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Dear Reader,

On a dull November day, I am writing
this editorial for our magazine’s final is-
sue of 2009. Probably like many of you, I
will be pleased when this difficult year is
over. I plan to use the somewhat calmer
time before Christmas and especially over
the New Year period to focus once again
on my long-term aims, after a year that
has been so often marked by short-term,
emergency activities.

But nevertheless, when I think back on
the crisis, my emotions are not all nega-
tive. On the contrary, it revealed the true
solidarity of many of our customers.
95 percent of our readers chose to renew
their subscription even in these difficult
times, because they know that knowledge
is always the most important resource. In
spite of short-time working, most of our
authors delivered their articles on time
and in their usual high quality. And more
than two thirds of all advertising custom-
ers continued to advertise, because, espe-
cially in a crisis, communication is not a
disposable quantity. I promise that I will
not forget your loyalty.

ATZWORLDWIDE

1212009

Organ of the VDI-Gesellschaft
Fahrzeug- und Verkehrstechnik (FVT)

Organ of the Forschungsvereinigung
Automobiltechnik e. V. (FAT) and of the
Normenausschuss Kraftfahrzeuge

EDITORIAL

Where Do We Go

from Here?

In the midst of the crisis, we have been
working on a relaunch of ATZ. The first
issue of the new ATZ will be arriving in
four weeks’ time. I wouldn‘t like to reveal
too much at the moment. But you can be
sure that, even after 111 years, our com-
mitment and excitement in creating this
magazine is as great as ever. The next
“model generation” will show even more
clearly the fascination that good engi-
neering can produce. I look forward to
the first issue of the new ATZ - and to the
year ahead.

I hope that you too have cause to be op-

timistic about 2010. We will be happy to
accompany you.

)

Johannes Winterhagen
Bad Gogging, 10 November 2010
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COVER STORY Opel Astra

4

Technical Portrait
The New Opel Astra

The Astra is the most important high-volume model for “New Opel”, as this platform makes up one
third of all vehicle sales. The compact model, which was launched in autumn 2009, aims to offer
technical innovations at a moderate cost. What is more, many of the systems familiar from the
Insignia are now being installed in the compact class for the first time. Above all, Riisselsheim
intends to impress the public with the car’s driving dynamics, acoustics and variabhility.

ATZ 1212009 Volume 111
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Technical Portrait The New Opel Astra

Adaptive Suspension System

The new Astra features an electronically controlled adaptive
suspension system called “FlexRide"”. Drivers can preselect
three basic settings: Standard, Tour or Sport. Sport mode not
only stiffens the shock absorbers but also makes the accel-
erator and power steering characteristics more progressive.
In cars fitted with an automatic transmission, the up-shift
points are raised to a higher engine speed. To underline the
sporty character, the instrument panel illumination changes
from white to red. The development partner for FlexRide was
ZF Sachs.

Front Camera System

The new Astra is the first vehicle in the compact class to be fitted with a
camera system used for two driver assistance functions: Traffic Sign Recogni-
tion and Lane Departure Warning. The latter system does not actively inter-
vene in the steering — although this would actually be possible with the elec-
tromechanical steering system — but gives an acoustic and visual warning
when the driver unintentionally veers out of a traffic lane without indicating
and if the speed is at least 60 km/h. The camera system also uses software
to read speed limit or no overtaking traffic signs and displays them in the in-
strument panel. The camera is integrated into the interior rear-view mirror.

Watt's Link Rear Axle

To further improve driving dynamics and comfort without having to develop
a complicated multi-link axle, Opel has rediscovered a tried and tested
technical principle: Watt's linkage, which is based on Watt's Parallelogram,
a machine element tested for the first time on a steam engine in 1784 by
the renowned engineer James Watt. The Astra features an innovative com-
bination of a compound crank axle and a Watt's link mounted at the centre
of a small cross-member directly behind the rear wheel centre line. As a
result, lateral forces acting on a rear wheel are applied in the opposite di-
rection to the other wheel, thus neutralising about 80 % of the lateral load-
ings. This design allows the use of softer axle bushings, thus improving
comfort, road noise and isolation.

Engines

The nine engine versions for the Astra have in some cases being significantly
revised. On average, CO, emissions have been cut by 12 % compared to the
predecessor versions. Of particular interest is the 1.4 | turbocharged petrol en-
gine with 103 kW, which replaces the 1.8 | naturally aspirated unit with the
same output. This downsizing by almost 25 % has also resulted in an increase
in torque by 25 Nm to 200 Nm, which is now available at 1850 rpm. The 1.4 |
engine, which is also offered as a naturally aspirated version, benefits from re-
inforced pistons and con rods and has a compression ratio of 9.5:1.

ATZ 1212009 Volume 111 5
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COVER STORY Opel Astra

Seat Ergonomics

Special equipment for the new Astra includes ergonomically designed sports
seats that won the coveted seal of approval from “Aktion Gesunder Riicken
e.V." (Action for Healthy Backs), an independent panel of ergonomics experts
and doctors in Germany. The front seats are adjustable for length, height and
tilt, while the lumbar support can be adjusted for height and stiffness to adapt
to the contours of the back. The driver’s seat also has an extendable seat
cushion. According to Opel, the fore and aft adjustment range of 280 mm is
the best in class.
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Technical Portrait The New Opel Astra

Integrated Bicycle Carrier

An Opel speciality, but one that has not yet been available in the com-
pact class, is the “FlexFix" bike carrier, which is integrated into the rear
bumper. It can carry either one or two bicycles and has a maximum
weight capacity of 40 kg. When not required, it can be pushed back into
the car with one hand. Opel says that the space-saving compound crank
rear axle concept was the pre-requisite for the adoption of FlexFix.

Electronic Travel Guide

The DVD 800 satellite navigation system fea-
tures an electronic travel guide developed in co-
operation with Merian Scout. More than 100,000
“Points of Interest” from 26 countries are stored
on the 2 GB flash memory card, in some cases
with very detailed information such as opening
hours and prices. A digital restaurant guide is
also included. The information is displayed on
7-inch TFT monitor.

Text: Johannes Winterhagen
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Technical Portrait The New Opel Astra

Automatic Transmission

Integrated

Electro-Hydraulic The new six-speed automatic transmission from GM Powertrain is being

Eontroi it installed for the first time in an Opel, although at first only in combination

One-plece case with the 2.0 | diesel engine. The transmission developed by GM uses three
planet gear sets with two clutches and two brakes, thus making it very

compact. All gear wheels are on the engine’s crankshaft axle. The gear ratio
spread is 6.1:1. The transmission is described in detail in the following re-

port.
Technical Data
Engines
Output Torque Displacement AHGB 0] sl CO, emission
in kW at rpm in Nm at rpm in cm3 0'10.0 L ) [ izn g/km
ins in1/100 km
1.4 ecoFLEX 64/5,600 130/4,000 1,398 14.7 5.5 129
1.4 74/6,000 130/4,000 1,398 14.2 5.5 129
1.6 —MT5 85/6,000 155/4,000 1,598 1.7 6.3 147
1.6 — AT6 85/6,000 155/4,000 1,598 13.3 7.1 167
1.4 Turbo — MT6 103/4,900 200/1,850 1,364 9.7 5.9 139
1.4 Turbo — AT6 103/4,900 200/1,850 1,364 9.8 70 164
1.6 Turbo — MT6 132/5,500 230/2,200 1,598 8.5 6.8 159
1.6 Turbo — AT6 132/5,500 230/2,200 1,598 9.0 75 176
1.3 CDTI ecoFLEX 70/4,000 190/1,750 1,248 14.7 42 109
1.7 CDTI 81 kW —MT6 81/3,800 260/1,800 1,686 12.6 47 124
1.7 CDTI 92 kW — MT6 92/4,000 280/2,300 1,686 11.5 47 124
2.0 CDTI - MT6 118/4,000 350/1,750 1,956 9.0 49 129
2.0 CDTI - AT6 118/4,000 350/1,750 1,956 9.2 5.8 154
Dimensions and Weights . :
Car dimensions in mm AL TR T
Length 4419
Width (with retracted / extended external rear-view mirrors) 1,814/2,013
Height (at curb weight) 1,510
Wheelbase 2,685
Track, front 1,544
Track, rear 1,558
Luggage compartment capacity in | (according to ECIE)
Luggage compartment only, up to luggage compartment cover 370
With rear seats folded forward, up to roof 1,235
Weights and axle loads in kg (according to 70/156/EEC)
Curb weight including driver (basic model) 1,373
Gross vehicle weight 1,870
Payload 497
Tank capacity (in litres) 56

ATZ 1212009 Volume 111 1
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COVER STORY Opel Astra
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Six-speed Automatic

Transmission in the Opel Astra
and for the Global Market

General Motors Powertrain has developed a new six-speed FWD family of automatic transmissions for compact
and midsize vehicles. These are also used for the European market, as they are put into the new Opel Astra since
October 2009. Due to its compact shape, high quality and good value-for-money level, this transmission can be
integrated in all vehicle platforms and is thus suitable for global markets. As compared to the four- and five-speed
transmissions which it replaces, the new six-speed transmission excels by its improved fuel economy as well as
its improved performance.

8  ATZ1212009 Volume 111
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1 Introduction

The new family of transversal automatic
transmissions is marked by a notably
wide ratio spread as much as by different
variants. These variants are meant to
handle different levels of engine torque
in order to allow a wide range of applica-
tions for different vehicle platforms, ac-
cording to market demands. The maxi-
mum ranges for engine torque and en-
gine horsepower of the variants of GM’s
new global automatic transmissions fam-
ily for transversal engines are shown in
Figure 1. The new transmissions were de-
signed to offer the best technology to cus-
tomers such as six speeds for a competi-
tive cost-benefits relation.

All variants are built on the same pro-
duction line; this fact allows for im-

proved manufacturing efficiency and
flexible production volumes, as well as it
reduces production costs. All variants are
based on the same architecture and
share identical electro-hydraulic control
units. Using the same components, again
results in a reduction of unit costs and of
development and validation time. All of
the variants will be applied in the new
Opel Astra.

2 Development in a Global Team

Given the global presence of General Mo-
tors on all markets of the world, the tech-
nological development of the new trans-
mission demanded likewise global stand-
ards. In support of the US Headquarters,
GM development centres in South Korea,
China, Germany, France, and Sweden
were involved with specific tasks; those
tasks comprised not just market specific
integration work, rather, each developing
centre contributed to the project by way
of'its knowledge of regional requirements
as much as by its long-time experience.
Figure 2 gives an illustration of which cen-
tres were involved with the project, in-
cluding the first production sites in Chi-
na and South Korea; additionally, new US
and Mexican production modules will
soon further increase production output.
More than one million units of this fami-
ly of transmissions will be produced in
2010 already. The transmissions for the

184

132

81 kg

The Authors

85 kg

Dipl.-Ing.

Georg Bednarek

is Global Chief
Engineer and Program
Manager for Automatic
Transmissions at

GM Powertrain Europe
in Riisselsheim
(Germany).

Dr.-Ing. Matthias Alt
is Assistant Chief
Engineer for Automatic
Transmissions at

GM Powertrain Europe
in Risselsheim
(Germany).

Dr.-Ing. Karl Geratz is
Model Year

Manager for Automatic
Transmissions at

GM Powertrain Europe
in Riisselsheim
(Germany).

6145

&6T40

Maximum Input Power in kW

T

Nm 175

Maximum Input Torque in Nm

Figure 1: Maximum torque and horsepower range of the new family of GM Powertrain
six-speed automatic transmissions for 175, 240 and 380 Nm maximum input torque

350
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Opel Astra
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Figure 2. GM’s global integrated development system for the new six-speed automatic transmission

new Opel Astra will be built in the pro-
duction plant in Yantai, China.

The GM development centre in Ponti-
ac, Michigan (USA), has ensured that all
gobal and regional requirements were
taken into account. One example of the
specific requirements for markets in Eu-
rope and the Near East is testing the cool-
ing system at maximum speed. A specific
North American requirement is ‘dinghy
towing’, that means trailering your pas-
senger car long distance behind your mo-
torhome. On the other hand, there is the
problem of individual customer habits
such as frequent changes of gear between
‘N’ and ‘D’ of South Korean drivers, de-
spite for example ‘neutral idle’, which
has to be taken into consideration while
developing calibration.

It is clearly an advantage of this global
project that transmissions from other
production sites can be built in without
further validation or change of calibra-
tion. A likewise global employment of
families of engines helps to minimize
variants, the number of converter hous-
ings, and to keep the number of power-
trains manageable.

CE28 F1 CBR

Ajoint development with several loca-
tions was a particular challenge for the
team. On the other hand, this situation
held many opportunities to further im-
prove the product. Surely one challenge
was communicating across differing
time zones, by phone or network connec-
tions. An American colleague has to get
up early, Asian colleagues have to work
overtime and Europeans have to post-
pone their lunch break. Communicating
in English is no longer a problem for ei-
ther of the teams. Mutual understanding
of cultural backgrounds grows as the
project progresses; regional diversity of
cultures and of ways of thinking allows
to pursue divers options and solutions —
which prolongs the process of decision-
making, but which quite often leads to
better thought-out and more efficient so-
lutions, with fewer intermediate steps. A
management trained in international co-
operation is a valuable factor here as it
will know how to profit from cultural di-
versity. A well-tuned coordination of re-
sponsibilities will lead to success. Regu-
lar briefings, temporary cooperation and
a rigorous change management process,

CB123s

:
v UT[E[E
IiT il I I I -

Figure 3: Schematic view
In
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of power flow

not just for transmission parts but also
for processes themselves, have led to suc-
cessful global teamwork. One of the
greatest challenges has been the almost
synchronic beginning in the different
production plants related to a speedy
product introduction on various mar-
kets and for various vehicle platforms.

3 Power Flow

In order to reduce the number of compo-
nents and thus the complexity of the
new six-speed automatic transmissions
and still gain high efficiency, GM devel-
oped a new power flow concept. It uses
three planetary gear sets together with
two rotating and three stationary clutch-
es plus a one-way clutch. Advanced elec-
tronics enables a simultaneous clutch
control with the precision needed for op-
timum shifting. The one-way clutch is
used for maximum comfort while shift-
ing from first into second gear. A sche-
matic view of the power flow is shown in
Figure 3.

The new GM six-speed family of auto-
matic transmissions has been tuned for
optimum launch and efficient long trav-
el speed using low engine revolutions.
The new transmissions have a wide over-
all ratio spread of 6.1:1 which allows for
optimum adaptation of the powertrain
for various categories of vehicles [2]. The
transmissions have a short first gear with
aratio of i = 4.58, improving acceleration
from 0 to 100 km/h up to 7 % as against
current four-speed automatic transmis-
sions. A long overdrive sixth gear allows
for low engine revolutions during high-
way driving, and thus for reduced engine
friction and throttling losses as much as
for a reduction of the interior noise level.
As against four-speed automatic trans-
missions, fuel consumption for constant
speed driving could be lowered up to 4 %.
Figure 4 shows the sequence in which
shifting elements are applied relative to
increased vehicle speed.

4 Innovative Construction

In order to reduce the installed length of
transmissions in transversal installation,
the new automatic transmissions have
all their gear sets on the crankshaft axis

personal buildup for Force Motors Ltd.



of the engine. By way of this compact
construction the length of the required
engine compartment and the distance
between axle shafts and crankshaft is re-
duced. The key installation dimensions
are shown in Figure 5. With this compact
construction more free space for vehicle
design is achieved. The Table shows all da-
ta of the family of transmissions with all
gear ratios. Most important measures
aiming at the reduction of the package
size are an output chain with a planetary
final drive gearset, a low aspect ratio
torus torque converter, an integrated
electro-hydraulic control unit, and a one-
piece case. The innovative construction
with these components is shown in
Figure 6. The architecture and the opti-
mized integration of components/sub-
systems result in a reduction of weight
and high power density as compared to
other six-speed automatic transmissions
with transversally installed engines. Var-
iants of the new GM six-speed family of
automatic transmissions are built with
an internal gear pump. It excels through
high hydraulic efficiency, low noise level
and yet compact dimensions and lowers
the noise level. Its volumetric efficiency
reaches up to 95 %.

The case of the transmissions is built
in such a way that it minimizes struc-

ol IR S T B - ]

Figure 4: Shifting chart for the six-speed automatic transmission

T
it

BT4S 197.0 men
G730 188.9 mm =

-—

BT4S TS mm 'y
BT 85 mms.

Figure 5: Compact dimensions for an optimized construction space (packaging)

bl Technicel
data of the new Transmisaion model B-spaed, FWD, ransads B-speed, FWD, iransaxle B-speed, FWD, transands
family of GF6 six- Appearance by design On crank shaft axis (2 axes) On crank shafl axis (2 axes) On crank shaft axis (2 axes)
d aut ti 175 Nm [Gasoline], 2410 Hem (Gasoline), 315 Nm (Gasoling),
fpee <’.iU Pma I Maxirum enging lorque 200 Nrn (Diessl) 280 Men (Diesel) 380 Nm (Diesed)
BrTa;US’;"TS:[;O”Sd Maximum angine powes 140 Hp (Gasoline). 85 Hp (Diesel) 180 Hp (Gasoling), 125 Hp (Diesel) 215 Hp (Gasoline), 175 Hp (Diesal)
! un Dimensions and Weight
6T45 for front
. Wel mass kg TS EL4-825 B43- B35
wheel drive Length mn 153 351 357
Canter distance mm 1858 % 1907
Vartical drop mm 65 i3 T5
Tranamission Specifications
1* Gear ratio (1% = 2** gear step) 4,448 (1.530) 4,584 (1.56) 4,584 (1.55)
2™ Gear ratio (2™ = 3™ gear siep) 2.008 (1.536) 2084 (1.56) 2084 (1.55)
37 Gear ratio (3™ - 4™ gaar step) 1,883 {1.308) 1812 (1.32) 1842 (1.3
4" Gear ratio (47 - 5 gear step) 1,445 (1.446) 1,448 (1.45)) 1,445 (1,451}
5" Gear ratio (57 - 6% gear step) 1(1.348) 1(1.34) 10134
6" Gaar rao 0.742 0.746 0746
Fieverse gear ralio <2871 (0.645) <294 [0.64) 294 (0.64)
Ralio spread 6,00 6.14 614
B4 341 13T IATEIAN 229128212741 26412001 3AT]  ZFOI 2821 IT4IZE4) LD AT ]
Eftective final drive ratio (EFDR) 32303531 18T 22313531 287
Torgua converter diameter mm 20 na 38
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Figure 6: Components of applied compact architecture

Opel Astra

Integrated
Electro-Hydraulic
Control unit

One-piece case

Output Chain

ture- and air-borne noise. The first bend-
ing frequency of the power train exceeds
260 Hz which means a considerable im-
provement of noise reduction. The plane-
tary gear sets have been designed with
low mesh frequency and a decoupled vi-
bration path to the case structure.

4.1 Clutch to Clutch Control with
Internal Electro-hydraulic Module

The core of the integrated electro-hydrau-
lic control unit (transmission electro-hy-
draulic control module, TEHCM) of the
transmission is a 32-bit processor. The in-

ternal unit, bathed in transmission flu-
id, reduces the number of cable joints
and improves the system’s pressure con-
trol. The thermal management of the
system has been optimized in order to
ensure the optimal operation tempera-
ture of the TEHCM.

The control unit also monitors the
synchronic clutch control which is essen-
tial for a perfect transmission perform-
ance. Unnoticed by the customer, manu-
facturing tolerances and clutch wear af-
fecting transmission durability are lev-
elled out.

Hyper-Elliptical

Torque Converter

Diameter 236 mm
Maximum Efficiency 90%
Torque Ratio 1.78
Round circuit

Torque Converter

Diameter 245 mm
Maximum Efficiency 88%
Torque Ratio 2.4

Figure 7: Comparison of elliptical to conventional torque converter

12 ATZ 1212009 Volume 111

4.2 Elliptical Torque Converter
The transmission’s torque converter is
236 mm in hydraulic diameter and is de-
signed with an elliptical cross-section
shape. It uses a single plate lockup clutch
to enable direct drive. The oval shape pro-
vides an axial space saving of 30 mm, im-
proved on-axis packaging of all planetary
sets and clutches, and it reduces overall
mass. In Figure 7 the design of the ellipti-
cal torque converter is shown compared
with a conventional torque converter.
While optimizing the package, the
maximum efficiency could be improved.
The reduction of torque multiplication
could be balanced by ratio spread and a
short first gear. The single-plate lockup
clutch is controlled by GM’s electronic
clutch control (electronic controlled ca-
pacity clutch, ECCC).

4.3 Chain System
The new six-speed automatic transmis-
sions use an output chain and sprocket
system in order to eliminate the third ax-
is and further reduce package space.
Mass can also be reduced without nega-
tive impact on the noise level of the trans-
mission, compared to gear set drive. The
design of the output chain also allows
flexibility in torque handling capability
between standard and heavy duty vari-
ants: 6T40 uses a 25.4 mm wide chain,
versus 31.75 mm for 6T45.

In order to keep a low level of trans-
mission fluid aeration the new GM auto-

personal buildup for Force Motors Ltd.



matic transmissions have integrated out-
put chain baffle plate/lip seal and output
chain-scoop snubber systems, as shown
in Figure 8. Through this design, im-
proved transmission fluid pressure sta-
bility and durability as much as reduced
spin loss is achieved. The baffle plate sys-
tem is mass optimized and designed for
easy assembly; it can also be used for
chains with different width.

Long distance dinghy-towing - a re-
quirement of the US market - is enabled
by an integrated chain scoop and snub-
ber system, as shown in Figure 8. The
scoop provides lubrication while tow-
ing, captures and channels away oil
from the chain and prevents exceeding
oil aeration. Thus a passenger car can be
trailered long distances behind a motor-
home.

5 0il Management System

The rather flat oil sump of the new GM
automatic transmissions requires mini-
mum package space and increases
ground clearance. A sufficient amount
of oil is provided for cold temperature
operation. For high temperature opera-
tion the oil level is optimally maintained
by a thermal oil level control unit; its
construction and mode of operation is
shown in Figure 9. Depending on the oil
temperature, the oil level control unit
opens or closes an extra oil reservoir. At
temperatures below 60° C a thermal ele-
ment opens the reservoir which is con-
nected to the oil return flow. At higher
temperatures the control unit closes the
reservoir so that a defined amount of oil
is retained. The reservoir has a spillage
device preventing return flow blockage.
Controlling oil capacity in circulation
and the transmission’s oil sump provides
an always optimal oil level and thus opti-
mal performance.

The new GM six-speed automatic
transmissions for front-transversal instal-
lation are filled for life with premium
Dexron-VI transmission fluid. Dexron-VI
has been designed specifically for the six-
speed family of transmissions in order to
provide a constant viscosity profile and
optimal anti-vibration performance. In-
ternal GM research with friction tests
has revealed that compared to existing
transmission fluids Dexron-VI provides

Scoop Snubber

WY >

Figure 8: Output chain and sprocket system — less construction space at the same

NVH behaviour as a gear set drive

longer stability and durability. In addi-
tion, Dexron-VI has other excellent qual-
ities such as improved oxidation stabili-
ty, decreased tendency to oil aeration,
improved shear stability and wear con-
trol of transmission parts.

6 Improved Efficiency through Electronic
Converter Clutch Slip Control

The new GM six-speed automatic trans-
missions are equipped with torque con-
verter lockup clutch with electronically

Reservoir

Thermostatic /
Element

Fluid Temp. below &60°C

Thermostatic |
Element

Fluid Temp. above 60°C

Figure 9: Design and operating mode of the oil level control unit
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Opel Astra

Figure 10: Comparison between
open torque converter clutch and
electronically controlled slip in the
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controlled slip. This leads to better fuel
economy for vehicles with automatic
transmission. In conventional calibration
of automatic transmissions the converter
lockup clutch will be opened directly
when falling below a certain speed thresh-
old. In transmissions presented here the
converter lockup clutch will be opened
only to allow for controlled slip. Slip here
is small, as it is only 12 rpm in some ran-
ges of operation. Only at very low engine
speeds the converter lockup clutch will be
opened completely. Figure 10 shows, stati-
cally, the difference in engine revolutions
with an opened converter lockup clutch
and with electronic slip control. The ex-
ample of fifth gear which is shown repre-
sents direct transmission, but a compara-
ble strategy is calibrated for other gears.
A complete opening of the converter lock-
up clutch only occurs below 1300 rpm
and is calibrated for comfortable transi-
tions.

Conversion losses can thus be mini-
mized across a broad speed-range. The
engine speed at which a downshift is
commanded is load-dependent, that
means when reaching maximum engine
torque. In addition the engine speed re-
duction effects a more comfortable noise
level. The aim for future transmission de-
sign is to further lower the speed level
and subsequently improve fuel economy,
and to bring the lower rpm-limit for the
electronically slip controlled torque con-
verter lockup clutch down to 1100 rpm.

14 ATZ 1212009 Volume 111
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7 Summary and Outlook

General Motors Powertrain has devel-
oped a new family of six-speed automatic
transmissions for compact and midsize
cars with front wheel drive. For Opel and
Vauxhall Brands, the transmission is first
used in the Astra (model year 2010). Due
to compact design, high quality and an
excellent value-for-money relation this
transmission can be installed in all vehi-
cle platforms and offered on all global
markets. As against the existing four- and
five-speed automatic transmissions
which it will replace, fuel economy will
be improved up to 4 % and vehicle per-
formance will be increased.

The three variants of the transmis-
sion family cover a wide range of torque.
Each variant uses the same architecture
and identical control components; also
a large number of components is used
in several variants. In many details the
transmission is optimized to minimum
package space with maximum perform-
ance, yet uncompromising in efficiency.
Essential measures concerning package
space reduction are output chain, plan-
etary final drive gear set, elliptical
torque converter, integrated electro-hy-
draulic control module, and a one-piece
case. Other remarkable qualities are a
6.1:1 ratio spread, neutral idle, torque
converter lockup clutch with electronic
slip control and all-wheel-drive compat-
ibility.

fifth gear

| Operating range in which the engine RPM is reduced with
electronic clutch controls vs. an open torque converter

At present the new family of transmis-
sions is being introduced on all global mar-
kets and production capacity will be in-
creased over the next years (first produc-
tion sites are located in China and South
Korea). The global development team is al-
ready working at the next evolutionary
stage and at pushing the upper limits of
the input torque of the transmission even
further.
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INTERVIEW

Lightweight Design

P ) 4

Dr.-Ing. Martin Goede (left)
Head of Lightweight Vehicle Design in Group
Research at Volkswagen AG in Wolfshurg

Dipl.-Ing. Tino Laue (right)

Project Leader for Lightweight Multi-material
Structures in Group Research at Volkswagen AG
in Wolfsburg

“The SuperLightCar Has

Boosted Confidence in

Multi-material Design Concepts”

In order to reduce traffic-related CO, emissions, the EU has introduced phased legislation to reduce fuel consump-
tion. Vehicle weight plays a decisive role in this. This year, the conclusion of the EU project “SuperLightCar” (SLC)
saw the presentation for the first time of a lightweight car body with an innovative multi-material construction that
is 30 % lighter than its series-production counterpart. ATZ spoke to Dr. Martin Goede and Tino Laue at Volkswagen
in Wolfshurg about SLC and the future of lightweight body design.

ATZ Martin Goede, Tino Laue, Volks-
wagen played a leading role in the EU's
SLC project. Based on the example of the
VW Golf'V, it was shown that a series-pro-
duction car body can be made 35 % light-
er. What precise objectives were behind
this project?

Goede The aim of SLC was to show how
much lighter a passenger car body-in-
white in the high-volume segment can
become, also from a cost perspective. It
was not so much about the pure substi-
tution of steel by aluminium but rather

16 ATZ 1212009 Volume 111

about intelligent multi-material design.
The use of aluminium allows a weight
advantage of up to 40 % compared to
steel, but an aluminium design is linked
with high additional costs. SLC not only
considered new material combinations
but also looked for innovative solutions.
In this process, the important core com-
petences in body design, such as material
and manufacturing technologies, con-
struction methods and functional and
economic requirements, were considered
all together.

ATZ What were the concrete results?

Goede Lightweight design solutions
that may be very interesting for future
series-production projects were devel-
oped. Above all, we can see the grow-
ing use of hot-formed steels and select-
ed aluminium solutions. The results of
the SLC project concerning the use of
magnesium and fibre reinforced plas-
tics confirm the lightweight design
potentials and the fulfilment of struc-
tural requirements. However, we do
not believe that these technologies can

personal buildup for Force Motors Ltd.



be used in large-volume series-produc-
tion vehicles in the short and medium
term. In this respect, the consortium
has identified the need for further re-
search.

ATZ Are the results transferable, or is the
project only a demonstration of what is
possible for the Golf'V?

Goede The results certainly show the di-
rection for the future. However, we must
remember that, in the EU project, the
focus was on pre-competitive develop-
ments, which means that it studied in-
novative lightweight design concepts
that cannot be employed as a whole in
series production in the short term. SLC
has established a body structure as hard-
ware. It represents a promising techno-
logical compromise between various
lightweight design solutions and demon-
strates the fundamental feasibility of the
SLC concept.

Laue The body only represents a favoured
multi-material version to meet the re-
quirements of “large-volume production
capability for the future”. Transferring
this concept to Volkswagen development
projects is not directly possible, as com-
petition-relevant design criteria were not
considered.

ATZ Which aspects were considered in
the SLC project?

Goede The SLC project allowed us to an-
swer decisive questions on multi-materi-
al body design, such as structural per-
formance, manufacturing processes,
costs and life cycle assessment. Other re-
quirements such as operational durabil-
ity, acoustics or repair concepts were
considered thematically but not quanti-
tatively. Further series-relevant design
criteria were not examined within the
SLC project. The SLC results offer all
project partners a very good basis on
which to develop further aspects of mul-
ti-material body structures in follow-up
projects.

ATZ Which consequences will be drawn
from this at VW?

Goede SLC has given major impetus to
concept developers and designers and
has boosted confidence in multi-material
concepts. When we started on SLC in
2005, the issue of multi-material design
had long since become established in ex-

pert circles. We were familiar with light-
weight steel and aluminium designs, the
Audi A2 and A8 had long since been in
series production and aluminium solu-
tions are already being used by other
competitors. As early as 2002, Volks-
wagen’s “one-litre car” also demonstrat-
ed intelligent lightweight multi-material
design solutions. Nevertheless, many is-
sues were still unclear concerning the
potential of multi-material design in
large-volume lightweight body construc-
tion. SLC has delivered important new
findings.

ATZ Let us consider the main materials
aluminium and steel, the development
of which has been mutually advanced by
the project. Which potentials do you see
for these materials?

Goede I wouldn‘t actually relate these
developments to a certain material.
Continuous material developments are
the most important thing for progress
in all areas. Metallurgists have been set-
ting the course of development for
many years and that will also continue
with regard to aluminium, steel or mag-
nesium.

ATZ You also mentioned magnesium.
Aren’t there still plenty of issues to be ad-
dressed with regard to this material?
Goede As far as large-scale series produc-
tion is concerned, it will still remain very
difficult to employ magnesium struc-
tures in body construction over the next
few years. Nevertheless, we decided to
show with the SLC body that it makes
sense to continue working on it. Magne-
sium still has a significant lightweight
design advantage over aluminium. How-
ever, magnesium is very susceptible to
corrosion when used for outer body pan-
els and areas subject to moisture, and
therefore requires reliable surface pro-
tection systems. No new solutions were
developed for this problem in the SLC
project.

Laue From a technical point of view, the
vehicle interior is more interesting for
magnesium applications. Possibilities in-
clude the use of magnesium in selected
seat structure components or for mount-
ing structures. Applications for higher
production volumes are still ruled out in
particular due to the high additional
costs involved.

Dr.-Ing. Dipl.-Chem.
Martin Goede

studied engineering chemistry and
mechanical engineering at the Uni-
versity of Hannover (1986 to 1994).
From 1992 to 2001, he worked at
the Laser-Zentrum Hannover, where
he was Head of the Materials and
Production Technology division for
many years. In 1999, he completed
his doctorate at the University of
Hannover, Faculty of Mechanical
Engineering. He joined Volkswagen
AG in 2002. Since 2005, he has
been Head of Lightweight Vehicle
Design and CO, Concepts in Group
Research at Volkswagen AG in

Wolfsburg.

Dipl.-Ing. (FH) Tino Laue

joined Volkswagen AG in 2001,
having previously studied mechani-
cal engineering at the University of
Applied Sciences Braunschweig-
Wolfenbiittel. Since 2005, he has
worked in Group Research at
Volkswagen AG in the Vehicle
Technology division and has been
Project Leader for Lightweight
Multi-material Structures since

2008.
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ATZ We haven’t yet spoken about plastics
or composites.

Goede These material systems have in
some cases already proven that they are
also suitable for structural components.
The strategic question is: is it also possi-
ble to produce thermoplastic and ther-
moset structural components in large
production volumes? In the SLC project,
the specified requirement was 1,000
units per day. Fibre plastic composites do
not yet completely fulfil this require-
ment. In the SLC project, we were able to
fulfil this production volume require-
ment for the first time with a CFRP roof
cross member as a pultruded compo-
nent. For 1000 units a day, cycle times of
one minute are usually required. Higher
process times are generally not accepted
from an economic point of view.

ATZ The material mix includes different
materials that have to be joined. Which
trends are becoming apparent in joining
technology?

Goede Adhesive bonding is the favoured
joining technology for multi-material
construction. Wherever materials need
to be joined with clean material separa-
tion for corrosion protection reasons,
adhesive bonding is an excellent technol-
ogy.And as far as the quality and strength
of modern structural adhesives are con-
cerned, they can be reliably used today.
In the production of the body-in-white,
there is always a need for suitable low-
heat and mechanical joining techniques
for multi-material structures.

ATZ Customers are hardly able to experi-
ence the lightweight design progress in
the product. Are there other reasons for
an OEM to use lightweight construction
apart from the threat of CO, penalties by
the EU?

Goede It is indeed the case that the EU
has set high penalties for those manufac-
turers that do not meet fleet fuel con-
sumption limits, and these will come in-
to force from 2012. In the first phase, 65
% of each manufacturer‘s newly regis-
tered cars will be used to calculate the
fleet fuel consumption. From 2015, all
newly registered cars will be considered.
Lightweight design is an important core
competence for fulfilling these and fu-
ture regulations — and not only in body
design.
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Laue Lightweight design will become
particularly important due to the new
EU legislation because the individual
fleet limit value for the manufacturer
(OEM) will be derived from the fleet
weight of its newly registered vehicles,
and the manufacturer will have to fulfil
alimit of 130 g CO,/km in the NEDC from
2012 by applying powertrain and vehicle
measures. According to the EU legisla-
tion, for every 100 kg reduction in fleet
weight, the limit will be reduced by 4.57
g CO,/km. The potential for reducing fuel
consumption due to lightweight con-
struction is fundamentally higher when
considering an adapted vehicle design,
which represents an additional motiva-
tion for reducing vehicle weight.

ATZ But there are also other ways of re-
ducing fuel consumption.

Goede We consider lightweight design to
be one component of a comprehensive
CO, reduction strategy. We see the great-
est potentials in the area of powertrain
technology, right through to electrifica-
tion. As far as the vehicle is concerned,
lightweight design has the greatest influ-
ence on fuel consumption, ahead of roll-
ing resistance and aerodynamics. The
decisive strategic question is which meas-
ures have the most attractive cost/benefit
effect. On its own, lightweight design is
not always the cheapest measure, but it
initiates far-reaching secondary CO, re-
duction potentials. For that reason, light-
weight design remains a strategically
very important discipline in vehicle con-
struction - also for future drive con-
cepts.

ATZ Martin Goede, Tino Laue, thank you
very much for this interview.

The interview was conducted by Ulrich Knorra.
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High-strength Aluminium
Profiles for Next Generation
Spaceframes

Spaceframe bodies made of aluminium have considerable potential to make cars lighter and thus
more economical, because they weigh about 40 % less than conventional bodies made of sheet
steel. Honsel has been developing aluminium extrusion profiles for spaceframe structures since
1992 and has been supplying them in series production since 1994. An innovative alloy developed
by Honsel and Trimet will give the profiles more strength. The extrusions can be dimensioned
thinner, thus saving additional weight of up to 17 %.
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1 Introduction

The energy requirement of a vehicle and
thus its fuel consumption are considera-
bly affected by the vehicle’s weight. Light-
weight construction leads to much bet-
ter fuel economy. A rule of thumb says
that a weight reduction of 100 kg means
a fuel saving of 0.3 1 over 100 km. How-
ever, new vehicle models are generally
not lighter than their predecessors. They
are, in fact, heavier, particularly due to
the additional system components and
deformation structures resulting from
higher demands regarding safety and
convenience. This ever-increasing weight
gain can be reversed only by means of in-
telligent lightweight design using inno-
vative materials. Since the body makes
up 40 % of the total weight of a vehicle, it
offers the greatest potential to reduce
weight while still maintaining identical
performance.

Today, conventional bodies are manu-
factured from steel. Replacing the steel
by aluminium would make a body more
than 60 % lighter. However, it would no
longer be rigid enough to meet today’s
requirements regarding crash protection
and driving performance. In particular,
the high degree of passive safety of to-
day’s vehicles can only be achieved by
very rigid body structures that are also
subject to plastic deformation. Innova-
tive aluminium spaceframe bodies pro-
vide the solution.

A spaceframe is a frame structure
made of extruded profiles and cast parts

Figure 1: In the event of a crash, aluminium profiles absorb the energy
very well, thus supporting passive safety

that form the framework of the body.
The body sheets are assembled onto it.
These have two functions: in the first
place, they provide reinforcement to the
frame structure and, secondly, they give
the body its actual shape. Spaceframe
bodies in modern series-production ve-
hicles are about 40 % lighter than com-
parable conventionally constructed bod-
ies made of sheet steel. At the same
time, they even increase body rigidity to
provide optimum support for passive
vehicle safety.

2 Development of the Technology

Audi is the pioneer for the large-scale
use of the spaceframe design. The Inter-
national Motor Show in Frankfurt (IAA)
in 1993 saw the Ingolstadt-based com-
pany presenting the so-called "Audi
Space Frame Concept Car®, ASF. It very
largely corresponded to the Audi A8
model, which in 1994 was the world’s
first large scale production vehicle with
an aluminium body. In association with
other suppliers and Audi, Honsel had al-
ready been working on its development
since 1992, and has been supplying Audi
with aluminium profiles for the space-
frame since 1994.

Following the Audi A8, there were fur-
ther models using this technology in
Volkswagen group, such as the Audi A2
and the Audi R8 as well as the Lam-
borghini Gallardo. But other OEMs also
exploit the potential of the spaceframe

The Author

Dipl.-Ing. Horst Gers
is Head Product and
Process Development
at the Extrusion Plant
Soest of Honsel AG in
Meschede (Germany).

Figure 2: The strength requirements for the body result in aluminium

profiles with a complex geometry (Source: Karmann)
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DEVELOPMENT

design. In all applications, hybrid con-
struction has become established, using
extruded profiles as well as cast and
sheet parts, although the percentage of
individual components in the overall
body structure varies and is dependent
on the production scale and the design.

3 Construction of Extruded Profiles

Aluminium profiles manufactured in an
extrusion process have proven to be best
as structural elements for a spaceframe.
They can be produced in large numbers
with very high precision and can be
joined mechanically or thermally. Addi-
tionally, in spite of their high strength,
the profiles deform very well when com-
pressed, thus absorbing energy very suc-
cessfully in the event of a crash, Figure 1.
As a result of the thickness of the profile
walls as well as the design configuration
of the walls, this characteristic can be ad-
justed very precisely to requirements at
every point of the body, Figure 2. Single-
chamber and multi-chamber hollow pro-
files are especially suitable for these cases,
as, due to their enclosed form, they have
greater torsional rigidity than open sheet
metal designs. Moreover, additional func-
tionalities such as assembly elements, fas-
tening elements or channels for electrical
and hydraulic lines can be integrated very
easily into the profile design.

Compared to other manufacturing
processes, the dies for the extrusion proc-
ess cost only a fraction of the tools for
sheet metal shaping or of high pressure
die casting moulds. Since the profiles are
produced from the very beginning on
standard dies, the manufacturing pro-
cess is unchanged from the first part to
the start of series production. Thus, the
time between the first runs with a new
extrusion design and the production
ramp-up can be kept very short. In addi-
tion, the dies used for extrusion can be
manufactured relatively quickly, so that
design modifications of the profiles can
be implemented rapidly. These advan-
tages make extrusion profiles very inter-
esting compared to alternative manufac-
turing processes.

Aluminium alloys of the so-called
6xxx series have become established as
the material for spaceframe profiles.
They have medium strength, can be eas-
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Figure 3: Simulation of
the tool deflection

ily extruded and, in addition, show good
resistance to corrosion. This group of al-
loys is widespread in many areas of use,
which means that they can be recycled
without difficulty. Magnesium and sili-
con as the main alloy elements ensure
their basic strength. Additional elements
make the structure fine-grained and in-
sensitive to quenching. The composition
of the aluminium alloy must correspond
very precisely to the technical reference
in order to fulfil all the product charac-
teristics required.

The technological requirements for
modern cars are constantly increasing
and so are those for aluminium profiles.
There is a clear tendency towards higher
strength alloys: stronger materials allow
the profile walls to be made thinner, re-
sulting in even lighter components. The
profiles must still, however, be easily fold-
able. In the light of these contradictory
demands, conventional alloys run up
against the limits of their possibilities.
Therefore, Honsel and Trimet jointly de-
veloped a new aluminium alloy and re-
gistered it to be patented. This new alu-
minium alloy is specially geared to the
requirements of future spaceframe pro-
files. The composition of this special alloy
differs from those already established on
the market as it contains a certain ratio of
silicon and magnesium. With this new al-
loy, Honsel increased the profile strength

considerably. Whereas the first-genera-
tion spaceframe profiles had strengths of
220 to 260 MPa, the new material achieves
strengths of more than 300 MPa. In addi-
tion, the yield strength was increased
from 200 to more than 280 MPa. With
these characteristics, the required crum-
ple behaviour of the profiles becomes a
particular challenge. With an A, elonga-
tion at fracture of 11 to 13 %, the new ma-
terial shows an outstanding behaviour. In
comparison with conventional alloys, it
provides higher component strengths
with the same wall thickness of the pro-
files or, at the same strength, the wall
thickness can be reduced, thus allowing
the component weight to be reduced by
about 17 %. The new alloy from Honsel
can be used very flexibly to achieve differ-
ent dimensioning objectives in space-
frame development.

The production of spaceframe bodies
involves a number of process stages that
have to be carried out under heat, such as
in cathodic immersion coating of the
structures. Temperature stability is there-
fore of great importance for spaceframe
extrusions and component strength must
not decrease during treatment. Honsel
proved by research that the high strength
of the new alloy is fully retained during
these process stages. A two-hour cathodic
immersion coating process at a tempera-
ture of 200 °C is no problem at all.
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4 Design of the Profiles

Aluminium profiles for spaceframe bo-
dies are generally single-chamber and
multi-chamber cavity profiles with half
circumferences of up to 250 mm. The
wall thicknesses are between 1.8 and
3.0 mm. In general, the profiles are de-
signed by using FEM programs. Compi-
ling these typically involves "framework-
type“ designs with nodes at which three
or more internal webs meet. The profiles
are developed to grant optimum strength
and rigidity in the spaceframe composite
construction. To achieve this, the walls
of the component around the nodes that
are exposed to a higher load are there-
fore thicker than the areas that are sub-
ject to lower load. The shape of these pro-
files makes them difficult to extrude.
The different material thickness leads to
a non-uniform material flow in the ex-
trusion die, which can only be managed
with a great deal of experience and ex-
pertise. This applies especially to alloys
that have higher strengths and lower ex-
trudability.

Moreover, the mandrels of the extru-
sion die that form the cavities of a profile
are subject to very great loading as a re-
sult of the unevenly flowing material. In
this case, the simulation programs that
allow the material flow in the tool as
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well as the die load to be calculated are
very useful. The deflection of the tool
and thus the dimensional accuracy of
the profiles can also be estimated from
this loading, Figure 3. Although the pro-
grams are not yet fully developed, the
simulations allow initial estimates of the
possible extrusion result. Thus, develop-
ment time and tool costs can be further
reduced.

5 Manufacturing

During the extrusion process, heated alu-
minium billets made from the selected
alloy are extruded through the die. In
this way, the profile with the desired
shape is produced and can be finally cut
to the required length. The billets are pro-
duced in the “direct chill“ casting pro-
cess. Before being extruded, they must be
heated to temperatures of more than
500 °Cin the homogenization annealing
process. This has two advantages: on one
hand, an optimum microstructure for
the alloy is achieved. On the other hand,
differences in the concentration of the al-
loy elements, which might appear during
the casting and solidifying process, are
compensated for. For extrusion, the bil-
lets are heated up to more than 430 °C
and pushed through the tool, which is

Figure 4: Simulation of
the tool temperature
during pressing

also hot. Due to deformation work and
friction, the aluminium is heated up fur-
ther, Figure 4. In this process, it has to
reach the necessary temperature for solu-
tion annealing. This is the precondition
for the profile to reach its maximum
strength and for the potential of the alu-
minium alloy to be fully exploited.

To ensure uniform material character-
istics of the finished profile over its entire
length, Honsel manufactures the space-
frame profiles by isothermal extrusion.
Therefore, the temperature of the profile
has to be maintained at a uniform level
throughout the entire extrusion process.
The profiles may be cooled using air or,
alternatively, water, depending on the
type of the alloy. In the case of water cool-
ing, Honsel uses a special cooling device
that prevents the profiles from warping
and becoming unusable when they are
cooled very rapidly. After being cooled,
the profiles are cut to the required length
and, depending on their application, are
bent or formed in the hydroforming proc-
ess. The extruded aluminium profiles re-
ceive their actual strength in the final
heat treatment, during which the age-
hardening temperatures must be observed
very strictly. The finished profiles then
are delivered ready-to-install.

6 Summary and Prospects

In order to increase the lightweight con-
struction potential of spaceframe bodies
to the maximum, all stages in the manu-
facturing process of the product - from
the selection of materials and design of
components through to production -
must be optimized to their application.
This requires a great deal of expertise,
which Honsel has gained in a way that
hardly any other company has. As a fur-
ther development of the spaceframe
body profiles, which have been success-
fully introduced onto the market, Honsel
now supplies structured profiles made of
a new alloy which was developed togeth-
er with Trimet. Thanks to the outstand-
ing specific characteristics of the innova-
tive aluminium material, the profiles
can be about 17 % lighter or can be even
stronger, depending on the requirements
for the components. There is already a
first prototype order, which means that
a series launch in 2010 is realistic. |
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Fuel consumption, comfort and dynamics more and more depend on the
characteristics of starting device and automatic transmission. That is why
ZF Sachs developed a new wet starting clutch. An innovative cooling prin-
ciple allows for a compact design and the transfer of high input torques.
The first series production application was realized for the ,,AMG Speed-
shift MCT", the seven-speed automatic transmission of the Mercedes-Benz
SL 63 AMG. But also in front-transverse transmissions, this new type of
clutch creates additional space for enhanced torsional vibration dampers —
another option to reduce fuel consumption.

1 Basic Concept

It was the basic idea for the Hydrodynam-
ically Cooled Clutch (HCC) to combine the
advantages of a hydrodynamic torque
converter and a wet clutch. The first series
production application of the HCC was re-
alized in the ,AMG Speedshift MCT*, the
seven-speed sports transmission of the
Mercedes-Benz SL 63 AMG [1].

Over the last 60 years, hydrodynamic
starting devices, the hydraulic clutch
based on the operating principle of Fot-
tinger, and the torque converter, have be-
come indispensable in the world of trans-
missions for all types of vehicle due to
their high power density and their com-
fortable, vibration-decoupling torque
transmission. One of the most important
advantages of the hydrodynamic operat-
ing principle - the total lack of wear - is
often forgotten in the process. There
needs to be no grinding between the
components during the starting process;
the impulse exchange of the impellers
through the oil transfers the incidental
power loss as smoothly as possible to the
oil. Wet clutches must, however, be care-
fully designed and applied within their
various limitations in order to avoid in-
curring problems regarding comfort and
service life resulting from damaged fric-
tion linings and ,cracked” oils along
with the associated decreasing friction
coefficient characteristics, Figure 1.

Despite more and more improvements,
the converter in its modern design with a
lockup clutch requires radial installation
space between the engine and the trans-
mission, which is meanwhile also needed
by the electric motors for transmission hy-
bridization. In addition, the mass mo-
ment of inertia of a converter cannot be

reduced arbitrarily. These conditions are
not desirable for a sports transmission
where the engine should run up to speed
quickly, and gear-changing times must be
short. But it is especially the strategy com-
patibility, that means the ability to call up
different start characteristics as required,
that is limited with today’s standard con-
verters.

In summary, the aim was to match
the thermal and mechanical robustness
of the hydrodynamic power transfer with
the strategy compatibility and the radial-
ly small, compact design of a wet clutch.

2 Operating Principle

Derived from the Euler turbine equation
for hydrodynamic torque
MHyd~p-V-A(r-cU) Eq. (1)
the law of similarity is derived for the

torque converter for the speed n and the
hydraulic diameter D:

@ T
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M, ~ 1 DF Eq. (2)
Vg =1 D Eq. (3)

Thus it was the objective to pair the con-
verter with a wet clutch in order to keep
the hydrodynamic torque M, as small as
possible, since it restricts the desired con-
trollability of torque transfer, and, on the
other hand, to still obtain the largest possi-
ble volume flow VHy , that could be utilized
for cooling the wet clutch. This apparent
contradiction, that M ~V (see Eq. (1), for D
= const.), is, fortunately, not one. Inordi-
nate volume flows occur with torque con-
verters for impulse exchange for torque
transmission that are certainly not re-
quired on this scale for cooling a wet

eV AN
o ; -
doslpeninicic o +
Tharmal capaeiy : )
‘oar frea + {J

—_ Dovolopmant of th HCC

Figure 1: Characteristics of torque converters and wet clutches
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clutch, so that a reduction in the size of
the hydrodynamics should be possible if
they are only required for cooling. This is
shown by a numerical example from the
new generation of torque converter (TC) for
the ZF automatic transmission 8HP [6].

If the assumption is made that
present-day wet clutches, all of which are
dependent on the performance of the ex-
ternal cooling pump/hydraulics, must
cope with up to 30 l/min, the cooling
power of a hydrodynamic converter with
a volume flow of 10,000 1/min, Figure 2,
would bring any wet clutch to “freezing
point”. Thermal damage to oil or linings
would be a thing of the past; the capaci-
ty of this clutch would barely impose a
constraint on this application. In future,
the expectation for conventionally de-
signed wet clutches is more likely to be
for less cooling oil. Since the transmis-
sion pump required here partly deter-
mines the total efficiency of the trans-
mission, the pump is more likely to be
designed smaller in the future. If we as-
sume that a volume flow smaller by a
factor of 33, that means approximately
300 l/min, still has sufficient cooling po-
tential under “stall” conditions (engine
speed 3000 rpm, stationary vehicle) — af-
ter all, it is still a factor of 10 higher than
state-of-the-art wet clutches. This results
in the following diameter for a new hy-
draulic circuit derived from Eq. (3):

Dy= DAlt.3 VealV,

Neul YAl

235 mm - y300/10.0000 = 75 mm Eq. (4)

With this diameter the former hydrody-
namic torque of 540 Nm would clearly
collapse as visible in Eq. (2):

M, =M

Neu Alt ’ (DNeu/

D)=

Eq. (5)
540 Nm - (75 mm/235 mm)° = 1,8 Nm

This initial computational result shows
that a very small diameter still allows for
the realization of a high volume flow, de-
spite the very small hydrodynamic
torque, which is likewise desirable. Now
the challenge is to find a design that di-
rects this volume flow over the friction
surfaces of a wet clutch where the cool-
ing is required. A very sophisticated ap-
proach is to place the plate kit of a wet
clutch into a radially-sectioned pump or
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Figure 2: Performance data and volume flow V of the newest torque converter (TC)
generation in the ZF automatic transmission 8HP

Figure 3: Crossing of TC and wet clutch —first ideas for a hybridization

turbine of a converter. Considering the
so-called Euler clutch with radial cas-
cades rather than the axially-oriented
cascades (as with a converter and hydro-
clutch) [7], elements of a simpler solution
are recognizable: The disk-shaped surfac-
es, which limit the blade channels, can
transmit a friction torque like a wet
clutch if they are bonded with a lining
and an axially-directed force is applied.
TC and wet clutch are “crossed”, Figure 3.

In a next evolutionary step, the so-
called pump and turbine plates were de-
signed with meander-shaped steel disks
that form radial channels and which are
partially bonded using lining pads. The
pump plates, like the converter pump,
are directly connected with the engine,
and radially pump out the oil in the
filled HCC, Figure 4. The oil subsequently
reaches the turbine plates that are di-
rectly hung on the transmission input
shaft through deflection gaps, that
means openings in the internal and ex-
ternal flow path.

This occurs in a similar way to a hy-
drodynamic clutch until the pump and
the turbine rotate at the same speeds.
Only then does the circulating volume
flow, which also cools the friction surfac-
es, collapse to zero. The resulting cooling
oil volume flow is therefore appropriate-
ly at its peak when starting and remains
present until the starting process is com-
pleted.

The last evolutionary step in the plate
design was ultimately a single-side plate
with radial slots and reliefs in the steel
support on the external and internal
flow paths providing deflection of the
volume flow in order to achieve a simple
design capable of manufacture using
current manufacturing systems. The
pump and turbine plates alternate, so
that a six-plate design produces three
small hydraulic clutches connected in
parallel. These are then pressed together
or unloaded using a piston controlled by
a third line, comparable with the con-
verter clutch of a triple-line converter. In
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Figure 5: Comparison of thermal efficiency of wet clutch, torque converter (TC) and HCC

order to be able to transport the power
losses at start-up from the HCC, just as
with the converter, an external cooling
circuit is superimposed on the internal
circuit. However, this is dimensioned es-
sentially in the same way as current mul-
ti-ratio transmissions, so that the trans-
mission pump need not be changed.
Due to its high velocity, the internal
volume flow affords an almost ideal heat
transfer from the steel of the tribological
contact to the oil, so that even at high
power the temperature of the steel bare-
ly exceeds that of the oil, thereby avoid-
ing, for example hot spots that could re-
sult in lining or oil damage. Thus, ther
mal robustness is attainable that is clos-
er to that of the converter than any estab-
lished wet clutches until now, Figure 5.
For a full-load start with a conventional
wet clutch the flowing oil only heats up
moderately with regard to the imported
power losses, that means a lot of this pow-
er leads to considerable heating of the steel
plate supports. In contrast, significantly

higher oil outlet temperatures are meas-
ured with the HCC, evidence that the im-
ported power loss is rapidly removed and
only heats up the plates to a small degree.
This principle is also used to call up sports
functions with very low peak tempera-
tures, such as the race start with the Mer-
cedes-Benz SL 63 AMG, Figure 6.

3 First Series Application

The HCC concept described was ultimately
realized in two variants, in a six-plate vari-
ant providing up to 700 Nm (HCC185-6), in
series production since April 2008, Figure 7.
Itis applied at the same hardware interfac-
es in the direction of the engine and trans-
mission at which the torque converter
would otherwise sit (plug and play). The
application of a foursteel plate or a eight-
steel plate variant with respective torques
is also possible, Figure 8. Since a wet clutch
cannot be opened in an emergency in re-
sponse to vibration problems, as is possible

with a converter, good dampers are re-
quired. A two-stage torsional damper was
selected. Comparable with a turbine tor-
sional damper for a converter, it is located
with its stiffness directly in front of the
transmission input shaft and thus offers
good prerequisites for vibration decou-
pling. It was possible to select a radial, in-
ternally-located damper that is, for reasons
of friction and inertial mass, ideal.

The value VHy o s 1S Of the same order
of magnitude for both clutches as in the
numerical example given in Chapter 2
and therefore exceeds the existing wet
clutches ten times in terms of cooling
power. The height of the channels (1 mm)
corresponds to a still reasonable lining
thickness. The high surface stress of 4 N'mm?
of the friction lining with maximum
torque capacity, which is considerably
higher than the established values for
dual clutches, sets a benchmark. The
high figures are only due to the cooling
principle, as the lining used is conven-
tional. In addition to the strategic capa-
bility, the second main objective of the
transmission development was to reduce
the mass moment of inertia when turn-
ing a multi-ratio transmission into a
thoroughbred sports transmission. With
areduction of more than 50 % compared
to the converter, Figure 9, this aim was
achieved and the preconditions were cre-
ated for short gearshift times.

A further, technical feature of the
HCC is the drag torque present in the
clutch, for example at idling speed. The
cooling ,lives® from the fact that the
clutch is permanently 100 % filled with
oil. On the other hand this means that,
even if the clutch is not actuated, drag
torques induced by shear forces from the
oil are created between the plate pairs.
Due to the small diameter of the HCC
however, these are significantly smaller
than for torque converters, not only at
operating temperature but also at very
low temperatures. But they are still great-
er than in totally refillable wet dual
clutches.

4 Further Application Possibilities

With the new product HCC, presented
here, vehicle manufacturers must de-
cide for sporty applications whether

they want to offer an already available

ATZ 1212009 Volume 111 27

personal buildup for Force Motors Ltd.



DEVELOPMENT

multi-ratio transmission with HCC or a
dual clutch transmission. With the
HCC they can draw on identical basic
transmissions to save costs in contrast
to the development of a maybe com-
pletely new dual clutch transmission.
Besides the premium sport transmis-
sion segment there are further applica-
tion scenarios in the driveline hybridi-
zation. Thanks to its compact design,
the HCC can provide sufficient installa-
tion space for the electric motor in the
driveline.

The application of HCC in combina-
tion with a multi-ratio transmission cre-
ates enormous advantages in front-
transverse applications, too. In these ap-
plications, space for the starting ele-
ment is very limited. But here too, very
powerful assemblies will be required for
vibration decoupling, among other be-
cause of the engines used. The applica-
tion of HCC allows for the absence of hy-
drodynamic devices and increased space
for the installation of vibration decou-
pling elements. Such a starting system
is called HCN in order to hint at the fact
that HCN derives from HCC, on the oth-
er hand to demonstrate the aim of the
starting element (N for NVH - noise, vi-
bration, harshness) to reduce torsional
vibrations.

In Figure 10 different starting elements
are compared in terms of their space re-
quirements and available space for vibra-
tion decoupling and torque converter.
Comparing HCN and front-transverse
torque converters — both operate in the
same space — the space potential for vi-
bration decoupling elements through
deletion of devices for hydrodynamics
becomes obvious.

In Figure 11 the comparison between
starting elements in the hill-holding
mode (uphill gradient of 12 %, 2.7 t vehi-
cle mass) is extended based on simula-
tion results. One can see clearly that the
thermal performance of HCN is compa-
rable to the performance of HCC. This
result is explained by the internal cool-
ant flow rate which is comparable to
that of the HCC. It is only the hydrody-
namic elements located in the torque
converter that create more efficiency,
which is no longer required to this ex-
tent in modern applications, though.
Dual clutches have a relatively poor
thermal performance because of the
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Figure 6: Comparison of temperature of a typical wet clutch to the HCC

Figure 7: Design of the
series clutch HCC185-6
in six-plate variant for
700 Nm
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Figure 8: Performance data of the types 185-6 and 185-8 with six respectively eight plates in
the HCC modular design principle
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Figure 11: Comparison of starting devices in hill-holding mode

missing internal cooling circuits. As
comparisons show, the HCC effect al-
lows for more installation space and
thus a significant development leap in
vibration decoupling and fuel savings,
also in front-transverse applications.

5 Summary

The first series production application of
the HCC by ZF Sachs was realized in the
~AMG Speedshift MCT*, the seven-speed
sports transmission of the Mercedes-Benz

SL 63 AMG as front-longitudinal applica-
tion. An innovative cooling principle al-
lows for a compact design and the trans-
fer of high input torques. This starting el-
ement is available as a six-plate variant
providing up to 700 Nm (HCC185-6) and
a eight-plate variant for 1000 Nm maxi-
mum input torque (HCC185-8).

The application of HCC in combina-
tion with an torque converter automatic
transmission creates enormous advan-
tages also in front-transverse applica-
tions. In these applications, space for the
starting element is very limited. The ap-
plication of HCC allows for the absence
of hydrodynamic devices and increased
space for the installation of vibration de-
coupling elements against NVH.
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FEA-optimized Lightweight
Hollow Shatfts for the Transmission

When it comes to transmissions, considerable weight savings may be made by using hollow transmission shafts.
Hirschvogel achieved success in transferring the same high loads in spite of less material use. These forged light-
weight shafts may be used both in manual transmissions as well as in axle drives and transfer gearboxes of
passenger cars or trucks.
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1 Introduction

Currently there are three objectives
when optimizing transmission compo-
nents. These are to decrease CO, emis-
sions, to reduce costs and to retain good
mechanical properties. The reduction
in CO, emissions is achieved primarily
by lightweight design measures, as the
lower the vehicle weight, the lower the
fuel consumption. When it comes to
transmissions, considerable weight sav-
ings may be made by using hollow trans-
mission shafts. These lighter parts still
need to transfer the same high loads,
however.

In order to keep the mechanical prop-
erties at the high level required, stiff-
ness and strength analyses need to be
carried out using FEA when designing
the hollow geometry. Besides weight re-
duction the cost factor also needs to be
considered. To achieve lower costs it is
essential to reduce bar material usage
and to design the process chain in a
skillful way [1].

2 Lightweight Design

Hollow lightweight shafts, Figure 1, may
be used both in manual transmissions as
well as in axle drives and transfer gear-
boxes. Particularly in the case of bevel
gear shafts hollow design allows a con-
siderable weight reduction of over 1 kg
per shaft in passenger cars without com-
promising strength. Heavy shafts for
commercial vehicles yield material sav-
ings of between 4 and 6 kg. Halfshafts,
too, may be produced with a hollow ge-
ometry if the available space allows such
a design. Front wheel drives require a
long and a short halfshaft. The design of
the long shaft, with a length of approxi-
mately 600 mm, provides excellent op-
portunities for reducing weight while in-
creasing torsional stiffness.

Production of lightweight shafts of
ten requires a combination of special
manufacturing processes such as deep-
hole drilling and swaging. The flange
with intricate geometry is produced by
hot forging. In some applications shafts

Figure 1: Types of hollow shafts for transmission applications
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Raw part,
warm forged

with closed ends are needed. This re-
quirement can be met with a two-piece
joined part. The production costs in this
case increase to such a considerable ex-
tent, however, that the use of a plug rep-
resents a possible alternative.

3 Cost Reduction

It is already apparent from these initial
examples that the cost situation in the
case of hollow shafts needs to be viewed
with a critical eye. Producing the hollow
space by means of drilling, forging or by
tube rolling in steelworks represents an
additional process step involving extra

Transmissions

Part with splines,
cold forged

costs. In order to reduce the costs, it is
therefore important to minimize the vol-
ume of material used on the one hand
and to consistently exploit the benefits
in the process chain on the other. Forg-
ing, in particular, allows additional geo-
metrical elements to be integrated into
the forming process without additional
costs.

Figure 2 shows a cost-optimized disk
carrier with shaft and internal splines.
Originally this component consisted of
three individual pieces that were welded
together. Design optimizations resulted
in a single-piece forged design. The omis-
sion of the joining process as well as of
the cutting operation to produce the

Defective spline forging

Excellent forging

Figure 3: FEA forging simulation with excellent forged part (right)
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Machined part,
ready-to-install

Figure 2: Cost-optimized production
process for a disk carrier — from the
warm forged raw part (left) over the
cold forged part with gearing (center)
to the ready to install machined part
(right)

splines or gearing led to a significant re-
duction in production costs. As strain
hardening occurs when forging the
splines, the target strength of the disk
splines is achieved without the need for
expensive heat treatment.

When producing such complicated di-
mensionally accurate geometrical ele-
ments such as splines or teeth for lamel-
lae, the forging quality is monitored and
optimized in advance using FEA material
flow simulations. Figure 3 shows the forg-
ing of a spline with and without process
optimization. On the left it may be seen
that, during the production of splines,
material is pushed up, leading to a dis-
ruption of the fiber flow and a reduction
in part quality. On the right of Figure 3,
the simulation result of the zero-defect
forged part is shown.

4 Design Optimization by FEA

Prior to material flow optimization, the
part geometry is optimally designed us-
ing linear-elastic FEA analyses. When car-
rying out part design, good mechanical
properties need to be achieved while at
the same time attaining reductions in
weight and in production costs.

In Figure 4, left, the classic geometry of
an intermediate shaft is shown. At a tor-
sional load of 2400 Nm, a maximum
equivalent stress of 690 MPa and a maxi-
mum torsion of 0.65 mm occur. The goal
of optimization efforts is to achieve high-
er strength at the same load. After check
ing the space available, it may be possi-
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Basic Design

500 g Weight Reduction

Figure 5: Weight optimization of an axle drive shaft of 20 % or 500 g

ble to enlarge the outer diameter of the
shaft. In order to limit increases in
weight, the inner hollow space also needs
to be extended, that is the wall thickness
needs to be reduced. The optimized de-
sign is shown in Figure 4, right. It dem-
onstrates lower stress values of a maxi-
mum of 500 MPa and torsional distor-
tion of below 0.45 mm. Furthermore, a
weight reduction of 13.6 % is achieved
and ultimately also a decrease in produc-
tion costs, as the machining efforts on
the outside are lower, and the deep-hole
drilling on the inside is omitted.

A similar case can be described in the
example axle drive shaft. This drive shaft
is driven on the left flange via a sur-
rounding ring gear that has been welded
on and subjected to a torque of 2000 Nm
up to the right spline. Here, too, the
space limitations need to be defined at
the start of the design optimization proc-
ess, as the enhanced part geometry gen-

erally leads to a reduction in wall thick-
ness and to an enlargement of the outer
diameter of the shaft.

Figure 5 shows the FEA results of the
stiffness/strength analyses for the classic
design (left) of the axle drive shaft and
the weight-optimized geometry (right).
The highest load is generated on the
spline. However, the diameter and the
wall thickness cannot be varied here due
to reasons of packaging. The bearing di-
ameters, too, remain unchanged. Varia-
ble design can be achieved for the inner
contour and the wall thickness between
the bearing and the ring gear seat.

In the classic design the wall thick-
ness beneath the bearing seat is barely
subjected to load and is thus overdimen-
sioned. In the weight-optimized geome-
try, this wall thickness is reduced and de-
signed appropriate to load, so that non-
critical stresses of a maximum of 250
MPa are generated. Up to the ring gear

seat, the space available is fully exploited
and the shaft contour has grown radial-
ly. This leads to a reduction in stress to
below 120 MPa. Theoretically the wall
thickness could thus be reduced even
further in this area. The production proc-
ess renders this impossible, however. The
hollow space cannot be produced effi-
ciently using cutting processes. Such a
contour can only be generated using
forging. The main advantage of the opti-
mized geometry is the reduction in part
weight amounting to 20 % or 500 g.

5 Summary

In the examples Hirschvogel outlined
that transmission shafts hold considera-
ble optimization potential with respect
to weight and costs, without the need to
compromise the good mechanical prop-
erties of the part. Forging, deep-hole
drilling and swaging lead to dimension-
ally accurate hollow lightweight shafts
for cars and trucks.

Such optimized designs need to be de-
fined jointly by the user and the supplier
at the earliest possible development stage.
This is because any changes made at a lat-
er point - following production release —
are mostly associated with high costs. On-
ly if the part design, the material and the
production process are harmonized com-
prehensive optimization measures can be
achieved. In order to develop such opti-
mized products at an early stage, the
Hirschvogel Automotive Group can assist
its customers with modern development
tools, experienced employees and innova-
tive ideas across the globe.

Reference
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DEVELOPMENT Steering

Electro-hydraulic Steering
Systems for Light Commercial
Vehicles

In 2007 the average CO, emission of light commercial vehicles was approximately 203 grams per kilometer.
As part of its overall European strategy, the EU environment commission is planning to drastically reduce the
carbon dioxide emissions from delivery vans, mini busses and trucks. Targets of 175 g in 2014 — decreasing
to 135 g in 2020 could also mean additional costs of several thousand Euros per vehicle. TRW's high perform-
ance electro-hydraulic steering systems are able to make a cost effective value contribution to achieve the
overall target of reduced CO, emissions.

34 ATZ1212009 Volume 111

e
=
|
%
S
O
2
o
=
O
o
S
o
LL
S
@}
NS
o
S
T
E
o
[
c
o
)
S
)
o




1 Introduction

Electrically Powered Hydraulic Steering
Systems (EPHS) have successfully compet-
ed in the market for approximately ten
years. The application of EPHS has thus
far been universally applied - having
started in compact cars — and following
the development of high power motor-
pump-units continued in luxury class ve-
hicles and sport-utility vehicles (SUV).
Electro-hydraulic steering systems con-
sist of a so-called motor-pump-unit (MPU)
which can modularly be combined with
a steering gear, Figure 1. The motor-pump-
unit comprises a hydraulic part with an
outer gear pump, a resonator with com-
bined check and pressure relief valve and
an electric motor with ECU. The motor is
a brushless permanent magnetic syn-
chronous machine which is controlled
without Hall sensors (sensorless control).
Starting at a stand-by speed of 750/min
the motor achieves a maximum speed of
6000/min (according to 12 l/min) within
less than 100 ms. Therefore, low energy
consumption (stand by speed for straight
ahead driving) und high dynamic (avoid-
ance maneuver, fast steering) can be com-
bined [1]. The motor-pump-unit is con-
trolled via vehicle CAN. For activation, a
signal from the power train is used. For
example, this can be information which
represents a stable operation of the com-
bustion engine or which indicates the
general driving readiness - something
which is realized in Hybrid Electric Vehi-
cles, for example. The steering map
which provides the speed demand of the
motor-pump-unit and thus the steering
assist as a function of different variables
usually makes use of vehicle speed and
steering rate. It is possible to use further
parameters for the control of the steer-
ing assist (for example the vehicle’s load
condition [2] or the steering angle (4-D
map)). Further functions concerning en-
ergy, comfort and self protection are list-
ed in extracts. The most powerful system
with a hydraulic output power of 1000 W
currently represents the highest power
limit of electric steering systems on a 12
V basis technically realised today. Due to
the required high electrical input cur-
rent of approximately 115 A, the thermal
layout of motor and ECU is of high im-
portance. For the driver, the question is
how long they can use the system under

high loads (number of consecutive high
load parking cycles) and, respectively,
how long the system can remain in end-
lock condition before a thermal protec-
tion mode is activated (critical time). The
MPU has a special design using a wet
running motor, i. e. the hydraulic fluid is
used for the cooling of the windings and
the ECU. Compared to a dry running var-
iant, the critical time can be doubled.
The effect results from the improvement
of the convective heat transport (approx.
factor 100 compared to air) and also from
the additional thermal mass (thermal ca-
pacity of the hydraulic fluid). The hy-
draulic steering gear includes a hydrau-
lic valve which is designed for low vol-
ume flows (e. g. 3.5 1/min) and the actual
hydraulic cylinder. In contrast to pure
hydraulic power steering, an oil cooler is
no longer required because the system is
designed to be energy efficient and pro-
vides power only on demand (small stand
by volume flow, no internal pump vol-
ume flow, steering map control). The
normal operating temperature is approx.
40 to 50 °C and therefore is significantly
lower than in conventional hydraulic
steering systems. This increases the sys-
tem’s reliability which especially con-
cerns the durability of elastomers such
as sealing elements [3]. With a tempera-
ture decrease of 80 °C to 50 °C, the en-
durance of static sealings will increase
five to ten times, for example.

2 Target Vehicles and CO,
Regulations

Since smaller commercial vehicles are
directly derived from passenger cars
and due to the fact that electro-hydrau-
lic steering systems are already estab-
lished, they will not be considered as
target vehicles in this article. New possi-
ble applications arise from heavier vehi-
cles up to about 3.5 t GVW. For these ve-
hicles, the two most powerful motor-
pump-units 89-C (890 W) and 100-C
(1000 W) which are suitable for up to
about 18 kN rack force come into con-
sideration. Further performance data is
shown in Table 1 in table form. The legis-
lative objectives describe the achievable
CO, emissions as being linear depend-
ent on the utility value of the vehicles.
For the utility value the vehicle weight
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Figure 1: System architecture Electrically Powered Hydraulic Steering

is considered which correlates to the

CO, emission [4]. For an average new ve-

hicle fleet of an OEM registered in the

EU, the following CO, targets for a refer-

ence weight (weight average for the

whole of vehicles of all OEMs) apply:

- passenger car legislation (M1): from
2012: 130 g/km, from 2020: 95 g/km

- light Commercial Vehicles legislation
proposal (N1, N2, M2 with a reference
weight smaller than 2610 kg): from
2014: 175 g/km, from 2020: 135 g/km
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will be required.
Light Commercial Vehicles are a subset of
vehicle class M (passenger cars) and also N
(commercial vehicles) according to their
registration [5]. In class N over 85 % are
represented, but depending on the OEM
the share can also be significantly small-
er, e.g.in case specific models are primari-
ly registered as passenger cars. Therefore,
light commercial vehicles will not only be
subject to the Europe-wide directive for
the CO, emission of passenger cars but

Thermal Protection

Crash Power-0ff

Input Signal Detection (Steering Rate or Angle)

Steering Valve

Return Line

presumably they will also be subject to
the legislation for light commercial vehi-
cles [6] which is being prepared and refers
to the regulation for passenger cars. When
considering the background of an average
CO, reduction target of 25 g/lkm and with
the technical boundaries (especially the
high percentage of diesel engines and the
need for robust solutions which are prov-
en in mass production), the challenge be-
comes apparent.
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3 CO, Reduction

With the help of a model calculation,
the impact of ancillary units such as the
power steering system on the energy con-
sumption should be investigated. For
this, a balance of power under considera-
tion of all resistances and the combus-
tion engine is set up [7], Figure 2. An arbi-
trary vehicle speed is chosen as the input
signal which means a certain gear selec-
tion and thus a combustion engine speed
nCrank. The driving resistances, ie. the
rolling resistance and the aerodynamic
resistance, are considered as well as the
power drain of the ancillary units. With
the efficiencies involved (e.g. generator,
belt drive, etc.) the balance of power is set
up so that the current operating point
(speed, torque) of the combustion engine
is found and the input power and the fu-
el supply per time interval can be calcu-
lated. By calculating the difference of
two trials - one with installed hydraulic
pump (HPS) and the other one with elec-
tro-hydraulic power steering (EPHS), the
energy saving potential can be identi-
fied. Figure 3 shows the reduction of fuel
consumption of the electro-hydraulic
power steering system in comparison to
the hydraulic power steering system as a
function of vehicle speed. As further ref
erence points, the calculated values for a
driving cycle are shown including a vehi-
cle speed profile.

In addition to these calculations, vari-
ous light commercial vehicles with die-
sel engines (3.5 t) were measured on a
roller dynamometer test bench support-
ing the simulation results. The average
value for the NEDC revealed a potential
saving of 0.3 to 0.4 1/100 km - and for a
city cycle a difference of approx. 1 1/100
km was reported.

Table 1: New target vehicle group for Electrically Powered Hydraulic Steering

Target Vehicles

Max. Kerb Weight 2200 kg 2500 kg

Max. Gross Vehicle Weight 3.0t 15}

Max. Vehicle Payload 1000 kg 1500 kg

Max. Loading Volume 9,3m?3 17 m3

Max. Loading Volume 1575 kg 1800 kg

Typical Diesel Engine 2.01/84 kW 2.51/120 kw

Typical CO, Emission 220 g CO,/km 260 g CO,/km
EPHS 89-C 100-C

Nom. Hydr. Output Power 890 W 1000 W

Max. Pressure / Max. Flow 128 bar / 10.3 [/min 128 bar / 12.0 [/min

Max. Current / Standby Current <98A / <25A <115A / <25A

Nom. Voltage 135V 135V

Max. Assist Force 145kN 18 kN

Force at 540 °/s & 50 mm/rev 10,9 kN 11,6 kN

4 Value Proposition

An improvement of the CO, emissions (and
the fuel consumption respectively) can be
achieved by the implementation of various
technologies. Among these, there are typi-
cally modifications to the power train, aer-
odynamic improvements or the reduction
of friction [8]. Looking at the cost-benefit
ratio of single technologies, electro-hydrau-
lic steering systems can be found on the
first ranks, Table 2. The derived CO, index
reflects a standardized value which is pro-
portional to the relation between the re-
duction of CO, emissions and costs.

The reality is more complex however,
because when implementing one tech-

nology the individual value proposition
will change due to the non-linear interac-
tions. Furthermore, in order to achieve
the above mentioned CO, reduction tar-
get it might also be required to imple-
ment more expensive (smaller index)
modifications such as adjustments to
the power train. This leads to a progres-
sive cost curve, Figure 4. It is possible to
make this relationship clearer by invert-
ing and cumulating the values in Table
2: the more technologies are implement-
ed, the steeper the cost curve becomes
because with increasing CO, reduction,
disproportionate costs arise for a con-
stant difference of CO, reduction. Figure
4 exemplifies such a progressive curve

Figure 2: Calculation flow down
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Table 2: Cost-value ratio of different technical measures
Average CO, Reduction and CO, Saving per Incremental Spend
Technology C0, Saving CO,/EUR
(%) Index
1 Reduced mechanical friction components 40 10
2 Improved aerodynamic 30 7.5
3 Elecrically Powered Hydraulic Steering 39 49
4 Downsizing engine capacity 12.5 35
5 Low rolling resistance tyres 3.0 2.5
6 Direct injection and lean burn 11.5 24
7 Variable valve actuation 6.0 1.8
8 Lightweighting 10.0 1.6
9 Stop-start 1315 15
10 Stop-start with regenerative braking 7.0 1.1
" Dual clutch transmission 45 0.6
12 Dual clutch transmission 7.0 0.5
f-‘ Figure 4: Total cost
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which refers to [6]. The black curve com-

prises various packages ,,Pk1 to Pk3“. The

content of these packages are:

- package 1: low friction components,
tyres, aerodynamic measures

- package 2: Package 1 + downsizing,
stop/start, weight reduction

- package 3: Package 2 + automatic gear-
box, regenerative brakes, further
weight reduction.

By implementing package 3, a CO, reduc-

tion of about 36 g at costs of CRef can be

achieved. These reference costs may rep-

resent several thousand euros per vehi-

cle.

The implementation of the electro-hy-
draulic steering system in package 1 by
keeping the technologies from package 2
leads to a different - namely more cost ef-
fective — content of package 3. This can
be explained by the shift of the cost
curve, indicated by the slope triangle
which represents the ratio between 5.9 %
of the reference costs and a CO, reduc-
tion of 8 g. Due to the non-linearity of
the cost curve, a significant cost reduc-
tion of about 37 % of the reference value
can be achieved. Point Pk3 shifts to Pk3™
[9].

The grey dashed line indicates an al-
ternative steering technology which has
a better CO, index (3 g for 1 % of the ref-
erence costs). It can be seen that the im-
plementation saves only 16 % however,
and therefore represents a significantly
worse balance.

Another value proposition results
from the reduced fuel consumption. As-
suming a price per liter of 1.20 Euros, the
equivalent values can be directly derived
from the above explained calculation re-
sults. These add up to approximately 180
Euros per year for inner city driving
modes (assuming 20,000 km/year) or 270
Euros for a transit haulage modes (70,000
km/year in outer city modes).

5 Summary

With its electro-hydraulic high power
motor-pump-units up to 1000 W hydrau-
lic output power, TRW offers solutions
which are proven in mass production
and can realize high rack forces up to
about 18 kN if combined with standard-
ized hydraulic steering gears. Based on
an average emission of about 200 g/km, a

personal buildup for Force Motors Ltd.



CO, saving of about 4 % can be achieved
which already amounts to one third of
the required efforts that will likely be
mandated in the future. Therefore, this
application is very eligible for light com-
mercial vehicles up to about 3.5 t GVW.
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The Next Generation
Park Assist Systems
Development Steps, Studies and Trends

Fundamental principles of park assist systems have not changed significantly since the first generation: They
inform the driver about distances between close objects during the parking manoeuvre. Valeo has played the role
of an outrider and introduced the first parking assistance system based on ultrasonic technology in 1991 in the
BMW 7-Series. In the following the development steps, market studies, customer wishes for future parking
systems and their technological realisation are being described.
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1 Preface

Considering the improvements which
took place in today’s vehicles compared
with the previous versions, focus was put
on driver security, environmental friend-
liness, driving dynamics, convenience,
etc. As a result only few driving tasks be-
came more complex during all these opti-
misations; parking and manoeuvring is
one of them. Making vehicles more aero-
dynamic had a negative impact on their
all-round visibility especially to the back
of the car. Bumpers are no longer pure
functional extension but also styling ele-
ments now. At the same time, free park-
ing spots are hard to find and if you are in
a lucky situation that you have found one,
they are very small. Without a park assist
system an accident-free parking has be-
come very challenging, at least if you
briskly want to complete the manoeuvre.

Park assist systems based on ultrasonic
technology and providing the driver with
optical and/or acoustic information about
the distance between his vehicle (bumper)
and objects in its path were introduced in
1991 by BMW and ITT Automotive (today
Valeo) in the 7-Series (E32). At first they
were considered options for luxury mod-
els at premium OEMs. Several years passed
before such assistance systems won recog-
nition on a broader scale, Figure 1. Since
the year 2000 more and more vehicles in
all market segments are offered with park
assist systems; in parallel the equipment
rate has also increased.

2 Development Steps of Today’s
Park Assist Systems

2.1 Park Assist Systems

Park assist systems which can be found
on the market today have passed several
evolution steps. Valeo’s ultrasonic park
assist is currently into its fifth genera-
tion. Targets for the continuous improve-
ments were ,better”, ,smaller, ,more
beautiful” (more elegant integration in
the bumper) and ,more cost effective”.
The trend continues permanently. The
ultrasonic time-of-flight measurement
has established itself as the preferred
technology due to the fact that it offers
the best compromise of sensor signal
quality, robustness and costs. At the mo-
ment radar-based systems fail because of

frequency allocation (to reach a compar-
able distance resolution radar sensors
need a frequency bandwidth of 5 GHz)
and comparatively high costs. Purely
camera-based systems are expensive as
well, do not provide any distance infor-
mation, do not cover the vehicle’s edges
and do have system-immanent limits in
some environment conditions.
Fundamental principles of park assist
systems have not changed significantly
since the first generation. They have to in-
form the driver about distances between
close objects during the parking manoeu-
vre. It is hard to imagine a modern car
without park assist and in some vehicle
variants park assist is standard equipment
already. The user gets familiar with the
function and trusts in it. Consequently
there is room for new, additional func-
tions which make the parking manoeu-
vre even easier. A major breakthrough
was the introduction of the active “Park-
lenkassistent” on the Volkswagen Touran
in 2007. Supplier of the system called
“Park4U” is Valeo. When passing a park-
ing slot, an ultrasonic sensor measures its
length and depth. If the parking slot is
found sufficient in size, the driver can in-
itiate a semi-autonomous parking proc-
ess. Based on the slot dimensions and ve-
hicle position, the slightly modified park
assist ECU calculates the optimal parking
trajectory and takes control of the steer-
ing during the parking manoeuvre. The
driver operates accelerator, brake and
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when applicable the clutch pedal in the
usual fashion, determining the vehicle’s
direction and speed. Therefore he remains
in control during the complete manoeu-
vre. He can for example override the sys-
tem at any time and end the automatic

g
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Figure 1: Market development of the ultrasonic park assist
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steering by simply taking hold of the steer-
ing wheel. The well-known assistance by
the park assist sensors provides addition-
al safety and confidence which helps to
build trust in the feature.

Besides the active semi-autonomous
parking, other systems are offered which
either inform the driver by indicating the
slot length (parking space measurement)
or remain passive while provide steering
instructions to the driver (guided parking).
Whether an active or a passive system is of-
fered mainly depends - beside other re-
quirements — on the availability of an ade-
quate steering system in the vehicle.

2.2 Feedback and Customer Requests
Regarding “Park4U”

The reaction of end consumers, the mar-
ket and the media regarding “Park4U” is
very positive. Professional media conclude
consistently: ,very recommendable®, ,re-
ally useful investment®, ,easy to handle*.
The high level of acceptance and the re-
sulting market success for this kind of as-
sistance have played a major role in the
fact that the function was introduced in
many other vehicles within a short time.
By June 2009 car buyers are able to order
the semi-autonomous park assistance in
cars from Volkswagen (eight), Audi (three),
Skoda (two), Mercedes (two) and Lancia.
The function is also available in North
America with Lincoln (two), Ford (two)
and Mercury cars. Further brands will
launch the system shortly.

Valeo frequently conducts worldwide
end-user surveys and consumer clinics (in-
volving practical experience of the sys-
tem) to evaluate opinions, acceptance and
readiness to pay by the end costumer.
Generally speaking one can say that “ease
of use” is most important to the driver.
This means the function shall be simple
to handle thus needs as few operation
steps as possible and adapts itself to the
individual driver behaviour. Furthermore
it should be easy to understand, meaning
the driver can perceive the information
quickly and deduce the correct reaction
intuitively. Related to “Park4U” it can be
said that the parking manoeuvre should
be finished at least as quickly as a skilled
driver could do whereas that the expecta-
tion regarding the precision of the park-
ing result deviates, depending on the per-
ceived level of difficulty of the parking sit-
uation. Another important aspect is that
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Figure 3: Functional model of the ultrasonic park assist

the parking manoeuvre must be success-
fully completed whenever the system re-
ports the driver an adequate parking
place. Contrary to this is the request that
the system shall be able to make use of
the smallest possible parking spaces while
the acceptance of the fact that a specific
short parking slot is not offered mainly
depends on the given availability of park-
ing slots in the certain situation. Conse-
quently Valeo’s focus for the further sys-
tem development is the reduction of the
required length of gap as well as improv-
ing the function for non-standard situ-
ations. A quantum leap will be the transi-
tion from the current semi-autonomous
to fully autonomous systems.

Driver

—_— (]

!
[ silustion ]

System

3 Parking and Manoeuvring

3.1 System Architecture

Regarding to the used components the
semi-autonomous park assist is based on
the standard system. It utilises an extend-
ed version of the already existing ECU.
“Park4U” needs just two more sensors in
the corners of the front bumper and a
push button in addition. However the fea-
ture generates completely new require-
ments regarding the system development,
the vehicle integration and the functional
validation. For example there is signifi-
cantly more data to process, Figure 2, and
the amount of application specific param-
eters is several times higher. While it is
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sufficient for a normal park assist system
to measure the radial distance to the next
object with a precision of 10 %, “Park4U”
requires a much more detailed knowl-
edge about the environment of the vehi-
cle. The system uses its own coordinate
system (with the centre of the rear axle as
point of origin) and relies on several com-
putational models for determining the
exact vehicle position (odometry).

While park assist is merely an informa-
tive system, Figure 3, “Park4U” includes
own awareness of the situation in addition
to the pure signal processing. The system
must be able to interpret the sensor data
according to the given situation and - if
wished - to take over a part of the driver’s
tasks (lateral vehicle control), Figure 4.

3.2 Semi-autonomous Park Assist

3.2.1 System Performance

The basic task is to get into every parking
slot which could be entered by a trained
driver as well. Although this requirement
relates to the minimal useful slot length,
the assistant as well has to correctly handle
complex parking situations such as slots in
a curve or in a narrow road or when the
space is confined by an object different
from a passenger car. Sensor technology,
data processing, situation modelling, tra-
jectory calculation and vehicle odometry
have to be designed accordingly.

While the first generation can make
use of parking slots with a length of 1.4 m
in addition to the vehicle, the current
system can manage it with a length of
no more than vehicle +1.1 m. Costumer
studies show that many drivers would pass
such a parking slot under normal condi-
tions without making an attempt to park.
Valeo sees a limit at a value of +0.8 m,
which means 40 cm in the front and 40 cm
in the rear. This is done by using more sen-
sor signals and a more intelligent analysis
to get a more detailed view of the reality.
The odometry will use more particularly
redundant vehicle models in future which
include the analysis of the signals of the
wheel speed sensors at all four wheels.
With the first generation one to two move-
ments where sufficient to get into the park-
ing space, but with a decreasing slot length
additional movements are required to park
the car. In case the length of the gap is just
80 cm longer than the vehicle the manoeu-
vre will generally consist of four to six

movements. The calculated parking trajec-
tory is getting more complex while the
amount of movements depends on the size
of gap, the vehicle geometry and the char-
acteristic of the steering system. On the
other hand it depends on the driving be-
haviour of the respective driver. The park
assist must have the ability to react flexibly
on different turning points between for-
ward and backward movements. While
the first generation’s parking path was in-
flexible and consisted of predefined fix cir-
cular arcs, the next generation will react
far more flexible to the given situation. As
a result the parking manoeuvre will be-
come more comfortable and natural.

The system’s next generation will also
introduce semi-autonomous parking for
spaces perpendicular to the driving lane.
In general this is realised by the already es-
tablished system components whereby gap
measurement, trajectory calculation and
odometry had to be adapted or even devel-
oped completely new. At the moment the
system can use gaps rectangular to the
lane. To enhance the function to angular
parking slots as well the system will re-
quire further ultrasonic sensors to collect
the additional information about the envi-
ronment required for this.

3.2.2 Functional Enhancements

The short term functional extensions of
the current park system are primary based
on modifications of the already existing
software modules plus a few new modules.

Interpretabion

|,-l

Beside rather invisible improvements
which enable the system to park in more
complex parking situations in addition to
standard situations, the next step will be
an assistant to leave the parking space.
This will particularly make sense when the
vehicle is placed in a very tight parking
slot. This function is frequently requested
by end-users and is in general quite similar
to the parking-in function. On the basis of
the available space in front and behind the
car, the steering is controlled to get out of
the gap with as few movements as possi-
ble. Once leaving is possible, the steering is
returned to the driver. It is important to
mention that this feature can be used any
time, even if the vehicle has been parked
manually without using of the park assist.

While during the parking manoeuvre
all ten ultrasonic sensors are being used to
determine distance information, for the
parking slot measurement only the two
sensors in the corners of the front bumper
are active. This means that when passing
the parking slot the normal park assist
function is yet not available. As this is desir-
able in some situations, for example if a ve-
hicle is parked in second row, the Valeo sys-
tem will offer possibility of a simultaneous
operation of gap measurement and the
park assist function (concurrent mode).

A further clearly perceivable functional
extension will be the introduction of brake
interventions by the semi-autonomous
park assistant. This will allow keeping the
vehicle velocity within the speed range

W\ \1 Driver

It pretaticn J Poweplhon Computiig

Figure 4: Functional model of the semi-autonomous ,,Parklenkassistent”
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Figure 6: Functional roadmap of park assistance

which is ideal for the steering system and
prevent sudden system interventions due
to an accidental exceeding of the permissi-
ble speed. Furthermore the car can be
slowed down or completely stopped when
getting close to the gap confinement.

Of course the last mentioned brake in-
tervention can be used during the normal
park assist function as well. A further
functional extension basically independ-
ent from “Park4U” is the flank guard. Ob-
jects next to the driving path are recorded
and their positions be tracked utilising
the vehicle odometry when they have left
the detection zone of the ultrasonic sen-
sors. In case of any hazardous approach to
this obstacle, for example because of a too
early turn, the driver is alerted by acoustic
and/or visual means alike the well known
park assist.

3.3 Semi-autonomous Parking
Assistance for Complex Environments
The currently used ultrasonic technology
alone does not permit to make use of eve-
ry parking slot that a skilled driver could
use to park the car. A system which is sole-
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Figure 5: Example of a park
assistant with sensor fusion
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ly based on ranging sensors has its limita-
tions just because the system does not
possess sufficient information for the per-
ception of a complex environment. Using
viewing cameras in addition to the ultra-
sonic sensors takes one nearer to the tar-
get. Through the analysis of the video im-
ages the system may identify markings on
the ground as a further reference to calcu-
late the parking manoeuvre. As an exam-
ple the system will be able to park within
a marked parking position even with no
confining vehicles around, Figure 5.

Step by step the analysis of the visual in-
formation will be improved and extended
and the combination with the ultrasonic
ranging sensors further optimised to final-
ly achieve the original requirement of per-
forming a satisfactory parking manoeuvre
in each and every single situation.

3.4 Fully-autonomous Parking Assistance
Fully-autonomous parked cars are known
from different research projects but they
operate in restricted and in controlled sit-
uations only. Before such a system is intro-
duced in a series vehicle, one has to solve

a wide range of technical challenges, the
human-machine interface and the alloca-
tion of responsibilities.

Reliability of the sensor information
ranks first among the technical challeng-
es. On the one hand error signals caused by
noise must be securely eliminated or at
least be reduced to an acceptable level. On
the other hand objects of any kind have to
be detected reliably and their exact loca-
tion should be determined as well as an ob-
ject classification be executed in addition
to the original measurement of their dis-
tance to the car. The reliability of the envi-
ronmental model needs to undergo signif-
icant improvements. Besides the improve-
ment of the single sensor and signal
processing technologies, sensor/data fu-
sion will play a major role, Figure 6. In a
first step Valeo will merge ultrasonic and
vision technology, which will be extended
later by near range radar sensors. In all
three mentioned technologies Valeo is one
of the leading suppliers and is therefore in
a good position for this development.

4 Abstract

Park assist systems have been introduced
on the market in the beginning of the
1990s. But only with the evolution to the
“Parklenkassistent” of Valeo (in the VW
Touran 2007) it got real media attention.
Although the used technology and hard-
ware is similar to the “old” ultrasonic
park assist, the semi-autonomous park as-
sist is an entire new system development.
End-users expect the system to park in
every parking spot which can be used by a
skilled driver as well. As the first genera-
tion is solely based on ultrasonic sensor
technology providing only ranging infor-
mation its usage in complex situations is
limited. In a next step more detailed infor-
mation about the environment and the
parking situation will be obtained by the
available sensors.

In future visual information will be
used in addition to extend the perception
of the environment. Currently fully au-
tonomous parking cars are only available
in research programmes to demonstrate
the function. The technical challenge is to
obtain all required information about the
environment of the vehicle utilising ro-
bust and affordable sensor technology, for
example ultrasonic, camera and radar. l
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In 1989, the new automotive wind
tunnel and model scale wind tunnel
at the Institute for Combustion En-
gines and Automotive Engineering
(IVK) of Universitat Stuttgart in the
district of Vaihingen in Stuttgart
came into operation. Since then
both wind tunnels have undergone
comprehensive upgrades and fur-
therimprovements are planned. The
increasing use of numerical flow
simulation has provided the impetus
for developing an integrated ap-
proach to vehicle aerodynamic im-
provements, consisting of both ex-
periments and simulation. Itis clear
that the future of automotive aero-
dynamics lies in the parallel use of
experiments and simulations, with
close links between the two areas.

1 The Wind Tunnel in Untertiirkheim
from 1933 to 1987

At the Research Institute of Automotive
Engineering and Vehicle Engines (FKFS)
of the Technical University of Stuttgart
[1], founded by Wunibald Kamm in 1930,
several automotive wind tunnels were
established in Untertiirkheim at short
intervals from 1932/1933 onwards. The
medium-sized wind tunnel for 1:5 mod-
els rapidly became the ideal on which all
later vehicle wind tunnels were based. It
had a 1.5 m? square nozzle. The bottom
edge of the nozzle was flush with the
floor plate and the integral two-roller
belt, which reduced the floor boundary
layer, covered the entire width and
length of the test section, Figure 1. The ve-
hicle wind tunnel completed in 1943,
which was destined for the planned vehi-
cle test facility, had a nozzle cross section
area of 32.5 m>2. It represented the end of
wind tunnel development at the FKES.
This tunnel had to be shut down in early
1944 following bomb damage.

The medium-sized wind tunnel was
completely destroyed, but by 1950 it had
been rebuilt and remained in operation
in Untertiirkheim until 1987, having
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20 Years of Wind Tunnels at IVK

Figure 1: Test section of the medium-sized FKFS wind tunnel in Stuttgart-Untertiirkheim in 1938 with a 1:5.3 scale model of the partly enclosed MB racing

car W 125 above the belt

been updated on several occasions. The
large FKFS wind tunnel was repaired and
came into operation in 1954. It was used
for the first time for measuring the aero-
dynamic forces on vehicles. It was in full
use for aerodynamic testing of helicopter
rotors and V/STOL aircraft models and
for measuring vehicles from almost all
European manufacturers until 1974.

2 Events Leading up to the Construction
of the New Wind Tunnel in Stuttgart-
Vaihingen from 1970 to 1984

The majority of the FKES buildings were
situated on a leased site provided by the
city of Stuttgart, next to the Daimler-Benz
AG site. After the Second World War, the
city of Stuttgart transferred the part of
the site on which the large FKFS wind tun-
nel was to Daimler-Benz AG in exchange
for other land. Daimler-Benz purchased
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the wind tunnel from the FKFS in 1970.
As a result, the state of Baden-Wiirttem-
berg was obliged to provide a new build-
ing for a new university institute and for
the FKFS which would allow work to con-
tinue on the university site in Stuttgart-
Vaihingen. As the proceeds from the sale
of the building and the site, including the
state subsidy under the terms of the High-
er Education Institutions Construction
Act, only covered the cost of building the
new institute, the construction of the new
wind tunnel was postponed for several
years, despite the fact that the FKFS had
made available funds from the sale of the
old wind tunnel.

Numerous studies carried out on be-
half of the FKFS and its own investigations
soon indicated that a new wind tunnel
could only be built with the participation
of companies from the automotive indus-
try. As the preconceptions of the interest-
ed parties about the purpose, size and

performance figures of the new tunnel
varied widely, at first it was not possible
to find a solution that suited everyone.

The university and the state of Baden-
Wiirttemberg granted approval for the
new vehicle wind tunnel in 1979 and
funding was provided by the FKFS foun-
dation, Adam Opel AG and Dr. Ing. h.c.
F. Porsche AG. The official planning
process began in 1980 and a provisional
budget was drawn up which estimated
the total cost of the tunnel to be DM
36.5 million. When the resolution to
build a wind tunnel at the IVK was
passed by the German council of minis-
ters on 7 September 1982, the state of
Baden-Wiirttemberg agreed to supply
the additional funds needed, which
amounted to DM 14 million out of the
total estimated building costs of DM 31
million [2].

The implementation plan for the
wind tunnel facility, consisting of a full
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scale aerodynamic automotive wind tun-
nel with a cross section of 22.45 m?and a
1:4/1:5 model scale wind tunnel with a
cross sectional area of 1.65 m2 was ap-
proved by the university building au-
thorities on 28 November 1982. Work on
the plan continued with the involvement
of the companies responsible for the
original plan, Weber & Schiirmaier and
H. R. Wallner, and the support of the IVK
and the FKFS. Building work began on 12
May 1984, around 10 years after the large
FKFS wind tunnel had been sold. The
new wind tunnels came into operation
in 1987/1988 and were taken over by the
university on 19 May 1989. The universi-
ty handed over responsibility for operat-
ing the wind tunnel facility to the FKFS
foundation, in line with modern indus-
trial practice, because a business with
links to industry could not be operated
by a public institution. The FKFS and Ad-
am Opel AG agreed that all profits would
be transferred to a ,wind tunnel” cost

centre and would be used for the ongo-
ing modernisation of the facility.

3 The IVK Automotive Aerodynamic
Wind Tunnel from 1989 to 1992

3.1 The Air Duct of the Full Scale
Wind Tunnel

As aresult of conditions on site, a hor-
izontal air duct of the Gottingen type
had to be used in the wind tunnel. This
allowed the model scale wind tunnel to
be located under the large transverse axis
of the full scale wind tunnel. The result
was a verticaly structured bulding in
which the open jet test section of the full
scla etunnel was accessed by a vehicle
lift. To keep noise emissions to a mini-
mum, the air duct of the wind tunnel
was made of concrete, while the model
scale wind tunnel had a duct consisting
of prefabricated sections of steel sheet,
which were welded together on site.

: B A

Figure 2: Test section of the IVK automotive wind tunnel in Stuttgart-Vaihingen after its start-up in 1989 with an FKFS calibration vehicle

The duct system of the full scale wind
tunnel had a traditional design without
the common air/water heat exchanger in
the settling chamber. The collector, the
four 90° corners and the nozzle were
made of steel sheet. As a result of the
available length of the tunnel axis, the
contraction of the nozzle was limited to
4.41:1 and the length of the open jet test
section was restricted to 9.5 m.

The three turbulence grids in the set-
tling chamber and a further mesh screen
in the upstream wide angle diffuser al-
lowed for very low non-uniformity in the
velocity distribution, amounting to less
than 0.12 %. Because of its dimensions,
the plenum helped to prevent aerody-
namic influences on the jet boundaries
enlarged by the vehicle.

The separately mounted twelve-blade
axial fan, which had an impeller with a di-
ameter of 7.10 m, was driven via a torsion-
proof coupling by a shunt-wound DC motor
with speed control in the impeller hub.

o
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3.2 Measuring Aerodynamic

Forces and Pressures in the Automotive
Wind Tunnel

The electromechanical balance installed
below the floor of the test section is char-
acterised by a hydrostatic, non-interac-
tive decomposition of forces. It can be
switched to a six-component measure-
ment with the formation of a large, rigid
three-component platform or to a seven-
component measurement with the for-
mation of four small, separate platforms
for measuring wheel load. Strain gauge
load cells and integral digital voltmeters
were used to record the measurements.
The system error of the balance is less
than 0.012 %.

In order to measure aerodynamic
forces, the vehicle was positioned with
its wheels on the measurement pads of
the balance and its drive train blocked.
The pads were flush with the floor of the
turntable with radial clearance. The posi-
tion of the boards could be adjusted to
the wheelbase and track of the vehicle
and their size could be adjusted in stages
to fit the vehicle tyres. A fully retractable
jack with four pillars, which was built
into the turntable, could be used with
wheel forks to lift vehicles up to 40 kN by
1.80 m [2]. The dynamic pressure of the
free stream velocity was determined by
taking differential pressure measure-
ments with a pressure balance.

3.3 Data Acquisition and Processing in
both IVK Wind Tunnels

The system that acquired the data and
controlled the system was identical in
both wind tunnels. The analogue signals
from the force sensors were digitized in
parallel, analog signals from the pres-
sure measurement channels were ampli-
fied, and then processed by integral volt-
meters with a shared integration start.
The measurements from both wind tun-
nels were recorded independently in a
fast process computer, processed and dis-
played online in the measuring stations.
The software was developed by the IVK
and the FKFS.

3.4 Starting up the IVK Full Scale

Wind Tunnel

In order to minimise the longitudinal
pressure oscillations which occurred in
some velocity ranges, Seiferth wings had
to be installed in front of the nozzle exit.
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The boundary layer thickness & 99 %
above the floor plate was 85.5 mm in the
centre of the test section. Deviations of
the flow angle were less than 0.12° for
yaw and pitch. The turbulence intensity
was 0.3 %. The maximum jet speed of
265 km/h was reached at a fan speed of
335 rpm using 2.95 MW of electricity,
Figure 2.

During the years from 1989 onwards,
when no full scale wind tunnel was avail-
able at the FKFS, many vehicle manufac-
turers were forced to use other vehicle
wind tunnels (DB, DNW, Pininfarina,
VW) or to establish their own wind tun-
nels (BMW, Ford). As a result, contracts
for work were slow in coming in and
amounted to around 1050 hours per year
by the start of the aeroacoustic develop-
ments in 1992. In addition to develop-
ment work on prototypes with aerody-
namic forces, pressure distribution and
rebound measurements, the focus of the
activities in the wind tunnel was on
functional and safety testing at high
speeds. The average number of research
hours per year was around 700 from
1989 to 1992.

4 The IVK Model Scale Wind
Tunnel from 1987 to 2001

4.1 The Air Duct of the IVK Model

Scale Wind Tunnel

As the model scale wind tunnel, which
had a horizontal air duct system of the
Gottingen type, was used as a pilot sys-
tem for conversions and upgrades to the
test section, it was important that it was
similar in shape to the full scale wind
tunnel. The air duct, which had a tradi-
tional design, was fitted with an air/wa-
ter heat exchanger because of the tem-
perature limit of 25 °C resulting from
the frequent work with plasticine mod-
els. The contraction of the nozzle was
slightly larger at 4.99:1 with a nozzle exit
cross section of 1.645 m?2 and the length
of the test section was 2.585 m which
correlated with that of the full scale
wind tunnel (on a scale of 1:3.683). The
floor of the test section was connected to
the bottom edge of the nozzle and con-
sisted of a retractable test section table
with an integrated turntable. Under-
neath was an electromechanical six-com-
ponent balance. The twelve-blade axial

fan with a diameter of 2.0 m was driven
by a 315-kW shunt-wound DC motor. The
impeller was mounted directly on the
motor shaft. The drive control system,
the regulation system and the process-
ing of the nominal values were identical
to those in the full scale wind tunnel.

4.2 Electromechanical Balance and
Pressure Measurement System

The six-component balance was designed
as a pyramid balance. A hydrostatically
mounted universal joint with a virtual
pivot point at the level of the test section
floor allowed the moments to be meas-
ured directly. The hydrostatic decompo-
sition of forces enabled the horizontal
and vertical force components to be com-
pletely separated. As was the case with
the full scale balance, strain gauge load
cells with integral downstream digital
voltmeters were used. The system error
of the measurement system was less than
0.015 %. With the original configuration
on start-up, the wheelbase and track
could be continuously adjusted by alter-
ing the radial clearance around the ex-
changeable wheel pads using four dou-
ble eccentric discs [2].

4.3 The Five-axis Traversing System
The essential five-axis traversing system
was initially installed in the IVK model
scale wind tunnel because of its future
focus on research. The traverse paths of
the linear X[Y/Z axeswere 2.40/4.45/1.0 m
in length, and the rotation angles of the
traversing system running across the ple-
num, which were 320° in the direction
of the B and C axes, provide perfect cover-
age for the test sections. Every point in
the cube described above can be reached
by a CNC continuous path control to an
accuracy of 0.05 mm at a maximum
speed of 0.15 m/s.

4.4 Starting up the IVK Model

Scale Wind Tunnel

Trial operation of the IVK model scale
wind tunnel began on 31 July 1987, only
a few days after the model scale wind
tunnel in Untertiirkheim was shut down.
The wind tunnel was calibrated using
the traversing system and the simple col-
lector adjustment. This took so little time
that the first customer tests could be car-
ried out on 31 August 1987. During ac-
ceptance testing, the Seiferth wings fit-
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Figure 3: Test section of the IVK aeroacoustic wind tunnel with the acoustic lining of the plenum, traversing system and four-axis manipulator
for flow microphones in 1993

ted initially to stabilise the jet were re-
placed with lower-loss Delta wings in the
nozzle opening. The non-uniformity in
the velocity distribution of the jet was
less than 0.10 %, with angle deviations
on both axes of 0.085°. The maximum
jet speed of 80 m/s was reached at a fan
speed of 1050 rpm using 335 kW of elec-
tricity. The boundary layer thickness 6 99
% was 28 mm in the centre of the turn
table. Comparisons of measurements of
several vehicle models in the previous
FKFS model wind tunnel in Untertiirkhe-
im and in the new IVK model scale wind
tunnel showed that the old measure-
ments could be correlated without re-
strictions.

The smooth transition from the FKFS
model scale wind tunnel in Untertiirkhe-
im to the IVK model scale wind tunnel in
Stuttgart-Vaihingen allowed existing reg-
ular customers to continue their aerody-
namic development work on 1:4/1:5 scale
models of future vehicles to the same ex-

tent as before. New customers were im-
pressed by the increased maximum
speed of 80 m/s and the lower air flow
temperature of less than 25 °C. The aver-
age annual industrial usage of the model
scale wind tunnel from 1990 to 1999 was
around 1300 hours. During the same pe-
riod the IVK model scale wind tunnel
was used for research by the IVK and the
FKEFS for around 1250 hours per year.

5 Aeroacoustic Upgrade of the IVK
Full Scale Wind Tunnel 1992/1993

When the new [IVK wind tunnel complex
was designed in 1984, the decision was
made to delay the installation of acoustic
treatment of the tunnel airpath for aer-
oacoustic tests for financial reasons. In
1992/1993 the FKFS had the opportunity
to fit acoustic treatment to the air duct
and the plenum and to install a travers-
ing gear for microphone probes, with

the support of Mercedes-Benz and Opel
and a subsidy from the University of
Stuttgart. The acoustic treatment of the
IVK full scale wind tunnel was given pri-
ority over the planned installation of belt
systems for road simulation because of
the greater urgency and the expected im-
provement of the efficiency of the wind
tunnel [3].

The inherent noise level of the IVK full
scale wind tunnel without acoustic treat-
ment and without Seiferth wings at a flow
speed of 150 km/h measured next to the
open jet was 91 dB(A). A reduction to
around 73 to 75 dB(A) at 150 km/h was re-
garded as absolutely necessary to allow ex-
ternal noise measurements on vehicles.

Following some tests by the Fraunhof-
er Institute for Building Physics in Stutt-
gart, which provided consultancy for the
project, the requirement to keep the re-
duction in speed to a minimum was met
using an innovative solution with a spe-
cial absorber design. By dividing the
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cross ducts of the air supply system into
narrow subchannels with wall insula-
tion in the form of membrane absorbers,
~deflection silencers” were created be-
tween each of two cornerswith foam cov-
ered turning vanes. The requirement for
a low noise level of 71 dB(A) at 150 km/h
was fulfilled by lining the plenum with
broadband absorbers which are 320 mm
thick, consisting of membrane absorb-
ers, foam panels and a coating on the
shortened collector flaps (new test sec-
tion length of 10 m). The sound absorp-
tion level of the hall lining is better than
0.98 from 200 Hz upwards. The reduc-
tion of 20 dB(A) in the sound pressure
level in the open jet test section allowes
reliable measurements to be made of the
aerodynamic internal and external noise
of vehicles. The IVK full scale wind tun-
nel was the world‘s first aeroacoustic
wind tunnel to use an absorber design
with no glass or mineral fibre which can
cause damage to health.

The period during which the aeroacous-
tic upgrade was carried out was also used
to make other improvements and, in par-
ticular, to fit a multi-axis traversing system
covering the test section, Figure 3. The total
cost was DM 13.5 million. In recent years,
microphone probes for recording alternat-
ing pressure on surfaces, a laser scanning
vibrometer, a microphone array for locat-
ing sound sources in the interior of vehi-
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cles (conformal mapping) and an acoustic
holography system have been added to the
basic measuring equipment.

With an inherent noise level of 69
dB(A) at 140 km/h, the IVK full scale wind
tunnel was for many years the quietest
acoustic wind tunnel available. As a result
of the role played by the FKFS as a profes-
sional service provider, it had a high level
of usage of around 1850 hours per year.

6 Installing Belt and Wheel
Rotation Systems for Road Simulation
2000/2001

Studies by competitors, primarily using
standard production vehicles in wind
tunnels with belt systems, had highlight-
ed several significant differences in the
effect of aerodynamic configuration
changes compared with measurements
above the conventional wind tunnel
floor without boundary layer influence.
On the other hand, the proposal made
by the FKFS in 1968 to restrict the system
to a narrow belt between the tracks or
wheels because of the aerodynamic in-
fluence on the air flow around the vehi-
cle was reinforced [4].

Following extensive preliminary tests
in the model scale wind tunnel, the FKFS
decided to install five-belt systems in its
wind tunnels which would allow contin-

Figure 4: Test section of the 1:1 wind tunnel with
belt system showing a competition vehicle above
the centre belt and the FKFS guy rope restraint
system in 2001

ued use of the existing six-component
underfloor balances. In five-belt systems,
the narrow belt between the wheels is ac-
companied by two wheel drives with
smaller belts on either side of the centre
belt, where the vehicle‘s wheels stand
and which can be adjusted to the wheel-
base and the track of the vehicle [5].

6.1 The Centre Belt of the Full Scale
Wind Tunnel

The central dual-roller belt system (cen-
tre belt) is supported by an enlarged floor
turntable. It has a roller diameter of 0.42
m and allows for a maximum belt width
of 1.210 m and an axle base between the
two rollers of 6.0 m. Belts with a width of
1.00 m and 1.105 m can also be used to
accommodate different tracks. The 0.6
mm thick steel belts have a bonded poly-
mer coating which is similar in texture
to the average roughness of the road sur-
face. The belt is supported on an un-
cooled air bearing of varying width and
is subjected to a vacuum of up to 10 kPa.
This compensates for the pressure exert-
ed by the vehicle on the floor and en-
sures that the belt surface is completely
even under all operating conditions.

The rigid-mounted front roller is pow-
ered by two servo motors each with an
output of 28 kW, which continuously
match the belt speed with the free stream
velocity in a speed range up to 250 km/h.
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The rear roller is responsible for tension-
ing and tracking the belt. The laser-optic
edge tracking function, combined with
the high quality of the cut edge of the
steel belt and the rapid servo-hydraulic
control system, keeps tracking deviations
to less than 0.15 mm, Figure 4.

6.2 Wheel Rotation Units and

Vehicle Restraint System in the Full
Scale Wind Tunnel

The wheels are driven by four independ-
ent wheel rotation units located directly
under the vehicle wheels. They are
weighted components of the balance.
The compact two-roller belt systems new-
ly developed by MTS provide a smooth
road surface under the wheel contact ar-
ea, as the 0.30 mm thick steel belt is
mounted on air bearings between the
rollers. At air bearing pressures of up to
26 bar, the bearings can support 8 kN at
speeds up to 250 km/h, which allows cars
to be tested under full wheel load.

The standard system for measure-
ments with wheel rotation is a four-point
support for the vehicle on the jack points
or production support points in the sills
using balance-mounted, hydraulic sup-
ports which can be extended vertically.
Given sufficient preload on the sill
points, the height and pitch angle can be
adjusted. In floating mode, the restraint
in the Z direction is removed to allow the
vehicle to adjust its own position. A spe-
cial restraint system developed by FKFS
using guy ropes is available for vehicles
without sills. The wheel rotation units
and the sill supports can be adjusted to
the wheelbase and track and to the XY
positions of the pivot points of the sill
supports on the measurement platform
of the six-component balance.

6.3 Centre Belt System, FKFS Wheel
Rotation Units and Rocker Panel Struts
in the Model Scale Wind Tunnel

For cost reasons, the FKES and the vehicle
developers working for car manufactur-
ers agreed on a combined 1:4/1:5 belt sys-
tem with a standard roller distance of
1.70 m and exchangeable belt widths of
0.225, 0.250 and 0.312 m. The steel belt,
which is only 0.30 mm thick and has a
rough coating, runs on two rollers with a
diameter of 0.240 m up to a maximum
speed of 80 m/s. The air bearing, drive and
tracking systems are identical to those of

the system in the full scale wind tunnel.
For the wheel rotation units in the
model scale wind tunnel, the FKEFS used
the concept of a ribbed V-belt running over
a triangle of rollers which had been tested
on a prototype in 1997 and 1998. The
wheel, which runs on the belt between the
two upper rollers and is not loaded, is not
supported in any other way. In order to ac-
commodate different wheel widths, three
roller modules with belt widths of 69, 85
and 115 mm can be used. With a wheel
load of 85 N, the system can be operated
briefly at 80 m/s. For long-term operation,
75 m/s is permitted. The models are re-
strained in the three main axes in a similar
way to the vehicles in the full scale wind
tunnel using four balance-mounted rocker
panel supports with linear actuators.

6.4 Four-axis Manipulator System in

the IVK Model Scale Wind Tunnel

A four-axis manipulator above the open
jet, which can be moved transversely in
the main axis, automatically positions
the models in the test section. The model
is lifted off the modelling plate of the
trolley using a grabber system, moved
into the test section and placed on the
four sill supports on the balance. The
manipulator was also designed to lift the
350 kg centre belt outside the test sec-
tion in order to allow the belt to be
changed and to position a large 3D LDA

system alongside the entire test section,
Figure 5.

6.5 Boundary Layer Influence in both
Wind Tunnels with Belts

The floor boundary layer which emerges
from the nozzle in both wind tunnels is
completely removed by the boundary
layer suction system. The local drop in
speed resulting from the combination of
the floor flow and the belt drag flow
from the front roller gap is compensated
for by a thin flat jet of air directed at a
tangent. This reproduces the block pro-
file corresponding to the situation on
the road above the centre belt moving at
the velocity of approach (VA) shortly af-
ter the beginning of the belt.

In the wheel track area, the boundary
layer displacement thickness is prevent-
ed from increasing from 2.3 mm to 4.8
mm until the end of the belt. To achieve
this, a jet at a tangent is combined with
two advance suction systems operating
over two strips 0.85 m wide along the
centre belt. Comparable measurements
with and without boundary layer influ-
ence gave aerodynamic drag figures of
0.003 to 0.018 with approximately the
same proportions of suction and belt op-
eration. However, when lift is reduced,
the influence of the centre belt prevails,
in particular in the case of smaller
ground clearance. The increase in aero-

Figure 5: Model manipulator with a 1:4 scale model above the belt test section of the IVK
model scale wind tunnel in 2009
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dynamic drag caused by the boundary
layer suction system is partly a result of
the influence of the longitudinal pres-
sure gradient in front of the vehicle.

Simulating wheel rotation causes a
reduction in the drag coefficient of 0.005
to 0.026 in the case of vehicles with
wheel arches. The extent of the reduc-
tion is influenced by the shape of the
tyre cross section, the wheel design and
the space in the wheel arch and is de-
pendent on the speed of travel.

Because of the lack of space in the mod-
el scale wind tunnel, the boundary layer
influence system had to be simplified. In
addition to the pre-suction system in front
of the belt with the tangential blowing syt-
sem, the boundary layer suction systems
on either side of the centre belt were con-
tinued to the end of the test section.

6.6 Data Processing in the Full Scale
and Model Scale Wind Tunnels
While the system for recording forces
and pressures remained unchanged, the
data processing for both wind tunnels,
together with the numerous new drive
control systems was moved to desktop
PCs. A Microsoft Windows-based graphi-
cal user interface is used, which provides
all the input and output screens needed
by the FKFS for the test process. The
measuring systems and automated meas-
urement processes are activated from
the monitor on the main console, where
the raw measurement data is also dis-
played. The online measurements are
displayed on another operator screen in
the form of non-dimensional coefficients
and the aerodynamic coefficients are
summarised in a measurement report.
The belt systems and the accompanying
boundary layer conditioning systems were
installed in 2000/2001 with the financial
support of DaimlerChrysler AG and Adam
Opel AG, on the basis of advance payments
for future bookings. For many years they
were unique selling points for the wind
tunnel facility. As a result of the constant
collaboration of the FKFS on the develop-
ment of the facility, the institute has ac-
quired unique skills in designing, operat-
ing and maintaining wind tunnels with
belt systems. The belts at the FKES were de-
veloped further in collaboration with MTS,
which supplied the five-belt system, using
the experience of the FKFS. The institute
has therefore helped to influence the cur-
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rent status of development in road simula-
tion systems. Since 2002, the full scale
wind tunnel with the road simulation sys-
tem has been in use in two shifts for up to
3500 hours per year.

7 Further Development of the FKFS
Wind Tunnel Facility

Since 1998 the FKFS has focused more

closely on the combination of experi-

mental and numerical vehicle aerody-

namics. This, together with the gradual

integration of aerodynamics and aeroa-

coustics, the development of the links

between vehicle thermodynamics and

vehicle aerodynamics and the experience

of cooperation with other parties, will

ensure that the FKFS remains a compe-

tent service provider and effective part-

ner in vehicle research and development.

Below is a list outlining some of the cur-

rent modernisation projects and prob-

lem areas in aeroacoustics and vehicle

aerodynamics.

Aeroacoustics of the Full Scale Wind Tunnel

- Investigating and defining measures
to reduce the inherent noise level by
more than 5 dB(A) in the test section
of the IVK aeroacoustic full scale wind
tunnel, particularly in the higher fre-
quency ranges

- improving the damping of low fre-
quency pulsations of the open jet at
around 2 and 4 Hz using active or pas-
sive measures

- in-depth investigations of a large
number of aeroacoustic and aerody-
namic issues using a 1:20 model of
the current IVK aeroacoustic full scale
wind tunnel created by the FKFS

- installing a microphone array to lo-
cate sources of noise on the outside of
the vehicle.

Aerodynamics of the wind tunnels

- Reducing the influence of the sink/
source effect of the conventional floor
boundary layer pre-suction system on
the static longitudinal pressure in the
open jet test section in front of the ve-
hicle using a scoop

- analysing the speed dependence of aer-
odynamic drag with wheel rotation.

Measurement and testing systems in the

IVK wind tunnels

- Improving road simulation using a
more universal, modular belt system

covering a larger floor area with an
enlarged floor turntable and develop-
ing a new six-component underfloor
balance with additional equipment
for measuring aerodynamic forces
and separating aerodynamic drag and
rolling resistance

- converting the traversing system into
a crane and vehicle manipulator
while retaining its existing functions
or installing a separate crane

- improving the mobility of the 3D la-
ser system in the model scale wind
tunnel including a reduction in the
installation time and creating a 2D/3D
laser system for measurements on
original vehicles (external and inter-
nal flow of air)

- investigating the design of a high-per-
formance, all-purpose PIV (particle
image velocimetry) system for both
wind tunnels

- adding a model turning device to the
model manipulator of the model scale
wind tunnel to make it easier to use
in the case of underfloor modelling
work on 1:4 scale clay models weigh-
ing up to 140 kg

- fitting the 3D measurement machine
with electric axle drives for 1:4 scale
models to automate frontal area meas-
urement and with a 2D milling head
for computer-controlled milling of
plasticine and rigid foam models

- acquisition of a rapid prototyping sys-
tem to allow add-on parts to be creat-
ed quickly and internally for aerody-
namic tests

- acquisition of a high-performance 3D
surface mapping system from GOM,
based on slit light projection, to docu-
ment the current status of 1:1 and 1:4
scale clay models during vehicle opti-
misation and to increase the efficien-
cy of the integration of CFD and ex-
periments.

8 Numerical Methods in Vehicle
Aerodynamics and Aeroacoustics

8.1 Aerodynamic Simulations Using FDI
FIDAP 4.51

In early 1989, the IVK and the FKEFS start-
ed their first efforts in numerical simu-
lation of vehicle aerodynamics. Back
then, the institute did not have its own
high-performance computer and so the
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university’s computing centre with a
Cray 2 high-performance vector compu-
ter was used to run the commercial flow
simulation program FIDAP 4.51. How-
ever, because the computer had just four
processors and limited parallelization
capabilities, it was only possible to use a
fraction of the computing power, which
resulted in significant increase of CPU
time and therefore also in the costs in-

volved [6].

The first numerical simulations were
limited to flow fields around basic 2D
bodies with different boundary layer
conditions. The first 3D simulations
used simplified body shells with smooth
surfaces with or without wheels. These
simple bodies were also suitable as 1:5
models for experimental verification.
Simulation work with FIDAP came to an
end in 1991 due to less available CPU
time on the Cray 2 and the restrictions
in grid resolution of the simulation pro-

gram.

8.2 Numerical Simulation Using EXA
PowerFLOW
In 1998/1999, after the institute built up its
own simulation infrastructure in the form
of a simulation server with 14 processors,
numerical flow simulation in the field of
vehicle aerodynamics were resumed. The
server was replaced in 2003 by a high-per
formance Linux cluster with 64 processors.
In 2007 the number of processors was in-
creased to 192. This reduced the runtime
for an average simulation of the external
flow field around a vehicle by a factor of 8.
During validation tests on a saloon
body shell with a critical rear window an-
gle, the program EXA PowerFLOW release
3.2 produced pressure coefficients (CP) on
the external skin which matched the ex-
perimental results very well. In order to
validate a complex vehicle shape with a
set-up consisting of 25.8 million fluid ele-
ments (voxels) and 3.3 million surface ele-
ments (surfels), 3500 processor hours
were needed to simulate a period of 0.13

seconds [7|. The PowerFLOW results in
both, the simulated flow field and the in-
tegral coefficients, corresponded closely
with those of the experiment. Following a
detailed validation phase, the aerodynam-
ic simulation process was extended and
additional capacities for pre- and post-
processing were created. The hardware at
the FKFS was upgraded again in Novem-
ber 2008 to a total of 420 processors.
Nowadays, an integrated approach is
taken for simulations throughout all
aerodynamic and aeroacoustic research
and development projects. The central
philosophy behind these integrated sim-
ulation processes is the combined use of
the results of experimental and numeri-
cal investigations, depending on which
method can produce more useful or fast-
er results [8]. In addition to the usage of
simulations in research projects at the
FKFS, numerical simulations are also
used extensively in method development
with OEMs and software developers.
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8.3 Aeroacoustic Simulations

In the early 1990s, the FKFS began to de-
velop a boundary element method (BEM)
simulation tool to complement its tech-
nical measurement skills. On the basis of
its expertise in this area, it is currently
using commercially available software
tools such as MSC Nastran (FEM), LMS Vir-
tual. LAB (BEM), statistical energy analysis
(SEA) and PowerFLOW.

Besides the experiments in the wind
tunnel, the focus is currently on develop-
ing new simulation methods. This in-
volves improving conventional proce-
dures and creating new tools to investi-
gate acoustic problems of vehicles, like
the transmission of aerodynamically gen-
erated noise into the passenger cabin.

9 Summary and Future Prospects

9.1 The Current Research Environment
At present, the FKES is one of the leading
service providers in the field of vehicle
aerodynamics and acoustics in Europe.
Focus of its research and development
activities are the wind tunnels at the
Universitdt Stuttgart which are operated
by the FKFS.

In the past the FKFS has become in-
volved in industrial development projects
when customers needed additional de-
velopment capacity on a temporary or
permanent basis or decided not to build
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their own wind tunnel because it would
not be used to capacity. In the near fu-
ture, work on expanding existing vehicle
wind tunnels in industry will continue,
together with the construction of new
tunnels. Although this requires major
investments and allows companies to en-
hance their development skills and pres-
tige, it also provides additional capacity
which will obviously be needed in the
face of current CO, issues and the in-
creasing importance of aerodynamics in
vehicles with energy recovery systems. In
the future, the success of the FKFS in the
wind tunnel service providers market
will depend on consistently meeting cus-
tomers‘ requirements, developing inno-
vative solutions for unexpected problems
and, in particular, occupying niche mar-
kets in testing by offering a highly com-
petent service and the latest technology.
A decisive factor in the future success of
the FKFS is its organisational structure as
a non-profit-making foundation. This en-
sures that the profits made by the wind
tunnels return to the foundation and are
used for future modernisation, as has
been the case in the past.

In contrast to large research organisa-
tions, the FKFS is not funded from taxes.
This enables the FKES to use its latest
aerodynamic testing and simulation
technology in engineering services pro-
vided to the industry and, for example,

Figure 6: FKFS turbulence
flaps in front of the nozzle
of the IVK model scale wind
tunnel with a 1:4 scale
model in the open jet test
section in 2009

in pre-competitive projects which form
part of collective industrial research
(FAT, FW), as well as for pure academic
research and teaching in a university en-
vironment.

9.2 Current Areas of Research

The focus of current research activities at
the IVK and the FKEFS is on reproducing
realistic approaching flow conditions as
found on road using suitable measures
in the wind tunnel. This is based on nu-
merous measurements of turbulence in
the air flow around the vehicle travelling
on the road [9]. Initial tests of an active
system in front of the nozzle of the mod-
el scale wind tunnel to reproduce the
flow conditions on the road have already
been successful and also allow the gen-
eration of wind gusts, Figure 6. The effects
on the model were measured with a
highly dynamic six-component under-
floor balance [10]. Using this and other
similar processes, it will be possible in
future to predict and to improve the un-
steady aerodynamic characteristics of a
vehicle, without the need for road-going
prototypes and measurements on road.
The results of these unsteady tests be-
come significantly more important as a
result of the installation of a high-per-
formance, five-axis driving simulator at
the IVK, the acquisition of a driving dy-
namics test bench for the behaviour of
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the vehicle and driver and the develop-
ment of the man/machine interface.

9.3 The Future of the Wind Tunnel

In order to be able to compare the re-
sults of road driving and wind tunnel
tests, further developments must be
made to the wind tunnel corrections
for the open jet test section [11], the
testing methods on the road and the
numerical verification of measurement
results, taking into account the wind
tunnel in the simulation of flows of air
around the vehicle, Figure 7. Therefore,
investigations are being carried out in
collaboration with EXA Corporation
and other partners into the influence
of the wind tunnel test section on the
air flow around the vehicle [12]. This
will give a better understanding of the
blocking effects in wind tunnels and
will increase the comparability of
measurements and simulation results
with the objective of creating a digital
wind tunnel.

Automotive wind tunnels will contin-
ue to be an essential tool in the future, as
experiments are significantly faster than
simulations, in particular when small de-
tails of the vehicle need to be improved. In
addition, the final functional tests will al-
ways have to be carried out using a real
vehicle, at least for the foreseeable future.
The proof of this lies in the wind tunnels
which have recently been opened or are
currently in the planning stages in Ger
many, the USA, China and Japan.
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Abbreviations

DB Daimler-Benz

DNW Deutsch-Niederlandischer Windkanal (German/Dutch wind tunnel)

FAT Forschungsvereinigung Automobiltechnik e. V. (Research Association for Automotive

Technology)

FKFS Forschungsinstitut fiir Kraftfahrwesen und Fahrzeugmotoren Stuttgart (Research Institute
of Automotive Engineering and Vehicle Engines in Stuttgart)

Fw Forschungsvereinigung Verbrennungskraftmaschinen e. V. (Research Association for

Combustion Engines)

FWK Fahrzeugwindkanal

IVK Institut ftir Verbrennungsmotoren und Kraftfahrwesen der Universitat Stuttgart (Univer-
sity of Stuttgart Institute for Combustion Engines and Automotive Engineering)

V/STOL

Vertical/short take-off and landing
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RESEARCH Body

Historical technical drawing for the body of a coupé coach [1]

Modular System for
Methodological Design of Body
Assemblies

The University of Applied Sciences (HAW) Hamburg and the University of Hertfordshire in collaboration with the
automotive industry set up a R&D process to optimise the design methods in the “new” parametric associative
approach. The objective with the parametric associative design was to develop new methods for task allocation
and a more “structured” approach in the organisation of design processes while designing automotive body
components. Groups consisting of four to seven students evaluated and developed body assemblies. 22 realistic
projects were identified before by automotive companies. Here, important conclusions are presented for the
example A-pillar.
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1 Introduction

Parametric associative design (PAD) mod-
els do not only contain geometric infor-
mation, but also design intent in the
form of dependencies between the vari-
ous geometric elements. When certain
design characteristics (parameters) are
modified or replaced, the geometric
model is automatically updated to re-
flect these changes. The automatic up-
date process relies on the design intent
which is stored in the form of relations
and associative links. To achieve reliable
and efficient updates, consistent depend-
encies and the re-use of existing CAD
models are of paramount importance for
economical use.

Especially during the working phase
with many changes from concept design
to design freeze in the product evolution
process (PEP), Figure 1, where “new” prod-
uct requirements often lead to several
product variations the use of the para-
metric associative design has been tried
and tested. In this phase it has shown
that a zone based approach whereby in
the concept phase a sole engineer de-
signs large zones and principle layouts of
the automotive body components in-
stead of designing single parts has proved
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to be more reliable. During the detailing
phase of the product most of the deci-
sions are finalised and various product
references have been clearly defined and
frozen. Thus during this phase it is more
appropriate to distribute the design work
according to parts and subassemblies of
the automotive body rather than accord-
ing to the zones.

The hierachical structure of the PAD
models can be defined in the concept de-
sign phase either according to the bill of
materials (final products, assemblies and
parts) in one product model or under the
support of folders in one single part model.

In the first case, product models are
controlled by multi model links (MML) of
published references. Single part models
structured by folders are also useful in
the concept phase. In the second case sin-
gle model links (SML) of unpublish refer-
ences are used to control depended ge-
ometries. Mixed product models com-
bine MML for existing parts and carry
over parts with SML for new designs.

As underlying hypothesis and prob-
lems the following points were chosen:
During the concept development stage
of body structures there are still several
occasions where breakage of the links in
the associative process chain can occur.
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One of these breakages is generated by
the use of isolated master package sec-
tions.

In the early phases of PEP the package
process optimises the space allocation
for the various parts, Figure 1. To de-
scribe these space allocation cross-sec-
tions, previously defined section devel-
opments and competitors’ data are used.
These sections are often distorted in
terms of their geometric integrity and
therefore can not be utilised for dimen-
sioning and surface derivation and ex-
traction.

In this case a methodology of true
most (radial) section and true (compound
radial) sections should be used to design
a specific zone to prove both the legal
and functional requirements of the pack-
aging department. With the aid of specif
ic case studies this article describes the
following three methodologies:

- methodology of developing true most
radial section and true radial com-
pound sections for the design of body
parts

- methodology of zone-based design ap-
proach of body assemblies

- “new” methodology for creating para-
metric associative package sections.

Figure 2 shows the simplified model of an
upper A-pillar with front door and front
screen beds in a radial section. This para-
metric associative section was designed
having as a basis a distorted package sec-
tion. The upper A-pillar is built from
Class-A, prismatic and functional surfac-
es of glass barrel (retractable window,
door) or control surfaces of binocular ob-
struction. The A-pillar in Figure 2 shows
three prismatic areas (surface bands with
constant cross-section). These are the
glass bed of the windscreen and the in-
ner and outer bed of the front door. The
design of prismatic surface areas is de-
scribed in the following Section.

2 Methodology to Create Radial
Section and Compound Radial
Sections for the Design of Automotive
Body Parts

In designing an upper A-pillar its posi-
tion and orientation in packaging space
is usually common. That is to say the A-
pillar assembly is inclined and curved in
a compound angle in relation to the vehi-
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Figure 2: Upper A-pillar cross-section

cle’s standard xyz coordinate system. The
spine curves of the three prismatic areas
of the A-pillar are not parallel. The radial
section is defined on a plane perpendicu-
lar to the theoretical intersection curve
of the front and the sidewall Class A sur-
faces.

The fully constrained (dimensioned)
section controls the dimensions of the
true compound radial sections. Impor-
tant parameters for the true most radial
section are highlighted as explicit con-

trol parameters in the structural tree of
the CAD model. Figure 3 shows the radial
section with yellow and green curves. Yel-
low curves are direct (for example cut
with a plane) or indirect (for example off-
set curve) based on Class A or functional
surfaces while the green curves are de-
signed according to the yellow curves.
The sheet thicknesses are shown in the
form of offset curves.

From the radial section compound ra-
dial sections for the design of the pris-

Figure 3: Upper A-pillar true most radial section
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Figure 4: Glass bedding of the windscreen

matic areas are derived. On the basis of
the projected width of the prismatic pro-
file a secant surface is designed. This se-
cant surface should then be used as the
reference surface for the orientation of
the profile segments. Would the profile
segments be orientated under the sup-
port of surface normals or tangents of
the Class A surface there can be intersec-
tions between reference and prismatic
surface when a large profile surface is de-
signed on basis of a reference surface
with a small radius of curvature.

Circumferential constant prismatic
surfaces are modelled from profile curves
which when drawn include all required
radii. Generally most prismatic surfaces
end up in a joint design. Therefore the
prismatic profile without any radius rep-
resentation is separated into segments.
Every single segment is generating a curve
for the development of a surface band. It
is necessary to define generating curves of
appropriate length to allow a precise de-
limitation or enable filleting between the
two surface bands. This prolongation of
surface bands also supports the defini-
tion of planar control curves for the mod-
elling of surface blends in the joint area.
The necessary prolongation of the profile
segments can be delimited under support
of boundary boxes (rectangles) or bounda-
ry circles, which are defined on the sec-
tion plane of the profile. After investiga-
tion of several methods for the design of
surface bands and joint areas the ap-
proach presented has proved to be most
clearly traceable and updates save.

Figure 4 shows the glass bed front
screen as a detail of the radial section

with an appropriate number of dimen-
sions used to control the compound radi-
al sections. All dimensions of the true
section are linked with the dimensions
of the controlling radial section. The bed-
ding flange is inclined towards the wind
screen (secant). The angle between the re-
bate and the flange surface is not con-
stant. A control dimension between the
glass and the end of the flange ensures
that there are no intersections between
flange and glass.

Parts of the prismatic glass bedding
are the three flange surfaces of the three
meeting surfaces and the four slope sur-
faces connected with the flanges. On ba-
sis of a single segment of the true sec-
tion, a spine curve and a reference sur-
face every surface band of the seven pris-
matic surface bands is designed.

The surface model of the upper A-pil-
lar will be supplemented with offsets of
Class A surface and functional surfaces
and fillets once all three prismatic sur-
faces are completed. When the corre-
sponding body zones are designed joint
design can be completed and body parts,
sub assemblies and assemblies can be de-

rived from the zone based design. For the
digital mock-up (DMU) process surface
models will be supplied with sheet thick-
ness and the solid models can be detailed
in further design steps as required.

3 Methodology of the Zone-based
Design for Body Assemblies

In this Section the zone-based design
methodology shall be discussed. The
zone of the upper A-pillar described be-
fore is part of the front door design. The
complex functions of the side door drive
the design of the corresponding body
structure. This zone includes sub zones
of the circumferential glass bed of the
front screen, the A-pillar and the front
door. The hypothesis and problem are:
The distribution of design work can ei-
ther be organised according to the single
parts and sub assemblies or according to
design zones of the front door and its
corresponding parts (for example inner
or outer door panel, inner or outer side
wall etc.). In the concept phase of the de-
sign of a front door functional detail in-
vestigations are also needed which are
integrated in the zone-based design di-
rectly or which are prepared in separate
concept models.

In cooperation with the sponsors one
of the two methods for the distribution
of work was appointed for each project.
A great amount of the 22 projects for au-
tomotive industry has shown that a zone-
based approach leads to a more evenly
and fair distribution of work when com-
pared with that of distributing the work
according to parts and sub-assemblies. A
project study carried out by HAW Ham-
burg in collaboration with Volkswagen
Commercial Vehicles the design of the
tail gate and its corresponding parts was
undertaken (2, 9, 10, 13]. University of

Figure 5: Layout of the door check trap
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Applied Sciences (HAW) Hamburg adopt-
ed the zone based design approach and
the OEM the single parts and subassem-
blies approach. The conclusions of this
study were the following [8]:

The unequal complexity of the parts
involved offer very different design re-
sources. Every part oriented CAD model
contains the design work from concept
to detailing phase and is especially tai-
lored for required modelling methods
and details. Adapter model (contains all
the references) and corresponding de-
sign models are closely constrained and
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therefore very unstable when it comes to
larger changes and variations.

In the zone based approach the corre-
sponding zones use a common adapter
model which defines parameters and refer-
ence geometries and geometry where the
transitions between the zones take place
(for example planes). In addition to refer-
ences used in zones a share of the same
definitions for the denomination of sub
surfaces, attributes and publications for
the common design of every single part
surface have to be allocated. The zone-
based design models have a much higher

Figure 6: Insulated upper
A-pillar master package
section 105 — section (top)
and position definition
(bottom) according to [7]

degree of reusability than that of highly
specialised part models. The side effect is
that a team leader must be responsible for
the entire model with all corresponding
design zones. For the update sequence of
the zone models involved in the project
model and for all single parts that are in-
cluded in the zones a good working group
has to be established.

In the example of a front door [11] the
distribution of design work in a zone
based methodology could be organised
in the following CAD models:

- layout body-in-white (BIW) door open-
ing flange (flange door entrance be-
tween inner and outer side wall)

- layout glass barrel, trimming door
glass, window regulator

- lower A-pillar zone with layout of
hinge axis and door gap

- layout door check, see Figure 5

- upper A-pillar zone (see Section 2)

- upper roofrail zone

- lower B-pillar zone with integration
of door latch and seat-belt retractor

- upper B-pillar zone with the inclusion
of belt height adjustment

- door belt and side mirror zone
- side impact carrier zone
- door sill zone.
Lessons learned at the HAW Hamburg in
side door development projects have
shown that the entire scope described
cannot be undertaken by a team of seven
students during one semester. Thus, in
these cases the projects had to be limited
to the area below the belt line.

The following second example de-
scribes the methodology that could be
adopted for the development of a lower
A-pillar zone with hinge axis layout and
door gap. In general side door hinges are
arranged to turn the door tip into the
side wall as turn-in arrangement. De-
pendent upon the current reference ge-
ometry (for example door gap and outer
surface, A-pillar) a corridor for the posi-
tioning of the hinge axis can be designed.
Then the door gap can be designed and
on the basis of the front corner of the
door the outer surface of the A-pillar can
be derived. The lower A-pillar zone shows
three prismatic areas:

1. The door gap with first slope surface
of the front wing and the crash-flange
with its hemming flange of the door.

2. The body side door seal flange of the
BIW and its opposite seal surface on

personal buildup for Force Motors Ltd.



the door. Results of the BIW flange
layout would be approved and updat-
ed in the zone model.

3. The door’s side door seal with its seal
surface on the corresponding pillar is
positioned as far outside as possible
inside the hinge axis.

The inner and outer door frame in the

hinge area (hinge frame) and the oppo-

site hinge surfaces of the pillar are de-
fined as planar surfaces relative to the
hinge axis. The door function does not
necessarily need an inclined inner and
outer hinge frame but for tooling pur-
poses the surfaces are inclined relative to
tooling directions of the parts involved.

The mounting surfaces of the hinges
are positioned in grid direction. This al-
lows an easy hinge adjustment for a flush
outer panel and parallel door gap. The re-
sults of the separate layout of the door
check are included in the zone model of
the lower A-panel.

4 Methodology of Parametric
Associative Package Sections

Isolated master package sections, Figure 6,
are part of the Global Car Manufacturers
Information Exchange Group (GCIE). At
the moment in concept design phase mas-
ter package sections are used [12] to de-
scribe the content of the modelled spaces.
Hypothesis: Apart from some exceptions
(for example Section YO0) these are often
distorted sections and are not applicable
for the design of surface models. However
as soon as adaptive parametric associative
models of body zones are designed, pacle
age sections can be derived as results of
these zones. At any time these results can
be adjusted according to new require-
ments controlled by a car line section.
The master package section of the up-
per A-pillar is a section on the height of
the eye-points according to (EG) 77/649.
For the design of parametric associative
package sections a body segment with
package sections will be derived from
the presented example “design zone up-
per A-pillar”, Figure 7. The segment is lim-
ited at the top and bottom by the two
planes which are defined in EU directive
(EG) 77/649 for the design of viewing
beams. On the height of the eye points a
third plane is defined for the approval
according to the current legislation as

well as to the former stronger legislation
regarding ergonomics and geometry. Fig-
ure 7 shows that a binocular obstruction
of 2.586° is achieved and the current leg-
islation is fulfilled.

But Figure 8 shows that the allowed
binocular obstruction of 6° is exceeded
by 2.176° and the concept design has to
be adjusted. Still the most German OEMs
use this former legislation. The binocu-
lar obstruction not only depends on the
size of the cross-section of the A-pillar
(true radial section) but also on the incli-
nation and bending of the A-pillar as
well as on the distance between eye
points and pillar.

The CAD model described allows the
exchange of reference geometries (for ex-

ample Class A surface, spine curves etc.)
changes of the seating position of the
driver or of the parameters of the section
at any time. The model consequently al-
lows the automatic adaptation of new re-
quirements and approval of the binocu-
lar obstruction. Compatibility for new
references and flexibility for new re-
quirements leads to a high degree of re-
usability of the CAD model.

5 Summary

The distribution of design work according
to the methodology of re-usable zone and
principle layout models (for example up-
per A-pillar zone with mating parts of

Figure 7: Parametric package-section with current binocular obstruction according to (EG)
77/649
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8.178"

Figure 8: Parametric associative package section with current hinocular obstruction

according to OEM specification

front door and front screen designed and
modelled in a zone based approach for the
development of the side door) leads to
some advantages, as it is shown in the
projects of the University of Applied Sci-
ences (HAW) Hamburg and the University
of Hertfordshire. Apart from the equal dis-
tribution of the work load this method de-
fines a modular modelling and construc-
tion system of reusable zones and princi-
ple layouts. The zone and principle layouts
can be combined and varied to generate
not only one but several individual design
solutions for the body assembly.

As soon as a modular modelling sys-
tem is defined with alternative solutions
for all zones of an automotive body as-
sembly (for example side doors and cor-
responding body-in-white and joint de-
signs and the derivation of parts and as-
semblies are completed by a design team
one single engineer can handle the con-
struction system of parametric associa-
tive designs and adjust the system ac-
cording to new references or require-
ments to divert new parts or assemblies
in an economical way.
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