53 was chosen as the test
vehicle. This model had already been used
in previous fourwheel drive and clutch de-
velopment projects, which means that 9
different driveline systems have now been
investigated in this vehicle.
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5 Driving Dynamics Results

5.1 Slow Acceleration on the Skidpad
(Asphalt and Snow)

The vehicle was accelerated slowly up to
vmax on the skidpad from a low vehicle
speed. The driver kept the cornering radius
constant by adjusting the steering angle
accordingly. The diagram shows the steer-
ing angle that was applied during the lat-
eral acceleration for a high friction coeffi-
cient, Figure 3, and a low friction coeffi-
cient, Figure 4. The lower steering angle re-
quired by the AYC system is clear to see
compared with the open differential. The
steering angle is less for the Twinster+ than
for the Schnellster. The Twinster+ also
achieved an approx. 15 % greater lateral ac-
celeration on snow than the Schnellster.

5.2 Acceleration from Steady

Cornering on Snow

The vehicle was brought to a steady cor-
nering speed and then accelerated. The
steering angle was not changed during
the acceleration phase. The vehicle reac-
tion can be followed here in the yaw an-
gle speed gradient, Figure 5. The mass-pro-
duced model quickly lost yaw speed and
slid tangentially over the front axle and
off the skidpad. The AYC system ensured
that the yaw moment was maintained
for considerably longer. Twinster+ also
exhibited the best yaw characteristics.

5.3 Steer Step Input from a Straight
Line at Full Throttle

The vehicle was driven straight at 50 km/
h. It was then accelerated at full throttle

an 35

m'y

and steered at a steering angle of approx-
imate 90°. Figure 6 shows the essential
track curves for the tested versions.
Again, the advantages of the AYC system
can be seen clearly. A tighter circuit was
driven as opposed to the series version
and the vehicle with the AYC system slid
less over the front axle towards the out-
side of the curve.

6 Discussion of the Test Drive Results

All the driving maneuvers set out here
clearly document the gain that is achiev-

140

able with AYC systems in front-wheel
drives. The fact that the yaw support
function can be adjusted over the full
lateral acceleration range without re-
stricting the known driving stability of
the front-wheel drive system is extreme-
ly advantageous. This means that the ve-
hicle reaction always remains transpar-
ent until it reaches the limit areas. Any
driver, regardless of whether he has a
“defensive” or “sporty” driving style, can
experience the increase in safety and
driving dynamics. Both systems can also
be adjusted so that the torque differenc-
es have only very minor interaction with
the steering torque. The Twinster+ sys-
tem offers further slight advantages
when compared to the Schnellster sys-
tem. This is because with the Twinster+
system the wheel torque for the wheel
on the inside of the curve can be reduced
to zero in extreme cases, allowing the re-
maining tire-road adhesion potential
available to this wheel to be used for
building up side force capability. This is
particularly advantageous when driving
at a low friction coefficient and thereby
in the lower lateral acceleration range
(<5 m/s?). This means that the wheel load
change in the lateral direction at the
front axle is of secondary importance.
The wheel on the outside of a curve can
always maintain a yaw moment even at
high wheel-spin. On the other hand, the
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Figure 5: Acceleration from steady state cornering on snow, yaw speed versus time
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Schnellster system does also transfer
drive torque to the wheel on the inside
of the curve. In this case the front axle’s
side force balance will be less sufficient,
especially if the front axle is heavily load-
ed or even overloaded with drive torque.
An improvement can be achieved by lim-
iting the engine torque. In the Schnell-
ster, the torque difference is freely ad-
justable, which can be advantageous in
certain situations.

7 Energy Input

At the start of the project the question as
to whether the Twinster+ clutch system
could fulfill the vehicle’s service life re-
quirements was raised . The control con-
cept has been designed to prevent high
torques being paired with high clutch
slippage. In the simulation the energy in-
puts for high clutch torques with the
necessary clutch slippage when corner-
ing with full steering lock were calculat-
ed. The results showed that the energy
inputs did not necessitate any active cool-
ing of the Twinster+ system.
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This was confirmed later on during
the testing phase by road load data meas-
urements taken on the ‘Nordschleife’ at
the “Nirburgring” race track, as well as
on country roads and by city road profile
measurements. The highest overall
clutch oil-sump temperature recorded
was 109 °C on the ‘Nordschleife’.

8 Twinster+ Constructive Assembly

The special characteristic of the Twin-
ster+ design, Figure 7, is that the transmis-
sion transfers the drive power to the
wheels without the customary differen-
tial. This task is undertaken by two inde-
pendently working, wet multiple-plate
clutches. The Twinster+ clutch unit is
flange-mounted on the transmission out-
put. As there is no differential case, the
final drive wheel is mounted on a carrier
in the transmission and linked to the
clutch unit’s external plate carrier by
means of a socket spline.

The internal plate carrier grips the
splines on the left and right side shafts of
the front wheels. The two clutches work
on a “normally open” basis and are hy-
draulically operated. The two pressure pis-
tons are vertical pistons and are sealed
with low-friction PTFE seals in the Twin-
ster+ casing. The piston force is transferred
to the disk assembly by means of a needle
bearing. The air gap in the disk assembly
is crucial to the drag torque. To ensure
that the air gap is always reset after actua-
tion, a corrugated spring between the out-
er plate carrier and the needle bearing
moves the piston into the end position.

To allow the Twinster+ unit to be in-
stalled in the confined space of the trans-
mission output, a carbon compound ma-
terial offering a high power density is
used as the friction lining. The Twinster+
unitis sealed to the transmission, so that
the clutch can be operated with an ATF
that is beneficial for the tribosystem.

Figure 7: Section view Twinster, mounted to transmission
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This also allows the oil level to fall, which
ensures less churning.

For economic reasons there is no sep-
arate oil pump for oiling the clutch. This
task has been taken over by the clutch
components themselves in that the rotat-
ing external plate carrier collects the oil
in the sump and spins it off into a collect-
ing recess in the upper section of the
Twinster+ casing. From here the oil flows
through holes to the internal plate carri-
er, at which point centrifugal force press-
es it through the disk assembly, thereby
creating a constant flow of oil.

In summary, it can be concluded that
the Twinster+ module can be applied
beneficially in today’s existing vehicle ar-
chitecture in that the interface and the
installation space of the PTU can be used
by four-wheel drive applications.

9 Schnellster Constructive Assembly

The basic construction of the Schnellster
system, Figure 8, is based on today’s trans-
mission architecture. The torque is trans-
ferred to the drive wheels by means of an
open differential. A superimposed
gearset mounted on the transmission
output is used to deliver a yaw moment.

The superimposed gearset uses a
three-level planetary gear train. The sun
of' the first level is connected to the trans-
mission differential by means of a socket
shaft. The sun of the second level is con-
nected to the right side shaft by a drive-
type spline. The third sun is mounted in

1"nmﬁlr

the Schnellster casing and engages in a
friction plate. To achieve an efficient
mesh, the step planet’s three splines are
slotted into place in a single working
process.

The planet carrier has a dual func-
tion, both holding the step planets and
taking over the function of the clutch.
This is why friction material has been
bonded onto the planet carrier. The plan-
et carrier rotates at the side shaft speed
in straight-line driving. The rotating
planet carrier must be braked in order to
generate a yaw moment.

To do so the ring piston presses down
on a steel plate that pushes the axially
floating planet carrier against the steel
plate located opposite to it inside the
casing, clamping it like a brake disk.
The step up from the first planetary lev-
el to the second causes the right side
shaft speed to increase, which for exam-
ple corresponds to left-hand cornering.
The yaw moment is produced in the oth-
er direction by the activation pressure
in the second piston braking the third
sun by means of the steel plate. The step
planet’s third planetary wheel now rolls
away from the fixed sun, producing a
step down between the differential case
and the right side shaft. This differen-
tial effect increases the left side shaft
speed.

Although the Schnellster system
transfers a torque difference of +1200
Nm to the right side shaft, only a per-
centage of the speed offset, i.e. 120 Nm,
is required as the braking torque in or-

Thres Step

Figure 8: Section view Schnellster, mounted to transmission

der to brake the planet carrier or the
third sun. As the recorded clutch power
is produced without this boosting factor,
good heat dissipation into the friction
gap must be ensured. The steel plates
used here have a thickness of 4 mm and
the direct connection to the casing en-
sures good heat dissipation. As the sys-
tem has only two friction points, the ro-
tating planet carrier and the third sun’s
friction plate, the system produces very
low drag torques. This is a very impor-
tant characteristic as the loss becomes
very low when driving in a straight line.

The asymmetrical construction of the
Schnellster system, in which the yaw mo-
ment is produced by increasing or reduc-
ing the speed at a side shaft, makes it ide-
ally suited for front lateral transmission
installation. If already fitted, it can be ap-
plied almost without modification by ac-
cessing the four-wheel drive interface at
the transmission output.

10 Actuator

The actuator, Figure 9, used in the proto-
type vehicle is a further development of
Getrag’s standard clutch actuator. The
pressure needed for the clutch does not
depend on the driveline. A brushless elec-
tric motor (BLDC) drives a hydraulic
pump directly, i.e. the clutch pressure is
generated as needed. The driving dynam-
ics and the clutch controller are “import-
ed” from the microprocessor that is need-
ed to operate the BLDC motor. No sepa-
rate ECU is required.

A high proportion of same parts ena-
bles cost-effective use in several projects.
The reservoir (6) must be optimized for
different installation positions. Differ-
ent plugs are configured using specific
“end caps” (9). The two different clutch
torques are controlled by pressure con-
trol valves and sensors downstream of
the pump. These are in the form of ex-
ternal valve blocks in the prototype. Giv-
en the required dynamics (0 to 6000
rpm < 50 ms), the motor has been de-
signed as an internal rotor motor, which
also ensures good heat dissipation of
the stator. The power electronics have
been designed as an aluminum sub-
strate in direct contact with the motor
casing. The logic board is in the form of
a double-sided FR4 board. Microproces-
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Chassis

Figure 9: Hydraulic clutch actuator

sors (XC164) and voltage regulators are
mounted on the top to enable direct
contact with the heat sink. The plug is
part of the plastic end cap, as the plugs
are molded around the pins in the man-
ufacturing process. The coil and the ca-
pacitor are both sealed due to the high
mechanical loads generated when fit-
ting transmissions.

Torque control is based on a pressure
measurement. In the standard actuator
the sensor is mounted in the pump outlet,
while in multipleclutch actuators sensors
are fitted in each pressure circuit.

A coupling connects the pump to the
rotor. High volumetric efficiency (80 %)
and low torque at high speeds were con-
sidered during development. The pump
consists of a sintered rotor, two alumi-

num covers, a rotor shaft and a shaft seal.
Two of the pump screws also serve to se-
cure it in place. The ring-shaped pressure
outlet allows a flexible package.

In the standard actuator the reservoir
is sealed by a large cover and ventilated
through a diaphragm. Two clutch systems
require a larger volume of 0il, so the reser-
voir in the prototype is modified and ven-
tilation is now in labyrinth form.

The standard actuator measures 100 x
85 x 200 mm and weighs approx. 2.5 kg.
Less than 10 A is required from the on-
board power supply when operating at a
maximum pressure of 45 bar. Average
power consumption is less than 2A. In
the prototype vehicle the actuator and
the valve block are mounted in the en-
gine compartment.

elsD THWINSTERE+

SCHNELLSTER AWDHangon AWDTWINSTER®

Figure 10: Improvement in comparison to FWD with open differential (eLSD = electronically

controlled limited slip differential)
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11 Development Potential

The Twinster+ system has been primarily
designed as an AYC system. However,
there is also potential for the integration
of “external” functions. Functions that
can be integrated:

- differential: The system can be inte-
grated in the differential installation
space

- shift transmission clutch (so clutch is
not needed): space can be used for e.g.
a hybrid drive; starting clutch func-
tion adapted to the road surface fric-
tion coefficient (snow/sports mode)

- limited slip differential

- road surface friction coefficient detec-
tion

- torque limiter

- decoupling of the transmission and
wheels: Free running function in over-
run mode (consumption savings
through “coasting”); no torque inter-
action between the wheels with selec-
tive wheel braking (ABS/ESP).

12 Qverall System Evaluation

Both AYC systems were finally compared
and evaluated against other driveline sys-
tem designs already investigated. Initially
only the driving dynamic characteristics
were evaluated, characterized by 22 differ-
ent driving situations. The additional po-
tential that can be gained from function-
al integration was then included in the
evaluation. The improvement potential
compared with series models with open
differentials is shown in Figure 10. The
Schnellster appears to be better than the
Twinster+ if the functional integration is
excluded from consideration. The area
marked in red in the Twinster+ column
indicates the additional gains from func-
tional integration. The Twinster+ concept
is the best solution when all of the re-
quirements such as improved driving safe-
ty, increased agility and more driving en-
joyment at less cost and lower weight are
added together. |
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Leakage Test Examination of
Shaft Seals for CO, Refrigerant
Compressors

Axial face seals are well suited for dynamic shaft sealing in CO, (R744) refrigerant compressors for
air-conditioning units in regard to design. An axial face seal by Kaco Dichtungstechnik GmbH has been
released for series production and is currently being run in at nearly all producers of compressors
worldwide. In multiple fleet tests the seal has been proven beyond doubt and fulfils all required criteria
within its specification. With the presented test results it is proven that shaft sealing for CO, refrigerant
compressors can be mastered.
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1 Introduction

For decades, Kaco Dichtungstechnik Gm-
bH has been well known as an innova-
tive partner in the automobile and sup-
plier industry in solutions for complex
dynamic sealing from the powertrain as
well as in auxiliary aggregates. The ma-
terials used have been specially devel-
oped and optimized over years — in par-
ticular with the axial face seals for water
pumps used in passenger cars and com-
mercial vehicles; thus having acquired
an exceptionally respectable standing in
Europe and the global market.

The skill and knowledge in overcom-
ing pre-production development chal-
lenges in regards to design, testing meth-
ods and the preparation for production
have all been put into the development
of the dynamic axial shaft seal for the
CO, refrigerant compressor. Kaco have
been working on these sealing problems
since 1999, challenges that have been re-
garded as unsolvable by many. Specific
test stands, Figure 1, were developed at Ka-
co in order to proof all necessary specifi-
cation requirements of the CO, axial face
seal.

Figure 1: Test stands for CO, shaft seals

2 Refrigerants — from R12 to CO,

For the past few decades most automo-
bile producers have been using fluoride
compounds like chlorofluorohydrocar-
bons (CFC) as refrigerants in their mobile
air-conditioning units (A/C units). The
CFC used in early A/C units, known as
R12, quickly became known to damage
the ozone layer and to be a large contrib-
utor to the green house effect. The media
CFC, a harmful refrigerant gas, was glo-
bally banned from all markets.

In the 1990s the hydrofluorocarbon
(HFC) R134a became the new refrigerant.
Initially, HFC was planned as a tempo-
rary solution only because it was known
to have a high global warming potential
(GWP) of 1200: That means that 1 kg of
R134a has got the same impact on the
green house effect as 1200 kg of CO,,.

Since these times, the automobile and
supplier industry worldwide are looking
for an environmentally friendly refriger-
ant, which is to be the ultimate solution
with mobile A/C units. The requirements
on material used are varied. Flammables
and toxics are not an option as the han-
dling of synthetic material holds many
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risks in regards to liability. Yet without
the toxic effect fully known, many US-
American and some Asian OEM are pre-
ferring the flammable refrigerant
R1234yf (also a HEC) as their favourite, a
synthetic, partly fluoridised hydrocar-
bon. The use of environmentally friendly
refrigerants with all new automobiles
(that means newly developed models)
will be a new European law as from 2011.
As from 2017 all new vehicles need to be
equipped according to these new Europe-
an guidelines.
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The GWP of a refrigerant must not ex-
ceed 150 by law. At this point only two
chemical compounds come into ques-
tion — the R1234yf with a GWP of 4 and
CO, (R744) [1]. However, there is only in-
sufficient production experience for
R1234yf available. The initial production
could be launched by the end of 2010.

On the other hand CO, is a natural
substance, which can be easily reclaimed
and has got a GWP of only 1. And as long
as the filling of the system has been re-
covered from the environment, a leakage
would have no negative impact on the
green house effect. In comparison with
other refrigerants CO, has got the advan-
tage that due to its thermodynamic char-
acteristics and, that combined with a
suitable engineering, a CO, A/C unit can
also be used as a heat pump. Due to the
efficiency of modern combustion en-
gines there is a lack of radiated waste
heat that could be used to heat the inte-
rior of a passenger cabin. CO, can suita-
bly compensate for this. In particular,
this applies to hybrid, fuel cell and elec-
tric vehicles. Furthermore, development
tests show that under most test condi-
tions using a R744 A/C unit is much more
fuel efficient than a comparable conven-
tional R134a system.

3 Aims and Objectives

At the TAA 2007 in Frankfurt/Main (Ger-
many) the VDA had announced that as
from 2011 onwards CO, will be the refrig-
erant to be used in the future by the au-
tomobile industry that was confirmed in
October 2008 [2]. Since then all research
and development have been intensified
by the participant suppliers with the
aim to keep to the schedule.

A lot of attention has always been di-
rected to the shaft sealing of compressors.
Due to remarkably higher pressure levels
compared to R134a the requirements are
also of much higher standard. The pres-
sure characteristics of the sealed mixture
composed of refrigerant oil and CO, un-
der dynamic conditions are between 30
and 70 bar, peaking at 90 bar. Under stat-
ic conditions (engine standstill) the pres-
sure levels reach as high as 110 bar. The
revolution range is measured analogous
to the transmission ratio between the
crankshaft and the compressor belt disc
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Figure 2: First ever measurements with the CO, leakage measuring device

ranging from 600 to 10.000 rpm running
at temperatures up to 180 °C. The require-
ments for impermeability are developed
accordingly in order to function service-
free for the entire lifespan of a modern
car’s A/C unit.

Kaco’s latest generation of axial face
seals meets all current requirements of
shaft tightness. Corresponding results
were the outcome from various in-house
testing processes in addition to compres-
sor and vehicle tests.

4 Test Equipment

Essentially, three parameters are neces-
sary to define a good shaft seal. These are
the following three points:
- life span under known test specifica-
tion
- leakage behaviour
- The seals’ frictional torque.
In order to define the efficiency of a seal-
ing system it is inevitable to have to test
the parameters with a suitable tech-
nique. Apart from the development of
the sealing system it was necessary to de-
velop specific test stands, measuring
processes and the corresponding meas-
uring instruments. Due to the systems”
unique nature all processes and equip-
ment needed special research and devel-
opment as there was and there is no such
technology available.

4.1 Test Stands
Specific test stands, Figure 1, were devel-
oped at Kaco in order to proof all neces-

sary specification requirements of the
seal. The test stands can present all re-
quired temperatures and pressure levels
throughout the entire revolution range.
To ensure realistic conditions the test
head had been adapted to the shape of a
compressor design. It is highly impor-
tant to closely monitor the temperatures
and pressure levels within the test cell.
As standard, the frictional torque of the
seal is being measured in every test run.
Various long term test stands have been
running since 2003. When needed, they
can operate at temperatures below zero
in an accordingly climatized closed-off
unit.

One of the biggest challenges in devel-
oping this seal proved to be the measur-
ing of the leakage. The compound of re-
frigerant oil and CO, within the test cell is
inevitably leaking to the airside and is
constantly measured. In the case of an oil
leakage this is easily realized by filtering
the leakage flow and measuring it in a
gravimetric process. The measuring of the
gas leaked is much more complex since
there are no suitable processes available
for continuously measuring — with ade-
quate accuracy — under atmospheric con-
ditions.

4.2 Measuring Processes

Gas-chromatographs or mass spectrome-
ters were used in the usual measuring
processes for high precision analysis of
gas leaks. These instruments and their
components are complex in their engi-
neering, little flexible and were not easi-
ly applied to this unique situation. For
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an indirect measuring of the leak other
measuring processes use Helium or oth-
er test gas endowed with Helium. Howev-
er, processes using Helium as a device
could falsify the measuring results.

In particular due to the specific char
acteristics of CO, in regards to permea-
tion. Therefore Kaco developed their own
measuring processes in order to exactly
determine the leakage of their shaft seal
at stand still as well as in operating con-
ditions.

4.3 Measuring Instruments

In 2005, after a research period of three
years, the first measurements with the
leakage measuring device were done,
Figure 2. Two specifically arranged CO,
sensors within the measuring device are
continuously comparing the concentra-
tion of ambient air with the concentra-
tion of ambient air accumulated with
the leakage gas.

Here it is highly important that a
constant flow of gas at a constant tem-
perature is flowing through the CO,
sensor. The leakage of the seal is moni-
tored under all required operating con-
ditions, static as well as dynamic, by
means of monitoring temperatures,
measuring the flow and by a continu-
ously comparison of the two concentra-
tions.

To date, four of these measuring devic-
es have been put into operation. Compar-
ing measurements of the leakage have al-

ready been carried out at the test head
and have led to corresponding results.
A declaration of exactness of the CO, leak-
age can be given at +1 g per year. As a
standard leakage results are analysed in
all tests.

5 Test Conditions

All test conditions have been carried out
analogous to the VDA performance spec-
ification for CO, refrigerant compressors.
The performance specification includes
all relevant revolutions ranging from
600 to 10,000 rpm, temperatures and
pressures. In order to simplify the test
procedure with variable pressures always
the highest pressure level was used. The
specification also stipulates the determi-
nation of the total leakage according to
varying climatic conditions as well as in-
dividually, at stand still and in opera-
tion.

The individual stages of operation are
valued differently depending on the fre-
quency of occurrence. Naturally, the stat-
ic operation at environment temperature
is of great importance. In developing the
seal the main emphasis was put on the
achievement of as little leakage as possi-
ble in static mode. In operating mode a
collective of rotational speed are run at
varying temperatures in order to operate
in the corresponding conditions of vehi-
cles worldwide.
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Figure 3: Static leakage in novel shape — obsolete design of the seal

6 Test Results

In the following, the measurement re-
sults for static and dynamic leakage with
the new and the obsolete design of the
axial face seal shall be presented and
compared.

6.1 Static Leakage in Novel Shape

with Obsolete and New Design

The leakage under stand still condition
of the seal in novel shape is most impor-
tant. The sealing surface of the used axi-
al face seal is treated in a specific process
in regards to its roughness and flatness
of the sliding surface. Yet, as with all oth-
er face seals, a pre-operational running
period is needed for the seal to work
properly. An optimal leakage (nearly no
leakage) is achieved only after a particu-
lar running time.

Under realistic conditions at the as-
sembly line the seal is fitted inside the
compressor which only then is filled with
oil. Next, the finished compressor is fitted
within in the A/C unit and that again in-
side the vehicle. Only here the A/C unit is
filled with the refrigerant, and thus can
eventually be tested in regards to its tight-
ness. It can take up to several weeks or
months from the sale of the vehicle to the
first ‘real-life-taking-into-operation” of
the A/C unit. High leakage in the in-be-
tween time is unacceptable. Therefore ad-
ditional measures have to be taken in or-
der to absolutely minimize this initial
leak. Figure 3 displays the initial leakage of
the obsolete design. The level is already
reasonably low due to optimal matching
and tuning of the sliding surfaces. Howev-
er, the achievable results of an average of
19.8 g per year are too high in order to
match the specification. For economical
reasons a wearing process in period of the
new seal at fitting stage is not an option.
With the newly developed design, Figure 4,
very low test results are obtained from the
very start. They are barely measurable at
1.1 gfa.

6.2 Static Leakage in Run-in Condition
with Obsolete and New Design

As mentioned before, there is special
meaning put on the percentage of the
static leakage in comparison to the real
operation of the compressor. Excellent
results have already been obtained with
the obsolete seal design after it had been
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Figure 4: Static leakage in novel shape — new design of the seal (28 °C oil temperature

and 46 bar pressure)

run-in — even after long periods of com-
plete stand still up to 700 h, as displayed
in Figure 5.

With the research for a new seal de-
sign the aim was to maintain these val-
ues. Figure 6 and Figure 7 display the re-
sults of the newly developed seal design.
With measurements as excellent as rang-
ing around 5.5 g/a CO, the brilliant level
of the predecessor is being maintained
and continued. Even during very long pe-
riods of stand still (700 h) the leakage val-
ues are stable and absolutely of no con-
cern at 4 gla.

6.3 Dynamic Leakage with New Design

The measuring process of the leakage un-
der dynamic conditions, that means
with the compressor shaft rotating, has
been performed in exact accordance
with VDA performance specifications.
These specifications require a collective
of revolutions at varied pressure and
temperature conditions, which needs to
be run through in several cycles. Despite
a relatively high environment tempera-
ture of about 150 °C the results displayed
in Figure 8 show low measurements of
CO, leakage at about 45.8 g/a.

6.4 Determination of Total Leakage

The determination of the total leakage
according to the VDA performance spec-
ifications follows a pattern mentioned
before and displayed in the Table. Here,
the great importance of the leakage at
stand still is also emphasised in compar-
ison to the leakage under dynamic con-
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7 Conclusion

The sealing manufacturer Kaco has de-
veloped a new axial face seal for CO, air-
conditioning units, which was proofed
on test stands extensively. To master the
challenge of this sealing location has
without doubt been proven to be man-
ageable. It is important to point out that
all results have been obtained by using
prototypes. The prototype seals have
been created under as close to possible
realistic production line conditions. The
results in the present case display that
the newly developed seal design of the
shaft seal for the R744 refrigerant com-
pressor meets all leakage requirements
at all operating conditions. These are in
detail as follows very low levels of
- static leakage in novel shape of a seal
- static leakage in novel shape during
long stand still periods
- static leakage at run-in condition -
even after long stand still periods
- dynamic leakage at all relevant oper-
ating conditions.
All currently known leakage require-
ments for these sealing systems were ful-
filled. Furthermore, multitudinous life
time tests on test stands have been per-
formed on both, the compressor and the
vehicle during the developing period.
All test results were positive. Also the ex-
tremely low power loss of friction of this
particular sealing built is to be empha-
sized. Kaco now are preparing the pro-
duction line of these seals. The first ap-
plication of this seal is estimated for
2011, based on the decision of the VDA.
Hopefully, other OEMs on a global level
will take similar decisions in order to ob-
tain an environmentally friendly and
lasting effect.
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Figure 7: Static leakage during a very long period of stand still under run-in condition —
new design of the seal (150 °C oil temperature and 45 bar pressure, 700 h in VDA test)
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Leakage test
Operation time: BT80 h | year

stand still conditions duration 8146 h

ung / lemperature leakage [gh] waighting leakage - weighting [ofh]
90 bar [ 54"C 1.8 0.088 0.8
E5 par/20°C 55 0.618 330
35 bar [ 0°C 1.5 0.208 on
7 b [ =30°C 1.4 0.0:41 0.06

It stand still 0.932 4.55
opaeration conditions duration 596 h
mﬁm%mfwm %MI H%IEF E-%’ ting [gfy]

lbar ! 1 ¥

45 bar [ 120°C 278 0.7 0.47
|45 bar r90°C 282 0.01 0.28

It operation 0.068 2,654
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Concept Car Development
with the Example of a Ford Model T
Successor

Only three months were needed by a team of the Institut fiir Kraftfahrzeuge (IKA) of
RWTH Aachen University in order to develop an innovative vehicle concept which is
capable of carrying conventional as well as alternative drivetrain modules thanks to
its scalable design — a modern “Tin Lizzy” for the year 2015 with a basic sales price
of less than 7000 US dollar.
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Challenge Demands

Figure 1: Flow chart of the concept development

1 Introduction

The legendary Ford Model T is still one of
the most successful and sold models of
vehicle history. Over a hard to imagine
production duration of 19 years, about
15 million units have been sold which
were used for very different applications.
This variability was one of the aspects
that had to be regarded in the Ford Mod-
el T Challenge 2008. The Ford Motor
Company has launched this competition
under five universities worldwide to cele-
brate the 100th anniversary of the Tin
Lizzy.

The demand was to develop a modern
Model T in only three months time while
being simple, robust, light and compel-
ling. In addition hard facts like space for
at least two passengers, a range of 200
km as well as a maximum basic sales

o Analysis ~ Mobility  Regulation
|4 Target Cost Success Factors Scenario Analysis
- Calculation Model T 2015
< 1908
~ Energy  Markets
- Target Costs Carry Over Economic
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price of 7000 US dollar were required
with the latter surely being the hardest
challenge.

2 Approach

A scientific approach, though inspired
by the industrial development process,
was chosen for the development of the
concept vehicle, Figure 1. Based on the de-
mands that were given for the challenge,
the requirements for the vehicle have
been analysed. This included a detailed
examination of the success factors of the
predecessor, the historic Model T, as well
as an investigation if and how these
could be transferred to a modern car. The
scenario analysis revealed further bound-
ary conditions and economic require-
ments of the relevant markets. The main
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driver was the very ambitious basic sales
price from which target costs for every
module had to be derived using a target
cost calculation.

The requirements which had been de-
picted in the analysis phase were then
collected as concept specifications for
the definition phase. Based on these, the
actual concept development started
which was characterised by highly paral-
lel processes and a permanent cost con-
trolling. In order to generate not only
concept ideas but technical-feasible solu-
tions in the very limited time given, strat-
egies for efficiency increase had to be ap-
plied. It was mainly the parallelisation of
component development and styling,
traditionally an up-front process, which
significantly saved time. The rough styl-
ing was decided based on hand sketches
while the detailed surface construction
was done in parallel to the body struc-
ture. This again could be increased using
topology optimisation.

3 The Success Factors
of the Historic Model T

Only five years after the foundation of
the Ford Motor Company in 1903, the
production of the Model T started. Its
success was gained by fulfilling the mar-
ket demands of those days to a very high
level. Besides a classic passenger car, it
was also used as a truck, tractor or even
tank. In addition, the main success fac-
tors were the low sales price of 650 US
dollar and its robustness for the poor
and unsurfaced roads of the era.
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Concept Cars

Furthermore, the simple construction
allowed easily repairing or adopting the
car for other applications. Today’s trend
towards multi-material design was also
consequently utilised those days. Hence,
a modern concept has to combine the
success factors of the historic model with
the dominant requirements of a car to be
launched in 2015.

4 Scenario Analysis

With the aim to meet the major demands
that a world car has to accommodate in
the 21st century, a scenario analysis for
the target year 2015 was carried out. So-
cial, economic and technologic trend
studies, for example [1, 2], have been re-
garded and were amended by own find-
ings. The major influencing factors are
given by the mobility demand, legal regu-
lations, the availability of energy and the
market situations. The focus was placed
on the markets of the Triad as well as of
emerging and developing countries.

The need for mobility is increasing
worldwide. Individual mobility will stay
the basic need of mankind. With public
transport being able to fulfil these needs
only to a limited amount, the vehicle
market will grow especially in the emerg-
ing countries. Besides the trend to mega
cities, the majority of the population will
still live in rural areas. Regional differ-
ences in availability and development of
transport systems, infrastructure and
routes have to be regarded for the target
scenario. The new Ford Model T as a
world car has to meet not only the re-
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Figure 2: Distribution of propulsion systems and markets in 2015
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quirements and customer demands of
accessed markets but also increase the
brand awareness and attractiveness in
export markets to be accessed. In parallel
to individual mobility, customers also
ask for automobile individuality. Open
source approaches with defined interfac-
es can be adapted to vehicles and offer
one potential solution for conflicts in re-
lation with the individualisation of a
mass product.

Furthermore, the age structure of cli-
ents is of importance. The age pyramid is
showing an aging population. This as-
pect is to be met by the concept amongst
others by optimised ergonomics offering
a high and up-right seat position. One
central feature of the scenario analysis
was the question which energy sources
are available and accordingly which
drivetrain options are best-suiting for the
year 2015. The results show that the in-
ternal combustion engine will keep its
dominant role besides all on-going ef-
forts towards hybrid and electric vehi-
cles, Figure 2.

Main factors are the energy infrastruc-
ture as well as lasting high costs for elec-
tric energy storages. Alternative propul-
sion concepts will gain importance in
some markets though due to legal re-
quirements (city limitations and CO, tax-
ation) as well as demands by customers
with ecological awareness.

personal buildup for Force Motors Ltd.

5 Model T Concept for 2015

The low sales price was a key challenge
during the development of the concept.

Diesel
14 %
Gas2 %

Hybrid 23 %

Electro 3 %

Gasoline
58 %



Different studies have shown that low-
cost cars can be offered profitably at a
sales price of 7,000 $ or even below [3, 8,
9, 10, 11]. Consistently, changes in pro-
duction, sales and distribution but also
design are claimed to be necessary in or-
der to succeed. This includes low-invest-
ment for on-site assembly of smaller vol-
umes in lean production with increased
manual processes. Standardised low-cost
components, which are used by different
brands and produced in low- cost coun-
tries, so-called “industry modules”, en-
hance the economy of scale. The global
vehicle structure has to be designed for
basic functionality with low complexity
of parts. A modular design of the vehicle
enables further economy of scale and re-
use of particular parts. At the same time,
this carry-over reduces R&D costs that
can be further optimised by extensive
implementation of simulation tools. For
automotive low-cost strategies, the part
of logistics and sales is important. A re-
duced centralised dealer network is es-
sential. Even sale via internet is an op-
tion. Finally, marge and costs for market-
ing have to be reduced.

The aspects motioned above were con-
sidered in the early concept phase when
setting the target costs for the Model T.
The subsequent concept development was
attended by target costing. Therefore, tar-
get costs for the main components body,
chassis, interior and electronics had to be
established first, Table 1.

Accordingly, the maximum allowable
cost of each component had to be estab-
lished, assuring not to exceed the basic
sales price of 7000 US-$. The percental

Table 1: Target cost definition in US dollar

Basis sales price 7000 $

Production costs 4970 $

Additional costs 2030 $

Assembly 890 $ Logistic 420$
Body 980 § Marketing 560 $
Chassis 800 $ Overhead 420$
Drivetrain 880 $ Guarantee 250 8
Interior 750 $ Marge 4209
Electronics 630 $

distribution is based on a typical C-class
vehicle (class of compact vehicles) [3]. The
different cost items were derived from
this percental distribution while the con-
cept specification was determined from
the scenario analysis, following market
economy principles, as well as the major
success factors of the historic Model T
and the cost target.

Therefore, the main dimensions were
defined at first, influencing not only the
outer appearance but also some essential
technical properties. The trend towards
smaller cars is apparent. One reason
among others is the fact that the average
number of passengers per ride is as low
as 1.4 [4]. Accordingly, the team agreed
very early that a modern Model T shall
be positioned in the C-class (compact or
sub-compact class). At the same time,
there is an increasing demand for interi-
or space and luggage by the emerging
markets in which the new Model T shall
be the first vehicle. The compromise of
compact appearance and offered space

1TSIE:

Dt 1

14

Dvuaim

Figure 3: Technical specifications of the new Model T

was finally found in a short but wide ve-
hicle with relatively high ground clear-
ance and an up-right seat position for
the passengers, Figure 3.

The width of the car allows sufficient
space for three passengers in one row.
The driver is centrally positioned and
slightly ahead of the two passengers. This
avoids different models for left and right
hand steering. The concept is character-
ised by modularity, scalability and indi-
viduality, going from derivates, Figure 4,
that are based on the scalable basic struc-
ture via changeable outer plastic panels
to the drivetrain concept.

Package, vehicle architecture as well
as structure of the modern Model T are
easily adoptable for usage as a hybrid
drive, a plug-in hybrid drive or pure elec-
tric drive. The base model is driven by a
gasoline engine as internal combustion
engine (ICE). Its position in the rear of
the car, together with the semi-trailing
arm axle, is supporting an efficient pack-
age, can easily be accessed and thereby
allows the modularisation of the drive-
train.

In the front section there is a high
freedom of package. This offers space for
a maximum of passive safety.

Besides technical concept specifica-
tions, styling requirements for the new
Model T had to be defined. A complete
retro-styling approach as often used for
remakes of automotive icons did not
seem feasible from a technological, eco-
nomic and design zeitgeist point of view
for the 100 years old Model T. The idea
was rather to transfer distinctive ele-
ments of the historic styling such as the
massive cooler frame or the characteris-
tic wheel house arc and to combine them
with current styling characteristics. A
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Historic

Concept Cars

Figure 4: Styling of the derivate vehicles

worldwide commonly used design con-
cept is believed to foster the brand identi-
ty, an aspect that is gaining importance
for success in the market due to an in-
creasing technical unification. Following
the definition of the concept specifica-
tions, the development of the different
main vehicle components started in par-
allel. Body and drivetrain development
are described in detail in the following

chapters. At the end of the project, a cost
assessment of the complete concept was
carried out. Table 2 shows the overview of
the total costs for the different drivetrain
options of the pickup variant model.
The efforts for cost models increase
more than proportional with the degree
of detail respectively accuracy. Hence, an
efficient cost prognosis must be based on
analogies. Starting with comparable

Table 2: Cost overview in US dollar of the pickup variant model for different drivetrain options

components with known cost structures,
the costs of the new Model T components
have been scaled using values such as di-
mensions, weight, power, energy content
etc. [3, 5, 6]. While current market prices
have been used for standard components,
the electric drivetrain had to be calculat-
ed using price prognoses for future price
development under mass production as-
sumptions [7].

Besides the economic and production-
wise cost reduction strategies mentioned
above further conceptual cost reduction
methods enabled the low basic sales
price. In addition to the avoidance of a
left and right hand steering model, some
comfort functions have not been imple-
mented but are technically compensated
to a certain extent. Furthermore, only
standard tools are required for produc-
tion, the passenger seats are not adjusta-
ble and planar glazing as well as module
and common part strategies are used, al-
together having a positive cost effect. Ac-
cording to the historic Model T, long pro-
duction duration is planned. The change-
able outer panels, the lighting parts and
the interior allow an easy re-styling and
technology updates, thereby keeping the

ICE Hybrid drive Plug-in hybrid drive Electric drive

15 km 56 km 75 km 140 km
Production costs 4930 $ 5340 $ 6890 $ 8190$ 7410 $ 11.790 $
Assembly 890 § 890 § 890 890 § 890§ 890 §
Body 960 $ 960 $ 960 § 960 $ 960 $ 90 $
Chassis 7428 742§ 742 $ 7428 7428 7428
Drivetrain 780 $ 1280 $ 28308 4130 8 3350 § 7730 8
Interior 750 $ 750 § 750 § 750 $ 750 $ 750 $
Electronics 588 § 718% 718% 718% 718% 718$
Additional costs 2070 $ 2100 $ 2160 $ 22108 2180 $ 2360 $
Logistic 420°$ 420$ 4209 420°$ 420'$ 4209
Marketing 560 $ 560 $ 560 $ 560 $ 560 $ 560 $
Overhead 4208 4208 4208 4208 4208 4208
Guarantee 250 § 280 $ 340$ 390 § 360 $ 540 $
Marge 420°$ 420$ 4209 420 % 420°$ 4208
Total 6780 $ 7440 $ 9050 $ 10.400 $ 9590 $ 14.150 $
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Model T modern and appealing over a
long time.

6 Body

For the body development the trade-off
between low-cost and lightweight had to
be put in focus, since both requirements
were formal objectives of the challenge.
The team added the additional target to
design a body type compromising the
special demands of conventional and
electrified drivetrains in a common plat-
form. This is to enhance the market rele-
vance of alternative drivetrains by cost
reduction due to economies of scale. In
addition, to enable various derivates the
body should be designed scalable in
length and should be made of simple
parts manufactured using standard
tools.

Comparing different types of body de-
sign showed that these requirements in
total can be met best using a hybrid de-
sign of steel deep-drawing parts and pro-
files together with plastic outer panels.
On the one hand the team applied struc-
tural lightweight design techniques for
the cost efficient steel basic structure.
On the other hand for the body panels
the lightweight potential of the material
was used. The principle of structural
lightweight design is to select the topolo-
gy of the structure based on the loads
acting on it. This means material shall be
applied at the actual load paths only. In
order to determine these load paths, the
team used the method of FEM-based to-
pology optimisation.

The starting point for this was the
available design space for the body. This
describes the volume that remains when
substracting the wheel envelopes, the in-
terior space and all package components
from the volume enclosed by the outer
contours of the vehicle. The design space
was meshed and the load cases such as
static torsion and bending as well as qua-
si-static dummy loads for front, side and
rear crash were applied. After calculat-
ing and masking the finite elements that
are less relevant for the load cases in
terms of stiffness, the abstract load paths
could be analysed. This topology had to
be interpreted and transferred to produc-
ible and joinable parts using CAD tools,
Figure 5.

Topology Optimisation

Topology Optimisation CAD Design

CAD Design
rd

7~
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Figure 5: Topology optimisation and CAD design

Following the results of the topology
optimisation the CAD model includes a
main longitudinal member that merges
the sill, a very stiff rear crossmember de-
signed as an integral part with the passen-
ger backrest, a sandwich floor structure
and two longitudinal floor members.
Each part is characterised by a stretched
shape. In addition, all parts in the area
close to the rear crossmember are parallel
and exactly straightline. This way, the
body can be scaled in length at this area
as well as at the front and rear overhangs,
Figure 6. For the doors and lids that show a
profile-intensive design, the hinges are in-
tegrated in the support structure.

(integrated in structure)

7 Drivetrain

The background for the drivetrain con-
cept was defined by the results of the sce-
nario analysis. The demands of future
drivetrain systems with regard to efficien-
cy and emissions will become stronger
due to rising energy prices and stricter le-
gal requirements. Considering these, po-
tential drivetrain concepts for the mod-
ern Model T were analysed and compared
regarding re-powering infrastructure,
qualification for vehicle integration, total
efficiency and production costs, Table 3.
In addition to conventional drive-
trains based on combustion engines, un-

Engine Module

Fronl Assambly y T 9

Door Struchue
Tank Modube
Eattery Module McPherson Fronl Axle Semi-Trailing Arm Rear Axe

Figure 6: Vehicle components
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Figure 7: Drivetrain construction kit

conventional systems were taken into ac-
count. However, the comparison of the
different systems revealed that for 2015
the internal combustion engine will still
offer the best compromise. Reduced fuel
consumption can be achieved by combin-
ing efficient, downsized engines with
lightweight compact-class vehicles.
However, electrified drivetrains
should not be neglected in order to serve
the growing demand for these vehicles
in the establihed markets. Consequently,
the modern Model T offers different
drivetrain options on the same platform.
The systems are going from the conven-
tional gasoline drivetrain via hybrid and
plug-in hybrid to the battery electric ve-
hicle. Both battery electric vehicle and
plug-in hybrid are able to run fully in
electric mode. A modular drivetrain con-

E O 1 X

Clich  CVT Transmission Differssfisl  E-Motor Module  Bafery Poswer Elsctronis

struction kit was developed for this in or-
der to maximise the number of common
components, Figure 7.

Since the daily range has significant
influence on the operating costs for the
plug-in hybrid drive option, the emissions
and the efficiency of the vehicle, the bat-
tery system is designed in a modular way.
This means, the customer can select the
energy content of the battery based on his
personal demands, for example the dis-
tance from home to office. In the next
step, the components of the different
drivetrain options were dimensioned and
selected considering the outer vehicle di-
mensions, the vehicle mass, the top speed,
an assumed aerodynamic drag coefficient
of 0.3 and different driving cycles.

For dimensioning and further evalua-
tion of power requirement and energy

Table 3: Qualification matrix for drivetrain systems (ICE = internal combustion engine)

Re-powering infrastructure

Qualification for vehicle

Total energy efficiency

consumption, a model library for simula-
tion of longitudinal dynamics in Matlab/
Simulink was used. Depending on the
particular driving cycle and the drivetrain
system, a peak power requirement from
17 to 28 kW was determined. Consequent-
ly, a 30 kW ICE or a 40 kW hybrid drive
were selected. With the level of drivetrain
electrification, the costs increase, Table 3.
However, operating costs and emissions
can be reduced. For instance CO, emis-
sions vary between 54 g/km and 100 g/km
for the different drives while a specific
CO, emission of 500 g/kWh for electric
power generation is assumed.

8 Summary

Only three months were needed by a team
of the Institut fiir Kraftfahrzeuge (IKA) of
RWTH Aachen University in order to de-
velop an innovative vehicle concept which
is capable of carrying conventional as well
as alternative drivetrain modules thanks
to its scalable design — a modern Tin Lizzy
for the year 2015 with a basic sales price
of less than 7000 US dollar.

An efficient approach and an effective
realisation of requirements allowed the
concept to be simple, light and compel-
ling - following the spirit of its predeces-
sor. A focus was therefore placed on a
simple production and a robust design of
chassis and body as well as possibilities
for an individual styling by using change-
able outer panels. The modular drive-
train allows to offer alternatives to the at

Production costs

integration
Compressed air - == - ++
Gasoline engine ++ + 0 ++
Diesel engine + ++ 0 n
Electric/ICE hybrid drive 0 + + 0
Hydrostatic/ICE hybrid drive 0 S 4 _
Fuel cell -- —-- 2 -
Battery electric motor 0 0 4uL -
Hydrogen ICE - 0 0 0
Natural gas ICE - + 0 0
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least in the medium-term still dominant
internal combustion engine such as hy-
brid or battery-electric traction.

The IKA developed a completely new ve-
hicle concept which fulfils all given re-
quirements. These were depicted both
from the challenge by the Ford Motor Com-
pany as well as a detailed analysis of the
aimed markets in 2015. The biggest chal-
lenge was given by the basic sales price
which was not to be exceeded. In the end,
real costs were estimated to be slightly be-
low the target with only 6780 US dollar. A
new interpretation of historic construc-
tions based on modern technologies al-
lows interesting solutions for low cost vehi-
cles in very short time. Finally, the team of
IKA thanks the Ford Motor Company for
being part of the Ford Model T Challenge
2008 which was inspiring and fostered the
creativity of students as well as research-
ers. It was an outstanding example which
both stimulated and supported the person-
al advancement of young academics.
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