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Dear Reader,

A manager friend of mine recently 
asked me why Volkswagen is so success-
ful. I thought about it for a moment and 
answered: „Because they do everything 
they can to build the best car in every 
class and in every segment.“ I could also 
have said: „Because, for two decades 
now, Wolfsburg has been characterised 
by passionate engineers and not by fi-
nancial managers.“

I admit that this is a rather simplified 
view. Firstly, Wolfsburg also has tight fi-
nancial management. In the future, only 
three platforms will be used across the 
entire Group (with the exception of a few 
special sports cars). Secondly, many other 
car plants throughout the world have 
their share of excellent engineers – but 
their efforts are often thwarted by cor-
porate politicians. Thirdly, a company‘s 
ownership structure plays a key role in its 
long-term thinking. In other words: with 
private equity breathing down its neck, 
Volkswagen would never have been able 
to pursue such a strategy. The DSG, for ex-
ample, was developed not only because of 

its technical benefits but also to make use 
of surplus capacity in an existing trans-
mission plant. If the owners had been 
financial investors, they would certainly 
have sold the plant off.

We can be envious of the success of others 
– but it won‘t stop Volkswagen becoming 
the world‘s biggest car maker. Or we can 
learn from it: passion, coupled with ex-
pertise and good ideas, results in success-
ful premium products. 

Please feel free to contradict me.

Johannes Winterhagen
Frankfurt/Main, 8 September 2009

P. S.: „Premium Lives!“ is the motto of the latest 
issue of our magazine Automotive Agenda, 
which was recently awarded the accolade of 
Business Medium of the Year 2009. Also the 
 result of passionate commitment, by the way.

More	Passion	Please!

Johannes Winterhagen 
Editor-in-Chief

EDITORIAL
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New Version of the 
Transporter Model Series 
from Volkswagen Commercial Vehicles
A new version of the fifth generation of the Transporter model series from Volkswagen Commercial Vehicles will  
hit the roads in the autumn of 2009, with a focus on a new range of engines and upgrades for the electrical and 
electronic systems. Exterior highlights include a new design for the front end, headlights and exterior mirrors. The 
interior has also been considerably upgraded using the very latest components from the Volkswagen Group. 
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1  Development Objectives

Volkswagen Commercial Vehicles is the 
market leader in Europe and in Germany 
with the Transporter series in its class. 
More than one million units of the fifth 
model generation – known internally as 
the T5 – have already been built, which is 
clear evidence of its success. The new ver-
sion, which will be available in the au-
tumn of 2009, has undergone extensive 
improvements, focusing on utility, run-
ning costs and reliability for both com-
mercial and private customers. 

The highly successful concept of the 
Transporter model series, which is based 
on variety and flexibility, has been re-
tained. The basic dimensions of the 
Transporter also remain unchanged. Tak-
ing into account all the body variants, 
engine and transmission combinations 
and wheelbases, around 460 basic ver-
sions of the vehicle are currently pro-
duced as standard at Volkswagen‘s com-
mercial vehicle production sites in Hano-
ver and Poznan. As a result, the T5 with 
all its model ranges is the vehicle family 
with the largest number of variants in 
the Volkswagen Group. 

One of the main enhancements to the 
T5 involved the redesign of the power-
train components. As one of the world‘s 
leading manufacturers of diesel engines, 
Volkswagen is providing new TDI en-
gines for the T5. These engines offer low 
fuel consumption and compliance with 
the Euro 5 emissions standard. Another 
area of emphasis was the adaptation of 
the new body electronics and electrics 

systems that are already widely used in 
other Volkswagen models. On this basis, 
various new vehicle functions and info-
tainment systems are now available. 

The new front end reflects Volkswa-
gen‘s brand face. Fresh colours, new trim 
and a wide range of model upgrades and 
quality improvements add the finishing 
touches to the new Transporter. 

2  The New Range of Engines 

In future, the diesel engines for the T5 
will be based on the 2.0 litre, common 
rail TDI engine that has been successful-
ly introduced into other Volkswagen ve-
hicles, Figure 1. The previous range of 
four- and five-cylinder engines is being 
completely replaced by only one basic en-
gine, while at the same time the range of 
engine power options available is being 
increased. This represents the logical ex-
tension to Volkswagen‘s commercial ve-
hicle range of its successful, long-term 
downsizing strategy, which aims to im-
prove efficiency. 

One highlight is the turbocharging 
system for the top-of-the-range engines. 
For the first time, Volkswagen is using 
regulated, two-stage turbocharging for 
the Transporter model series. This tech-
nology meets customers‘ requirements 
for increased power at low engine speeds 
combined with low fuel consumption. 

Because the Transporter is used for 
such a wide variety of different applica-
tions, it is important that it has a bal-
anced range of engine features in order 

The Authors
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Figure 1: The new 2.0 litre, common rail TDI engine for the T5 (left, mono-turbo with a VTG  
turbocharger producing 62 to 103 kW; right, bi-turbo producing 132 kW)
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to provide the ideal engine for every cus-
tomer. In spite of the focus on one basic 
engine, each engine version represents 
an improvement over the previous mod-
el in all the areas which are important to 
customers, such as performance, fuel 

consumption, emissions and acoustics, 
Figure 2, Table 1 and Table 2. The current 
engines are available with power outputs 
ranging from 62 to 132 kW and torque 
ranging from 220 to 400 Nm. In addi-
tion, the proven 2.0 litre MPI four-cylin-

der petrol engine, which produces 85 
kW and complies with the Euro 5 emis-
sions standard, is still available. 

The average fuel consumption and 
therefore the CO2 emissions of the Trans-
porter range have been reduced by 

Figure 2: Power and torque curve of the new engines compared with previous versions

Table 1: Technical data for the new engines

Table 2: Performance of the T5 with the 2.0 litre 
TDI engine 

CoVer story
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around 10 %, Figure 3. At the same time, 
all the versions of the Transporter al-
ready comply with the Euro 5 emissions 
standard. A reduction in NOx and engine-
out particulate emissions has been 
achieved by highly efficient low-tempera-
ture exhaust gas recirculation. In all the 
body and powertrain variants, exhaust 
gas aftertreatment is provided by a com-
bination of an oxidation catalytic con-
verter and a downstream diesel particu-
late filter [1]. 

On the passenger car market, good 
acoustics plays a major role in custom-
ers‘ choice of vehicle and, in the com-
mercial vehicle sector, increasing atten-
tion is being paid to improving acoustics. 
The use of the common rail injection sys-
tem and other engine modifications have 
allowed noise levels in the new engines 
to be reduced significantly compared 
with previous versions, without the need 
for costly secondary measures. The result 
is that the external noise levels of the 
new T5 have been reduced by between 
4 and 5 dB(A). 

In addition to lower fuel costs, the run-
ning costs for the new generation of en-
gines have also been optimised by extend-
ing the interval for replacing the timing 
belt from 120,000 km to 200,000 km.

3  Powertrain 

3.1  Dual-clutch Transmission
In addition to the improvements to the 
range of engines, the conventional auto-
matic transmission with a torque convert-
er is being replaced by a seven-speed di-
rect-shift gearbox (DSG). With that, the 
known dual-clutch transmission technol-
ogies from Volkswagen will be available 
for the first time in the market segment 
of light commercial vehicles. The DSG is 
designed for high torques and for vehicles 
with front-wheel or four-wheel drive. Spe-
cific enhancements to the design have 
made it possible to integrate the DSG 
transmission into a very compact space, 
while retaining all its positive features 
and high levels of efficiency, Figure �. The 
main objective in the development of the 
transmission was to reduce fuel consump-
tion, Figure 3.

The DSG will be combined with the 
engines that produce 103 and 132 kW. 
The DSG has had to overcome a number 

of challenges simultaneously. It must be 
sufficiently robust, durable and econom-
ical for use in a commercial vehicle and 
must also provide a very comfortable 
ride in the passenger versions of the T5 
Multivan. 

The first application will be in the  
Transporter, which, because of its weight 
and engine torque of up to 400 Nm, re-
quires a particularly high-strength trans-
mission. The DSG now combines the ad-
vantages of manual and automatic trans-
missions for customers in this sector. Driv-
ers who prefer an automatic transmission 

can leave gear selection to the sophisticat-
ed driving programmes, while sporty driv-
ers will enjoy the sequential manual gear-
shift. When it comes to fuel consumption, 
the DSG transmissions are at least as effi-
cient as a manual gearbox [2]. 

As a result, the T5 offers a driving ex-
perience that is unique among its com-
petitors. Seventh gear is designed as an 
overdrive to ensure low fuel consump-
tion, particularly over the long distances 
that are typical of commercial users. In 
combination with the new, fuel-efficient 
TDI engine, the result is a fuel saving of 

Figure 3: Fuel consumption of the new T5 compared with the previous model

Figure �: DSG: first used in the new T5 with front-wheel drive and „4Motion“ four-wheel drive 
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1.5 litres/100 km compared with the pre-
vious powertrain. The highly efficient di-
rect-shift gearbox makes a major contri-
bution to this fuel saving, Figure 3.

3.2  Four-wheel Drive
Additionally to the MQ500 manual gear-
box, the DSG will be offered in combina-
tion with the newest generation of the 
Haldex coupling (IV), Figure 5. The con-
trolled, permanent four-wheel-drive sys-
tem offers maximum performance in 
terms of traction, safety, comfort and fu-
el economy. The optional, mechanically 
actuated electronic differential lock 
(EDS), together with the newly designed 
ESP that has been specially adapted for 
off-road use, represent a drive concept 
that offers an excellent level of driving 
dynamics in on-road use and optimum 
off-road traction. The on-demand axle-
differential lock for off-road starting-trac-
tion control is still available.

�  New Electrical System and  
Electronic Components 

The electrical architecture of the new T5 is 
based on the latest Volkswagen platform. 
This meant that it was necessary to com-
pletely restructure and redevelop all the 
numerous derivatives and customer-spe-
cific versions of the electrical system. Func-
tions previously provided by decentralised 
control units have now been brought to-
gether in one integrated module, the Body 
Computer Module (BCM). These modifica-
tions allow the functions of Volkswagen‘s 
wide variety of electronic and electric 
modules to be used in the T5. 

The first change which customers will 
notice is the adapted instrument panel 
of the T5, Figure �. The instruments have 
a clear design, carefully selected colours 
and an intelligent display system for the 
central multifunction display. When op-
erated manually, the new controls for 
the air conditioning system interact with 
the displays for the new infotainment 
equipment. The user-friendly, multifunc-
tional, three-spoke steering wheel allows 
the audio system, navigation system, 
multifunction display and telephone to 
be used safely and easily. 

The RNS 310 and RNS 510 navigation 
systems are familiar from Volkswagen‘s 
passenger car range and are a combina-

Figure 5: T5 Transporter „4Motion“ with 132 kW engine and DSG 

Figure �: New design of the standard and comfort instrument panels
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tion of a modern audio system with an 
accurate navigation function and a clear 
map display. The touchscreen makes the 
system easy to use. There are also a varie-
ty of options for connecting digital enter-
tainment devices.

The RCD 210 and RCD 310 audio sys-
tems have an integral CD player which 
can also play MP3 files. The RCD 310 also 
offers DAB digital radio reception for the 
first time. 

Together with the new audio systems, 
the optional Dynaudio sound system 
guarantees unrestricted, top-quality au-
dio reproduction.

The antennas for radio, television, tel-
ephone and GPS have been moved to the 
exterior rear view mirrors without any 
reception restriction, Figure �, which 
makes the design of the vehicle body sig-
nificantly simpler. 

5  Comfort, Driver Assistance and  
Safety Systems 

The T5 offers a range of new, optional 
functions which provide increased com-
fort and safety and are based on technol-
ogies that have already been successfully 
introduced at Volkswagen and have now 
been adapted for the new model. 

For example, the comfort of driver 
and passengers in the new T5 has been 
improved. This is clearly noticeable, for 
example, in the ergonomically enhanced 
front seats and the single swivelling seats 

in the passenger compartment. The op-
tional, electric, four-way adjustable lum-
bar support ensures very good long-dis-
tance comfort for the driver. 

The interior noise has been reduced 
by between 1.5 and 2 dB(A) compared 
with the previous model. Together with 
the optional acoustic glass, this results 
in a significant improvement in interior 
acoustics. Numerous individual modifi-
cations to the heating and air condition-
ing system have resulted in improve-
ments in efficiency and comfort. 

A lane change assistant is a system 
that warns the driver of dangerous situa-
tions, for example if there is a vehicle in 
the blind spot or if vehicles are approach-
ing at high speed. If the lane change as-
sistant detects a critical situation, a warn-
ing light in the corresponding exterior 
mirror housing lights up to warn the 
driver. The lane change assistant uses a 
24-GHz radar system that monitors the 
areas to the side and rear of the vehicle 
using a covered sensor under each rear 
light. 

A rear view camera helps the driver 
when reversing or parking. It is activat-
ed when reverse gear is engaged and 
complements the standard acoustic 
parking sensors by providing a camera 
image on the display of the audio/navi-
gation system. In addition, dynamic ori-
entation lines are displayed on the 
screen and show the path that the vehi-
cle should take as it parks. This enables 
the vehicle to be parked accurately and 

also serves as a useful aid for hitching 
up a trailer. 

In the new T5, a static cornering light 
is provided as an additional light source 
to illuminate the area which the vehicle 
is turning into. When the steering wheel 
is turned or when the turn signals are 
operated, the light is automatically 
switched on at road junctions or entranc-
es. The static cornering light is integrat-
ed into the fog lamps and illuminates a 
turning area of several metres at an an-
gle of 35°.

When the occupants leave the vehi-
cle, the dipped beam headlights, the tail 
lights and number plate lighting initial-
ly remain on and are switched off auto-
matically after a short period („Coming 
home“ function). When the driver un-
locks the doors using the remote control, 
these lights are immediately switched on 
(„Leaving home“ function). In this way, 
the car‘s outside lights help to illumi-
nate the path to the door of the house or 
to the vehicle in the dark. 

The T5 also offers an automatic head-
light activation function. 

Servotronic is a speed-sensitive power 
steering system that is now available for 
the first time in the T5 and as standard 
equipment in the Multivan Highline. It 
makes parking easier and offers accurate 
steering at higher speeds. 

The new Transporter generation is 
equipped as standard with ESP which 
has some additional functions. For exam-
ple, in future there will also be an ESP 

Figure �: New exterior rear view mirror with integrated antennas

AM/FM/TV

GSM

FM/DAB/TV

GPS
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version for some special vehicles and 
body manufacturers. The brake assist 
and hill start assist functions and the 
electronic differential lock (EDS) are now 
also included in the range of equipment 
for special vehicles. The electronic trailer 
stabilisation system now has an extend-
ed range of functions. For vehicles with a 
large laden/unladen weight ratio, the op-
eration of the ESP system is now load-de-
pendent. 

A further innovation is the emergen-
cy braking warning system, which indi-
cates heavy braking at high speeds by  
activating the hazard warning lights. 

Low tyre pressure is a frequent cause 
of flat tyres and punctures. In addition 
to improving safety, regular checks of 
the tyre pressure also help to save fuel. 
The new tyre monitoring indicator in 
the T5 uses wheel speed sensors to detect 
tyres running at low pressure. 

�  Design

As the most important dimensions have 
been deliberately kept unchanged, the 
main feature that differentiates the new 
model from its predecessor is the design 

of the front end. The new front includes 
the visual link between the radiator grille 
and the headlights that is already famil-
iar from new Volkswagen car models. The 
upper air intake and the newly designed 
headlights make up a single strip which, 
together with the parallel lower air in-
take, forms a single unit. The new exterior 
rear view mirrors with their dynamic, 
symmetrical design add the finishing 
touch to the new front end. In order to 
highlight the model lines, the exterior fit-
tings have been carefully coordinated. For 
example, the Multivan derivatives now 
have painted trim or black gloss air intake 
grilles with chrome fittings and their 
own rear light design, Figure �. 

New exterior colours, an optional 
chrome trim package, 17-inch wheel 
rims and, for the first time, 18-inch alloy 
wheels complete the exterior appearance 
of the new T5. 

The interior of the new model is char-
acterised by new trim colours and mate-
rials. The Multivan Startline offers a clear 
additional benefit with the full interior 
trim. The double passenger seat now has 
the option of a storage compartment and 
storage shelf, which is a valuable addi-
tion especially for commercial users.

�  Conclusion 

The new version of the VW T5 offers util-
ity and reliability for both commercial 
and private customers. Technologies and 
systems that are generally found only in 
high-specification MPVs are now being 
offered for the first time in the van seg-
ment. As a result, the new T5 allows peo-
ple and goods to be transported easily 
and in comfort. 
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Figure �: There is a more obvious styling distinction betweeen the Multivan and the commercial vehicle versions
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Dr. Peter Reif 
Vice President Engineering and Member of  

the Management Board, Magna Steyr 

“I see great potential  
for CNG, especially  

in India”
To ensure that mass motorisation in the BRIC countries can take place 
with environmentally friendly sources of energy, government subsidies 
need to be extended and there has to be a significant fall in the cost of 
batteries. ATZ discussed the potential of alternative drive systems in the 
emerging markets with Dr. Peter Reif, Vice President Engineering, 
Magna Steyr. He explained the contribution that Magna can make as a 
supplier of battery and hydrogen storage systems. 

ATZ  Where do you see the chances of a 
low-cost approach, such as the one you 
are pursuing with the Mila Alpin?
Reif  This approach allows us to minimise 
tool costs. What is more, the concept en-
ables the car to be used for several applica-
tions, for example as a fun car or a small 
utility vehicle. 

ATZ  In which direction is the trend going, 
towards a hybrid or a gas powered engine? 
Reif  The  vehicle  was  initially  designed 
with a conventional drive system but can 
also be equipped with a Compressed Natu-
ral Gas (CNG) engine or combined as a hy-
brid with a CNG drive system. As it is also 
to have off-road capabilities, we are con-
sidering a 100 % electric, all-wheel-drive 
powertrain.

ATZ  Are you building this powertrain your-
self, are you buying it in or are you work-
ing together with an OEM? 
Reif  It is not our aim to build or sell the 
vehicle ourselves. We are trying to win 
OEM customers in order to go into series 
production. 

ATZ  Which are  the  favoured sources of 
energy for mass motorisation in the BRIC 
countries: CNG, electricity or hydrogen?
Reif I would exclude hydrogen for higher 
vehicle volumes because the storage tech-
nology is complex. It is still too early for 
the fuel cell vehicle. I see great potential 
for  CNG,  especially  in  India.  A  large 
number of CNG vehicles are already on 
the roads there. Electric vehicles could be 
used in urban areas where large ranges 
are not required. However, we do not yet 
have low-cost batteries, which means that 
electric vehicles are not suitable for these 
countries. 

ATZ  Which  technology  for  fuelling  and 
storing  liquid  hydrogen  in  hydrogen- 
powered vehicles do you favour? 
Reif  I favour pressurised tanks, although 
one must remember that we are working 
in a high pressure range in which safety 
regulations must be very closely observed.

ATZ  Magna Steyr wants  to be a battery  
system  supplier  for  car  makers.  Which 
components do you supply?

Reif  For current projects, we buy the cells 
and then build the whole system. The safe-
ty-relevant components, such as the moni-
toring  system,  the  battery  management 
and the cooling system, are supplied by us. 

ATZ  When will you be in a position to sup-
ply 100,000 battery units a year and where 
do you source the cells? 
Reif  Small-volume series production for a 
hybrid application in the bus and com-
mercial vehicle sector will begin in Sep-
tember. At the moment, we buy our cells 
from China. If there is a market demand 
for higher volumes, we are able to increase 
our battery production in short term.

ATZ  What do you see as realistic for elec-
tric vehicles: a leasing model for the bat-
teries  or  the  purchasing  of  a  battery 
pack? 
Reif  The cost of the battery makes up a sig-
nificant part of the total cost of an electric 
vehicle. Therefore, it makes sense to buy or 
lease  the car with a battery.  Leasing or 
buying only parts of the battery could also 
be an interesting concept. One can buy a 
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car with a basic range of 150 km and the 
customer can then extend the range by 
buying or leasing a larger battery pack. 

ATZ  Pure electric  vehicles are designed 
differently  from conventional cars  that 
are converted to an electric drive system. 
In which direction should future develop-
ments go? 
Reif  If one imagines the electric vehicle 
fleet in ten years’ time, it will consist of 
both converted conventional vehicles and 
those that were designed as electric vehi-
cles,  such as  the Mila EV study. We de-
signed the concept as a pure electric ve-
hicle without the constraints imposed by 
adopting a conventional platform.

ATZ  How heavy is the Mila EV and what 
range is possible?
Reif  A version without expensive, weight 
reducing materials weighs about 1200 kg 
and has a range of between 150 km and 
180 km. However, the range of the car de-
pends on the driving cycle and the defini-
tion, whether auxiliary units are switched 
on or not. Range specifications you find in 
many publications usually  take  into ac-
count the driving without any auxiliary 
units switched on. If you use the air condi-
tioning system or the heating, which can 
only be operated electrically in an electric 
vehicle, the range is reduced significantly. 

ATZ  By what percentage would electrifi-
cation make a car like the Tato Nano heav-
ier and more expensive? 
Reif  A  low  range  requirement  such  as 
50 km would mean a significant increase 
in weight. As low cost batteries will not be 
available on the market in short- or mid-
term the price of a low cost car such as 
the Tata Nano would rise massively.

ATZ  What potential do you currently see 
for hybrid vehicles and vehicles with elec-
tric  or  hydrogen  drive  systems  in  the 
emerging markets?
Reif  In China and India, the introduction 
of  low  or  zero  emission  cars  is  being 
strongly subsidised by the government. In 
India,  there  is  a  trend  towards  CNG.  If 
electric vehicles are to be used in urban 
areas, they would have to be state subsid-
ised due to the currently expensive batter-
ies. That is already happening in China. 
Basically, in urban areas there will be sub-

sidies for electric vehicles or traffic regula-
tions for conventional vehicles that sup-
port the market launch. I can’t say how 
far state intervention will go, but it will be 
applied worldwide. 

ATZ  China wants to be the world’s lead-
ing supplier of electric vehicles. What is 
your forecast? 
Reif  One must not underestimate China. If 
what I am expecting occurs – that electric 
vehicles will be introduced quickly and in 
large  volumes  especially  in  China  –  
the  Chinese  automotive  industry  will 
concentrate on this market. As far as Eu-
ropean OEMs are concerned, an under-
standable  reluctance  is  discernible  in 
this respect. The reason is that huge in-
vestment has been made in the past for 
conventional vehicles and the transmis-
sion to a new technology is once again a 
huge financial burden. This is no doubt 
easier in a booming market in which in-
vestments have to be made anyway than 
in a market that is stagnating. Therefore, 
I think it is likely that China will become 
one of the leading suppliers of electric 
vehicles. 

ATZ  Like crude oil, lithium and rare met-
als are available only in limited amounts. 
Is  mass  motorisation  with  electric  or  
hybrid drive systems feasible at all on a 
global level? 
Reif  I guess there is much more lithium for 
batteries available than we know of today. 
So I think it is unlikely that the quantities 
of lithium will not be sufficient to equip a 
worldwide fleet of cars with batteries.

ATZ If batteries were produced for emerg-
ing markets, could the costs be reduced to 
the price level there? 
Reif  There  is a  falling trend  for battery 
prices. However, I do not expect that we 
will be able to talk about 100 to 150 Dol-
lars per kWh  in  short  term. At market 
launch the operating costs for electric ve-
hicles will be  relatively  low. But as  the 
number of electric vehicles increases, the 
electricity used would have to be taxed in 
order to provide revenue for building and 
maintaining the roads. 

ATZ Dr. Reif, it has been a pleasure talking 
to you.
  Interview conducted by Roland Schedel 

Peter Reif in conversation with  
Roland Schedel (right)

ATZ 10I2009 Volume 111 13 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



Electric Steering  
Necessary Improvements  
in Vehicles Top Segment
Electric power steering systems offer considerable potential for energy savings when compared with rack-
and-pinion-type hydraulic power steering. At the same time, they play a major part in meeting the increased 
demands made on vehicle safety, driving comfort and driver assistance. Although their average power input 
from the vehicle‘s electrical system is low, enabling their peak power requirements is a major challenge for 
the development process. To permit nevertheless reliable and economical integration into luxury class 
 vehicles, ZF Lenksysteme GmbH is developing energy-efficient steering systems that cope with extremely 
high demands for steering power yet require only limited power from the vehicle‘s electrical system.

DeVelopmeNT Steering 
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1  Introduction

As a result of increasing demands for com-
fort, safety and in particular reduced en-
ergy needs, conventional hydraulically as-
sisted power steering systems in motor ve-
hicles are increasingly being replaced by 
electromechanical ones. The latter offer, 
depending on the vehicle configuration 
and driving cycle, a fuel saving potential 
of up to 0.4 l/100 km compared with rack-
and-pinion-type power steering systems 
[1]. At the same time, simple electronic in-
puts of driver-independent additional 
steering torques allows new functional 
degrees of freedom at the overall vehicle 
level. As a result, it is possible, in conjunc-
tion with appropriate vehicle environ-
ment sensors, to provide a variety of inno-
vative driver assistance and driver infor-
mation systems, for example park assist 
or lane departure warning systems.

Although the average power con-
sumption by Electric Power Steering (EPS) 
is low, coping with peak consumption, 
for example during parking, does howev-
er place a big strain on vehicles‘ electri-
cal systems. This is EPS systems were 
launched, initially in the small car class, 
which due to their low steering power re-
quirements placed only minimal de-
mands on the efficiency of the vehicle 
systems. Thanks to further technological 
development of the steering systems on 
the one hand, and improvement of vehi-
cle electrical systems on the other, the 
use of electromechanical power steering 
in the middle class is now state of the art. 
On the other hand, any further increase 
in the power output of current EPS sys-
tems for vehicles of the luxury class will 
require additional and often cost-inten-
sive expansions and management sys-
tems for the vehicles‘ electrical systems.

To counter this, a new development 
approach to the design of electromechan-
ical power steering systems focuses on an 
efficiency-optimized system design. Since 
the power losses and hence also the over-
all efficiency depend heavily on the re-
spective operating point of the steering 
system, optimization in the area of the 
full-load characteristic takes precedence. 
In addition to minimizing power losses, 
particular attention is devoted to taking 
account of steering-specific boundary con-
ditions, for example the demands made 
on driving feel or on the package.

2  EPS System Concept

Depending on the available installation 
space and on the rack forces required, 
which differ depending on the vehicle 
model, four basic EPS concepts have 
gained ground for the motor vehicles on 
the market. The subdivision of these con-
cepts is based on the arrangement of the 
servo unit on the steering gear, Figure 1.

In addition to the already widespread 
EPS concepts with column, pinion or dual-
pinion drives, the system variant EPSapa, 
Figure 2, permits universal use in vehicles 
of both the luxury and small car classes 
following correct adaptation of the system 
layout. The assisting power of the EPS 
drive, arranged axis-parallel to the rack, is 
transmitted to the rack by means of a belt 
drive and a ball screw mechanism. Combi-
nation of these energy-efficient gear stages 
thus assures that even the highest rack 
forces can be managed. As a result, the EP-
Sapa system concept is the ideal basis for 
efficiency-optimized power steering in 
luxury vehicles.

Study of the power balance sheet for 
current EPSapa systems shows that the ef-
ficiency at maximum power input is 
around 50 %, Figure 3. With permissible 
battery currents of typically 85 A ap-
proved for the latest 12 V electrical sys-
tems, the result is therefore a maximum 
power output of 500 W for the power 
steering system [2]. At the same time, the 
required steering power in luxury vehi-
cles is more than 700 W.

To achieve this power output with 
constant input currents, the total EPS ef-
ficiency must be increased holistically by 
a wide variety of measures. To do so, de-
tailed knowledge of the loss mechanisms 
is first necessary. This knowledge can be 
obtained with the aid of a number of 
highly specialized development tools at 
the component level. Taking this as a 
starting point, it is possible by a limited 
selection and sensible combination of 
these tools to identify and then reduce 
the power losses of the overall system.

3  EPS Components

The core of the electric power steering 
system EPSapa is not only the already 
mentioned components of belt drive and 
ball screw mechanism, but also the elec-
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tric motor and the electronic control 
unit necessary to operate it, Figure 2. The 
motor used is a permanent magnet syn-
chronous motor (PMSM).

All the stated components cause, as 
part of the main power flow, power loss-
es during energy transformation which 
depend on the respective operating 
point. Due to system interactions, the 
components have mutual effects on one 
another. For example, the pretensioning 
force of the belt gear results in a radial 
force acting on the motor shaft and on 
the ball screw mechanism. To provide a 
realistic representation of the power loss-
es, these system interactions must be tak-
en into consideration by appropriate 
steering-specific boundary conditions 
when they are analysed.

This indicates clearly that the devel-
opment of efficiency-optimized steering 
systems requires not only a detailed un-
derstanding of the system, but also com-

prehensive knowledge of all components, 
Figure 4. In this way, the potential and the 
effects of individual optimization meas-
ures can be ascertained with wide-rang-
ing competencies in the fields of elec-
tronics, drive and control technology 
and mechanics. In-house component de-
velopment work on control units, sen-
sors, electric motors and mechanical 
gear stages must be particularly empha-
sized in this connection. For example, 
the complete circuitry development 
work including drafting of the wiring di-
agrams and parts lists can be handled by 
ZF Lenksysteme. Confirmation and eval-
uation is achieved by extensive simula-
tions and tests in specially equipped com-
petence centers, for example in an acous-
tic or EMC laboratory.

3.1  Electronic Control Unit
The electronic control unit (ECU) of the 
power steering system contains both the 

control electronics and the power elec-
tronics. The technology used here is deter-
mined by the space available, the required 
power and the required quantities. For 
the power electronics, bare-die technolo-
gy in conjunction with ceramic substrates 
offers the best performance. The main ad-
vantages here come from the high cur-
rent carrying capacity, excellent heat dis-
sipation and a compact package.

In view of the input power of the over-
all system, the power requirement of the 
control electronics is negligible. The rele-
vant losses of the power electronics can 
by contrast be split between the DC input 
circuit, the link capacitors and the AC 
output stage.

The input circuit represents the inter-
face of the steering system with the vehi-
cle‘s electrical system. The most impor-
tant task besides the supply of the elec-
tric power is the smoothing of the input 
current in order to enable even the high-
est EMC requirements of the vehicle 
manufacturers. The power losses occur 
in the form of a voltage drop at the ohm-
ic resistors of the vehicle‘s electrical sys-
tem plug, the EMC chokes and the actual 
wiring. Hence the efficiency of the input 
circuit can be expressed on the basis of 
its power balance with the input voltage 
and the output stage power as:
  
ηDC =   1 __ 2   +   

 

 √
________

   1 __ 4   –   
RDCPAC

 _____ U2
DC

      Eq. (1)

The link capacitors compensate, as local 
energy accumulators, for the short-term 
differences in the current input of the 
pulse inverter. The loading of the capac-
itors can be calculated here by splitting 
the end stage current into DC and AC 
portions [3]. While the DC portions can 
be taken directly from the vehicle‘s elec-
trical system, the effective intermediate 
circuit current depends on the operat-
ing point of the electric motor. The pow-
er loss caused by this current occurs at 
the ohmic resistor of the wiring and at 
the inner loss resistance of the capaci-
tors. Hence the efficiency of the inter-
mediate circuit can be expressed as a 
function of the effective motor current, 
the degree of modulation and the pow-
er factor 

ηZK =   
PAC
  _____________________________   

PAC + 2I2
effM [      

 √
__

 3  
 ___ 4π   + cos2 ϕ  (      

 √
__

 3  
 ___ π    –   9 __ 16   M )  ] RESR

    

 Eq. (2)

Figure 1: EPS system variants and their application ranges

Figure 2: Components of power steering system with axis-parallel drive (EPSapa) 
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In the output stage of the control unit, 
the direct current received from the ve-
hicle‘s electrical system is transformed 
by a six-pulse bridge circuit into the 
three-phase alternating current neces-
sary for operating the electric motor, 
 Figure 5. The three half-bridges each com-
prise two power MOSFETs specially de-
signed for high-current applications and 

distinguished by low switching and con-
ducting losses. The switching losses re-
sult from the rise and fall times of the 
current and the voltage during the com-
mutation of the phase current. The ex-
cess voltages resulting from parasitic in-
ductances due to the high current 
change must also be taken into account 
here. Completely parameterized simula-

tion models correctly reproducing these 
dynamic processes too are provided by 
the semiconductor manufacturers. Fur-
ther power losses in the AC part of the 
control unit result from the ohmic resist-
ance of the wiring and, depending on 
system configuration, from current 
measuring shunts or from measures for 
motor disconnection.

Possibilities for influencing and re-
ducing the power losses of the electronic 
control unit are large cable cross-sec-
tions, input filters, link capacitors with 
low losses and optimization of the motor 
control. In this way it is possible, both by 
optimized setpoint current generation 
and by a reduction in the switching fre-
quency, for example by adjusted pulse 
patterns, to considerably reduce the loss-
es in the power semiconductors.

3.2  Electric Motor
The electric motor of the EPSapa is de-
signed as a permanent magnet synchro-
nous motor (PMSM) with inside rotor, 
 Figure 6. Advantages of using permanent 
magnets are the high efficiency, the high 
power density and the freedom from 
maintenance.

The output torque of the PMSM is com-
posed on the one hand of the synchro-
nous torque formed by the Lorentz force 
and on the other hand from the so-called 
reluctance torque. A high reluctance pro-
portion can be achieved in the motor 
torque by a specific design of the rotor ge-
ometry. By optimization of the phase cur-
rents, this enables the required torque to 
be achieved at the respective operating 
point with a minimum current load.

The power losses of the electric motor, 
Figure 7, can be split into electrical, mag-
netical and mechanical friction losses. In 
EPS applications, the dominant propor-
tion is more than 90 % electrical losses, 
and hence rises quadratically with the 
phase current.

One possibility for reducing these 
electrical or also called copper losses is to 
reduce the ohmic resistance. The achiev-
able copper proportion in the motor can 
be influenced here by the winding tech-
nique used for the stator. In this way, an 
optimized winding method can increase 
the copper proportion by up to 50 %, re-
sulting in a corresponding efficiency im-
provement thanks to the reduction in 
the phase resistance that this involves.

Figure 3: Energy flow of EPSapa power steering

Figure 4: Required competencies for the development of efficiency-optimized EPS systems

Figure 5: Design principle of an EPSapa 
power output stage
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A further approach for reducing the 
copper losses is the optimization of the 
working characteristic field of the elec-
tric motor. By reducing the motor torque 
and at the same time increasing the 
speed, a marked increase in the power 
output can be achieved. The limits to a 
speed increase are set by the motor con-
trol and by the availability of suitable 
mechanical gear stages.

The motor topology too, meaning the 
structure of the rotor and stator with re-
gard to the number of slots and pole 
pairs, is of crucial importance for analy-
sis of achievable efficiencies. For exam-
ple, studies show that in a comparison of 
various topologies significant differenc-
es result with regard to power losses and 
hence to efficiency.

3.3  Toothed Belt
The toothed belt gear of the EPSapa is the 
first gear stage, and it transmits the assist-
ance torque of the electric motor to the 
ball screw mechanism, Figure 6. The 
toothed belt as a pulling means offers, as 
a result of the positive connection to the 
driving and the driven pulleys, a synchro-
nous and non-slip transmission of the 
movement. This allows the required pre-
tensioning forces to be reduced to a mini-
mum. Furthermore, the acoustic proper-
ties of the toothed belt can be optimized 
by measures such as helical gearing. This 
offers at the same time an increased load-
ing capacity and hence also an increase in 
the maximum drive torques. It must be 
remembered here that an increased run-
off tendency of the belt occurs due to the 

resultant axial forces, and can be coun-
tered by flanged pulleys.

The power losses of the toothed belt 
gear occur both from the contact between 
the belt and the toothed pulleys and in the 
belt itself. The losses in the belt are caused 
on account of the different elongations in 
the tight and slack span due to inner fric-
tion effects. The power losses during run-in 
and run-out of the teeth result from the 
bending processes of the belt, from defor-
mation of the belt teeth and from friction 
between the belt and the flanged pulleys. 
The no-load and air friction losses are by 
contrast negligible in view of the short belt 
length and low belt speed.

The use of innovative high-performance 
profiles and material technologies mini-
mizes the elongations and deformations 
which occur and also the resultant power 
losses. In addition, the use of toothed belts 
of low thickness reduces the bending loss-
es to the lowest possible proportion while 
the toothing runs in and out.

3.4  Ball Screw Mechanism
The second gear stage of the EPSapa power 
steering is represented by a ball screw 
mechanism, which translates the rotatory 
movement of the electric motor to a trans-
latory movement of the rack, Figure 6. 
Here the balls roll in spirally shaped races 
on the inside of the ball screw nut and on 
the outside of the rack, and are connected 
by means of a ball return system to an end-
less ball chain. The ball screw nut is driven 
with the aid of the toothed belt by the elec-
tric motor, with the resulting axial and ra-
dial forces being received by a ball bearing. 
The drive torque that attempts to turn the 
rack is supported in the area of the steer-
ing pinion teeth.

The loss mechanisms of the ball screw 
sub-assembly therefore result from the 
mounting of the steering nut using ball 
bearings, from the actual ball screw and 
from the increased rack friction due to 
the torque support.

Bearing manufacturers offer calcula-
tion methods based on parameters for 
analysis of the power loss in the ball bear-

Figure 6: Electric motor and mechanical servo gear of an EPSapa system

Figure 7: Operating point-dependent power losses of the electric motor

DeVelopmeNT
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ing. These methods allow the friction 
torque occurring in the ball screw bear-
ing to be determined as a function of the 
axial and radial loads.

In the ball screw mechanism itself, 
power losses occur during the rolling of 
the balls inside the respective races of 
the rack and the ball screw nut. It can be 
shown by analysis of the movement se-
quence that a sliding and boring move-
ment is superimposed on the rolling op-
eration. To determine ball screw efficien-
cy against the background of these com-
plex processes, calculation methods are 
available that take into account not only 
the movement sequences, but also defor-
mations and contact forces according to 
the Hertz theory, mass inertia effects 
and variable contact angles [4].

The rack displacement force higher 
due to the torque support increases - as 
tests have shown - in a first approxima-
tion in linear relation to the drive torque 
of the ball screw. The load on the steer-
ing pinion is reduced here by a rack pro-
filed in Y form in the area of the teeth.

By combination of the correlations as 
set forth above, it can be shown that the 
overall efficiency of the ball screw sub-as-
sembly improves in the full-load range as 
the pitch increases, Figure 8. Due to the re-
duced transmission ratio, the drive torque 
necessary to achieve a required rack force 
increases. Although the rack friction and 
the power losses it involves increase for 
that reason, this is outweighed by the ad-
vantages for the ball bearing and the ball 
screw mechanism. The efficiency of the 
ball bearing thus increases since the pro-
portion of approximately constant fric-
tion torque relative to the drive torque is 
reduced. An even more marked advantage 
is the increase in the pitch, in view of the 
more energy-efficient contact ratios be-
tween the balls and the associated race-
ways inside the ball screw itself.

4  System Optimization

On the basis of the presented methods 
and procedures, it is now possible to con-
duct a holistic optimization of the entire 
power steering system. To cope with the 
complexity of this task with confidence, 
the power losses of the individual com-
ponents can first be described using mul-
tidimensional efficiency characteristics.

On the basis of the dominant power 
losses in the electrical components, Fig-
ure 3, the optimization of the drive unit 
takes top priority in the system design. 
Expensive computer simulations can be 
used to show that the power losses of the 
electric motor and of the control unit 
can be considerably reduced by an effi-
ciency-optimized overall system design. 
In so doing, the mechanical gear stages 

of toothed belt gear and ball screw mech-
anism must be matched up such that in 
combination with the drive unit an opti-
mum overall efficiency is attained. With 
regard to the power losses of current EPS 
systems, this means that the mechanical 
transmission ratio between the electric 
motor and the rack must be increased.

Since the efficiencies of toothed belt 
and ball screw mechanism are very high in 

Figure 8: Component efficiencies of the ball screw sub-assembly as a function of the pitch

Figure 9: Simulated rack forces of a conventional and of an efficiency-optimized power  
steering system EPSapa
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comparison with the drive unit, their pow-
er losses play only a minor role within the 
context of a holistic system study. An in-
crease in the transmission ratio leads in 
both gear stages to a slight increase in the 
power losses. This is however largely com-
pensated for by the advantages achieved at 
the same time in the drive unit.

Theoretical studies can therefore veri-
fy a potential for increasing the overall 
efficiency of the EPS by more than 30 % 
when compared with current systems. 
This allows, with unchanged input cur-
rents, the same rack force level as luxury 
vehicles to be attained, Figure 9. Converse-
ly, the power requirement of electrome-
chanical steering systems in sub-com-
pact, compact and middle class vehicles 
can also be reduced accordingly with the 
same power output.

5  Conclusion

Initial system designs indicate that on 
the basis of the analyses presented here, 
a significant reduction of the power loss-
es of electromechanical steering systems 
is possible. This considerably simplifies 
system integration of the EPS with re-
gard to the power requirement.

It is essential here that the efficiency 
optimization is achieved in the field of 
steering-specific boundary conditions, 
such as costs, acoustics or even steering 
feel. To facilitate this,, current methods 
and procedures facilitating the imple-
mentation of defined specifications and 
requirements must be expanded.
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„Light Attitude“ 
Lightweight Cockpits
The „Light Attitude“ prototype from automotive supplier Faurecia com-
bines current lightweight build methods whilst giving us a glimpse of 
the future: how much weight can we still remove from the cockpit – and 
which tools can we use to achieve this?
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1  Introduction

The car industry is currently in the midst of 
a profound change. Yet the heated discus-
sions within business and politics are threat-
ening to obscure the real challenges faced 
by the industry. Car makers should instead 
focus on finding technical solutions for 
these critical challenges. Such as: how can 
the car industry adapt to face the changing 
global market? How is it responding to the 
threat of climate change? How can it achieve 
independence from arbitrary, almost un-
predictable developments in fuel prices? 
And, last but not least: how can it stay flexi-
ble in readying itself to meet future govern-
ment compliance legislation?

One fact is clear: the most efficient use 
of available resources is the hot topic in 
current automotive research. This not on-
ly involves the development of alternative 
drive systems running on renewable ener-
gy but also the reduction of fuel consump-
tion in general. 80 % of the pollution at-
tributable to cars is not generated as part 
of their manufacture or recycling but oc-
curs during their useful life. Complement-
ing research into more fuel-efficient en-
gines, vehicle weight reduction is one of 
the most important factors in improving 
the ecological footprint for personal car 
use. ADAC experts calculate that fuel con-
sumption jumps by 0.2 to 0.6 litres per 
100 km (depending on the driver and the 
traffic) for every 100 kg of extra weight. 
Consumers have long since embraced the 
concept of thriftiness. Even in the USA, 
they have turned their backs on heavy-
weight SUVs and are now praising hybrid 
vehicles. Figures from the U.S. Depart-
ment of Transportation show that public 
road usage by American drivers fell by 
40.8 billion miles in the seven months 
from November 2007 to May 2008, com-
pared to the same period a year before.

2  The Goal: Lighter Cars

In the course of their development, our 
vehicles have achieved constant gains in 
power, comfort and safety. However, one 
result of all these features and improve-
ments to comfort is that our vehicles have 
not only become larger but also heavier. 
Since no one sees any sense in sacrificing 
today‘s achievements in the future, the 
challenge is therefore to apply intelligent 

solutions for reducing weight, while still 
retaining – and even improving – a car‘s 
capabilities and comfort. Vehicle weight 
reduction has been part of the technical 
specifications for vehicles in the past, but 
such efforts were generally pushed aside 
by other relevant factors. Now, however, 
the topic is top priority – as it has long 
been in aircraft construction. The value 
placed on car makers reducing the weight 
of their vehicles is set to quadruple in the 
future, according to calculations made by 
the U.S. Department of Energy‘s National 
Renewable Energy Laboratory. 

With its „Light Attitude“ prototype, 
Faurecia has attempted to implement 
these requirements for the car making in-
dustry of the future. Complementing the 
„Happy Attitude“ and „Premium Atti-
tude“ prototypes, this is the third sophis-
ticated concept car designed to showcase 
the current state of the art – and this time 
the focus is on vehicle weight reduction. 
The prototype unveiled last year by the 
global automotive supplier illustrated the 
various options offered by developments 
in product lines such as car seats, vehicle 
interiors, exhaust systems and front-end 
modules. Products manufactured by Fau-
recia can contribute up to 20 % of the to-
tal vehicle weight. As a responsible suppli-
er, Faurecia is delivering on solutions to 
reduce both vehicle weight and emis-
sions, helped by its wealth of experience 
as a system supplier. From raw materials 
to subassembly architecture, from im-
provements to manufacturing to compo-
nent and module construction: nearly 
every variable factor is considered. The re-
sult of this „crash diet“ applied to both 
the exterior and interior of the „Light At-
titude“ prototype is a substantial reduc-
tion in CO2 emissions.

3  Developing Lightweight  
Construction Models

Lightweight construction sets out to 
achieve the same functionality at a lower 
weight or greater functionality while 
keeping the weight unchanged. Develop-
ment work on the innovations in the 
„Light Attitude“ car therefore began by 
conducting an analysis of global consum-
er behaviour and trends in both legisla-
tion and the economy. The results were 
fed into inter-disciplinary workshops at 

our Michigan-based Innovation Centre 
with the aim of generating concepts for 
weight and cost optimisation in the vari-
ous product areas. A special process was 
established for defining potential weight 
benefits. This process analysed specific 
properties before assigning an index val-
ue for „lightweight potential“ from 1 to 
8. These calculations also involved the 
consideration of many criteria such as 
the degree of innovation, the potential 
weight reduction, the related market val-
ue and the lifetime fuel and CO2 savings. 

Aside from pinpointing the weight re-
duction index value, two other factors are 
decisive as regards the degree of technolog-
ical innovation. The first of these was the 
employment of lightweight materials for 
functions previously performed by materi-
als such as metal and plastics. For example, 
a thin, light, high-performance seat cush-
ion replaces the traditional foam layer in 
the „Light Attitude“, Figure 1. Secondly, the 

The Author

Thorsten Süss  
is Industrial Design 
Studio manager at 
Faurecia in Hagenbach 
(Germany).

Figure 1: A thin seat with an ultra-thin  
seat back: the “Light Attitude” sustainable 
comfort seat reduces weight by over 15 %
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actual function carried out by each compo-
nent was assessed in terms of its optimum 
performance – and pared down to per-
forming only this essential role. In the 
front-end module, for example, each com-
ponent is assigned just a single function. 
This module can thus be configured indi-
vidually for each vehicle type.

Our Innovation Centre was therefore 
given the freedom to contemplate as-
pects of vehicle design, manufacture, us-
age and recycling without being shack-
led by traditional conceptual restric-
tions. Innovative substances – often made 
partially or wholly from natural raw ma-
terials – take on new functions to reduce 
weight in an entirely redesigned compo-
nent assembly, Figure 2. And, since the 
weight advantages can be achieved by 
makers during manufacturing at a com-
petitive price point, „Light Attitude“ ush-
ers in a new era of efficiency and success 
for Faurecia‘s clientele.

4  Saving Weight in Cockpits

Products made by the various Faurecia di-
visions can contribute up to 20 % of the to-
tal weight of a vehicle. Cockpit manufac-
turing is one area that demonstrates Fau-
recia’s dedication to achieving weight re-
ductions that can lessen the total emis-
sions of the vehicle. Taken together with 
the door panels, the cockpit area weighs 
in at 69–112 kg, depending on the vehicle 
model. This is already some 7 % of the to-
tal vehicle weight. There are a number of 
ways to reduce weight in this area.

Most interior components carry out 
more than one function. While the sup-
porting structure contributes mechanical 
strength, many components are multi-
purpose – adding decorative elements or 
improving in-car acoustics. The goal here 
is to combine functions wherever possi-
ble. One possibility is to simplify the cock-
pit‘s supporting tube by consolidating the 
tube‘s supporting function with the in-
strument panel support structure, thus 
creating a „self-supporting instrument 
panel“. Synergies between these two func-
tions not only reduce weight but also per-
mit a more compact design. This fact 
means that the cockpit can be designed to 
be both shorter and lower, while retain-
ing all of its previous capabilities. This 
technical innovation can achieve weight 

reductions of up to 30 % for supporting 
tubes and instrument panel supports.

Streamlining construction in this way is 
especially interesting if techniques can be 
applied consistently across all of the rele-
vant components. By combining a shorter 
cockpit with slim-line seating, shorter vehi-
cles can be created that still provide passen-
gers with the same amount of interior 
space. Shortening a vehicle by 25 mm trans-
lates into a weight reduction of over 4 kg, 
Figure 3. While this figure may initially seem 
trivial when compared with the total weight 
of the vehicle, when matched by material 
gauge reductions, avoidance of material du-
plication and other similar tactics, the over-
all savings are impressive. Savings, one 
should remember, that apply to the vehi-
cle‘s entire lifecycle and the total number of 
all vehicles fitted out in this way.

5  Constructive Interior Innovations

One can also achieve weight reduction 
simply by leaving things out. Working in 
close collaboration with car interior de-
signers, the „Light Attitude“ prototype 
has economised on standard coverings in 
a number of places and laid bare the nat-
ural base materials. Car owners will per-
ceive such effects as an aesthetic element 
and not as „cost-cutting“. The dashboard 
is „dressed“ with fabric lying flush with 
the base material: the effect is like a thin 
t-shirt hugging the skin, instead of a win-
ter overcoat made up of many separate 
layers. Underneath, the base material is 
again left in its natural state.

The passenger-side glove box is 
equipped with an innovative cover sys-
tem. The passenger sees a piece of materi-

Figure 2: Faurecia demonstrates that interiors can be made both interesting and attractive by 
using a simplified approach to decorative trim

Figure 3: Reducing the vehicle length of a Chevrolet Malibu (2008) about 25 mm saves 4 kg in weight
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al that seems to be no more than a cloth 
covering a base surface, but in reality it al-
so plays a structural role. At the touch of a 
button, the module moves to one side like 
a curtain being drawn to permit access to 
the glove box, Figure 4. This is made possi-
ble by the self-supporting cockpit technol-
ogy, which dispenses with a solid metal 
cross-member. The instrument panel 
weighs around 2.5 kg less then conven-
tional designs, while simultaneously of-
fering more space for the glove box and 

other features. When combined with the 
new lightweight airbag cover, which per-
mits the airbag to be placed nearer to the 
windscreen, even greater space savings 
are possible. Overall, the innovations 
present in „Light Attitude“ result in over 
three kilograms less weight in the cockpit 
area alone, Figure 5.

As regards the doors, the base sur-
face is left uncovered in many places, 
rendering the use of dual-layer surfaces 
unnecessary. Working with audio ex-

perts, we designed the door module it-
self as an acoustic chamber. This means 
that smaller, lighter speakers can be in-
stalled, which can deliver outstanding 
sound notwithstanding their small stat-
ure. Music is provided by the driver‘s 
own media player: the device can simply 
be attached to the integrated docking 
station. This not only saves weight but 
also offers the greatest possible flexibil-
ity for car infotainment systems of the 
future.

6  Summary

The „Light Attitude“ prototype of Faure-
cia optimises car manufacturing in the 
areas of seats, cockpits, doors, acoustics, 
front-end modules and exhaust systems. 
All in all, potential weight savings can 
amount to 30 kg for any vehicle. The 
model calculation below reveals the 
huge reduction in CO2 emissions possi-
ble if assembly lines adopted all of the in-
novations discussed. Assuming an aver-
age fuel consumption of 7.1 litres (com-
pact class) per 100 km, each car produces 
168.3 g/km of CO2 (calculated using ht-
tp://www.dekra-online.de/co2/co2_rechn-
er.html). If one factors a weight reduc-
tion of around 30 kg into the estimate 
from the ADAC, then consumption drops 
to only 7.01 litres. This translates to an 
emission rate of 166.1 g/km, resulting in 
a reduction of 2.2 g/km CO2.

With 40 million private cars, each av-
eraging 13,000 km a year, the above re-
duction of 2.2 g/km CO2 works out as 
around 1.15 million tons of CO2 saved a 
year in Germany alone. This equals the 
combined annual CO2 emissions of over 
100,000 German citizens (annual esti-
mate of 11 t given by the CO2 calculator 
from the Bavarian State Environmental 
Office at http://www.lfu.bayern.de/luft/
fachinformationen/co2_rechner/index.
htm). Even when this rough calculation 
must remain an ideal scenario, it none-
theless indicates the direction that must 
be taken by the global car making indus-
try. The weight-saving technology dem-
onstrated by Faurecia‘s „Light Attitude“ 
is showing the car industry the way to a 
cleaner future. And the power of the con-
sumer purse will also help decide how 
quickly these and other similar concepts 
can become a reality. n

Figure 4: Foldable glove compartment: the fabric slides away easily

Figure 5: “Light Attitude” interiors by Faurecia show that key interior systems can remain 
highly functional with natural substrates and fabrics
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FEA Simulation 
of Truck Seat Structures  
for Crash Testing
Seat systems for commercial vehicles can rarely be designed without numerical simulation nowadays. In order to 
increase crash safety, at Isringhausen LS-Dyna has become an integral part of the product development process. 
Simulation produces reliable results, coinciding to a great extent with real test results which are still mandatory, and 
can also perform standard tasks, otherwise carried out by real tests.

1  Introduction

Requirements for seats in commercial ve-
hicles are extremely demanding. These 
seats are the working environment of pro-
fessional drivers, who spend up to eight 
hours in such vehicles day after day. Thus, 
the properties of the seats are particularly 

important for drivers‘ health. Isring-
hausen takes this responsibility very seri-
ously. Besides general seat comfort, shock 
and vibration absorption, and crash safety 
are of vital importance in developing Is-
ringhausen seats for commercial vehicles. 
Ergonomically shaped seats, numerous 
adjustment possibilities and cushions al-

lowing optimum seat pressure distribu-
tion guarantee static seat comfort for the 
driver. Since vibration of the spine causes 
back problems – one of the most frequent 
work related diseases of professional driv-
ers – Isri seats are equipped with a pneu-
matic suspension system which reduces 
detrimental vibrations to a minimum, 
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Figure 1: Structure  
and stress distribution 
of a seat

thus protecting the driver‘s spine. In case 
of an accident, the seat and its restraint 
system must minimize risks of injury to 
the driver. This report explains how mod-
ern driver seats with integrated three-
point belts are developed at Isringhausen, 
and how the use of FEA programs like LS-
Dyna, distribution via Cadfem, increases 
occupant safety.

2  Development Process  
for Seat Structures

FEA simulation is used throughout the 
entire development process for new seat 
structures at Isringhausen. FEA simula-
tion enables design engineers to assess 
the behavior of a seat structure, or of in-
dividual components under different 
load scenarios from a computer screen 
without the need to produce a physical 
prototype. Moreover, the design can be 
optimized during the early stages of de-
velopment if necessary. Whilst real test-
ing carried out during seat development 
causes a workload of several days and 
costs anything up to the four-digit range, 
simulations on the virtual prototype al-
low for any number of analyses on differ-
ent variants in one day only.

Safety-relevant products, such as seat 
structures, run through numerous opti-
mization loops before production can 
commence, and simulation contributes 
immensely to reducing cost and develop-
ment time. From the start, Isringhausen 
engineers carry out assessments of struc-
tural strength with FEA simulation using 
an initial, still simple CAD model of the 
future seat. The findings of this early as-
sessment are then integrated into model 
design during the initial development 
phases. FEA simulation is also used con-
tinuously during further stages of devel-
opment for reviewing each step, and its 
consequences promptly in order to fulfill 
as many structural strength requirements 
as possible in the first prototype.

In addition to lower development cost 
and time, FEA simulation features numer-
ous other advantages. Though real testing 
demonstrates whether a component is 
too weak and needs to be reinforced, it 
does not tell the engineer to what extent 
the design of an individual component in 
an assembly meets the necessary require-
ments, or whether it is overdimensioned. 

The simulation result however reproduc-
es a component utilization ratio by means 
of stresses, strains, deformation, and in-
ternal forces and moments. Thus, the en-
gineer does not only see which compo-
nents require a stiffer design, but the 
simulation also shows the areas which 
could be designed more cost-effectively 
without lowering the quality, using a dif-
ferent material or reducing dimensions.

At Isringhausen, LS-Dyna is the tool [1] 
used for FEA simulation, which comes 
from the Californian LSTC. In Germany, it 
is distributed and supported by Cadfem 
GmbH. This tool is a leading code for the 
highly non-linear, dynamic simulation 
tasks widely used in automotive industry.

3  Model Design

Since the quality of simulation results is 
highly dependent on the quality of the FEA 
model, an accurate model design is abso-
lutely fundamental. A seat structure con-
sists of many parts with differing strength 
properties, Figure 1. Consequently, the chal-
lenge to the simulation engineer consists 
in finding the ideal degree of detail when 
designing a model for FEA simulation. A 
compromise must be found between accu-
racy and informative value on one hand, 
and the time and effort required for model 
design and analysis on the other.

Only load-bearing components are 
modeled to carry out an FEA simulation 
for strength analysis of a seat structure. 
Covers, handles and other parts which are 
irrelevant for strength will not be consid-
ered. Small, geometric features, standard 
components such as screws, bolts, and 
locking mechanisms mostly provided 
with very small gearings, are represented 
in simplified models.

4  Analysis

The seatbelt anchorage test and crash 
tests are the two most important load 
cases in the structural design of a vehicle 
seat. In the seatbelt anchorage test, it is 
verified that the strength of the seatbelt 
anchorage points meet the required legal 
standards. As shown in Figure 2, the load is 
applied to the seat using two body blocks. 
Since explicit FEA solvers only allow simu-
lation of very short periods of time, it is 
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necessary to shorten the test period from 
approximately 5 s for the real test to a few 
tenths of a second for the virtual test. At 
the same time, it is crucial that the iner-
tial forces of the moving parts do not in-
fluence the result.

Figure 3 illustrates the crash test. In the 
early development stages, the crash test is 
carried out on a rigid test sled, without a 
steering wheel or other cabin parts. Usu-
ally, LSTC Hybrid III rigid body dummies 
are used for simulation. Besides mere 
structural strength, accurate interaction 
between the seat, safety belt and dummy 
in this simulation has a decisive influ-
ence on the quality of the results.

5  Interpretation of the Results

Interpretation of simulation results in-
volves a close inspection of a range of ef-
fects. Forward displacement of the upper 
belt deflection point is of prime impor-
tance, and should not exceed the custom-
er’s or legal specifications. As analyses are 
performed with elastic-plastic material 
data, and tests represent one-off loads, 
plastic deformation in the material will 
be assessed rather than stress and strain.

The evalutation of critical screw con-
nections is not carried out on the basis of 
stress, but rather by assessing the forces 
acting on the screws – modeled as simple 

beam elements – and comparing them 
with the maximum allowable force. 
Forces and moments acting in locking 
mechanisms and other components, rep-
resented by simplified models, shall be 
evaluated in the same way, and com-
pared to a maximum value allowed.

6  Comparison with Real Tests

The conditions for the effective use of FEA 
simulation in seat design are reliable and 
realistic results that comply with the 
laboratory results. This cannot be taken 
for granted, since a FEA model is the sim-
plification of a very complex system with 
many variables. To be able to work cost-ef-
ficiently, many elements – as mentioned 
previously – have to be modeled in a sim-
plified way. Additionally, material pa-
rameters – especially the yield strength – 
may have variations from one material 
batch to another. The yield strength can 
also be increased locally due to cold-form-
ing. Thus the design of quality models 
requires a lot of detailed knowledge and 
experience. The comparison of simula-
tion and real testing is limited to values 
which can be measured and assessed in 
real tests. Displacements in particular, 
measured in the test, as well as visible 
elastic and plastic deformations can be 
compared.

7  Summary and Conclusion

At Isringhausen, simulation with the pro-
gram LS-Dyna, distributed by Cadfem, has 
become an inherent part of seat develop-
ment for designing structures in regards 
to crash loads. In view of extensive 
strength requirements and due to con-
tinuously increasing cost and time pres-
sures, FEA simulation has become an es-
sential feature in seat design. 

Simulation tools contribute decisively 
to optimization and implementation in 
development results. Efficient applica-
tion of these tools and reproducibility of 
simulation results will play an important 
role in other applications in the future.

Reference
[1] livermore Software Technology Corporation (ed.): 

manual lS-Dyna, v971, R4, http://www.dynasup-
port.com/, 23. July 2009

Figure 3: Crash test on sled –  
comparison of simulation results (left) 
and real test results (top)

Figure 2: Belt tension test on test bench – 
comparison of simulation results (left) 
with real test results (top)

DevelopmenT

ATZ 10I2009 volume 11128 

Interior

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.
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Innovative Human Machine Interfaces  
Enhanced Usability in Vehicle Interior
Vehicle interior Human Machine Interfaces (HMI) are currently undergoing major changes. Besides innovative, 
modern and high quality design which car manufacturers use as a major differentiating factor, new technologies 
driven by consumer expectations conquer the market. Valeo gives an overview of innovative interfaces responding 
to these demands and ergonomic aspects to be taken into account during their development.
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1  Influencing Factors on Interior  
Human Machine Interfaces

Enhanced functions like the internet, e-
mail, camera systems are entering cars; 
navigation systems are becoming a stan-
dard. In order to support these functions 
displays are gaining in importance, touch 
screens are finding their way into vehicles 
and interfaces connecting nomadic devic-
es like MP3 players, GPS devices and mo-
bile phones are being put in place.

These evolutions mean car manufac-
turers are confronted with new challeng-
es. In a more and more competitive auto-
motive market the interior as differenti-
ating factor has become very important, 
even more so with the arrival of Asian 
manufacturers. In addition, end custom-

ers are demanding the possibility of indi-
vidualization of the interior, not only 
during vehicle acquisition but also when 
using the vehicle for example, depen-
ding on their mood or when adapting to 
a new nomadic device.

Consumer interior HMI expectations, 
which are influenced today by home, 
wireless and portable trends outside the 
vehicle, are another major market driver. 
Flush, touch sensitive surfaces like those 
found on smart phones and the conti-
nued rise of connected consumer devices 
allowing always-on data availability eve-
rywhere and in-vehicle connectivity, are 
only part of fast changing consumer ex-
pectations in auto multimedia.

All these influencing factors lead to 
the integration of more functions in the 
same or a smaller packaging space. Si-
multaneously cognitive load must be re-
duced for drivers who are more and more 
burdened with high traffic volume and 
interactivity in the vehicle.

2  Ergonomic Information Processing

Today’s driving situations are character-
ized by high information density created 
through higher traffic volume, faster traf-
fic and an important increase in in-vehi-
cle functions. An American study on Driv-
er’s exposure to distractions in the natu-
ral driving environment has revealed that 
drivers adjust their audio controls on av-
erage 7.4 times an hour. Manipulation 
time was measured with 5.5 seconds for 
each adjustment [1]. European studies 
have shown that during the use of interi-
or HMI glance time may typically range 
from 0.6 to 1.6 seconds with a mean 
glance time to approximately 1.2 seconds. 
A car moving at 48 km/h will travel over 
15 m in that time [2]. Hence the objective 
is to reduce drivers‘ eyes-off-the-road and 
hands-off-the-wheel time, thereby signifi-
cantly improving road safety.

In order to avoid growing regulatory 
pressure based on similar findings associ-
ations and initiatives have been set up by 
automotive manufacturers in Europe, 
Asia and NAFTA each providing guiding 
principles for HMI design and implemen-
tation to reduce driver distraction. Princi-
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ples treated are for example minimiza-
tion of keystrokes or duration for comple-
tion of tasks, task interruptability, clear 

feedback to driver when functions are ac-
tivated, consistency in interaction and lo-
cation of buttons, to mention only a few.

These examples demonstrate that 
OEMs and suppliers must take a holistic 
approach when developing interior in-
terfaces, bringing together engineers, 
stylists as well as usability and ergono-
mics specialists in one team.

In order to support car manufacturers 
in their search for HMI solutions that re-
spond to these safety issues and for new 
market trends Valeo has been working 
on different innovative interfaces.

The basis for these innovative develop-
ments are, amongst others, customer 
surveys and ergonomics and usability 
studies under static and dynamic condi-
tions. The objective of these studies is the 
evaluation of input devices and use pro-
cesses from input to output, Figure 1.

It was evaluated how efficient and use-
ful the system under examination was 
and how fast the driver can learn and re-
tain it. Use of the system must remain ef-
ficient after an extended period of non-
use without new introduction into the 
system. In order to reduce the driver’s cog-
nitive workload the system must follow 
“one rule” – maximize attention on the 
primary task of driving. The system must 
be explicit, consistent and has to accept 
interrupting data input at any moment. 
Error recovery must be optimized.

3  Multi-control Interfaces

The first in-car multi-control interface, 
integrating a multitude of functions in 
one device without the addition of 
switches, entered into series production 
in 1998. It consists of a Turn-Press(-Tilt) 
knob placed in the tunnel area and inter-
acting with a display. Functions integra-
ted are generally infotainment, tele-
phone, navigation and vehicle setting 
functions. The first systems were judged 
as complicated and distracting – by not 
having direct access buttons users got 
lost in deep menus. Since then OEMs and 
suppliers have worked on system im-
provements, optimizing the interfaces 
and making them more intuitive. The 
Valeo e-Media System, Figure 2, is an intu-
itive operating concept consisting of 
three multifunctional joysticks and di-
rect access buttons allowing fast access 
to infotainment and comfort functions.

Each of the three joysticks represents 
a dedicated “world” – audio, climate and 

Figure 1: HMI input-output model

Figure 2: e-Media system
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navigation/phone. The respective menu 
appears directly on the screen through 
touch detection via capacitive sensors in-
tegrated in the joysticks. Consequently 
the menu depth has been reduced and 
the user does not have to pass through 
different menu levels in order to access 
the respective main functions. The sys-
tem is completed with direct access but-
tons for safety applications or functions 
needing fast response like e.g. answering 
the phone or activating the air recycling 
function. The display graphics represent 
the hand movements, rendering the sys-

tem intuitive and easy to use. The number 
of otherwise necessary switches has thus 
been greatly reduced. Thanks to their 
stand-alone architecture, the number of 
joysticks can vary according to the 
number of functions, while keeping the 
same electronics board. This solution can 
be completely or partially implemented 
in the tunnel area for enhanced comfort 
but also in the middle console area in 
smaller vehicles. The display screen is 
preferably integrated close to the wind-
shield for comfort and safety reasons 
(keep-eyes-on-the-road).

4  Touch Sensitive Input Devices

Multi-control interfaces can be evaluated 
today as differentiating factors for many 
vehicle manufacturers and carlines. In a 
further attempt to create brand identity, 
OEMs opt to place major emphasis on 
characteristic surface design in the centre 
stack area, integrating modern and high 
quality materials in gap-free and curved 
surfaces. In this environment convention-
al bulky buttons with gaps are detrimen-
tal to the esthetic design. Touch sensitive 
input devices, integrating in these surfac-
es gesture based or push functions, are 
one response to progressive styling de-
mands. One solution Valeo is proposing 
based on these market demands is touch 
sensitive input devices that can be inte-
grated in the complete area of the middle 
console. These intuitive HMIs are mainly 
based on gesture recognition. The user 
can for example slide his finger over a sur-
face in order to scroll through a menu or 
enter his destination in the navigation 
system via writing recognition.

The resistive technology, Figure 3,used 
for these applications is activated 
through pressure on the surface. The ac-
tivation force can be adapted according 
to customer demands and applications. 
New design possibilities have resulted in 
a variety of suitable surfaces, from metal-
lic to shaped to imaginative print. The 
flat basic assembly of these touch sensi-

Figure 3: Resistive technology scheme

Figure 4: Touchpad with black panel keyboard
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tive devices responds to today’s limita-
tions in packaging space.

In order to improve user comfort and 
ergonomics, a combination with other 
technologies is possible. The black panel 
effect, Figure 4, provides, for example, 
contextual information and makes ac-
tive areas visible only when the function 
can be activated. The activation is ac-
knowledged to the user through an inte-
grated software configurable haptic, 
sound or light feedback.

The advantage of this technology for 
the user is natural and easily comprehen-
sible handling, necessitating however a 
dedicated choice of applications and a 
specific concept of interactions. A simple 
transfer of menus/ interactions used with 
current switches proved to be inappro-
priate during customer clinics.

Other applications outside the centre 
stack area have been validated. One ex-
ample is the “Senseative” electric seat 
control, Figure 5. With “Senseative”, sim-
ply moving the finger across the control 
is enough to understand how this intui-
tive system works. The four possible 
movements of the seat are represented 
by four segments. Once the ON button is 
pressed, the user slides his finger on one 
of the segments to move the correspond-
ing part of the seat.

Integrated resistive technology allows 
the controls to be used with bare hands 
and when wearing gloves. Accidental 
seat movements are prevented by the 
electronics, which require the finger to 

move in a pre-defined direction and to re-
main pressed until the required position 
is reached. This smooth, flat system inte-
gration provides a robust system prevent-
ing accidental damage and reduces the 
number of tooling and process compo-
nents.

5  Evolution in Centre Stack  
Architecture

In the current market situation and the 
accompanying increasing pressure on 
cost, diversity management with a simul-
taneously rising proportion of electro-
nics and software has become a major 
challenge in the automotive industry. Es-
timations predict that electronics will 
rise from 20 % of total vehicle costs in 
2005 to around 40 % in 2015 [3]. The 
same tendency applies for software, with 
4.5 % in vehicle value in 2000 to approx. 
13 % in 2013 [4].

By this token centre stack architec-
ture is subject to a paradigm shift, with 
hardware and software becoming in-
creasingly independent of each other. A 
major target is the reduction in the 
number of references per component, 
multiple use of common hardware and 
software parts over different platforms 
and vehicles, whilst still allowing for dif-
ferentiation. This leads to higher produc-
tion quantities, as well as reduced appli-
cation and validation costs. A standard re-
sponding to these major challenges in au-

tomotive electronics and software is Au-
tosar. This open industry standard, creat-
ed by a group of OEMs and 1st tier suppli-
ers in 2003, supports the management of 
E/E complexity associated with dramatic 
growth in functional scope. Exchangeabil-
ity and scalability of solutions within and 
across product lines has become easier. 
For the HMI user interfaces, design chang-
es over the lifetime of vehicle platforms 
have been simplified and perceived quali-
ty for visible parts has increased. Overall, 
modifications, upgrades and updates for 
all product parts has become more flexi-
ble. In 2004 Valeo became a member of 
the Autosar consortium and has since in-
tegrated the standard in pre- and series de-
velopment projects.

6  Integrated Control Panel Modules

Valeo has realized this new system archi-
tecture as well as various technical solu-
tions answering to today’s market inter-
ests and brought them together in an In-
tegrated Control Panel Module, the so-
called Faceplate, with audio, climate and 
switch modules, Figure 6. Based on the 
black panel effect, integrated in conven-
tional switches, individual functions can 
be activated contextually. Switches only 
become active, i.e. visible when the func-
tion is available or requested.

When the hand approaches the avai-
lable symbols light up fully through 
proximity detection integrated into the 
surface, based on capacitive technology. 
When the hand moves away the non-
used system dims. This reduces energy 
consumption on the one hand and on 
the other lessens distraction to the driv-
er during night driving. Furthermore 
when touched, the current status of a 
button is displayed on the bezel through 
additional capacitive touch detection 
within a dedicated row of switches. The 
status changes as soon as the button is 
pressed.

A USB port is hidden within the row of 
switches and revealed when its button is 
pushed. In order to gain additional pack-
aging or storage space the audio interface 
is integrated into a unit which moves for-
wards and downwards when activated. 
The CD slot integrated behind is exposed. 
The space for the CD player can alterna-
tively be used as storage space.

Figure 5: “Senseative” seat adjustment
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The turn-press-knobs have distinctive 
premium haptics. Detents have been im-
plemented through magnetic indexing. 
This non wear contactless technology as-
sures high quality and constant haptics 
over the whole lifetime.

7  Future Prospects

Interdisciplinary cooperation forms the 
basis for the development of intuitive 
and easy-to-use innovative interfaces. 
End user needs and demands have to be 
understood and verified during custo-

mer clinics. Replacing current HMIs by 
new modern ones is not sufficient. Inter-
faces influenced by today’s consumer 
products have to be adapted to the auto-
motive world, and appropriate applica-
tions must be defined with a suitable in-
put-output process, taking into account 
safety issues. Close cooperation between 
the OEM and supplier is therefore impor-
tant from the beginning. Through the 
development of intelligent solutions, 
glance times and driver distraction will 
be minimized right from the start. Archi-
tectural constraints like limited packa-
ging space, the demands of modern de-

sign and evolutions in electronics archi-
tecture must also be taken into account.

In order to create homogenous surfa-
ces and interface concepts the next de-
velopments will involve the integration 
of displays and touch screens in a com-
plete system approach. These technolo-
gies bring further opportunities to cur-
rent developments, like variable overlap-
ping contextual symbols or homogenous 
haptics within the whole interface sys-
tem. Modern design through complete 
gap-free surfaces, for example in the cen-
tre stack area, can be achieved, Figure 7. 
Bringing together Valeo’s know-how in 
ergonomics, usability, mechanical and 
electronics architecture is a decisive fac-
tor in the creation of an esthetic and reli-
able HMI system. All system parts have to 
be perfectly coordinated, offering the 
end customer an appealing and intuitive 
user interface.
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Figure 6: Integrated control panel

Figure 7: Integrated touch 
sensitive user interface
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Crash Test for Tata Nano 
Affordable: Yes! And Safe?
A four-seater car for less than 2,000 euros? Surely, that could never meet standard 
safety regulations – one might think. But that opinion Tata demonstrated to be 
 incorrect at Mira’s crash test facility in the UK in July 2009.
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Introduction

Unveiled in January 2008 and launched 
in March this year, the Nano was the re-
alisation of Ratan Tata’s dream: “I ob-
served a family riding on a two-wheeler – 
the father driving the scooter, his child 
standing in front of him, his wife seated 
behind him holding a little baby. It led 
me to wonder whether one could con-
ceive of a safe, affordable, all-weather 
form of transport for such a family.” 

Technical Features

The Nano meets these requirements and 
offers a passenger compartment with 
space for four adults. With a length of 
3.1 m, a width of 1.5 m and a height of 
1.6 m, the Tata Nano has the smallest 
exterior footprint for a car in India, but 
is 21 % more spacious than the smallest 
car available today in this country. A 
high seating position makes it easy to 
get into and out of the car. Its small size 

coupled with a turning radius of just 4 
m is suited to its main purpose: provid-
ing transport in developing countries 
and mega cities. 

It is equipped with an engine de-
signed with help from FEV in Aachen 
(Germany). It is a 625 cc two-cylinder 
petrol engine that develops around 29 
kW. And despite being low-priced and 
small, the Nano meets all of the safety 
legislation for the Indian market: full 
frontal impact into a solid barrier at 48 
km/h, ECE R12 specification, a static 
door crush test and a roof crush test. 
That is a fact. Besides being crashwor-
thy, all the safety items on the Nano are 
compliant with Indian regulations, 
which are in turn aligned with Europe-
an legislation. Examples of such items 
include mirrors, seatbelts and anchor-
ages, seats and their anchorages, the 
steering wheel and the effort required 
to turn it, glass, lighting and signalling 
devices, brake components, the fuel 
tank, wheel rims and tyres, external 
projections and all latches. 

Meeting Safety Requirements

The Nano, which was launched earlier 
this year, is destined for the Indian mar-
ket and does not necessarily need to 
meet European safety requirements. Dr 
Clive Hickman, Head of Engineering at 
Tata Motors Limited, pointed out: “The 
purpose of the tests that we undertook 
at Mira was to demonstrate that the ve-
hicle structure is appropriate for Euro-
pean legislation.” As to the design of the 
Nano, Hickman explained: “As part of 
the initial design brief, our target was to 
construct a modular body in which 
structure could be added to the base ve-
hicle to enable us to meet the safety leg-
islation required for Europe: the ECE 
offset frontal impact with a deformable 
barrier. This is expected to become law 
in India in about three years‘ time.” The 
ECR 94 norm specifies a 40 % offset 
crash at 56 km/h. 

In order to prepare for this demand-
ing impact, the Nano has been equipped 
with a driver’s airbag. In addition, Hick-
man’s engineers reinforced the front lon-
gitudinal structure and added a struc-
ture to the front of the vehicle behind 
the bumper and on the bulkhead. Addi-
tional structure has been added to the 
front doors. All of these enhancements 
can be added to the body-in-white on the 
assembly line for the base vehicle and 
have a weight of 18 kg. Nevertheless, even 
this version will not be the European ver-
sion of the Nano announced for 2012. 
The vehicle for the European market will 
be 15 cm longer and 5 cm wider. It will 
be equipped with a turbocharged version 
of the engine and a five-speed transmis-
sion and will be designed to achieve a 
four-star rating in the Euro NCAP test. 

Conclusion

In conclusion, the current Tata Nano de-
signed for the Indian market meets and 
exceeds that market’s legislative require-
ments. Indian legislation is due to change 
in 2012 and will in fact be based on the 
present European standards. With the 
introduction of some structural modifi-

The Tata Nano crash 
test demonstrated, 
that the car is 
 prepared for future 
safety requirements
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ATZ What was the reason for this crash test demonstration?
Hickman The reason was to demonstrate that the Nano‘s struc-
ture is appropriate for European safety legislation.

ATZ Why didn’t you go for the Euro NCAP test?
Hickman When we bring the vehicle to Europe in 2012, the 
NCAP regulations will have changed from what they are to-
day. The Nano for the European market will meet the NCAP 
four-star regulations at that time, whereas the vehicle that 
we have today would not meet the same criteria in 2012. 
Therefore, we thought it was most appropriate to show that 
the vehicle meets the requirements of today and not neces-
sarily those of three years ahead. When we bring the Nano to 
Europe, the car will be about 150 mm longer and it will be 
able to achieve an NCAP four-star rating.

ATZ What major improvements does the Nano need in order 
to meet the Euro NCAP regulations?
Hickman Current Indian legislation does not require airbags 
to be fitted. When we bring the car to Europe to meet all of 
the NCAP ratings, we will put in all of the airbags for both 
frontal and side impacts.

ATZ Coming back to the Nano for the Indian market, are you 
on your launch schedule or behind it regarding the produc-
tion figures?
Hickman Looking at our original production plan, we have to 
acknowledge that the problems that we encountered, and 
which have been well documented elsewhere, have put us be-
hind. But I think that we are ahead of the production figures 
from the strategy that we have now put in place. The new 
plant is on track for starting production in January 2010 and 
the plant that we are using at the moment is working very 
well for us as an interim solution.

ATZ The electric version of the Nano is scheduled to make its 
debut in 2012. Will it be a fully electric version, a version 
with a range extender or another solution?
Hickman We are already working on an electric Nano and we have 
a development vehicle running in India today. It is a fully electric 
vehicle and it will be based on the same basic powertrain that we 
are installing in the Indica Vista electric vehicle. The Vista electric 
vehicle, which will be launched in September 2009, is a four- 
seater, fully electric passenger car with a range of up to 200 km.

ATZ Mr. Hickman, it has been a pleasure talking to you.

cations, the Nano is well prepared for 
these future requirements. This was im-
pressively demonstrated by a crash test 
and officially verified by Nic Fasci, expert 
at the Vehicle Certification Agency (VCA). 

The VCA is the designated UK Vehicle 
Type Approval authority.

The fascination of the Nano is based 
on its rational low-price concept and its 
proven safety. In this regard, it proves 

that safety and low price can go togeth-
er provided that the vehicle is designed 
from the very beginning to achieve such 
a goal. 

Roland Schedel

Despite being  
low-priced and small, the  

Nano meets all of the safety 
legislation for the Indian  

market, which are in turn 
aligned with European  

legislation

“The Nano will be able to achieve an NCAP four-star rating”
   Interview with Clive Hickman, Head of Engineering at Tata Motors Limited
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Automated Testing on Exhaust 
Emission Dynamometers
The use of driving robots for exhaust emission testing on dynamometers has been discussed repeatedly 
in recent decades. However it has not yet been established. Mercedes-Benz has developed a system for 
automated performance of exhaust emission tests on chassis dynamometers that realizes the advantages 
of a robot, but avoids the known problems.

1  Elimination of Test Driver Influence

Demands on reproducibility of emission- 
and fuel-consumption measurements on 
chassis dynamometers have increased sig-
nificantly in recent years and will contin-
ue to rise. 

Declining absolute quantities of emis-
sions to be measured and improvements in 

measurement technology bring the influ-
ence of the test driver on the measurement 
more into focus. Shortened development 
times require a reduction of the number of 
emission tests that are executed, but this 
can only take place if the significance of 
the total result remains unchanged.

Through the use of driving robots re-
producibility of exhaust emission test 

results can be increased. However, driv-
ing robots have to be adapted to the ve-
hicle and a learning cycle has to be car-
ried out. 

This is very time consuming, espe-
cially on dynamometers. Therefore, con-
ventional driving robots do not repre-
sent an alternative to human test driv-
ers in exhaust emission laboratories.

Development
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Figure 1:  
Schematic setup  
of dynamometer 
and AD system for 
automated driving

Dipl.-Ing. (FH)  
Norbert Komoschinski
is Head of Development 
of Diagnostic Systems 
for Aggregates Control 
at Daimler AG in Stutt-
gart (Germany).

2  New System for Automated Driving

The system Mercedes-Benz developed for 
automated driving (AD) replaces the test 
driver in the vehicle and thus elimi-
nates his influence on the measure-
ment. However, it can only be used for 
vehicles with automatic transmission.

The test bench manager arranges the 
test vehicle on the emission dynamome-
ter and connects the vehicle with the 
OBD box to the AD system (PC-based sys-
tem with control device and monitoring 
system). Via this interface positive or 
negative moments are requested in or-
der to accelerate or to speed-down the 
vehicle, Figure 1. The vehicle coordinates 
the torque-requirement internally, so 
that either the engine control unit or 
the traction control system is addressed 
to realize the required torque. At the 
OBD interface information of the con-
trol units are available. The vehicle 
speed signal is provided by the dy-

namometer. As the driving cycle and all 
other required parameters are handed 
over by the test site automation system 
to the AD system, any cycle can be per-
formed.

Comparisons between a test driver 
and the AD system show that the speed 
patterns of several rides with the AD sys-
tem are more in line with each other 
than those of a test driver. 

In Figure 2, three speed patterns of a 
test driver are compared with three 
speed patterns of the AD system. Shown 
is a cut-out of the urban part of the New 
European Driving Cycle (NEDC). The 
speed patterns of the AD system are 
much more reproducible than the ones 
of the driver.

Sometimes speed pattern of the test 
driver sporadically leave the scatter 
band of the other tests. This directly ef-
fects differing CO2 emissions. Especially 
in the case of fuel-consumption optimi-
zations when potentials of a few per-

cent have to be identified, the sum of 
such differences is a problem. To statisti-
cally secure measurement results, ex-
haust tests have to be repeated several 
times. Since the legally defined test cy-
cle requires a soaking time at a temper-
ature of 20 °C, this cooling down period 
must be considered. Because of this the 
extension of the statistical basis of meas-
urement campaigns leads to a signifi-
cant retard of the development process. 
Besides the vehicle control parameters 
(speed, torque, etc.) as well the emission 
results (CO2, HC, NOx and CO) are more 
reproducible when using the AD sys-
tem.

Through the use of the AD system, 
the number of emission tests can be re-
duced for each variant without loosing 
statistical certainty. The AD system of-
fers a wide range of applications in de-
velopment and production which goes 
from wear- and endurance-testing to ad-
aptation driving in production. n

Figure 2:  
Comparison of 
driving quality of  
a test driver with 
the AD system for 
automated driving 
(three measure-
ments per variant)
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Combination of Human- and 
Hardware-in-the-Loop Testing
Reduces Development Time
To date combined human- and hardware-in-the-loop testing (H2iL) is underutilised in the automotive 
industry. However, since many years the aerospace industry has proved that the combination of the 
two testing technologies offers both safety and cost savings. Moog indicates that H2iL is also attractive 
for OEMs and Tiers, as it could lead to shorter product development times.

Development

AtZ 10I2009 volume 11142 

Testing 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



1  Introduction

H2iL has been employed for many years 
in the aerospace world to reduce re-
search and development time. In doing 
so, new prototype components have been 
developed and validated on test systems 
in real world conditions with a human-
in-the-loop to get actual pilot response 
and perception.

In the automotive world, this method 
of testing is not often used but definitely 
needed. Applying the concepts of includ-
ing the driver-in-the-loop with hardware 
based testing and development could re-
duce the number of prototype vehicles 
required and the number of hours spent 
on race track or proving ground testing. 
As with all testing methods, the method 
has limitations. This paper identifies 
some of them and presents solutions to 
bring development further into the lab.

2  Traditional Hardware-in-the-Loop 
Testing

As an example of traditional hardware-
in-the-loop testing, consider the testing 
of a V8 engine with a fuel saving multi-
cylinder cutout feature. To test the im-
pact this feature will have on vehicle re-
finement and drivability, without install-
ing the engine in a real vehicle, the en-
gine can be evaluated with hardware-in-

the-loop simulation, Figure 1. In this ex-
ample, the engine or the engine and 
transmission are attached to a dynamom-
eter and the engine is instrumented with 
accelerometers, torque cell, speed trans-
ducer and any other desired transducers 
necessary for testing. The engine/dy-
namometer is coupled to a software sim-
ulation package with a full real time ve-
hicle model.

The drive file that is used for running 
the system is a time history file that was 
previously collected, having critical in-
formation such as engine speeds, tor-
ques, accelerations as well as vehicle 
speeds and torques, wheel accelerations 
and any other desired data. The actual 
torque and/or speed for the engine are 
controlled by an engine dynamometer. 
In this scenario, the development engi-
neers want to determine the effects of 
switching between eight and four cylin-
ders on the behaviour of the vehicle. 

This HiL configuration has following 
advantages compared to testing without 
simulation:
– Reduced track and road testing results 

in lower costs.
– In a HiL environment it is possible to 

repeat a certain scenario to assess the 
changes that have been made to the 
hardware one on one.

– All simulated parts of the vehicle can 
be modified quickly and “on the fly.” 
In the example, the effects of the cyl-

The Author

Peter Onesti
is technology  
Development manager 
of moog in nieuw-
vennep (netherlands).

Figure 1: Typical hardware-in-the-loop simulation
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inder cut-out can be tested on various 
vehicles the engine will be used in 
and many different types of drivers 
can be simulated.

– The test can be automated to a large 
extent. If many scenarios have to be 
tested it is possible to have the test rig 
play out the scenarios repeatedly and 
collect the data automatically.

– Hardware-in-the-loop testing can be 
accomplished without putting the 
driver or the vehicle at risk. 

3  Limitations of Hardware-in-the-Loop 
Testing

The main limitation of HiL testing comes 
from the fact that the final assessment of 
the vehicle behaviour is subjective and is 
provided by the driver. There is a high de-
gree of interaction between driver and al-
most all components in a real vehicle. A 
change in hardware can result in differ-
ent behaviour of the driver leading to dif-
ferent results than the change was in-
tended to achieve. 

In HiL testing the driver is involved in 
the process, but there is no driver inter-
action. The developer has to estimate 
based on the measurement data which 
change will please most drivers and then 
select a couple of them to try out on the 
test track. Recording the scenarios is 
time consuming and expensive, so it is 
difficult to change or add scenarios, 
should the developer need extra test 
runs.

There have been some systems where 
the test rig itself has been made “human 

rated” – where a person interfaces with 
the vehicle under test. For example, a 
“driver” is often included in vehicle test-
ing using a four-post test system. Howev-
er, this is most simply achieved with 
more or less a complete vehicle. It is also 
difficult to create the right degree of “im-
mersion” for the driver. Immersion is the 
term used in simulation to express the 
degree of realism as experienced by the 
driver.

4  H2iL Testing for Automotive  
Applications

Consider the application presented in 
section two, traditional hardware-in-the-
loop testing. The powertrain is still driv-
en and tested on a dynamometer. By re-
placing the simulated driver input with 
a full six-degree of freedom (6-DOF) mo-
tion simulator and an actual driver-in-
the-loop, the H2iL simulation is created. 
In this testing scenario, the driver of the 
motion simulator drives a vehicle model 
on mapped proving ground roads while 
the power train operates on the dy-
namometer, now coupled to the motion 
platform, Figure 2. In this configuration, 
the initial automotive system develop-
ment can be brought into the laboratory 
and some advantages may be realised 
over just hardware-in-the-loop testing:
– Immediate driver feedback can be 

obtained. Drivers can respond in-
stantly and give qualitative feedback 
on the direction of a solution. Evalu-
ating the differences between multi-
ple drivers can provide instant feed-

back. By recording driving habits for 
given conditions on this new design, 
objective driver metrics can be devel-
oped.

– New scenarios can be created and re-
corded for playback without ever leav-
ing the laboratory. Virtually any road 
or climatic conditions can be simulat-
ed. Development time and test time 
are reduced.

– Using H2iL, the same road section may 
be replayed over and over while mak-
ing subtle system changes.

– Dangerous road conditions can be 
tested in safer more controlled envi-
ronments. Drivers will not be subject-
ed to dangerous road or ambient con-
ditions since they will be operating 
the simulator. Track scenarios may be 
taken to the limit of performance on 
the new design.

– Driver aids can be deployed to im-
prove driver performance or train 
drivers to perform specific manoeu-
vres. The performance of each lap can 
be recorded. Deviations to this lap 
performance can be observed as vehi-
cle hardware is modified or swapped. 
Laps can be superimposed on screen 
so a driver has reference to previous 
performances. This can aid a driver in 
operating the “vehicle” on a certain 
part of the track consistently and re-
peatedly. If a component does not re-
spond well on a certain part of the 
track, just that part of the track can 
be evaluated repeatedly while record-
ing the results. This can offer strong 
driver evaluation especially in racing 
scenarios.

Figure 2: Hardware-in-the-loop/human-in-the-loop – proposed automotive example
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5  Other Applications

5.1  Cockpit Evaluations
When a truly representative vehicle cock-
pit is available or required, configuration 
in Figure 3 can be used. It shows a basic 6-
DOF simulator platform with complete 
control position replicated. This simula-
tion allows for determining the drivabili-
ty of the components without having the 
complete vehicle. The driver can evaluate 
the comfort of seats, the drivability and 
feel of interior components, the ergonom-
ics of the interior design.

This setup can reduce time to produc-
tion and allows for OEMs to get design ver-
ification and feedback before the com-
plete vehicle is ever manufactured. This 
may be of benefit when different perform-
ance characteristics are desired from the 
same powertrain and vehicle platform.

5.2  Suspension-in-the-Loop
Vehicle suspension systems are constantly 
being developed to improve ride and han-
dling, while reducing both suspension 
and vehicle mass. Mission critical compo-
nents must be lighter and often manufac-
tured with new materials. Development 
requires validation in real world environ-
ments. With H2iL, validation can be 
achieved in the laboratory by coupling a 
full 6-DOF durability test system to a 6-
DOF driving simulator, Figure 4. Here the 
H2iL approach allows “drivability” of the 
suspension to be evaluated with a range 
of vehicles.

Drivers can evaluate suspension can-
didates or vehicles candidates almost “on 
the fly” by changing the vehicle model 

in the simulator. The suspension then 
can be driven in different conditions or 
vehicle models without ever being in-
stalled in an actual vehicle or driven on 
an actual road. The suspension may be 
easily modified well before vehicle re-

lease dates. This process permits rapid 
evaluation and comparison testing of a 
wide range of suspension configurations 
and components in a very short time pe-
riod and in a wide range of test condi-
tions.

Figure 3: Using simulation equipment for component development

Figure 4: Using H2iL for suspension testing
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5.3  Four- and Seven-Poster-in-the-Loop 
and Total Immersion
Race vehicles are frequently set-up and 
evaluated on multi-post test systems to 
evaluate or modify suspension and aero-
dynamic influences for given track con-
ditions. Driver perception and feel on 
the real track are considered invaluable 
pre-race evaluations, and yet they are in-
herently missing from most laboratory 

testing. In an H2iL set-up, Figure 5, the ac-
tual vehicle is tested on the multi-post 
test system and coupled to a 6-DOF sim-
ulator with a full vehicle model of the 
race car and a full track model.

Suspension loads and displacements 
are induced to simulate aerodynamic 
loading that the vehicle experiences 
while on the given racetrack. However, 
the H2iL driving simulator couples the 

suspension testing in the laboratory to 
the driver allowing them to “sense” can-
didate suspension set-ups and tuning, 
and the race car’s potential aerodynamic 
responses under driven track conditions.

A common pitfall for recent attempts 
by the automotive industry for human-
in-the- loop simulation is to attempt “to-
tal immersion”. Total immersion simu-
lators, Figure 6, are generally used to 

Figure 5: Using H2iL for racing suspension testing

Figure 6: Total immersion simulator
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study maximum workload and human 
factor influences on design. Their ex-
treme cost and inevitable compromises 
do not make a lot of sense for the pur-
pose of the H2iL simulations described 
in this paper. 

Rather then aiming for 100 % real-
ism, H2iL is most successful when fo-
cused on a specific issue under test. For 
example, when lane change manoeu-
vres are tested in the field, a simple 
straight road with a centre line suffices. 
This should then also be true for H2iL 
demonstrations. A simple dash to road 
reference in the simulation and road 
speed feel are desired. However, if one 
looks to improve lateral motion and feel 
of the lane change, a slider “channel” 
under the normal 6-DOF simulator that 
makes the low frequency accelerations 
and displacements possible can be envi-
sioned. 

Full immersion on the other hand is 
not at all required. Experience tells that 
when people are asked to focus on cer-
tain behaviour (that is very well simulat-
ed) they very naturally ignore less then 
perfect behaviour – for example maybe 
from sudden hard braking, for which 
the simulator is not set up and which is 
not of interest.

5.4  Combine One or More Hardware 
Components
The ideal way of working would be to 
start out with a completely virtual new 
vehicle model and use driver assess-
ments to refine and improve the vehicle 
model until the desired product per-
formance characteristics are achieved.

Once acceptable vehicle performance 
models are developed, they can be incor-
porated in prototypes. These vehicles can 
be tested and as new learning occurs, 
they can be substituted into the simula-
tion. Now the virtual vehicle becomes 
closer to the real vehicle with every com-
ponent added. These rigs do not have to 
be at the same physical location. They 
are coupled by high speed digital connec-
tions. Once all essential components 
have been put in the loop and assessed 
by different driver/road scenarios the fi-
nal test will always have to be on the 
road. This test will be purely to verify all 
virtual, HiL and H2iL work done.

6  Conclusion

H2iL testing is done by connecting the 
simulator hardware and software to an 
actual test system with real components 
attached and performing testing by driv-
ing on simulated roads. This simulation 
in turn generates the necessary loads, 
accelerations and displacements to 
drive the components as if they were in 
the actual vehicle on the actual road.

Then the feedback of the components 
is fed back into the simulator to allow 
the driver to get the feel or drivability of 
the components. The H2iL testing is a 
very viable form of validating design of 
vehicles and vehicle components. This is 
a process that has been employed for 
many years in the aerospace industry 
and will prove to be the way of the fu-
ture for the automotive industry. As 
proving ground and track time becomes 
more costly and as shortened pro-
gramme timescales drive parallel devel-
opment to become the norm, the need 
for H2iL will become more interesting 
and important to the OEMs, Tier Suppli-
ers and race teams. n

AtZ 10I2009 volume 111 47 

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



ATZ Peer Review
The Seal of Approval  
for  scientific articles  
in ATZ.  
Reviewed by experts from research 
and industry.

Received�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

Reviewed���� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��
Accepted�� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

Scientific articles in ATZ Automobiltechnische 
Zeitschrift and MTZ Motortechnische Zeitschrift 
are subject to a proofing method, the so-called 
peer review process. Articles accepted by the 
editors are reviewed by experts from research 
and industry before publication. For the reader, 
the peer review process further enhances the 
quality of ATZ and MTZ as leading scientific jour-
nals in the field of vehicle and engine technology 
on a national and international level. For authors, 
it provides a scientifically recognised publication 
platform.

Therefore, since the second quarter of 2008, 
ATZ and MTZ have the status of refereed publica-
tions. The German association “WKM Wissen-
schaftliche Gesellschaft für Kraftfahrzeug- und 
Motorentechnik” supports the magazines in the 
introduction and execution of the peer review pro-
cess. The WKM has also applied to the German 
Research Foundation (DFG) for the magazines to be 
included in the “Impact Factor” (IF) list.

In the ATZ/MTZ Peer Review Process, once the 
editorial staff has received an article, it is review-
ed by two experts from the Advisory Board. If the-
se experts do not reach a unanimous agreement, 
a member of the Steering Committee acts as an 
arbitrator. Following the experts’ recommended 
corrections and subsequent editing by the author, 
the article is accepted. rei

Peer Review ATZ|MTZ

Peer Review Process for Research Articles  
in ATZ and MTZ 

Steering Committee

Prof. Dr.-Ing.  
Stefan Gies

 
RWTH Aachen

 
Institut für Kraftfahrwesen Aachen

Prof. Dipl.-Des.  
Wolfgang Kraus HAW Hamburg

Department Fahrzeugtechnik und  
Flugzeugbau 

Prof. Dr.-Ing.  
Ferit Küçükay

Technische Universität 
Braunschweig Institut für Fahrzeugtechnik

Prof. Dr.-Ing.  
Stefan Pischinger

 
RWTH Aachen

 
Lehrstuhl für  Verbrennungskraftmaschinen

Prof. Dr.-Ing.  
Hans-Christian Reuss

 
Universität Stuttgart

Institut für Verbrennungsmotoren und 
Kraftfahrwesen

Prof. Dr.-Ing.  
Ulrich Spicher

 
Universität Karlsruhe

 
Institut für Kolbenmaschinen

Prof. Dr.-Ing.  
Hans Zellbeck 

Technische Universität 
Dresden

 
Lehrstuhl für Verbrennungsmotoren 

Seal of Approval – this seal is awarded  
to articles in ATZ/MTZ that have successfully  

completed the peer review process

Advisory Board

Prof. Dr.-Ing. Klaus Augsburg
Prof. Dr.-Ing. Bernard Bäker
Prof. Dr.-Ing. Michael Bargende
Dr.-Ing. Christoph Bollig
Prof. Dr. sc. techn. Konstantinos Boulouchos
Prof. Dr.-Ing. Ralph Bruder
Dr. Gerhard Bruner
Prof. Dr. rer. nat. Heiner Bubb
Prof. Dr. rer. nat. habil. Olaf Deutschmann
Dr. techn. Arno Eichberger
Prof. Dr. techn. Helmut Eichlseder
Dr.-Ing. Gerald Eifler
Prof. Dr.-Ing. Wolfgang Eifler
Prof. Dr. rer. nat. Frank Gauterin
Prof. Dr. techn. Bernhard Geringer
Prof. Dr.-Ing. Uwe Grebe
Prof. Dr.-Ing. Horst Harndorf
Prof. Dr. techn. Wolfgang Hirschberg
Univ.-Doz. Dr. techn. Peter Hofmann
Prof. Dr.-Ing. Günter Hohenberg
Prof. Dr.-Ing. Bernd-Robert Höhn
Prof. Dr. rer. nat. Peter Holstein
Prof. Dr.-Ing. habil. Werner Hufenbach
Prof. Dr.-Ing. Roland Kasper
Prof. Dr.-Ing. Tran Quoc Khanh
Dr. Philip Köhn
Prof. Dr.-Ing. Ulrich Konigorski
Dr. Oliver Kröcher
Dr. Christian Krüger
Univ.-Ass. Dr. techn. Thomas Lauer
Prof. Dr. rer. nat. Uli Lemmer
Dr. Malte Lewerenz

Dr.-Ing. Markus Lienkamp
Prof. Dr. rer. nat. habil. Ulrich Maas
Prof. Dr.-Ing. Martin Meywerk
Prof. Dr.-Ing. Klaus D. Müller-Glaser
Dr. techn. Reinhard Mundl
Prof. Dr. rer. nat. Cornelius Neumann
Dr.-Ing. Lothar Patberg
Prof. Dr.-Ing. Peter Pelz
Prof. Dr. techn. Ernst Pucher
Dr. Jochen Rauh
Prof. Dr.-Ing. Konrad Reif
Dr.-Ing. Swen Schaub
Prof. Dr. sc. nat. Christoph Schierz
Prof. Dr. rer. nat. Christof Schulz
Prof. Dr. rer. nat. Andy Schürr
Prof. Dr.-Ing. Ulrich Seiffert
Prof. Dr.-Ing. Hermann J. Stadtfeld
Prof. Dr. techn. Hermann Steffan
Dr.-Ing. Wolfgang Steiger
Prof. Dr.-Ing. Peter Steinberg
Prof. Dr.-Ing. Christoph Stiller
Dr.-Ing. Peter Stommel
Prof. Dr.-Ing. Wolfgang Thiemann
Prof. Dr.-Ing. Helmut Tschöke
Dr.-Ing. Pim van der Jagt
Prof. Dr.-Ing. Georg Wachtmeister
Prof. Dr.-Ing. Jochen Wiedemann
Prof. Dr. techn. Andreas Wimmer
Prof Dr. rer. nat. Hermann Winner
Prof. Dr. med. habil. Hartmut Witte
Dr. rer. nat. Bodo Wolf

NeWS

ATZ 10I2009 Volume 11148 

Research

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



■
■
■

AZ Gasfahrzeuge engl.indd   1 06.04.2009   15:26:38

p
er

so
n

al
 b

u
ild

u
p

 f
o

r 
F

o
rc

e 
M

o
to

rs
 L

td
.



Multidisciplinary Simulation 
of Vehicles
Multidisciplinary simulation of vehicles assists in gaining a better understanding of the vehicle as 
a complete system, as well as in the systematic development and evaluation of potential ways to 
increase efficiency and also reducing transport-related CO2 emissions. The AlternativeVehicles 
library developed by the German Aerospace Center (DLR) contains models of vehicle-specific 
single components, subsystems, and total vehicles at varying levels of detail. This allows various 
powertrain concepts to be investigated and optimised in terms of their energy efficiency.
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1  Introduction

Climate change, legal requirements, and 
increasing environmental awareness 
among the general population are pre-
senting the automotive industry with a 
new challenge. It is for this reason that 
manufacturers and suppliers have em-
barked on a search for new technologies 
and concepts that could lead to further re-
ductions in fuel consumption and emis-
sions. Model-based development tools 
have been utilised for quite some time in 
order to keep down the development over-
heads associated with new concepts.

The Institute of Vehicle Concepts (FK) of 
the German Aerospace Center (DLR) has de-
veloped its own software library, Alterna-
tiveVehicles, for this purpose. The Alterna-
tiveVehicles library makes it possible to car-
ry out multidisciplinary vehicle simula-
tions of alternative powertrains. The basis 
for this library is the object-oriented model-
ling language Modelica and the simulation 
environment Dymola from Dynasim AB.

This paper explains the characteris-
tics and advantages of Modelica and de-
scribes the structure of the Alternative-
Vehicles library. An application example 
contrasting various powertrain concepts 
is also presented.

2  Object-oriented Modelling  
in Modelica

Modelica is an object-oriented modelling 
language that is suited for component-
based, hierarchical structured modelling 
of hybrid dynamic systems drawn from a 
range of physical disciplines [1]. The phys-
ical behaviour of the components can be 
described using algebraic equations, ordi-
nary differential equations, and algo-
rithms, whereby each in turn can be de-
pendent on discrete state variables. As far 
as possible, the delimitation of the com-
ponents follows their physical interfaces, 
which are defined by the flow of energy. 
The coupling of components is therefore 
independent of the system state. This cor-
relation with the principles by which the 
real-world systems operate is the reason 
why the models correspond to the sys-
tems they represent not only in terms of 
functionality, but also in their structure, 
which provides the greatest possible level 
of transparency and manageability.

Whereas signal-oriented modelling al-
lows the sequential calculation of every 
model variable to be derived from the di-
rection of the signals, this is not the case 
with the object-oriented approach. Here, 
by contrast, a system of differential-alge-
braic equations is generated from the im-
plemented equations and algorithms, 
which must usually first be symbolically 
manipulated before it can be solved effi-
ciently [2]. The solution behaviour and 
computation speed of the simulation 
model produced are largely dependent 
on the quality of this symbolic treatment 
of the system of equations.

Because the formulation of the model 
is independent of how it is coupled to 
the whole system it is easier, when com-
pared to signal-oriented modelling, to 
create flexible model libraries of com-
plex physical components and to com-
bine these with one another. Over the 
last few years, considerable efforts have 
been made to make component libraries 
available, particularly for simulation 
tasks in the automotive field. The Euro-
pean Eurosyslib project [3] alone covers a 
total of 19 partners who are working on 
libraries and tools for use with the sys-
tem simulation in Modelica.

Alongside the modelling of the physi-
cal systems, it is always necessary to also 
have a model of how the system is con-
trolled. The signal-oriented modelling al-
so supported by Modelica is suited to this 
purpose. The Modelica standard library 
includes corresponding block libraries 
that support both continuous and time-
discrete signals.

3  The AlternativeVehicles Library

The AlternativeVehicles library has been 
developed in order to allow system level 
simulation of longitudinal dynamics and, 
in particular, of fuel consumption for al-
ternative powertrain and vehicle con-
cepts. The components contained in the 
library, Table 1, are therefore oriented to-
wards the most currently relevant alter-
native vehicle concepts, namely battery-
powered vehicles, hybrid vehicles, and fu-
el cell vehicles. Electric propulsion and 
the storage of electrical energy play a sig-
nificant role in all of these concepts.

In addition to these, thermal manage-
ment is also important, particularly in 
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the case of fuel cell vehicles. The corre-
sponding component models are availa-
ble in the library, thereby allowing repre-
sentations of various alternative vehicle 
architectures to be created with low over-
heads. Systems for utilisation of waste 
heat flows, such as thermoelectric gener-
ators, can also be modelled and simulat-
ed using the components contained in 
the library. The main components of the 
library are validated by measured data. 
This allows statements to be made re-
garding energetic efficiency in the vehi-
cle as a whole.

Examples of the models in the library 
include longitudinal dynamic models of 
a fuel cell hybrid vehicle, a battery vehi-
cle, and a parallel and serial hybrid. The 
library will be supplemented successive-
ly with new vehicle configurations. Be-
cause of the wide range of possible appli-
cations for the library, it is sensible to 
prepare various models that are adapted 
to the key features of each individual 
problem. During the implementation, it 
was possible to draw from other freely 
available model libraries and, specifical-
ly, the PowerTrain library [4], also devel-
oped by the DLR, which contains compo-
nents for the simulation of conventional 
powertrains. The Vehicle Interfaces li-
brary [5] is of particular importance. This 
is a library of interfaces for use with vehi-
cle models designed to guarantee that 
model libraries from various providers 
can be combined with each other to pro-
duce a complete model. It also ensures 
that all models built on this library have 
a uniform external appearance. 

Central components used in alterna-
tive powertrain systems are batteries, 

double-layer capacitors, and fuel cell sys-
tems. The following sections therefore 
examine the modelling of these compo-
nents in more detail.

3.1  Batteries
The AlternativeVehicles library provides 
parameterised battery models at various 
levels of detail for a wide range of require-
ments. The simple battery model only 
considers the ohmic losses. Characteristic 
maps are used to specify the values of in-
ternal resistance and open-circuit voltage 

corresponding to various currents, tem-
peratures, and state of charges.

For analyses that focus on dynamic 
processes, the library includes an imped-
ance-based model in accordance with [6]. 
In addition to the ohmic resistance (Ri), 
this also considers electrochemical ef-
fects such as double layer (CDL), charge 
transfer (RCT), solid electrolyte interface 
(RSEI, CSEI), and diffusion (ZW). Figure 1 
shows the impedance-based model of a 
lithium-ion cell in Modelica.

Parameters for the impedance-based 
model are determined using impedance 
spectroscopy of individual cells. Taking the 
impedance spectra gained by this means, it 
is possible to determine the parameters of 
the electrical equivalent circuit with non-
linear regression analysis. The algorithm 
adapts the model parameters until the 
sum of the deviations in magnitude and 
phase between the simulation and the 
measured values is minimal.

Modern batteries for hybrid and elec-
tric vehicles consist of several hundred 
individual cells, which are connected in 
series and parallel according to require-
ments. A simplification was introduced 
at this point in the battery model to keep 
the calculation time within acceptable 

Figure 1: Impedance-based model of a lithium-ion cell in Modelica

Table 1: Component models of the AlternativeVehicles library

Physical domain Component model

conventional powertrain engine, transmission

electrical powertrain electrical machines/generators, transformer 

energy storage Batteries, double layer capacitors, flywheels

cooling system heat exchangers, pumps, fittings

Fuel cell system PeFcstack, compressor, expansion machine, recirculation pump, 
humidifier, separator, media models for anode and cathode gas 

auxiliaries General electrical load, air conditioning system

Vehicle environment Tracks, driving cycles, environmental conditions

Vehicle control system component control, subsystem control, control strategy
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limits. It is assumed that all cells within 
the battery behave identically. Battery 
voltage and current are thus calculated 
from cell voltage and current using the 
current/voltage divider rule.

Thermal power loss is also determined 
in addition to the electrical behaviour. 
Using a suitable thermal model, it is pos-
sible to simulate the heating and cooling 
behaviour of the cell or battery, in order 
to establish the necessary cooling capaci-
ty of the battery, for example.

3.2  Double-layer Capacitors
As a further energy storage, particular 
for high peak power, double layer capaci-
tors (supercapacitors) are in develop-
ment. Various detailed models are also 
available in the AlternativeVehicles li-
brary for these storage devices. The mod-
el depth in this case ranges from simple 
models using idealised capacitors and 
ohmic resistance, through to models 
with voltage-dependent capacity [7] and 
complex impedance [6]. Depending on 
the modelling depth, the model is pa-
rameterised using current-voltage meas-
urements or impedance spectroscopy 
and fitting algorithms.

At the Institute of Vehicle Concepts 
for example capacitors of 310 and 600 F 
at various charging voltages were meas-
ured by impedance spectroscopy, Figure 2. 
It can be seen clearly here that the 600 F 
double layer capacitor demonstrates con-
siderably lower ohmic resistance than 
the 310 F capacitor. As with the battery 

model, not all cells are calculated indi-
vidually at the module level, rather the 
connection between the stack and the in-
dividual cell is produced using current 
and voltage division.

3.3  Fuel Cell Systems
Modern fuel cell vehicle propulsion sys-
tems almost always use PEFC (polymer 
electrolyte fuel cell). Currently the model 
library therefore only considers this type 
of fuel cell system. Nonetheless there is a 
wide range of variants among the system 
architectures that have been implement-
ed. For example, there can be significant 
differences in the pressure levels, the 
type of humidifier, and the type of hy-
drogen storage, with these differences 
having a major effect on the system com-
ponents.

The system model is built up from ze-
ro-dimensional models of the main com-
ponents. On the cathode side these are 
the air compressor, air-turbine, humidifi-
er, heat exchanger, and water separator, 
Figure 3. There are additional models of 
hydrogen circulation pumps for the an-
ode side. The fuel cell stack is implement-
ed as a separate component comprising 
the anode and cathode reaction, the 
pressure losses, and the water transport. 
Special fluid models are available for the 
simulation of the media states and the 
water balance. Using this modelling ap-
proach, it is easy to construct different 
system architectures from the available 
components and to analyse these with 

respect to the dynamic behaviour deter-
mined by the media transport mecha-
nisms. A simplified model is provided for 
system simulations that require high 
computational speeds. The simplified 
model assumes quasi-stationary states 
and dispenses entirely with the repro-
duction of media induced effects. The 
auxiliary energy requirement is interpo-
lated from table values, as is the polarisa-
tion.

4  Application of the Alternative 
Vehicles Library: Comparison of  
Different Powertrain Concepts

The AlternativeVehicles library is suita-
ble for a variety of different applications. 
In the past it has been used to carry out 
investigations into plug-in concepts [8]. 
Beyond this, the library has been utilised 
in an industrial contract to assess the fu-
ture energy requirements of vehicles 
with electrical energy storage in order to 
analyse their effects on the electricity 
grid. The library has also been applied in 
conjunction with the Vector21 evalua-
tion model developed by the Institute of 
Vehicle Concepts. Taking various prede-
fined scenarios as a basis, this model is 
able to make forecasts relating to what 
proportion of a future vehicle fleet will 
use each individual type of powertrain 
technology and the influence that this 
will have on CO2 emissions [9]. In the fol-
lowing exemplary application of the li-

Figure 2: Nyquist diagrams  
of double layer capacitors  
with 310 and 600 F at various 
charging voltages

Figure 3: Implementation 
of fuel cell system model 
in Modelica
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brary, various alternative powertrain 
concepts are simulated to provide a com-
parison of their respective energy con-
sumption and CO2 emissions.

4.1  Vehicle Selection and  
Technical Assumptions
Of the multitude of possible powertrain 
concepts, the following are considered 
for this illustration: a battery electric ve-
hicle (BEV), a range extender vehicle 
(REV) with a petrol engine, and a fuel cell 
vehicle (FCV). A conventional vehicle 
with a petrol engine is used as a refer-
ence vehicle according to the definition 
in Table 2.

One particularly important considera-
tion for alternative powertrain concepts 
is the electric-only range. This has an in-
fluence on the dimensioning of the ener-
gy storage device and consequently on 
the mass of the vehicle. For the battery-
powered vehicle (BEV) this is established 
as 80 km in actual use and for the vehicle 
with the range-extender (REV) it is 50 km. 
The assumed range of the fuel cell vehi-
cle (FCV) is 400 km.

The driving style or driving cycle is an 
important criterion in determining the 
actual range of electric vehicles. In order 
to achieve realistic results, this example 

makes use of the Artemis driving cycles 
[10], which cover a broader range of max-
imum and average speeds in comparison 
to the New European Driving Cycle 
(NEDC).

Alongside driving style, the power 
consumed by air conditioning has a ma-
jor influence on the actual electric range. 
All auxiliary equipment is represented as 
a combined single load of 1 kW. The over-
all mass of the vehicle is derived mainly 

from the specific masses of the power-
train components and the energy storage 
unit, with the traction batteries assumed 
to deliver 80 Wh/kg and 50 % useable ca-
pacity. The fuel cell system is assumed to 
achieve 3.2 kg/kW, with the hydrogen 
tank contributing a weight-related stor-
age capacity of 4.8 %.

4.2  Simulation and Results
The rating of the simulated vehicles and 
powertrain concepts is based on the as-
sumptions in Section 4.1. Dimensioning 
of the battery capacity for the BEV and 
REV and the hydrogen tank for the FCV is 
based on the energy requirements of the 
vehicles, including auxiliary equipment, 
using the Artemis driving cycles. It is as-
sumed here that 29 % of driving is urban, 
45 % road, and 26 % on motorways. A 
summary of the most important parame-
ters relating to the simulated vehicles and 
powertrain concepts is given in Table 3.

With the simulation results of the REV, 
a distinction is made between the two op-
erating modes: charge-sustaining mode 
(CS mode) and charge-depleting mode (CD 
mode), Figure 4. In CD mode the electrical 
storage device is drained until the mini-
mum allowable state of charge (SOC) is 
reached. After this point, the energy sup-
ply is provided by use of the internal com-
bustion engine-generator unit in CS mode, 
allowing the state of charge to be main-
tained in a defined range.

With the REV, the energy demand in 
CD mode is relatively low and approxi-
mately equivalent to that of the dedicat-

Table 2: Definition of reference vehicle

Table 3: Dimensioning of the powertrains

Parameter Unit Value

Maximum velocity km/h 150

acceleration (0–100 km/h) s 14

Internal combustion engine power kW 53

Vehicle mass kg 1050

Drag coefficient cd 1 0.31

Frontal area a m² 2

Rolling resistance kr0 1 0.01

Parameter Unit REV BEV FCV

Vehicle mass kg 1293 1245 1231

electrical traction power kW 55 55 55

electrical energy storage capacity kWh 16.2 24.3 3.2

Primary energy converter power kW 35 – 55

Primary energy storage capacity kg 30 – 4

Figure 4: Energy consumptions for different driving cycles and powertrains
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ed battery electric vehicle (BEV). By con-
trast, the energy consumption of the REV 
rises massively in CS mode when the in-
ternal combustion engine-generator unit 
is running, and for the Artemis motor-
way cycle it is even higher than the ener-
gy demand of the conventional vehicle 
(ICE). This behaviour can be attributed to 
the multiple conversion losses in the 
long energy conversion chain (ICE – gen-
erator – electric motor). In the Artemis 
urban cycle, the REV is able to offer very 
large reductions in energy consumption 
compared to a conventional vehicle due 
to recuperation of energy.

The fuel cell hybrid (FCV) places be-
tween the BEV and REV for all driving cy-
cles, which can be ascribed to its system 
efficiency of 40 %, compared to efficien-
cies of 70 % for the BEV and 20 % for the 
REV (CS mode). It is also clear to see that 
the energy consumption in the combined 
Artemis cycle with auxiliary equipment is 
about 30 % higher for all powertrain types 
when compared to the NEDC without 
auxiliary equipment. This observation al-
so corresponds to increased consump-
tions with conventional vehicles today.

The well-to-wheel CO2 emissions are 
largely dependent on the primary ener-
gy source, Figure 5. Manufacturing and re-
cycling are not included in the vehicle 
CO2 emissions. As such, electrical energy 
from renewable energy sources results in 
the lowest CO2 emissions. With the cur-
rent German energy mix and hydrogen 
from natural gas, the emissions rise 
markedly. The highest CO2 emissions are 
generated by the conventional vehicle 
powered by fossil fuels. It can also be seen 
here that all the powertrain variants pro-
duce significantly higher CO2 emissions 
when using the combined Artemis cycle 
with auxiliary equipment as opposed to 
the NEDC.

5  Summary and Outlook 

The AlternativeVehicles library by the 
German Aerospace Center (DLR) is a pow-
erful software tool for the energy flow 
analysis of alternative powertrains. At 
the present state of development, all the 
major components and alternative pow-
ertrain variants have been catered for. 
Models included in the library range 
from parameterised component models 

to whole vehicle models featuring vari-
ous powertrain concepts. The object-ori-
ented, component-based approach al-
lows models to be developed further and 
new powertrain configurations to be 
added.

In addition to ongoing updates to and 
expansion of the library, there are plans 
to construct a hardware-in-the-loop envi-
ronment. This will allow control units to 
be developed in conjunction with the li-
brary and sub-systems to be tested under 
conditions close to those of a real vehicle. 
It will also be possible to link the library 
to the climate roller test bench and driv-
ing simulator at the DLR, thereby allow-
ing, among other possibilities, the devel-
opment and testing of forward looking 
driving strategies.
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