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Co-Disciplinary 
Automotive Solutions

The vehicle of the future is facing numerous challenges and 
has to meet a wide range of demands. Co-disciplinary ap-
proaches are becoming more and more indispensable. The 
cross-domain design of systems and their optimisation will 
more than ever play a central role for the automotive industry.

In this issue 

What are the challenges in private and public transport these 
days? What are the current trends in vehicle safety? What 
is new in the area of green mobility? These and many more 
questions will be discussed on the following pages. 

For more than ten years, the 200 experts of VIRTUAL VEHI-
CLE reliably provide both in-depth and integrative know-how. 
We are proud that we were able to establish a strong partner 
network, currently consisting of 150 partners from industry 
and academia. Some of the most relevant results of our mu-
tual research are presented in this issue of the VIRTUAL 
VEHICLE magazine. We invite you to learn more about our 
research domains, such as embedded systems, active & pas-
sive safety, new powertrain systems or systems engineering 
and information management!

However, our experts do not only distinguish themselves 
with technical expertise. There is also extensive knowledge 
available how to lead EU projects and how to successfully co-
ordinate project applications. Based on data published by the 
European Commission, VIRTUAL VEHICLE already counts 
to the top ten project partners in Europe in the area of Surface 
Transport. Find out more about our 25 ongoing EU projects 
on pages 38 - 39.  

Enjoy reading!
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solving future Challenges  
in the automotive industry

Challenges

The vehicle of the future is facing numerous challenges and has to meet 
a wide range of demands. Interdisciplinary research is one of the 
enablers to reach the ambitious and challenging targets in automo-
tive industry. VIRTUAL VEHICLE, Austria’s largest research centre for 
mobility with an excellent international research network, builds its strate-
gy upon a clearly interdisciplinary approach.

Numerous OEMs, Tier1 & Tier2 suppliers as well as SW vendors use 
the expertise of VIRTUAL VEHICLE in challenging R&D projects. This 
underpins the role of the centre as an internationally renowned partner 
in the fields of virtual development and innovative simulation & validation 
technologies.

Expertise

The expertise of VIRTUAL VEHICLE ranges from complete virtual vehicle 
development, detailed component oriented simulation, integrated HW-SW 
co-simulation, functional prototyping to verification & validation of novel 
concepts and demonstrators. Particular in-depth expertise such as hybri-
disation & electrification of powertrains, energy management as well as 
integral safety makes VIRTUAL VEHICLE a unique future-oriented centre 
with  a comprehensive understanding of complex full vehicle systems.

To further tackle the future challenges of vehicle development, VIRTUAL 
VEHICLE brings its expertise to play at an early stage of promising trends 
such as cyber-physical systems, automated driving, cooperative safety, 
real driving emissions, life-cycle assessment, human factor, integrated 

Private and public transport are facing significant challenges: CO2 and other noxious emissions have to be reduced, 
new resource-saving, environmentally compatible vehicle concepts have to be established, overall vehicle safety has to 
be improved, and - in the midst of all this - vehicles still have to be affordable. To meet these challenges, the 200 experts 
of the VIRTUAL VEHICLE Research Center provide both in-depth and integrative know-how: Virtual development, 
comprehensive simulation and prototype testing up to validation of new concepts and methods, supported by an 
interdisciplinary approach, providing outstanding contributions to solve the challenges of the automotive industry.

VIrTUAl VEHIClE: 
Integration of in-depth, single-dis-
ciplinary technologies, methods 
and tools, as well as system-
oriented, integrative development 
methods together with testing 
and validation facilities to provide 
overall optimized solutions
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development, smart production, and novel mobility concepts including the interaction 
vehicle-driver-environment.

funding

For international partners, suitable funding includes the Austrian COMET K2 Mobility 
Program as well as the European H2020 program.

COMET is an internationally oriented research program, fostering applied research in 
the field of automotive and rail research, bringing companies and research partners 
together in joint projects. Projects are financed about 50% by funding and 50% by 
industry and are being conducted under the lead of VIRTUAL VEHICLE. 

VIRTUAL VEHICLE is active in 25 EU projects, including numerous H2020 projects. 
There is extensive know-how available to lead projects and to successfully coordina-
te project applications. 

Automotive Technology -  
Embedded, Connected and Automated 

Information and Communication Technology (ICT) such as in-vehicle E/E and embe-
dded software is key for the differentiation and competitiveness of automotive OEMs.  
Value increase of ICT systems is mainly driven by infotainment and communication, 
but safety and efficiency related systems in particular are also experiencing a rapid 
increase. Above all, the smart connection of the vehicle with its immediate environ-
ment is becoming increasingly important. Cooperative assistance and safety sys-
tems, remote diagnostics, automated driving or energy efficient route planning are 
just a few examples of why the future belongs to the „vehicle in the cloud“. 

Cyber-physical systems

Due to the increasing networking of the vehicle with its environment, the concept of 
cyber-physical systems has been established: Unlike more traditional embedded sys-
tems, a CPS is typically designed as a network of interacting elements with physical 
input and output instead of as a standalone device.  It refers to the interconnection 
of computational and physical elements by means of intelligent mechanisms. The 
components, either software, electronic, electrical and mechanical, communicate via 
a wired or wireless data infrastructure.

Model-based design methods, model predictive real-time control and HW / SW co-
simulation significantly support the targeted development of such highly complex 
systems, especially regarding safety-critical and time-critical systems (mixed criti-
cality systems).

VIRTUAL VEHICLE develops software, new methods, and tools to support the auto-
motive, rail, and air industry in a variety of cyber-physical problems.

multicore and multiprocessor technology 

Due to the growing demand for high computing power, multicore processors - being 
state-of-the-art in consumer electronics and PCs - are also needed for automotive 
applications. The strategy of increasing computing power mainly by increasing the 
clock frequency leads to unacceptably high power dissipation densities in the GHz 
range: This is the reason why all major processor manufacturers provide multi-core 
system solutions.

Multi-core technology still faces a few hurdles before making its way into the vehicle: 
A major challenge is sharing of processor resources between applications with diffe-
rent levels of criticality (time, safety) taking into account the requirements of functio-

ABoUT VIrTUAl VEHIClE

founded:  2002

Headquarters:  Graz / Austria

Employees:  > 200

Turnover:  21.3 mio EUr

Website:  www.v2c2.at

Shareholders: Graz University of Technology (40%)
AVL List GmbH (19%)
MAGNA STEYR Fahrzeugtechnik AG &  
   Co KG (19%)
Siemens AG Österreich (12%)
Joanneum Research Forschungs-GmbH (10%)

VIrTUAl VEHIClE is an internationally established 
research and development centre working on methods 
and concepts for the vehicles of the future.There are 
more than 200 employees in Graz whose expertise 
makes the efficient development of affordable, safe and 
environmentally friendly vehicles possible.

Targets

•	 Leadership in the areas of full vehicle simulation, energy 
management, HW-SW co-simulation, integrated safety 
and intelligent data management

•	 System view rather than individual item view
•	 To attract top researchers and to build up internal  

personnel with wide-ranging know-how
•	 To create long-term partnerships with industry and close 

cooperation with universities and research institutions

In brief
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nal safety, security attack and real-time behaviour. VIRTUAL VEHICLE is 
working on this promising topic in numerous international projects, inclu-
ding one of the largest European R&D projects, EMC2 with project volume 
of 100 M€ and 100 partners from industry and research, focussing on 
embedded multicore systems for mixed criticality applications in dynamic 
real-time environments.

from assisted driving to automated driving

More and better sensor technologies pave the way for automated driving. 
Revolutionary ICT architectures allow vehicles to provide data nodes that 
continuously collect data from their environment, process, respond to and 
even contribute information.

VIRTUAL VEHICLE is working on different levels of automated driving: 
Assisted driving, partly and highly automated driving, up to fully automated 
(autonomous) driving. In the EC project iCOMPOSE VIRTUAL VEHICLE 
focusses on the combination of multi-core control units („central compu-
ting platforms“) and automated driving both in simulation and in integration 
into demo vehicles such as Landrover Evoque and Lotus Evora 414e.

Cooperative active safety

The challenging target of the European Union to halve the number of fatal 
accidents in Europe can only be achieved through co-operative active 
safety systems. Critical traffic situations can be recognized early, preven-
tive measures to avoid or mitigate conflict situations or accidents could 
be taken. 

VIRTUAL VEHICLE is working on active safety systems for vulnerable 
road users together with renowned OEMs aiming at faster, cheaper as 
well as safer development processes for active safety systems. A paten-
ted methodology providing an integrated tool chain to develop or assess 
ADAS is fully available and already successfully implemented for OEMs.

Integral safety and comfort:  
Co-disciplinary computing

Patented methods for integral safety 

In order to investigate the effectiveness of integral safety systems (both 
active and passive safety), the entire process from normal driving state to 
crash has to be consistently simulated with all components in an “integrated 
tool chain”. This is achieved by coupling all necessary simulation methods 
and models from different domains. This “co-disciplinary computing” inclu-
des issues like driving dynamics, sensors, safety controller, safety structure 
and crash (including FEM). 

For this, the unique co-simulation platform (ICOS) is available, fully develo-
ped at VIRTUAL VEHICLE. Using this patented technology, VIRTUAL VE-
HICLE is able to easily investigate a large number of parameterized vehicle 
systems and environment scenarios, covering every possible combination,  
thus making it possible to achieve a consistent comparison of the field effec-
tiveness of active (ADAS, automated driving functions), passive and integral 
safety systems. 

This has been successfully proven by different OEMs. Due to its modular 
design, the overall simulation tool chain provided by VIRTUAL VEHICLE 
can be easily adapted and extended to meet future challenges. 

reactive human modelling

VIRTUAL VEHICLE deals intensively with reactive human modelling to 
address one of the core questions: How do people react in the pre-crash 
phase? This information is important for all subsequent safety measures, 
because the position of the occupant relative to the restraint system (airbag, 
belt etc.) affects the overall situation. However, this information cannot be 
derived from a conventional dummy. Data extracted from real test drives 
provides the basis of how people move in a pre-collision phase, e.g. if the 
emergency brake is activated or an evasive manoeuvre is initiated.

NETWorkED IN EUroPE

Provide pioneering research and act as a hub between industry and 
the scientific community – this strategy has catapulted VIRTUAL VE-
HIClE to the top of the champions’ league of European research. 
Currently, the centre is working in 25 European research projects and 
leading nine of them.

“We are actively involved in an increasing number of EU projects. This 
shows us that we are on the right track at the European level and have 
the required expertise for future topics”, according to Jost Bernasch, CEO 
of VIRTUAL VEHICLE. The centre works on research projects initiated by 
the European Union together with the TU Graz and a further 200 Euro-
pean partners.

The world’s largest research programme

Horizon 2020 is the world’s largest, transnational programme for research 
and innovation. The budget of almost 80 billion € is available between 
2014 and 2020 on a European level. VIRTUAL VEHICLE also participates 
actively in this programme and received the “go” for nine projects out of 
the Horizon 2020 call at the beginning of 2014. In the call for “green mo-

25 current EU projects25

Coordinator of 9 
projects9

A total of 500 M€ 
project volume500

bility”, the research centre even won five 
out of seven projects worth millions each 
(more info on page 74).

future topics for Europe

The current EU projects provide a com-
prehensive budget for the researchers 
at VIRTUAL VEHICLE for the next few 
years. The projects cover topics such as 
the energy efficiency of vehicles, alter-
native powertrains and the requirements 
on the workplace of the future in so-cal-
led “smart factories”. uuu

overview of all 
EU projects:
page 38 - 39
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Downsizing – a major challenge for NVH & Friction

Downsizing means reducing mass and engine displacement while maintai-
ning performance levels, e.g. the reduction of cylinders and additional 
forced induction. However, this may change the NVH behaviour dramati-
cally. New methods and technologies are necessary to improve vibration 
comfort and acoustic behaviour of downsizing concepts.

One important aspect related to downsizing is the acoustics of intake and 
exhaust systems. By using INEXAS, a unique tool developed at VIRTUAL 
VEHICLE one can precisely predict the orifice noise of turbo-charged en-
gines, based on improved simulation methods for the individual componen-
ts (e.g. turbocharger, muffler, after-treatment of exhaust gases).

Aero-acoustics

In aero-acoustics noise generation by the air flow itself (which might interact 
with surfaces of objects, and even may include rotating parts) becomes 
more important in electrified powertrain concepts. This requires fast CFD 
methods, a keen field of research and expertise of VIRTUAL VEHICLE.

friction reduction in engines and transmission

Friction reduction in powertrain is an essential measure to reduce ener-
gy consumption. Appropriate simulation methods are required to enable 
component and system optimization. Various validated methods for the 
prediction of friction in the piston assembly, in the crankshaft bearings, in 
the valve train, in the timing drive and the transmission are the result of a 
large number of industry-related research projects carried out by VIRTUAL 
VEHICLE in the last years. The engine friction test bench FRIDA (“FRIction 
DynAmometer”) has been the last step in this process and positions VIRTU-
AL VEHICLE in the front line of the research done in this field of tribology. 
Through measurement-calculation comparison, the test bench offers the 
possibility to validate newly developed calculation methods, to study mate-
rial combinations and coatings and to understand full system interactions.

Challenges for thermal management – Hybridization 

The increasing hybridization and electrification is changing vehicle deve-
lopment. However, the thermal management system for a hybridized ve-
hicle must meet much higher requirements than the cooling system for a 

Based on tests with more than 800 persons, VIRTUAL VEHICLE has deve-
loped a novel reactive human model, capable of correctly reproducing the 
movement behaviour of an occupant, e.g. during a lane change, as well as 
simulating and thus predicting the correct starting position when triggering 
the passive safety measures. This model of VIRTUAL VEHICLE is used in 
research projects for improving active safety systems, automated driving 
systems and driving comfort.

lightweight vs. Safety

Lightweight design can play an important role regarding the reduction of 
CO2. However, meeting today‘s safety standards with a lighter vehicle is 
a challenge. The focus of VIRTUAL VEHICLE is on the right choice and 
objective evaluation of materials (such as fibre-reinforced plastics, metals 
etc.). Furthermore, joining and spot welding modelling, crack growth, for-
ming and its simulation are important research topics, in particular with 
respect to new materials (e.g. high-strength steels addressed in an RFCS 
funded project).

Challenges for the powertrain of the future

Currently, a plurality of different powertrain technologies is being pursued 
in parallel. The vehicle powertrain has to meet highest standards in terms 
of cost, convenience and energy consumption (i.e. emissions). Electrifica-
tion will come, but in which kind of powertrain and how quickly is not clear.

Increasing complexity and interconnection

Today, substantial progress is primarily achieved when a host of innova-
tions plays together and is developed in interaction with the overall vehicle 
system. The result is an increasing complexity, which has to be addressed 
by appropriate development and validation methods.

The interaction of individual components needs to be understood and 
evaluated in the overall system to derive best results for individual com-
ponent design. Multi-criteria approaches are necessary to meet simul-
taneous and partly contradictory requirements, for example in terms of 
energy efficiency, emissions reduction and costs. Energy consumption is 
not only rated in the operational phase but the entire life cycle including 
production and “end of life” has to be included. And finally the system 
“powertrain” has to be increasingly seen in context and networking with its 
environment, infrastructure, as well as with other vehicles and road users.

Currently the research activities of VIRTUAL VEHICLE primarily focus 
on hybrid (petrol, diesel and battery) and electric powertrains, both for 
cars as well as for the commercial vehicle sector. The topic in numerous 
research projects at VIRTUAL VEHICLE (including EC-funded projects 
such as epsilon and EU-LIVE) is the powertrain of the future, how to ma-
nage the complexity of the development and which essential methods and 
tools are needed. Several ambitious demonstrators have been realized.

Challenges in the field of NVH & Friction

Future vehicle concepts must meet the conflicting demands of lightweight 
design, low-emission propulsion technologies, driving comfort, suitable ve-
hicle acoustics and low production costs. Enhanced simulation methods as 
well as substantial test beds, for engine and powertrain as well as friction, 
are available at VIRTUAL VEHICLE.

Aero-acoustic investigations at the BMW acoustics wind tunnel 
Source: BMW AG
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conventionally powered vehicle. In addition to the internal combustion en-
gine, the gearbox and the interior, the high-voltage components must also 
be conditioned, resulting in complex, and sometimes competing demands.

overall energy management -  
Improving Efficiency and Reducing Emissions

Improving efficiency is of central importance to achieve the goal of redu-
cing EU domestic greenhouse gas emissions by at least 40% below the 
1990 level by 2030. Obviously, this holds for cars that are driven by an 
internal combustion engine, but is also true for electric cars, where increa-
sing the effective range has to be increased by e.g. reducing waste energy.

To comprehensively improve efficiency and to reduce emissions,  
VIRTUAL VEHICLE addresses the following items:

• Thermal management for hybrid and electric vehicles
• Efficiency vs. comfort: Combining strategies for efficient passenger 

cabin heating and cooling, also related to real driving emissions (RDE)
• Control strategies for energy efficient driving, e. g. predictive/auto-

nomous driving
• Measures for saving and recovering energy (e.g. energy harvesting)
• Aerodynamics for efficient cooling of components and optimizing drag
• After-treatment, in particular Selective Catalytic Reaction

HVAC – Heating, Ventilation, Air Conditioning

Heating, ventilation and air conditioning play a central role in energy con-
sumption and driver comfort. In addition, the industry has to cope with 
new legislation concerning refrigerants. VIRTUAL VEHICLE covers the 
following issues of HVAC systems:

• Simulation and testing on component level and system level
• De-frosting strategies for heat pumps used in the air conditioning of 

hybrid and electric vehicles
• Refrigerants (CO2 vs. r1234yf, etc.)
• Control strategies in an overall vehicle context

Concerning the future challenges of thermal management systems, VIR-
TUAL VEHICLE is cooperating with partners form industry and academia 
in numerous research projects (incl. the EC-funded projects IMPROVE, 
iCOMPOSE, and eDAS). Close interaction between simulation and ex-

perimental testing is essential in order to provide optimum solutions. 
VIRTUAL VEHICLE offers numerous research facilities, e.g. test beds, to 
investigate CO2 as a cooling agent for air conditioning or to investigate the 
reduction of NOx emissions via SCR (selective catalytic reaction).

Digital data environments –  
The challenge in industry

Will OEMs iposition themselves in the future according to how efficient 
and safe they can deal with increasing product complexity? The con-
trollability of product development, i.e. the management of the resulting 
information and processes, is becoming a central challenge. Numerous 
research activities at VIRTUAL VEHICLE deal with different promising 
solution approaches.

Industry 4.0 / Smart Production

Networking all the data worlds from product, production, and logistics to 
customer is required to successfully implement the visions of smart pro-
duction. Large amounts of data, being highly dynamic and heterogene-
ous, represent a major challenge. 

VIRTUAL VEHICLE addresses different research topics such as require-
ments analyses, concept derivation, and technology scouting; information 
aggregation, supply and visualization; model-based control and organi-
zational logic; optimum support of workers by mobile devices, which is 
the central topic of the EC-funded project FACTS4WORKERS, led by 
VIRTUAL VEHICLE.

Networking of data – Context and semantics

In every company, structured and unstructured data sources co-exist with 
each other in varying degrees. The challenge is to find and to map re-
lationships between information that was stored and documented from 
different views. Approaches are being developed in several international 
projects - such as FIND (led by VIRTUAL VEHICLE, in cooperation with 
renowned partners such as Audi, Bosch, Porsche and Volkswagen) and 
ARTEMIS EU projects such as CRYSTAL - to facilitate a flexible, virtual 
integration of physically distributed data via context, knowledge networks 
or Open Service for Lifecycle Collaboration (OSLC).

Consistency and traceability of information as the 
core of Model-Based Vehicle Development;
Here using the example of Emergency Brake Assist
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VIRTUAL VEHICLE focusses on the development of new technology building blocks 
enabling a flexible, distributed information and process management for cross-disci-
plinary cooperation and information integration.

Networking of functions – Model-based Systems Engineering

Systems Engineering and Requirements Engineering aim at detecting and ensuring 
effective chains and consistency of requirements, functions, product and validati-
on. Model-based approaches allow traceable, documented, and reusable mappings 
(models) of contexts.

At VIRTUAL VEHICLE this methodology is used in different projects with partners 
from Automotive industry, both on an abstract level (e.g. to support the strategic pro-
duct portfolio management) as well as on functional product level (e.g. to ensure the 
functional safety of complex mechatronic products such as driver assistance systems).

System lab to evaluate approaches

New approaches in information management eventually have to be proven and va-
lidated, like new simulation models. For this reason, VIRTUAL VEHICLE has esta-
blished a system laboratory, in which approaches from research and industry, as well 
as various commercial tools can be examined in a defined environment. The imple-
mentation of the system laboratory is not of interest for research projects at VIRTU-
AL VEHICLE, but especially for industrial partners, software vendors and hardware 
providers. Their SW and HW tools can be tested and evaluated in conjunction with an 
industrial partner‘s comprehensive data.

From basic research to industrial application

The VIRTUAL VEHICLE Research Center provides several key elements for creating 
appropriate solutions to face the numerous future challenges in automotive industry:

• Close linkage of numerical simulation and experimental validation
• Development of comprehensive system simulation up to the complete vehicle

Based on its comprehensive international network of more than 100 partners from 
university research and industrial development, VIRTUAL VEHICLE fosters rapid 
transition of basic research into industrial application, thus accelerating the imple-
mentation of safe, efficient and affordable mobility of the future.  ■

oUr WorlDWIDE NETWork

oEms (Extract)

Tier 1 & Tier 2 (Extract)

An active international network of more than 150 industrial 
and research partners

Innovation in an Industrial Network
The close cooperation with industry is not only a tradition 
at VIRTUAL VEHICLE, but is also the basis for success in 
innovative research activities. It is the close integration into 
industrial processes and the construction of sustainable, 
strategic partnerships that guarantees success in coopera-
tion projects.

Scientific Basis
The cooperation with scientific partners and the integration 
into university networks is of great importance to VIRTUAL 
VEHICLE. Together with the Graz University of Technology, 
as a key research partner, and further 40 international 
institutions, VIRTUAL VEHICLE enables the interplay of 
scientific expertise and technical competence. 

Exchange and Cooperation –  
The Success factors 
•	 Medium to long-term perspective in the cooperation
•	 Building up mutual trust (e.g. through realistic result 

expectation, professional project management, 
confidentiality)

•	 Quality of results and cooperation
•	 Fair rights that guarantee a win-win situation for the 

use of project results

THE AUTHORS

Scientific Partners (Extract)

Dr. JoST BErNASCH  
is Managing Director at 
VIRTUAL VEHICLE.

Dr. WErNEr rom leads 
the department for „Integrated 
Vehicle Development“ at 
VIRTUAL VEHICLE.



10 magazine No. 21|2015     

EMBEDDED SySTEMS &  
SENSor NETWorkS

Wirelessly into the Future12Embedded Systems and Software11 
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Over the course of the last couple of decades, embedded control sys-
tems have established themselves as increasingly autonomous sys-

tems in the automotive industry. Examples that will continue to increase 
in importance are advanced driver assistance systems (ADAS), emerging 
highly and fully automated driving, co-operative active safety systems, 
and vehicle-to-x communication. In the meantime, (embedded) software 
can also be sold as an independent product in the automotive industry. 
Embedded systems and their applications are regarded as significant dri-
vers for innovation and as differentiators to competition.

As early as 2008, the “E/E & Software” department at VIRTUAL VEHI-
CLE defined the topic “Mixed Criticality Embedded Systems” (in other 
words, time and safety critical embedded systems) as a central focus of 
research. The location in Graz for applied research in automotive and 
aeronautic embedded systems could be strengthened not only through 
the continuous participation, management and coordination of research 

projects, but also due to the collaboration with notable industrial partners 
such as AVL, Airbus, Daimler, Infineon and Volvo. The E/E & Software 
department is actively involved in European projects (ARTEMIS and 
FP7), as shown in the figure.

Currently, 19 colleagues are involved in European projects related to em-
bedded systems. The first project under Horizon 2020 and ECSEL (“Elec-
tronic Components and Systems for European Leadership”) has already 
been positively evaluated. 3CCAR (integrated components for complexity 
control in affordable electrified cars) will drive forward the 4th generation 
of electric cars (“computer on wheels”) and will start in March 2015.

Six additional current projects in the K2 grant programme and a total 
project volume of approximately 11 million euro (EU and K2 projects) 
underline the importance of the topic at VIRTUAL VEHICLE. The re-
search centre also assumes the role of project coordinator in the projects 
iCOMPOSE (multicore technology and holistic energy management) and 
IMPROVE (networked powertrain and functional safety). From 2014, the 
E/E & Software department has accepted the challenge of overall project 
management for the first time for the ARTEMIS project DEWI (depen-
dable, embedded, wireless infrastructure) coordinating approximately 50 
partners from the automotive, rail, and automation industries.

The next few years will also remain exciting and busy. VIRTUAL VEHI-
CLE will continue to be work intensively as coordinator and member in 
research projects - not only in the classical Horizon 2020 projects, but 
also in the ECSEL joint undertaking initiative. ■

Embedded systems have a significant role to play in the sustainable resolution of the huge challenges facing our 
society over the next decades. Safe, assisted and environmentally-friendly mobility, blanket coverage of health 
services, consistent energy management or the development of our digital society pose requirements for distributed, 
powerful information and communication technology (ICT) that would be unachievable without embedded systems.
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The past few decades have seen wireless communication technologies 
make all our lives substantially easier, in our private lives, in our pu-

blic lives and in the workplace. However, wireless connections can offer 
more than pure communication applications. When coupled with the abi-
lity to acquire information from the immediate user environment, wireless 
sensor networks can significantly increase the flexibility and sphere of 
influence of all citizens.

Primarily, wired technologies are still used for such applications, mainly 
due to the restricted reliability, security, data protection or auto-configura-
tion possibilities of wireless sensor networks. In addition to this, existing 
wireless solutions have not had a common reference design or a service-
oriented architecture up to now. This is, however, a crucial prerequisite 
for the creation of a competitively oriented market environment, in which 
low-cost solutions could be made available to everyone.

DEWI – Dependable Embedded  
Wireless Infrastructure

In order to enable this, the EU project DEWI was initiated which, under the 
leadership of VIRTUAL VEHICLE since March 2014, has worked on nu-
merous key solutions for wireless and seamless connectivity and intero-
perability in “intelligent cities” with “intelligent infrastructure”. The primary 
focus is on the everyday environment of people in buildings, automobiles, 
trains and planes. The resulting solutions also provide important contribu-
tions for “intelligent homes” and “intelligent public spaces”.

The DEWI consortium consists of 58 industrial and research partners 
from 11 European countries (AT, BE, ES, FI, FR, IE, LV, NL, PL, PT, 
SE).  Over the period of 3 years, the equivalent of 150 people worked 
fulltime on this project, corresponding to a resource of more than 4,500 
man-hours. The planned project volume is approximately 39.5 M€ and is 
supported by the EU and the contributing countries to the tune of 19 M€. 
Incidentally, the ratio of large companies and SMEs in DEWI is 3:2, an ex-
cellent figure for such an R&D project that underlines the stable balance 
of the partner consortium.

DEWI is involved in the development of wireless sensor networks and 
applications for public and professional users in more than 20 industri-
ally driven use-cases in the domains automotive, rail, aerospace and 
building technology. The results achieved during the project are shown 
to the public in visual and practical demonstrations all over Europe. In 
addition, DEWI delivers important contributions concerning interopera-

bility, standardisation and certification of wireless sensor networks and 
wireless communication. Furthermore, DEWI also actively works together 
with other international projects such as the ARTEMIS project SHIELD 
in the area of security architecture and methodology, or standardisation 
organisations.

Why Wireless?

In contrast to wired solutions currently used in industry, the application of 
wireless solutions offers several advantages and also some completely 
new possibilities:

• Reduction of weight in weight-sensitive environments 
• Elimination of faults due to faulty cabling 
• Increased reliability through reduced wear 
• Reduced installation costs and simple, low-cost updates
• „Bring your own device“ applications
• Backup / redundancy for wired solutions 
• Increased flexibility and re-configurability 

 » Simplified configuration and self-configuration
 » Simple switching between different network topologies 

The DEWI Sensor and  
Communication Cloud 

DEWI is based on the newly developed concept of local sensors and a 
communication cloud, which enables the adaptation of new and improved 
services. This cloud consists on the one hand of basic elements: private 
and professional users, sensor/actuator nodes and gateways serving as 
connections between different clouds or to the external world. On the 
other hand, the cloud consists of appropriate extensions that provide 
functions for the cloud; flexible data acquisition, aggregation and fusion, 
smart architecture, HW/SW co-design, security/data protection/authorisa-
tion, re/auto/self configuration, intelligent energy management and energy 
generation, reliability/robustness/safety, wireless standards, wireless sen-
sor/device detection & localisation.

Several different wireless communication technologies can be used wi-
thin such a cloud. DEWI has a clear focus on short range technologies 
and corresponding standards such as Wi-Fi (IEEE 802.11), ZigBee, Wire-
lessHART, ISA100 (IEEE 802.15.4), Bluetooth (IEEE 802.15.1), NFC (ISO 
15408 und ISO 14443/ ISO 15693), 6LoWPAN/ IPv6 (PFC 4919), Z-Wave 

„DEWI – Dependable Embedded Wireless Infrastructure“ is the largest project ever coordinated so far by VIRTUAL 
VEHICLE in its more than 10 years of history. Together with industrial and research partners from all over Europe, 
VIRTUAL VEHICLE is working to create the basis for a broad awareness and introduction of wireless sensor 
networks and wireless communication in different areas of industry such as automotive, rail, aerospace and building 
technology.

DeWi 
WireLessLy into the Future 

Dependable Embedded Wireless Infrastructure
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The main areas of industrial applications for DEWI:  
Automotive, rail, aerospace and building technology. 

(ITU-T G.9959), TETRA, TETRAPOL (PMR) or DLNA (UPnP).  In this 
context, not all nodes necessarily need to be wirelessly connected to 
each other; in this case, other nodes can act as relays. DEWI clouds can 
also have different topological layouts and be organised as distributed 
(ad-hoc) or centralised networks. Incidentally, the DEWI sensor and com-
munication cloud is principally autonomous and should not be regarded 
as solely an extension to the Internet or as a first/last mile solution.

Industrial Applications 

The following sections deal with one application of DEWI as an example 
per industrial domain:

One use-case led by VIRTUAL VEHICLE dealt with the wireless update 
of passenger car control unit software. This concerns the creation of stra-
tegies and solutions that are robust against conventional fault sources for 
wireless data transfer (such as low bandwidth, security attacks, etc.) and 
only require minimum, if not zero, intervention by the vehicle owner. This 
covers SW updates in multiple deliveries and the subsequent re-confi-
guration, the consideration of various vehicle operating modes (parking, 
driving, etc.), or the consideration and possible new layout of the control 
unit architecture (central or distributed). The most promising solution is 
subsequently implemented, tested and demonstrated using realistic ve-
hicle hardware.

In the aerospace domain, wireless storage area networks are used for 
the active suppression of turbulence affecting planes. This is achieved 
through the integration of a distributed sensor/actuator network and by 
communication interfaces in flexible patches that are mounted on the sur-
face of the aeroplane. In conjunction with the emulation of representative 
applications, this enables pre-set operating modes to be activated during 
real flight to cope with turbulence on a variety of flight situations (start, 
landing or when at cruising altitude).

In a use-case in the rail domain, wireless sensor networks are used for 
the automatic detection of train carriage composition, in particular the 
unambiguous identification of locomotives and carriages. Independently 

installed wireless sensors with the possibility of automatic configuration 
and recognition can adapt to every possible configuration and together 
can automatically provide train and track personnel with detailed physical 
data (total train length, number of axles, weight, etc.) and dynamic infor-
mation (brake behaviour, brake characteristics, etc.).

Wireless sensor networks can also lead to a significantly improved status 
overview with regard to building security. A corresponding framework is 
constructed in DEWI. This involves analysing information from a range 
of data sources and reducing the data according to each context. A re-
asoning system makes use of result correlation methods and validation 
techniques to achieve increased awareness concerning building security. 
In critical situations, such as terrorist attack, facial recognition cameras 
and drone swarms are activated.

Summary

VIRTUAL VEHICLE as the overall coordinator of DEWI – together with 
all their European partners from industry and research – have set an 
important and long-term focus on the establishment of wireless sensor 
networks and communication on a European level and will contribute to 
the consolidation of the European lead in the area of Embedded Systems 
& Components.  ■

THE AUTHOR
Dr. WErNEr rom is the 
coordinator of the EU project 
DEWI and leads the department 
for „Integrated Vehicle Develop-
ment“ at VIRTUAL VEHICLE.
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Figure 1: Overview of the 
interaction of simulation 
domains relevant to integral 
vehicle safety. 

The development of passive safety systems has already attained a very 
high level, so that further improvements are only possible by investing 

considerable effort. There is, however, a large potential for increasing sa-
fety through the combination of active and passive systems. Therefore 
integral safety is increasingly a part of the evaluation in consumer protec-
tion ratings (e.g. Euro NCAP).

In order to investigate the effectiveness of these integral safety systems, 
the use of consistent simulation can prove to be an efficient tool: the high 
number of possible combinations (system combinations and an arbitrary 
number of possible scenarios) makes investigations based on tests only 
possible to a limited extent.

Even in the world of simulation, there are various challenges such as the 
need to consider a large number of domains such as driving dynamics, 
sensors, crash, etc. For each of these domains valid models are required 
in order to represent specific vehicle characteristics.

The methodology for the consistent numerical simulation of crash scena-
rios couples these domain-specific models via the co-simulation platform 
ICOS into an automated simulation chain (integrated tool). Doing this al-
lows the opposing requirements of “detailed results” and “wide range of 
application” to be fulfilled by a single total simulation tool.

This total simulation tool can then be used for comprehensive parameter 
studies and effectiveness assessment of integral safety systems.

Simulation is thus an efficient and economical alternative when it comes 
to a consistent representation of the complete crash event. This represen-
tation ranges from the noncritical vehicle state via the crash event to the 
evaluation of the degree of injury and also includes networked active and 
passive safety systems.

The method in detail

After selecting the scenario to be investigated, the start and boundary 
conditions, such as start position, speeds and trajectories are defined.
Basically, the numerical simulation is divided into two phases:

• Pre-collision phase
• Collision phase

The pre-collision phase uses vehicle dynamics models and models of the 
active safety systems. If a crash event occurs, the current state of the 
vehicle dynamics models is used to automatically create the start con-
ditions for the models used in the collision phase. As soon as the crash 
simulation is complete, the results of the occupant simulation, which was 
conducted in parallel, are included in the evaluation.

A combination of active and passive safety systems is unavoidable today. VIRTUAL VEHICLE utilizes consistent 
simulation models in the context of integral safety and thus makes it possible to forecast the effectiveness of integral 
safety systems.

Assessing ADAS Effectiveness

integrated tooLs  
for integral safety
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Figure 2: Tool chain for the simulation of 
integral safety systems. 
The VIRTUAL VEHICLE relies on continuous 
simulation models in terms of integral safety, 
enabling to predict the effectiveness of 
integral safety systems.
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Standardised interfaces enable the simple exchange of individual submo-
dels. This makes it possible to easily adapt the level of detail according to 
the requirements and to make changes to the models over the course of 
the development process.

These models are not reduced models, but are models with the full level 
of detail as expected for each of the simulation disciplines. ICOS is able to 
connect them either in parallel, or serially.

Many sub-models under one roof

Different sub-models are coupled together representing the complete 
system from normal driving state to the end of the crash event, see 
figure 3.

There are two challenges associated with these sub-models:
• The coupling of several parallel models, such as vehicle, sensor and 

driver assistance system models. 
• The switching between models of different modelling depth for the 

different simulation phases, such as the initial representation of the 
vehicle by the vehicle dynamics model and subsequently by the 
crash model.

ICOS makes it possible to merge these sub-models for the different simu-
lation phases into a single system and thus achieve a holistic view of the 
subject integral safety.

It is important when executing such simulations that the vehicle state 
according to the vehicle dynamic model at the moment of impact is trans-
ferred as the start condition for the simulation of vehicle crash behaviour in 
the FE software employed. The method developed here does this automa-
tically; all sub-components of the crash model are configured accordingly.

Field effectiveness

Due to the automated tool chain, different scenarios and safety system 
variations can be calculated at the press of a button – this is also true for 
the fully automatic transition between tools.

Additionally, in order to be able to consider occupant movement both be-
fore and during the crash event itself, a consistent simulation of the occu-
pants is carried out in the pre-collision and collision phases.

For example, it is of interest to know the effect of emergency braking or 
crash avoidance manoeuvres on the dynamics of the vehicle occupants 
and the resulting position relative to the airbag.

The use of generally accepted crash values (from dummy loads, pedestri-
an protection impactors, etc.) as evaluation criteria enables comparisons 
with standard crash tests at any time.

To ultimately be able to assess field effectiveness, the influence of the 
investigated safety system variants on the degree of injury is evaluated 
using the developed tool chain on different scenarios that emulate real 
crash conditions.

Summary and outlook 

The method developed by VIRTUAL VEHICLE merges domain-specific 
models, creating a total simulation tool. This makes it possible to con-
sistently analyse and compare the field effectiveness of active, passive 
and integral safety systems, supporting the decision making process 
concerning the most effective choice of safety equipment in an early, 
prototype-free stage of product development.

Its modular structure makes the total simulation tool adaptable and ex-
tendible for future requirements. For example, the influence of the pre-
collision phase on occupant position can be simulated more realistically 
using (re-) active human models in the future.  ■

Figure 3:  
Sub-models 
and their links
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Active safety systems, driver assistance systems and automated dri-
ving are current trends in the automotive industry. They requiere com-

plex functions with considerable computational power that can no longer 
be supplied by current single-core controllers. The reaction to increasing 
demand was first the change from 8 bit to 16 bit and then to 32 bit pro-
cessors, later with an increase in the clock rate. Current packaging limits 
further increases in the clock rate, since the costs for thermal layout and 
construction of the control units would rise significantly.

Multi-Core in Embedded Systems

One potential solution for this problem is multi-core systems. In such 
systems, multiple cores work in parallel at lower clock rates. The major 
increase in computational power brings with it only a marginal increase in 
heat. From a practical and scientific viewpoint there are different potential 
application scenarios for embedded multi-core systems:

multi-Core for higher computational power: The increasing number of 
cores leads to higher computational power for the same thermal boundary 
conditions. This permits the implementation of complex functions. 

multi-Core for redundant calculation: The additional cores allow func-
tionality to be executed redundantly across different cores. Possible faults 
can be more easily recognised. This would allow safety-critical functions 
to be implemented cost-effectively.

multi-Core as an integration platform: The additional cores permit the 
functional scope of several single core control units to be integrated into a 
single powerful multi-core control unit. 

Challenges

Multi-core technology must overcome several challenges, particularly in 
the time and safety-critical domains. In order to be able to use the ad-
ditional computational power of multi-core processors, the application 
software must be programmed accordingly. Single-core software often 
uses sequential program flow. Multi-core processors would therefore not 
have an advantage. Only software with many parallel code segments can 
take advantage of the parallel cores and thus use the higher computatio-
nal power (see figure 1).

A further challenge is the clever distribution of the software components 
to the available cores. This optimisation problem (“task allocation problem”) 
must be solved under very different boundary conditions and optimisation cri-
teria. Several specific aspects such as additional time delays, synchronisation 
between cores and management of distributed resources become crucial.

Functions that require intensive computation normally also have high de-
mands concerning communication. Therefore, apart from the software 
distribution, the layout of the bus systems is of decisive importance for the 
overall system. Future-proof bus protocols (automotive Ethernet, CAN-FD) 
must therefore be considered in an integrated configuration methodology.

Many software tasks in vehicles perform control functions. The interaction 
of these controllers with the environment occurs via sensors and actu-
ators with limited resolution. This can lead to measurement errors and 
setpoint limitations. The distribution of the control algorithm over several 
control units or cores will inexorably lead to extrapolation errors. All these 
effects raise the question, what influence does the distribution of a control 
algorithm have on the stability and robustness of the controller.

Currently in embedded systems, solely so-called “partitioned multi-core 
scheduling” strategies are employed. In these strategies each core runs 
a separate scheduler. 

Computationally intensive safety and comfort functions make the use of multi-cores necessary, even in vehicles. 
This technology is already extensively used in entertainment and domestic electronics (such as PCs, smartphones 
or web servers). However, before the automotive branch can implement multi-core technology for time and safety 
critical applications, there are several obstacles to be overcome. VIRTUAL VEHICLE accepts these challenges and is 
researching new solutions.

Multi-Core

Figure 1: Amdahl’s Law: The increase in performance through 
the use of multi-core is very much dependent on the degree 
of parallelism in the software. Software therefore needs to be 
specifically optimised for use on multi-cores.  
Source: Wikipedia article „Amdahl’s Law“,  
Creative Commons Attribution-Share Alike 3.0 Unported 

Multi-Core  
For saFety-CritiCaL reaLtime systems 
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Although this leads to a simpler prediction of system timing, it does not 
deliver all the advantages of a multi-core platform with respect to flexibi-
lity. The pendant to this are the so-called “global multi-core scheduling” 
strategies. In this case, all cores run a single scheduler. This increases 
the flexibility but creates great challenges when attempting to predict ti-
ming behaviour.

Applications in vehicles are not only time, but also safety-critical. One 
hotly debated issue in the industry is the applicability of multi-core pro-
cessors for safety-critical systems. The safety norm ISO 26262 demands, 
amongst other things, “freedom from interference“ (see ISO 26262 Part 
6). This means that safety-critical functions must be traceably undisturbed 
by non-critical functions, memory locations must be protected accordin-
gly, etc. Above all, this must be considered during the distribution of soft-
ware tasks and scheduling and this is particularly important if functions 
with different criticality are to be located on the same control unit.

Fulfilling the criterion “freedom from interference“ is however not the only 
condition for independence. The cores are located on the same chip and 
are therefore triggered by the same clock. They are also subject to the 
same EMC radiation, communicate mainly with the same memory and 
are supplied by the same voltage supply line. This means that to supply 
proof of “freedom from interference“, not only must the software and the 
scheduling be analysed, but the architecture specific characteristics must 
also be included in the analysis. 

Research activities

VIRTUAL VEHICLE has allocated a research focus to “time and safety-
critical systems” with particular emphasis on multi-core systems. The fol-
lowing section provides insights into current research activities pertaining 
to embedded multi-core systems.

VIRTUAL VEHICLE already has experience with software distribution for 
single-core ECUs. In the K2 project MEMCONS, together with AVL and 
TenAsys, the methodology is extended to multi-core systems. Specifi-
cally, new multi-core scheduling strategies are developed, alongside the 
parallelisation of software, that combined the advantages of partitioned 
multi-core scheduling with global multi-core scheduling.

Amongst other tools, event-driven scheduling simulators were used to 
develop new scheduling strategies and to verify them at an early stage 
(see figure 2).

In order to specify a schedule, it is necessary to know the execution time 
of the various software components. New multi-core architectures (with 
different memory architectures and cross-core communication) make the 
measurement of execution time increasingly difficult. At VIRTUAL VEHI-
CLE, we are working on new approaches in order to be able to make 
reliable execution time measurements on such systems.

The FP7 project iCOMPOSE, which is being coordinated by VIRTUAL 
VEHICLE, is developing a crossover energy management system for 
electric vehicles together with Lotus, Škoda, Flanders‘ Drive, Infineon and 
AVL, to name a few. The HW basis is the multi-core platform AURIX. In its 
role as central control unit, it collects data from various sources (sensors, 
Car2X …) and makes the signals available as a service to all functions.

The FP7 project eDAS focuses on the reliable prediction of range for 
electric vehicles. The control strategies for the energy management sys-
tem will be implemented on a multi-core platform.

In the Artemis project EMC², VIRTUAL VEHICLE is developing new confi-
guration methods for multi-core systems. Software distribution, functional 
safety as well as the integration of new bus systems (such as CAN-FD) 
will be considered. 

The FFG project DistrTemplDesign is dedicated to the problems concer-
ning controller integration. 

Résumé

Embedded multi-core systems currently represent a huge challenge for 
industry. Software must be optimised for parallelism. Mapping and sche-
duling must guarantee realtime capability. In addition to this, safety requi-
rements must be guaranteed. VIRTUAL VEHICLE and its partners accept 
these challenges and have chosen the route of building up competences, 
in order to be able to implement embedded multi-core technologies on a 
wide scale.  ■

Dr. florIAN PölzlBAUEr 
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Real-Time Multi-Core Systems at 
VIRTUAL VEHICLE.
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Figure 2: Design and verification of new multi-core 
realtime scheduling strategies using an event-driven 

scheduling simulator YARTISS. The simulation shows the 
time behaviour of realtime threads using Gantt-Charts.

Above: Local and temporal allocation of the threads 
shows thread migration between cores. Below: Schedu-
ling the threads according to the priorities shows thread 

pre-emption and possible deadline overruns.
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Nowadays, innovation in modern vehicles mainly occurs in the area of 
electrics/electronic (E/E) systems. This involves new functions to a 

large degree – apart from the substitution of mechanical components by 
mechatronic or purely electrical systems. Many of these new functions are 
safety-critical, i.e. potential malfunctions that could lead to human injury.

International standards for functional safety, for example the ISO 26262 
in the automotive world, place demands on the various phases of deve-
lopment of E/E systems. They offer methods for the systematic identifi-
cation of possible fault conditions and the resulting hazards. Over and 
above this, they support the definition of safety measures, on one hand 
to manage the consequences of a fault condition and on the other to set 
appropriate countermeasures. The aim is to be able to guarantee the safe 
state of the vehicle in any driving situation and vehicle condition.

However, the introduction of ISO 26262 confronts companies with great 
challenges, since there is a lot of room for interpretation in the norm and it 
is not always directly or intuitively implementable. In the meantime, some 
challenges concerning interpretation have been satisfactorily solved, but 
through current and future developments, there are always new challen-
ges for functional safety.

Efficient development processes 

Innovative functions must be developed in shorter and shorter timescales 
and normally under great cost pressure. This is not only true for the auto-
motive domain, but also for other domains such as aerospace, rail or civil 
engineering. In component and software development, there is a large mo-
vement to re-use as much as possible. However, in the field of functional 
safety, this is not simply admissible, since safety analysis and concepts 
always relate to a specific (and not a generic) system. In the case of re-
using individual components, the context changes every time with respect 
to the complete system. Many scientific projects therefore target the deve-
lopment of concepts for improved re-use (e.g. pre-certified components).

Substantial quantity of norms and standards

The ISO 26262 limits itself to the safety of E/E systems in a vehicle. This 
is, however, just a small although very relevant sub-area of vehicle deve-
lopment and different components must be integrated, which may even 
have been developed under different safety standards.

VIRTUAL VEHICLE, for example, has investigated an energy storage 
system for a hybrid vehicle with respect to functional safety. High voltage 

batteries are becoming more and more important due to the growth in 
hybridisation and electrification. This leads to the realisation of new func-
tions such as energy recuperation during brake manoeuvres; on the other 
hand, these new technologies must be integrated in the narrow spaces in 
the vehicle and mechanical aspects become relevant as well. 

A comprehensive safety conceps must contain aspects from different are-
as: electrical, mechanical, thermodynamic or chemical. Faults can occur 
in any of these areas and originate from a cell, module or complete battery 
level. In principle, ISO 26262 does consider safety measures from other 
areas (outside of E/E), but – as mentioned – leaves a lot of room for inter-
pretation. An optimal solution is therefore the identification and classifica-
tion of all possible faults and their consequences. Based on this, suitable 
measures can be derived in the affected technology area (mechanical, 
thermal, chemical, electrical).

Safety and Advanced Driver Assistance Systems (ADAS) 

An important future topic in the automotive sector is the on-going inno-
vation concerning ADAS vehicle functionality for “automated and auto-
nomous driving”. The required interaction with the environment brings with 
it new challenges for functional safety. It is no longer sufficient to consider 
the vehicle as a closed system, but to also include communication with 
other vehicles and the environment.

The possibility of affecting a vehicle from the outside (the vehicle must be 
able to react to signals from other vehicles, for example) also opens up the 
important issue of security, alongside safety. Otherwise a hacker could 
take over control of the vehicle and endanger the occupants and others.

An example of international research cooperation:  
VOLVO Construction Equipment

VIRTUAL VEHICLE is cooperating with notable partners from industry 
and research in large European research projects such as SafeCer (“Sa-
fety Certification of Software-Intensive Systems with Reusable Compon-
ents”) and VeTeSS (“Verification and Testing to Support Functional Safety 
Standards”). The cooperation with Volvo Construction Equipment – toge-
ther with VIRTUAL VEHICLE partners in SafeCer - will be taken here as 
an example. Their focus is on the sector construction equipment, which 
is subject to specific standards (ISO 13849, ISO 14990, ISO 15998, to 
name a few). The previously mentioned ISO 26262 relates primarily to 
road vehicles up to 3.5t, but some aspects are identified as relevant for 
construction equipment. For example, the norm describes the methods 

Functional safety has established itself as a key issue in system development. Appropriate approaches and methods 
make it possible to control the continually increasing complexity of innovative products. VIRTUAL VEHICLE is 
conducting research into relevant areas and offers a platform, “Functional Safety Community”, for the exchange of 
experience between partners from industry and research.

Functional Safety

researCh & Cooperation For 
safe systeMs
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to be used and the requirements concerning the development process, 
management, and the organisation. Corresponding work results must be 
brought as proof of the required activities, which require an established 
quality process. VCE derives suitable and relevant best practices from 
the automotive sector for the construction equipment sector according 
to its needs.

The figure (above) shows the steady growth in the VCE product range 
over the years and the associated high product variety. The company is 
striving to reuse components and systems within the Volvo Group as effi-
ciently as possible, in order to reduce development time and costs, while 
simultaneously increasing product quality and safety. Furthermore, the 
products display a high degree of variability, a crucial sales criterion, sin-
ce construction machines must be tailored to the wants and needs of the 
final customer. Therefore the topic of systematic reuse of components in 
both the development of products and software is of eminent importance 
and thus functional safety faces enormous challenges. A survey carried 
out together with VCE identified these challenges and possible solutions 
were derived from them, which will be worked upon in the SafeCer project.

powered by VIRTUAL VEHICLE

After the introduction of the automotive standard ISO 26262  the topic 
functional safety has gained in importance in practically all other industrial 
sectors. VIRTUAL VEHICLE has founded the working group “Functional 
Safety Community (FuSaCom)” to promote the exchange of experience 
between experts from the industry and research and to jointly identify and 
discuss current questions concerning functional safety. Since FuSaCom 
started in November 2013, a continuous growth in the number has part-
ners has been registered, for example, Anton Paar, SIEMENS, ams, AVL 
List, Infineon, MAGNA and NXP. These companies engage in lively dis-
cussions and information exchange together with partners from science.

FuSaCom topics

TThe introduction of partners and their current challenges is a fixed part 
of the agenda at FuSaCom events. Every meeting focuses on a particular 
topic derived from current open issues such as system safety. Keynotes 

from invited guest speakers initiate and support lively discussions. The 
positive feedback and the many still open issues concerning functional 
safety are a clear signal for the continuation of these events.

VIRTUAL VEHICLE is a major driver and networker for the topic of func-
tional safety – as well as being an established research partner in EU and 
K2 research projects – and is the direct interface between industry and 
research so that also in the future, we support our customers to bring safe 
systems for end users to market. ■ 
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One of the declared targets of the European Commission in their 
“Policy Orientations on Road Safety 2011-2020” is to reduce the 

number of road deaths on Europe’s roads by half in the time period 2011 
to 2020. Passive safety systems, i.e. systems that reduce the severity of 
a collision for the occupant (safety belt and airbag), have been present 
in vehicles for many decades and have made an enormous contributi-
on to reducing the number of road deaths and also the social-economic 
and health-related consequences of accidents. In the meantime, these 
systems have reached a degree of maturity in which it is very difficult to 
improve them further.

A promising approach to achieving a further reduction in road deaths is 
the application of active and integrated safety systems that can influence 
the vehicle kinematics before and during a possible collision. This can 
reduce the severity of a collision and even avoid accidents. In 2014, for 
the first time, EuroNCAP tests evaluated the performance of an active 
system, the autonomous emergency brake assistant.

The evaluation of passive safety systems is typically done using crash 
tests. The stress levels on occupants are measured using instrumented 
dummies during defined collision tests that enable conclusions to be 
made concerning the probability of injury to humans. More than 10g can 

occur in such stress situations and the muscle contraction tensing to the 
dynamics of the situation plays a subordinate role.

However, if in addition to the crash phase itself, the seconds prior to the 
crash event are taken into account (pre-crash phase, see figure 1), then 
the occupant can influence their kinematic such that it leads to a changed 
initial position for the crash.  A classic crash test dummy cannot simulate 

such active or reactive behaviour. The evaluation 
of integral safety systems is therefore not directly 
possible. The numerical simulation of such sce-
narios offers a way forwards, whereby a detailed, 
reactive occupant model is essential.

Simulation

The challenge for a numerical model to simulate 
integral safety systems is that two different phy-
sical domains must be addressed. At first, a re-
latively low level of load of approximately 1g acts 
over a relatively long time in the order of seconds 
and is mainly limited by the frictional characteri-
stics of the tyres. In this phase, the model must 
be able to simulate in particular the wide range 
of muscular reactions. The possible avenues to 

Automotive sales arguments are not only shaped by comfort, design and vehicle performance, the issue of safety 
is becoming more and more decisive. As more and more active and integrated safety systems are being employed 
in vehicles, the effect of such systems on vehicle occupants must be analysed. The project “Occupant Model for 
Integrated Safety“ (OM4IS & OM4IS 2) is dedicated to the subject of the occupants and their reactions during the 
pre-crash phase.

the oCCupant MoDel  
as a Key

Human Body Modelling

Figure 1: Chronology of a crash 
and definition of nomenclature

Figure 2: Example of 
a basic human-model. 
Skin, muscles and 
internal organs have 
been masked out. 
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achieve such behaviour are the use of multi body models, or the use of 
finite element models, where the complexity has been reduced to decre-
ase computation time. The subsequent crash phase, where several times 
the acceleration in the pre-crash phase acts for approximately 100 mil-
liseconds, the interaction between the seat belt, airbag and the vehicle 
interior must be simulated as close to reality as possible.

The approach chosen by VIRTUAL VEHICLE uses a purely passive base 
model that has been tested and validated in the domain of crash calculations 
(see figure 2). An algorithm for movement control is then implemented onto it.

A modular design allows different base models and model versions, 
different simulation codes and even different simulation methods (finite 
element or multi body systems) to be used for movement control with the 
same module.

Experiment & configuration

Different sources are used to impose realistic behaviour on the model. 
For occupant kinematic investigations, two procedures are often used, 
sled tests and vehicle tests. In sled tests subjects are positioned on a 
movable platform that can be actuated either by a hydraulic cylinder or 
via a cable. This system emulates driving conditions and the movement 
of the occupants is recorded. In contrast to this, in vehicle tests, the kine-
matic behaviour of the occupants is recorded directly in the vehicle. The 
advantage here is that a normal environment, i.e. the vehicle interior as 
well as the vehicle exterior is available, whereby the expectation is that 
the situation is closer to reality. The effort, however, is also much higher.

Sled studies for the most prominent manoeuvres in integrated safety, na-
mely braking and lane change, can already be found in the literature, whi-
le the number of studies in vehicles is limited. In order to create the most 
realistic and representative data basis for the configuration of simulation 
models, a study was conducted within the scope of the project OM4IS 
(Occupant Model for Integrated Safety) in cooperation with the Institutes 
for Vehicle Safety and Vehicle Technology at the TU Graz, as well as 
partners from industry, PDB, Bosch, Toyoda Gosei, TRW and Dynamore.

Thirty test persons were subjected as passenger to an emergency bra-
king manoeuvre at 12 km/h and an avoidance manoeuvre at 50 km/h, 

whereby accelerations of 1g were attained in the longitudinal and lateral 
directions (see figure 3). The vehicle kinematic, occupant kinematic and 
muscle activity that occurred were recorded during the manoeuvres.

Integration of the results

A noticeable, albeit not quite unexpected aspect of the test results, is that 
the spread of results, both between the test persons and also between the 
test repeats for the same test person were very large (see figure 4). This 
poses an interesting problem for the numerical simulation of occupant 
behaviour and for the virtual design of safety systems. Simulation models 
must be able to cover the complete range of human movement response. 
When designing systems, in addition to anthropometric data such as body 
size and weight, which play a role during the crash phase, dimensions 
such as displacement during an emergency-braking manoeuvre must be 
considered.

The model created in the scope of the OM4IS project takes the first step 
in this direction. It is able to reproduce the kinematic behaviour of the 
complete bandwidth of test persons for the discussed emergency-braking 
manoeuvre with appropriate accuracy and the behaviour during a crash 
avoidance manoeuvre can also be simulated. 

However, the load cases discussed only require movement in one dimen-
sion: in the vehicle’s longitudinal axis in the case of an emergency braking 
manoeuvre and the vehicle’s lateral axis for a lane change. In order to 
superimpose both the load dimensions in the simulation model, a follow-
up project OM4IS 2 conducted a further series of subject tests. Results 
are already published and they will act as validation base for an extended 
occupant model for integrated safety.  ■

Figure 3: Test vehicle for 
occupant tests. A system 
for the acquisition of 
occupant kinematics is 
mounted on the vehicle. 

Figure 4: Forward displacement of the head during 
an emergency-braking manoeuvre. The violet cor-
ridor represents the large differences between test 
persons.  The green comparison curves show the 
movement of a dummy for the same manoeuvre. 

Dr. PHIlIPP HUBEr is Lead 
Researcher in the area Vehicle 
Safety at VIRTUAL VEHICLE.
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The topic of alternative powertrains (hybrid) has long been in public 
focus. The optimisation of the total powertrain system results in new 

development trends, in contrast to the conventional layout of individual 
components. One of these trends is the development of double clutch 
transmissions (DCT) for commercial vehicles in conjunction with alterna-
tive layouts of the internal combustion engine (ICE).

A gear shift in a DCT produces – in contrast to an AMT (automatic manu-
ally transmission) – no interruption in the flow of tractive force, however, it 
does have disadvantages when it comes to production costs. The project 
described here was not only designed to optimise the gearshifts, but also 
to partially compensate for the added costs, for example by replacing 
the mechanical synchronisation system with complex control algorithms.

An important trend towards the development of functions and control al-
gorithms is the transfer of complex and cost-intensive vehicle tests to si-
mulation under laboratory conditions. To achieve this, detailed powertrain 
models are necessary.

Trend towards DCT for commercial vehicles 

The commercial vehicle market is mainly driven by total production costs 
and emission legislation. The past few years were dominated by the red-
uction of classic emissions such as Nitrous oxides 
and particulates in specific test cycles. Today’s 
legislation is increasingly focussing on 
CO2 limits and compliance with 
emissions limits in the field.

The reduction of CO2 emissions simultaneously delivers an important 
contribution to the reduction of total operating costs, since a large propor-
tion of the costs results from fuel consumption. These targets were achie-
ved many times through the optimisation of the ICE and the installation 
of additional exhaust aftertreatment systems. In order to achieve today’s 
CO2 targets, the total system powertrain and engine are optimised – inclu-
ding route information based methods.

For example, a popular method for the reduction of CO2 emissions and 
hence the fuel consumption is “downspeeding” of the ICE. In order to 
achieve the same performance at lower engine speeds, the torque will be 
increased or the rear axle gear ratio can be increased. These measures 
move the operating point into an area of higher efficiency. At lower engine 
speeds, the maximum available torque is lower, hence the performance of 
the vehicle deteriorates and the gearshift frequency increases.

In principle, the engine speed must be kept in a narrow band in order to 
achieve the lowest fuel consumption. The layout of the turbocharger in par-
ticular offers the opportunity to increase the torque at low engine speeds, 
which reduces the gearshift frequency and increases performance.

Characteristics of a DCT 

Operating an ICE at low speeds and reducing the 
available speed band results in challenging requi-
rements concerning gearshift frequency and shift 
times.

Theoretically, a DCT can execute a gearshift wit-
hout interrupting the flow of tractive force. This not 
only offers an increase in driving comfort, but more 
importantly allows the ICE to reduce the speed re-
serve required for abrupt high torque requirements.

Reduction of component costs 

The DCT has an advantage over an AT in terms of functionali-
ty, however higher production costs are incurred due to the second 

clutch, more complex hydraulic/pneumatic control and assembly. 

Should the market begin to demand DCTs because of their potential, 
then the increase in system costs must be limited, for example through 
the implementation of suitable control algorithms. This project thus con-
centrated on replacing the synchronisation units with claw clutches. In 

VIRTUAL VEHICLE, together with industrial partner AVL List GmbH, is researching the potential for a reduction in 
component costs through the intensive use of modern control units. This article describes a cost-reduction approach 
and its challenges using the example of a double clutch transmission for commercial vehicles, which has the potential 
to eliminate the mechanical gear synchronisation system.

Double ClutCh  
transMissions? 

Layout of a DCT for  
commercial vehicles 
Source: AVL Commerical Driveline  
and Tractor Engineering GmbH

Powertrains in Commercial Vehicles
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Simulation of a gearshift for a 
“Narrow Band Engine“

turn, this requires low-cost brake actuators on the lay shaft for gear syn-
chronisation. Overall, the production costs can be significantly reduced. 
It is to be ascertained which brake actuators (for example eddy current 
brakes, electric motors) represent the best solution with regard to cost 
and functionality (for example compliance with requirements concerning 
shift time).

The gearshift challenge 

In order to comply with the requirements originating from the system 
concerning rapid gearshifts, suitable actuators must be mounted and in-
telligent control algorithms must be developed. An empty truck (weight 
= 8 tons) accelerating at full load was taken as an example for the requi-
rements concerning the gearshift. Fourth gear was used for a pull-away 
on a level road, with the requirement that the ICE is operated in a defined 
speed band (900 rpm – 1,200 rpm). The available shift time for this gear 
step (the next highest gear has already been selected) after the pull-away 
is approximately 0.25s (without gear synchronisation). With an engine ca-
pable of producing a maximum torque of 3,000 Nm, the torque transfer 
must occur via the non-active clutch and the engine speed must be mat-
ched within this time. The upper figure shows the simulation results for 
such a pull-away manoeuvre. The simulation shows that the requirements 
concerning shift time can be fulfilled. The simulation also shows that there 
is further potential to improve the driving comfort. This is to be optimised 
by developing genetic algorithms.

By replacing the synchronisation units by claw clutches and installing 
brake actuators on the lay shaft, the challenge for the controllers with re-
spect to shift time and shift comfort is increased further. In a transmission 
with synchronisation units, the synchronisation is carried out mechani-
cally when the gear selector is moved. The speed of the lay shaft of the 
target gear must now be synchronised to that of the transmission output 
shaft using suitable and coordinated operation of the various actuators 
(brake actuators, friction clutches and ICE). Suitable control algorithms 
must guarantee that a defined synchronisation time is not exceeded and 
driveability is not impaired.

Function development task 

The requirements placed on functional development of automotive power-
trains are increasing due pressure emanating from the desire to reduce 

component cost. The development of control unit software must not only 
address issues such as re-usability of SW modules, functional safety and 
compliance with legislative constraints, but also a reduction of develop-
ment costs. In doing so, it is expected that control unit software will make 
it possible to employ lower cost hardware through the use of suitable 
model-based approaches. In the example shown here, it eliminates the 
necessity for mechanical synchronisation.  ■
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VVM: Dr. Lösche-ter Horst, what shape will the powertrain of the future 
take? Which powertrain concepts will assert themselves in the market in 
the short, medium and long term? What is VW’s specific focus concerning 
electrification and hybridisation? 

löSCHE-TEr HorST: We will certainly experience much stronger diffe-
rentiation between powertrain concepts. The “classical” powertrains will 
no longer play a dominant role, whereby further improvements in effici-
ency and a deeper penetration of supplementary electrification concepts 
are to be expected. The electric vehicle will definitely gain in importance 
and offers an exciting driving experience, particularly due to its uncom-
plicated driving behaviour in urban environments. However, despite the 
improvements in higher energy content for identical component volume 
and weight expected in the future, the currently limited range will prevent 
it from becoming “the” universal solution, and it will remain primarily of 
interest for those customers who seldom travel large distances. Plug-in 
hybrids provide the link between the combination of electro-mobility in a 

wide range of daily short-range mobility scenarios and suitability for unli-
mited long-haul travel together with the flexibility we have come to hold so 
dear. This is why I see great potential in this concept and shortly there will 
be two attractive offerings in the compact class in the form of the Audi A3 
e-tron and the Volkswagen Golf GTE. We are also working on a fuel cell 
powertrain that, together with new battery technologies, offers promising 
potential in the medium term for the electrification of long-haul mobility.

In your opinion, what are the major challenges still to be overcome with 
respect to operating strategy and customer comfort? 

The major challenges today lie in the area of the costs for alternative 
powertrains and the energy density of batteries. In addition to this, the-
re is Field Connectivity and the increasing degree of automation, which 
enables a plethora of new functionalities. Increasingly, a vehicle has more 
information available to it via the assistance system sensors, from the 
“Car2x” data and from mobile services. The challenge is to use all this 

With an output of almost 10 million vehicles, Volkswagen is one of the leading automotive manufacturers in the 
world and the largest vehicle producer in Europe. In order to fulfil its goal of making low emission and emotionally 
convincing mobility available to everyone, Volkswagen is working on all manner of conventional and alternative 
powertrains.
Dr. Werner Rom spoke with Dr.-Ing. Tobias Lösche-ter Horst (Volkswagen AG) about his views on future powertrain 
concepts, the challenges facing operating strategies and comfort, the role of virtualisation, complete vehicle 
integration and interdisciplinary work.

HyMotion – VW’s fuel cell technology.
Source: Volkswagen AG

the poWertrain  
oF the Future 

Interview with Tobias Lösche-ter Horst
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information in intelligent operating strategies and thus access further po-
tential areas to reduce fuel consumption and increase comfort. Examples 
of this are the selection of the most efficient or fastest route while consi-
dering current and forecast traffic density information, or the definition 
of the operating strategy for a plug-in while considering when and under 
which conditions the electrical energy on-board can be used in the most 
intelligent manner, or a route-dependent predictive planning for the rege-
neration of a diesel particulate filter.

All these issues pose tough requirements on calculation time, data availa-
bility and data security. And in particular, in order to obtain unconditional 
customer acceptance, the logic and predictability of automated driving 
and route optimisation functions together with reliability play a major role.

What role will virtualisation “Front Loading” have in future powertrain de-
velopment? What advantages do you see in it? Where is major invest-
ment in research and development required? 

In order to be able to manage the growing complexity of powertrains and 
their increasing diversification, virtual product development is becoming 
more and more important. This begins with the selection of the optimal 
powertrain architecture for a specific application taking fuel consumption 
and comfort into account and extends deep into the development process.

When optimising and designing the layout of technical systems, we must 
go into more and more detail to be able to find even small areas of poten-
tial improvement. The only way to manage the wide range of variations is 
to use a powerful virtual process, whereby this does not replace experi-
mental comparisons, but provides a useful supplementary tool that can, 
above all, deliver the correct “starting points” for investigations. This is the 
only way to limit the exponential growth in experimental effort.

It is also necessary to consider the experimental verification of smaller 
and smaller potential improvements, as this is becoming more and more 
difficult. It is crucial that the high quality of the results is not only relative, 
but also absolute, in particular when dealing with new concepts or designs 
where a comparison with test results is not yet possible.

Overall, we will have to place more emphasis not only on incorporating 
transient events with respect to power and torque, but also on thermal 
behaviour.

To what degree does powertrain development need to be integrated into 
the vehicle development programme? What significance would you give 
to interdisciplinary collaboration and networking of methodologies? 

The powertrain and the vehicle are merging, driven by the increasing 
requirements concerning packaging. And if you consider the battery 
structure too, which has a stiffening influence on the vehicle body, then 
considering the elements as discrete and separate entities becomes in-
creasingly difficult.

Early evaluation using simulation of areas such as safety and acoustic 
has the advantage of revealing cross-coupling effects that can be optimi-
sed at an early stage. The difficulty lies in the disproportionate increase in 
calculation performance and time requirements, which currently limit the 
degree of useful networking.  ■

3D CFD simulation of the flow in the induction and  
combustion chamber of a TDI® engine.
Source: Volkswagen AG

3D CFD simulation of flow in an exhaust  
turbocharger of a TSI® engine.
Source: Volkswagen AG

Tobias Lösche-ter Horst was interviewed for the VIRTUAL VEHICLE magazine no. 18, III-2014. 
For the present issue this interview has been translated into English.

Dr.-Ing. ToBIAS löSCHE-TEr HorST
has held the position of Head of Powertrain Research at  
Volkswagen AG since 2009. Previously, he worked for the Volks-
wagen brand in transmission development (CVT, DCT) and led the 
team for transmission and petrol engine pre-development.

Dr.-ING. ToBIAS löSCHE-TEr HorST
has held the position of Head of Powertrain Research at 
Volkswagen AG since 2009. Previously, he worked for  
Volkswagen in transmission development (CVT, DCT) and led 
the team for transmission and petrol engine pre-development.



30 magazine No. 21|2015     

Figure 1: Flexible system layout through the mutual use of available degrees 
of freedom on the system level.

Increasingly stringent legislation, permanent cost pressure and a grow-
ing number of variants are the critical factors that shape the develop-

ment of modern powertrains. In order to cope with these requirements, 
it is normally not sufficient to just perform analysis and optimisation at 
component level: it is advisable to strive for a design that encompasses 
the entire system.

In the case of powertrain development, virtual development enables just 
such an approach in early phases. The choice of components used and 
the influence of parameters on control strategies or on driveability can be 
analysed in detail on the computer.

Virtual design 

Due to the complexity, the concept and the analysis are first performed 
on the component level. Typically, the individual components in the  
powertrain are developed by specialised departments and modelled with 
domain-specific simulation tools.

Bringing these separate systems together into a so-called system  
simulation leads to a virtual prototype that can be examined in simulation 
studies. This allows preliminary statements about the behaviour of the 
system to be made or decisions about the design layout to be met. Within 
the context of a virtual development, the design phase offers the possibili-
ty to use the degrees of freedom inherent in the total system “powertrain” 
to meet the defined targets to the best possible degree. The effect of 
various system parameters, model versions or sub-systems or parameter 
variations can be evaluated using this approach.

Optimisation on a system level  

Powertrain concepts for hybrid vehicles contain a range of drive sources 
that display very different emissions, efficiency and cost characteristics. 
This contains optimisation potential on the level of system configuration 
(dimensioning of the components). In addition to the system configuration, 
an energy strategy to manage the vehicle’s energy balance is an absolute 
necessity. The control of the entire system using the software contained 
in the control units plays a central role.

With regards to combining the different drive sources of the powertrain, 
there are two main categories: parallel and serial powertrain concepts. 
The manner in which the drive sources are combined is determined by 
the choice of transmission.

Once the structural layout decisions have been made, it is advantageous 
to pre-determine the dimensions of the component with the aid of system 
level optimisation.

If this is not done, design targets can very often only be reached through 
the implementation of very high performance components, so-called 
“best-in-class”. Opposed to this often expensive optimisation at compo-
nent level, the target of a system-level optimisation is to find an effective 
combination of structure (components) and their parameters. In general, 
the more degrees of freedom available during the design phase, the 
simpler the desired requirements can be fulfilled. Figure 1 illustrates the  
decisive advantage.

The following figure shows how several, sometimes even conflicting, 
optimisation targets (e.g. cost versus emissions) can be simultaneously 
optimised.

Development trend

The optimisation of complex technical systems is increasingly being done 
numerically since the analytical solving of an optimisation problem is 

Researchers at VIRTUAL VEHICLE are looking at ways to improve model-based methods for the design and 
optimisation of complex vehicle concepts at system level. In this context, multi-criteria optimisation methods offer 
decisive advantages in the optimisation process. If target conflicts occur, the user is able to make subsequent 
changes to individual priorities without repeating the (time-intensive) optimisation.

Multi-Target Optimisation

Multi-target optiMisation  
oF hybrid vehiCLes

An upstream system-
wide view enables more 
effective and lower cost 
solutions than a simple 
optimisation on the  
component level.
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practically no longer possible. A numerical optimisation requires repeated 
system simulation with varied parameters and the subsequent evaluati-
on of a pre-defined cost function. The cost function typically evaluates 
the result of the simulation, which is by definition to be minimised. This 
is achieved by the numerical optimisation procedure through targeted 
changes to the optimisation parameters. The decisive disadvantage of 
this approach is the increasing demands placed on computing power due 
to higher system complexity. This is exacerbated by the fact that a change 
in the cost function during development requires a complete repeat of the 
optimisation process. The trends in numerical optimisation are therefore 
moving in the following direction:

1. Testing new optimisation strategies that reduce the number of the 
required simulation repeats requiring intensive computing power.  

2. Implementing multi-criteria optimisation to enable post-calculation 
changes to the cost function and thus eliminating the need to repea-
tedly solve the optimisation task. 

Surrogate modelling

The method of “surrogate modelling” leads to a reduction in required com-
puting power and thus accelerates the solution-finding process. This me-
thod consists of a replacement model that is constructed from the existing 
simulation results (see figures 3 and 4) and which is improved iteratively 
during the optimisation. The evaluation of the surrogate model is compa-
ratively fast and opens up the possibility of optimising with the support 
of the surrogate model. This highlights particularly promising areas that 

can be subsequently evaluated with the detailed simulation model. After 
completion of this step –after updating the generated surrogate model - a 
new iteration in the optimisation procedure can be run.

Stochastic optimisation 

So-called “greedy” algorithms attempt to minimize the cost function with 
the lowest possible number of simulation evaluations. Stochastic optimi-
sation procedures are amongst these methods, such as procedures 
known as “differential evolution”.  When applied to cost functions with 
many local minima, these optimisation strategies, which have been borro-
wed from nature, are also able to find global optima, in contrast to gradient 
search strategies.

Multi-criteria optimisation 

A further reduction of time and cost in the optimisation process is possible 
by moving to multi-criteria optimisation.

A cost function normally evaluates a simulation result by weighting the in-
dividual costs. The choice of weights is made by the user and mirrors the 
selected compromise between competing targets. Multi-criteria optimi-
sation avoids an initial weighting of the individual costs. This creates a 
weighting-independent solution set – the so-called “Pareto set”. This set 
only contains solutions that, when compared with any arbitrarily chosen 
solution from the Pareto set, are better in at least one individual cost com-
ponent. The corresponding optimal solution can be found directly out of 

Figure 2: Representation 
of the suggested vertical 
optimisation approach for 
the simultaneous use of the 
degrees of freedom for the 
horizontal, mainly sequen-
tial design stages that build 
upon the previous stage.

Figure 3: Function values for the first target function, the corresponding surrogate 
target function and the Pareto solution shown over parameter space. 

Figure 4: Function values for the second target function, the corresponding surrogate 
target function and the Pareto solution shown over parameter space.
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Figure 5: Function values for the first target function, the corresponding surrogate 
target function and the Pareto solution shown over parameter space.

Figure 6: Function values for the second target function, the corresponding surrogate 
target function and the Pareto solution shown over parameter space.

the Pareto set by selecting the weighting for the individual costs. The form 
of the Pareto set also delivers valuable information where a particularly 
favourable weighting lies, because for example, a minimal degradation of 
one cost component could lead to a large improvement in another cost 
component.

Application in powertrains 

One example of an optimal and multi-criteria design in the domain of vir-
tual development is mentioned here: the virtual calibration of transmissi-
on control units. The system model under investigation contains, apart 
from physical components such as engine, transmission and vehicle, also 
the transmission control unit. In the example described here, the system 
parameters exclusively were optimised using a pull-away scenario. The 
system parameters mentioned in this example represent the transmission 
control adjustment parameters.

It is essential to optimise the driveability for a pull-away manoeuvre and 
simultaneously consider the energy input to the friction clutch. For this 
reason, when using multi-criteria optimisation, the individual costs are de-
fined as the heating effect of the clutch and an assessment of driveability. 
The aim was to determine the Pareto front (see figures 5) that, apart from 
displaying the dependencies of both optimisation targets, also permitted 
a statement to be made concerning the possible points for intervention 
by the developer.

To reduce the optimisation time required, surrogate models of the individu-
al cost functions were employed that could be rapidly calculated (see 3D 
graphics in figures 3 and 4). The surrogate models in this case were au-
tomatically generated using the proven approach of radial base functions.

Results

It was possible, within a short time, to acquire a well-represented Pareto front 
(see figures 5 and 6). In the example discussed here, the simulation time re-
quired for a pull-away manoeuvre was high, so that the method of employing 
surrogate models was able to significantly reduce the optimisation time.

One element in the resulting Pareto front was selected and the simulation 
results were compared with the result of the manual calibration carried out 
in parallel by an experienced engineer.

It was shown that an experienced engineer in the simple example dis-
cussed here achieved a similar result in terms of the quality of the optimi-
sation of two parameters, but the time required (compared to the runtime 
of the optimisation) was higher.

Advantages of the optimisation 

Multi-criteria optimisation makes it possible for the user to select optimal 
solutions from a set, without pre-determining the weighting factors for the 
individual parameters of the target function.

Compared with classic parameterisation, the result is largely indepen-
dent of the know-how of experienced engineers. Over and above this, 
the runtime of complex optimisation tasks can be reduced and accurately 
assessed beforehand.  ■

Dr. mICHAEl STolz leads 
the Control Systems group at 
VIRTUAL VEHICLE.

Dr. mArTIN BENEDIkT leads 
the Co-Simulation & Software 
group at VIRTUAL VEHICLE.

DI mArkUS BACHINGEr is 
Senior Researcher and Project 
Manager at VIRTUAL VEHICLE.
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The lithium-ion battery is currently the dominant storage technology for electric vehicles and the modelling of such 
batteries plays a crucial role in the development of vehicle concepts. The modelling, however, requires the use of 
comprehensive finite element models (FE) and a corresponding amount of computational power. This article will 
describe an approach to substantially accelerate the calculations.

thermaL and eLeCtriCaL  
battery siMulation

The Efficient Energy Storage System of the Future 

In order to support the development of electrified vehicles, battery mo-
dels are required that reproduce both the electrical characteristics of 

the battery and its thermal behaviour. This is a prerequisite for the design 
of a suitable cooling system. An optimal cooling system reduces battery 
ageing and is cost efficient. 

The thermally and electrically coupled battery model specially designed 
by VIRTUAL VEHICLE was built using co-simulation. The 3D geometry 
of the battery in this case was constructed using ANSYS that also calcu-
lated the thermal conduction and the electrical potential. To do this, local 
1D battery models were coupled into the simulation that delivered heat 
sources and the voltage-current relationship. The 1D battery model can 
be, for example, a complex electrochemical model that can deliver insight 
into battery ageing. It is also possible to use a simple empirical model as 
1D battery model. This simulation setup enables the space dependant 
resolution of temperatures and voltages.

Battery optimisation

The optimisation of batteries is complex because of strongly non-linear 
relationships. Together with large FE models, this leads to unacceptable 
calculation times. To make optimisation possible, efficient optimisation 
methods combined with model reduction are necessary, which will be 
described below in more detail. Possible optimisation parameters are the 
height and thickness ratio of the cells, the number and position of conduc-
tors or the dimensions of the collector foil/active material. Using thermally-
electrically coupled simulation, the optimisation task can be defined such 
that the lowest possible temperature occurs for a given current profile, or 
that a given temperature limit is not exceeded.

Optimisation through space-mapping 

The direct optimisation of a non-linear model (fine model) is normally very 
time consuming. Optimisation using space-mapping is a much more effi-
cient alternative. Additional to the fine model, a similar, additional, linear 
model (coarse model) is used that is faster to solve.

Direct replacement of the fine model with the coarse model in the opti-
misation would, however, lead to errors: the parameter that is optimal for 
the coarse model is not (necessarily) optimal for the fine model. Instead 
of this, a numerical mapping is created between the parameters for the 
fine model and the parameters for the coarse model such that the outputs 
of both models are approximately identical to each other. In this manner, 
many evaluations of the fine model can be replaced by evaluations perfor-
med with the coarse model and thus significant acceleration is achieved. 

Control evaluations done with the fine model guarantee correct results 
and improve the parameter mapping.

Model reduction = acceleration

A coarse model can be obtained, for example, through model reduction. 
With regard to the battery model, the model reduction can be applied se-
parately to the 3D battery model (empirical) and the 1D model (mathema-
tical). The electrochemical 1D battery model is non-linear (coupled partial 
differential equations). Amongst other methods, the Proper Orthogonal 
Decomposition (POD) method is used to provide an efficient numerical 
application of the reduced model (Reduced Order Model: ROM). Simply 
due to the application of model reduction an average speed up of factor 
13 is obtained for the 1D battery model. 

The combination of methods of efficient optimisation and model reduction 
developed by VIRTUAL VEHICLE enables complex models, such as for a 
battery, to be simulated with high efficiency.  ■

Dr. BETTINA SUHr is Senior 
Researcher in the area of Model 
Generation and Optimisation at 
VIRTUAL VEHICLE.

THE AUTHOR

Current-voltage 
relationship of a 1D 
battery model without 
model reduction (FE) 
– line covered – and 
with model reduction 
(ROM), representation 
of the voltage error

Schematic layout of a 
3D battery model. 

Further information: 
http://tinyurl.com/nta7sjz
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12_Interview AVL List GmbH

VVM: Prof. List: The electrification of powertrains in the automotive in-
dustry is being intensively pushed globally. In your opinion, where are the 
critical challenges?

lIST: The price for a purely electric vehicle is currently far too high; batte-
ries must become considerably cheaper. The problem of the limited range 
of electric vehicles can be solved using range-extenders; but for motor-
bikes, mopeds and bicycles with electric motors, the story is different. 
Due to their high payload ratio, e-drives are considerably more efficient, 
in contrast to a vehicle weighing around 1.5 tonnes. By the way, AVL is 
a global partner for OEMs in the area of battery management systems 
and also the application of battery solutions in vehicles. We hold over 60 
patents in this area.

Which hybrid topologies and other alternative powertrain concepts do you 
think will assert themselves on the market?

Generally speaking, it can be said that the share of combinations with 
combustion engines in a further developed form and e-drives in all man-

ner of hybrid powertrain topologies (micro, plug-in and full hybrid) will in-
crease massively. In my opinion, in 2020 between 15 and 20 per cent of 
all vehicles will be equipped with this technology, which is a huge number. 
All major automotive manufacturers are working on this technology and 
we will see a variety of new full hybrid and plug-in hybrid vehicles on the 
market.

In recent years, both the OEMs and the suppliers (tier 1 and tier 2) have 
improved conventional powertrain elements (combustion and transmissi-
on) in such a way that they can also function without problems in an elec-
trified powertrain (for example to be able to execute up to 1 million starts 
over the lifetime). Auxiliaries are being electrified and the corresponding 
operating strategies are being developed.

A crucial aspect affecting the development of electrified powertrains is 
the testing of the components and of the complete powertrain system. 
The significant increase in the number of functions means that establis-
hed methods and approaches to testing would require considerably more 
effort. By using modern systems engineering approaches, it is possible to 

AVL is the world’s largest, independent company for the development, simulation and testing of powertrain systems 
(hybrid, internal combustion engine, transmission, electric motors, batteries and software) for passenger cars, 
commercial vehicles and large engines. Dr. Jost Bernasch and Dr. Werner Rom invited Prof. Dr. h.c. Helmut List 
(CEO of AVL List GmbH) to a personal discussion about his views on electrification, networking and virtualisation in 
both today’s and tomorrow’s powertrains.

deveLopment, simuLation and  
test oF poWertrain systeMs

Interview with Helmut List



35magazine No. 21|2015     

uuu

structure the complexity of the systems and to automatically derive and 
execute all the necessary tests.

Regarding networking: What role do interdisciplinary collaboration and 
methods play in the integration of the powertrain in the final vehicle? 

In order to fulfil current and future requirements in powertrain and vehi-
cle development, it will be necessary to design new processes, methods 
and development roles in the product development process. Development 
tasks that still take place on the road with real vehicles today must be 
relocated much earlier in the product design process. The collaboration 
between different disciplines for the functional integration of various com-
ponents and systems plays a special role. In the future, highly networked 
vehicle functions such as energy and thermal management, start/stop or 
stability of the vehicle electrical system will only be able to be developed 
if early functional integration takes place that begins in the concept phase 
with the integration of simulation models.

A further key to managing the complexity and providing an early shake-
down without complete vehicle prototypes is the integration of hardware 
and simulation, i.e. the coupling of test beds (real components) with si-
mulation models. In this manner, components that are already available 
in hardware can be supplemented by numerical components to create a 
functionally complete vehicle. Hardware components can thus be shaken 
down much earlier in a virtual vehicle environment.

A truly interdisciplinary collaboration – in particular in the early phases 
of the development process – is a key for us to manage the future, very 
complex challenges that will face us in development.

The subject of virtualisation is playing an increasingly important role in 
the automotive industry. What advantages do you see for powertrain 
development? What importance is attached here in particular to co-si-
mulation?

In recent years, virtual development has established itself very well in the 
automotive industry. Indeed, there is a trend in derivate development to 
go the way of pure virtual development without vehicle prototypes. Virtu-
al methods in powertrain development offer the possibility to investigate 
many powertrain variants with scalable components for different opera-
ting strategies. The aim here is to find the most suitable powertrain archi-
tecture and the optimal interaction of various components (combustion 
engine, e-drive, transmission, battery and control), derived from the vehi-
cle project requirements and to achieve the desired targets with regard to 
fuel consumption, emissions and comfort. Finally, virtualisation enables 
the OEM to manage this complexity – caused by new technologies, a 
large number of different vehicle types and legislative requirements.

The Co-simulation approach is a key technology for AVL, particularly in 
the early phases of the development process and especially for system 
simulation. This makes inter-disciplinary collaboration possible. Over the 
past few years, reliable tool chains from a variety of companies have been 
established in individual processes in development departments. Co-si-
mulation offers the opportunity to integrate different tools from different 
departments into a functionally complete vehicle model. Co-simulation 
thus makes it possible to make the functional dependencies between va-
rious components and system transparent.

To summarize: sooner or later, the design and optimisation of a vehicle 
will take place solely in the virtual domain. Validation will remain in the 
domain of real, complete vehicles, but it will no longer be a part of the 
development.

Prof. Dr.h.c. HElmUT lIST
is chairman of the board and main shareholder of 
AVL List GmbH since 1979.
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What will AVL focus upon in the area of powertrains in the next few years?

In order to fulfil increasingly stringent fuel consumption and emissions le-
gislation, the powertrain must be able to adapt itself to a wide range of ope-
rating conditions. To achieve this, variability such as variable valve timing 
and charge motion, flexible injection and controlled exhaust gas recircula-
tion have been developed and enjoy a broad application in series produc-
tion. The requirements, however, will continue to become more stringent.

In the future, the vehicle – and thus the vehicle powertrain – will be in-
tegrated in a networked information and communication environment. 
We see a direct interaction between the powertrain and the vehicle en-
vironment, a logical step we call “AVL’s Connected Powertrain”. By using 
information about the environment, the fuel consumption – without re-
planning the route, but by dynamically optimised control of the particulate 
filter or charging of the battery – can be reduced by around 10%.

Significant increases in efficiency will be achieved in the future through 
further electrification and hybridisation. The appropriate development 
methodology however requires new tools.

AVL has made an important step in this context with the realisation of 
the “Integrated Open Development Platform (IODP)”. This is a modular, 
flexible architecture for virtual vehicle development that functions as an 
open framework for both AVL products and products from third parties 
and connects them in a development platform in the sense of systems 
engineering.

The combination of systems engineering for the acquisition of all require-
ments and tasks and the close integration of real and virtual development 
environments is the fast-track to mastering speed and complexity. It is 
possible to jump from virtual to real experiments in the development pro-
cess in an agile manner.

VIRTUAL VEHICLE has been working intensively together with AVL on 
many projects for more than 10 years – also on the topic “powertrain”. In 
your view, how has this close cooperation developed? What are the major 
strengths of VIRTUAL VEHICLE and what would you wish for the future?

I see the strengths of the Centre on several levels: VIRTUAL VEHICLE 
has broad coverage of the topic virtual vehicle development; the priorities 
have been well chosen and clearly application-oriented. Simultaneously, 
it is capable of going into detail and conducting real research with new 
solutions. The size and long-term commitment of the COMET-K2 pro-
gramme permits attractive continuity in sound and sustainable research, 
not to underestimate the possibility of participation in European research 
projects (e.g. H2020) and the international base.

VIRTUAL VEHICLE, as was intended by the funding authorities, repre-
sents an ideal link between universities and industry. The research pro-
jects are defined such that fundamental know-how and methods arising 
in pre-competitive joint projects between the scientific partners and as 
a rule several industrial partners is developed further – according to the 
needs of the industry.

Research on a high level close to industry also guarantees excellent trai-
ning of young engineers who develop alongside the new development 
methods; a crucial advantage for companies such as AVL, whose largest 
capital is well-trained employees.

We have been working together with VIRTUAL VEHICLE for more than 
ten years, whereby both the scope and the quality of the cooperation has 
increased. AVL has received many impulses from VIRTUAL VEHICLE, 
and no doubt this is true vice versa. The cooperation has developed very 
well and I think this positive and trusting climate should continue to our 
mutual advantage.  ■

Chairman of the board and main sharehol-
der of AVL List GmbH since 1979
Chairman of the Association of Austrian 
Industrialists working group for R&D since 
1992
Member of the European Commission’s Eu-
ropean Research Advisory Board (EURAB) 
2001 - 2007
Chairman of the Sustainable Surface Trans-
port Advisory Group (SSTAG) 2002 - 2006
Chairman of the European Automotive 
Research Partners Association (EARPA) 
2002 - 2008
Vice-Chairman European Road Transport 
Research Advisory Committee (ERTRAC) 
since 2002
Chairman University Council of the Techni-
cal University Graz since 2003

Prof. Dr.h.c.  
HElmUT lIST

Helmut List was interviewed for the VIRTUAL VEHICLE magazine no. 18, III-2014.  
For the present issue this interview has been translated into English.
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|7th framework programme
programme to respond to europe‘s needs in terms of jobs and  

competitiveness; maintaining leadership in the global knowledge economy

|arteMis/eCsel
Funding for research projects for smart,  

sustainable and economic growth.

Topics and Programmes

virtuaL vehiCLe‘s invoLvement in
eu projeCts

ImProVE
Energy reduction and improved range  
predictability of electric commercial vehicles 

4.9 m EUR | 07/2013 - 06/2016
10 partners 
VIrTUAl VEHIClE*, Continental, Fraunhofer, TOFAS, etc.

mATISSE
How to model, predict and optimise the crash 
behaviour of fibre reinforced polymer composite 
structures used in alternatively-powered vehicles?

3.3 m EUR | 10/2012 - 09/2015
11 partners 
fka Aachen*, Autoliv, Daimler, DYNAmore, TU München, etc.

SafeEV
Developing a clear and practicable guideline 
for the virtual testing of small electric vehicles

3.1 m EUR | 10/2012 - 09/2015
11 partners 
VIrTUAl VEHIClE*, Volkswagen, Daimler, Bosch, etc.

DEWI
Developing wireless sensor networks, commu-
nication and applications for different industries 
(automotive, rail, aerospace and building)

39.5 m EUR | 03/2014 - 02/2017
58 partners 
VIrTUAl VEHIClE*, AVL, NXP, Philips, Volvo, etc.

CrySTAl
Establishing an Interoperability Specification and 
a Reference Technology Platform as a European 
standard for developing safety-critical systems

82.0 m EUR | 05/2013 - 04/2016
71 partners 
AVl*, Airbus, EADS, IBM, Thales Alenia,TNO, TU Berlin, etc.

iComPoSE
Integrating energy and thermal management 
as well as drivability and vehicle dynamics 
control into a single supervisory controller

6.3 m EUR | 10/2013 - 09/2016
9 partners 
VIrTUAl VEHIClE*, Infineon, Lotus Cars, Skoda, etc.

epsilon
The project aims to conceptualize and proto-
type the electric small vehicle of 2020 - 2025.

3.5 m EUR | 11/2013 - 10/2016
9 partners 
fka Aachen*, Autoliv, CRF/Fiat, HPL Prototypes, TU Graz, etc.

VeTeSS
Developing standardised tools and methods for 
the verification of safety properties, particularly 
for safety-relevant embedded systems

19.2 m EUR | 05/2012 - 04/2015
24 partners 
Infineon UK*, IKV++, TU Wien, Volvo Technology AB, etc.

EmC2 
The objective of EMC² is to establish the use of 
multi-core technology for mixed-critical  
embedded systems in various domains

100 m EUR | 04/2014 - 03/2017
97 partners 
Infineon Germany*, Airbus, BMW, Denso, TTTECH, Volvo, etc.

TrANSformErS
The overall objective is to develop and demons-
trate innovative and energy efficient trucks and 
load carriers.

8.2 m EUR | 09/2013 - 02/2017
14 partners 
Volvo Technology AB*, Bosch, DAF, Procter & Gamble, etc.

eDAS
Holistic energy management for the third and 
fourth generation of electric vehicles

15.0 m EUR | 10/2013 - 09/2016
15 partners 
Infineon*, Daimler, Hutchinson, Siemens, Valeo, etc.

nSafeCer
How can „Composable Certification“ increase 
the efficiency of safety-relevant embedded 
systems?

15.3 m EUR | 04/2012 - 03/2015
30 partners 
Volvo Technology AB*, AIT, GMV, Thales, etc.

3CCar
3CCar proposes new and scalable methods to 
evaluate controls in a realistic and open setting

55.6 m EUR | 06/2016 - 05/2019
50 partners 
Infineon*, BMW, Daimler, Hutchinson, Siemens, Valeo, etc.
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|horizon 2020
8th phase of the Framework programmes for research and technological 

development, implementing europe 2020 and innovation union strategies

|Marie Curie aCtionsresearch fellowship program funding pre- and post-doctoral  researchers in europe as well as experienced researchers

fACTS4WorkErS 
How can new information and communica-
tion technologies support workers in “smart 
factories”? 

7.9 m EUR | 12/2014 - 11/2018
15 partners 
VIrTUAl VEHIClE*, Johnson Control, ThyssenKrupp, etc.

GrESImo 
The Initial Training Network in the area of 
“Green and Silent Mobility“ brings together 
young scientists from all over Europe.

3.4 m EUR | 10/2011 - 09/2015
9 partners 
VIrTUAl VEHIClE*, AVL, Daimler, PSA, TU Graz, etc.

fiveVB
New technology for realising a 5 Volt instead of 
4 Volt cell; Energy density higher by 28%, while 
reducing costs by 20%

5.9 m EUR | 04/2015 - 03/2018
10 partners 
AVl*, 3M, BMW, JRC, UMICORE, etc.

IN2rAIl
Main goal: Increasing the availability and 
reliability of rail infrastructure and reducing 
maintenance costs 

18 m EUR | 04/2015 - 03/2018
55 partners 
Network rail Infrastructure*, Alstom, Bombardier, etc.

oPTEmUS
Developing an electric vehicle that requires 
50% less energy for comfort and 30% less 
energy for component cooling

6.4 m EUR | 06/2015 - 02/2019
15 partners 
VIrTUAl VEHIClE*, CRF Fiat, Continental, Denso, etc.

BATWomAN
Bringing together young acoustic researchers 
from different domains and providing them with 
a structured training platform

3.8 m EUR | 09/2013 - 08/2017
19 partners 
VIrTUAl VEHIClE*, Philips Electronics, LMS Int., etc.

ECoCHAmPS
How to turn powertrains in commercial vehicles 
more lightweight, robust and cost-effective? 
How to improve driving comfort and safety?

28.6 m EUR | 05/2015 - 04/2018
26 partners 
DAf Trucks*, CRF/Fiat, ECS Steyr, Renault, ZF, etc.

roll2rAIl
Increasing energy efficiency and reducing life-
cycle costs of rail vehicles

16 m EUR | 04/2015 - 09/2017
31 partners 
Unife*, Alstom, Bombardier, Knorr-Bremse, Siemens, etc.

HD-GAS
Designing and comparing three demonstrator 
vehicles (trucks), which are operated on LNG

27.8 m EUR | 04/2015 - 03/2018
19 partners 
AVl*, BorgWarner, Bosch, IVECO, MAN Truck & Bus, Volvo, etc.

eliQuiD
European industrial doctorate training for  
„Electric, Lightweight and Quiet Driving“ 

1.0 m EUR | 10/2012 - 09/2016
2 partners 
Katholieke Universiteit Leuven*, VIRTUAL VEHICLE

EU-lIVE
Developing a systematic approach for desi-
gning, developing and constructing L-category 
vehicles for urban areas (2-, 3- and 4-wheelers)

6.7 m EUR | 06/2015 – 05/2018
12 partners 
VIrTUAl VEHIClE*, Continental, Peugeot Motorcycles, PSA, etc.

rEWArD
Developing highly efficient Diesel powertrains 
and after-treatment technologies for cleaner 
passenger cars and light commercial vehicles

12.6 m EUR | 04/2015 - 03/2018
16 partners 
AVl*, Delphi, Renault, Schaeffler, Volvo, etc.

* leader of the  
   project consortium



40 magazine No. 21|2015     

HVAC, CoMFoRT & NVH

Université de Sherbrooke

NVH Requirements 

Mobile Air ConditioningAcoustics of Intake and Exhaust Gas Systems

PipeDream: Reducing models41

44

5042

48

Interview: 
Mihiar Ayoubi, BMW



41magazine No. 21|2015     

Hosting over 40 000 students annually, the Université de Sherbrooke 
counts to one of the largest, French-speaking universities in North 

America. Founded in 1984, Groupe d’Acoustique de l’Université de 
Sherbrooke (GAUS) is the largest acoustics and vibration research lab 
in Canada and one of the most renowned academic research centres 
for noise and vibration control in the world. To accomplish its triple mis-
sion of research, education and technology transfer, the GAUS relies on 
a multidisciplinary team of almost 70 persons, including six professors in 
the Department of Mechanical Engineering, adjunct professors, several 
research professionals, and students. The GAUS has laboratory facilities 
which are unique in Canada allowing work in acoustics, vibrations, vibro-
acoustics, aero-acoustics, material characterisation and ultrasounds. 
As members of the Réseau Québécois de Calcul à Haute Performance 
(RQCHP), GAUS researchers have access to a platform of unequalled 
computing power in Canada.

The GAUS has a strong and long history of collaboration with the industry, 
in particular with aeronautics and automotive fields. Moreover, it has a su-
stained involvement in several research consortiums at the national and in-
ternational levels, such as AUTO21 and the Consortium for Research and 
Innovation in Aerospace in Quebec (CRIAQ). In 2009, industrial NSERC 
Chairs in acoustics applied to aviation were awarded to Noureddine Atalla, 
Alain Berry and Stéphane Moreau in partnership with Bombardier Aero-
space, Pratt & Whitney Canada and Bell Helicopter Textron Canada.

Collaboration with VIRTUAL VEHICLE

The collaboration between VIRTUAL VEHICLE and GAUS was launched 
in the framework of a three-year K2 research project C04T04, which was 
implemented in the period 2011 and 2014. Over the recent years, a con-
sortium of BMW AG, IAC Group GmbH, Microflown Technologies N.V., 
ESI GmbH and Université de Sherbrooke under the lead of VIRTUAL VE-
HICLE has been developing a novel, experimental trim characterisation 
method and its implementation into a coupling procedure to describe the 
interaction between structure, sound package and acoustic fluid. 

Having an access to the extensive knowledge pool in the field of modelling 
and characterisation of vibro-acoustic properties of sound insulation mate-
rials, the team of Prof. Noureddine Atalla has been responsible for the sci-
entific assurance of the research conducted in this collaborative network.

In the framework of the C04T04 project, the basic concepts of a sub-
structuring procedure to couple structural, porous and acoustic sub-

domains based on the so-called patch transfer function (PTF) method 
were developed, implemented and thoroughly validated. The research 
conducted led into two peer-reviewed conference publications and one 
master thesis. Two journal articles and one ongoing Ph.D. thesis are to be 
submitted in the coming weeks. 

The C04T04 has been succeeded by a follow up K2 project C1T1, which 
aims on further generalisation of the procedure developed in course of 
the first research project. This shall allow for generic non-planar sound 
package geometries to be considered, as well as to account for the effects 
of variable thickness and finite size of the material specimen.

Apart from the scientific involvement in the ongoing research projects at 
VIRTUAL VEHICLE, Prof. Noureddine Atalla has got involved in a variety 
of research dissemination and transfer of knowledge activities over the 
recent time. Notably, he was an invited key note lecturer at the 8th ISNVH 
congress and invited speaker at the first public technical course of the EU 
project eLiQuiD, both organised by VIRTUAL VEHICLE.

Recently, one of the VIRTUAL VEHICLE’s researchers is undergoing a 
short term scientific mission in the lab of GAUS to deepen the knowledge 
on characterisation and modelling of sound insulation materials, which 
will be then fertilised in the ongoing collaborative project, in which both 
VIRTUAL VEHICLE and GAUS take part. ■

The Groupe d’Acoustique de l’Université de Sherbrooke (GAUS) at the Université de Sherbrooke (UdeS) established 
in Québec, Canada is a valuable partner, who scientifically supports past and ongoing K2 type of research projects 
coordinated by VIRTUAL VEHICLE. The main contribution consists in the extensive experience in the field of 
modelling and characterisation of vibro-acoustic properties of sound insulation materials.

a strong  
long-DistanCe relationship 

 Groupe d’Acoustique de Université de Sherbrooke 

Noureddine Atalla during his invited lecture given at the eLiQuiD first public technical 
course organised by VIRTUAL VEHICLE in Graz early July 2014. 

Prof. NoUrEDDINE ATAllA 
is a professor of Mechanical 
Engineering at Université de 
Sherbrooke 
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Nowadays, 1D CFD simulations are generally used in time domain 
for the simulation-based acoustic design and analysis of intake and 

exhaust gas systems. The necessary acoustic models of the individual 
components of the intake and exhaust gas systems are derived from the 
performance models for the design of the load changes in terms of per-
formance, fuel consumption and emissions. 

However, these adapted performance models are only suitable to a limi-
ted extent for the acoustic analysis of intake and exhaust gas systems and 
frequently lead to insufficient quality of the forecasting of the exhaust pipe 
noise level. In contrast, the newly developed method for the INEXAS tool 
uses models of all components in the intake and exhaust gas system, es-
pecially built up for the acoustic analysis. The calculation of the complete 
system depends on special calculation-efficient linear model formulations 
in the frequency domain, which are connected to one another over an 
acoustic network. Consequently, it is possible to conduct parametric stu-
dies considerably faster than in the time domain approach.

Turbocharger models for passive acoustic behavior

The simulation tool INEXAS developed at VIRTUAL VEHICLE can be 
used for various questions in the field of the acoustics of inlet and exhaust 
gas systems. The tool can investigate the acoustic properties not only of 
individual components (e.g. exhaust gas silencers), but also of the com-
plete system. For example, the noise level from the exhaust gas outlet 
pipe of a complete exhaust gas system can be assessed. 

In particular, it is important to mention that a developed acoustic tur-
bocharger model is available which depicts the passive acoustic beha-
vior up to about 1.5 kHz very accurately. The passive acoustic behavior 
means the damping behavior of the pressure pulsations coming from 
the engine which flow through the components. Similarly, turbochargers 
and superchargers with many stages and variable or fixed turbine geo-
metry can be modelled. The turbocharger model of VIRTUAL VEHICLE 
is based on a detailed description of the turbocharger geometry. For 

The acoustics of intake and exhaust gas systems affect the acoustics of the complete vehicle and thus the internal 
and the external noise. Based on current research results, a 1D simulation tool was developed at VIRTUAL VEHICLE 
that simulates the acoustic transmission behavior of the pressure pulsations in intake and exhaust gas systems and 
thus allows an efficient system design at the early design stage.

ineXas: a tooL For the aCoustiC design 
oF intaKe and exhaust gas systems

Acoustics of Intake and Exhaust Gas Systems

Figure 1: Graphical user interface with single-line exhaust gas system (in the background) and 
opened parametering window for the turbine (in the foreground).
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example, the description of the compressor consists of the following five 
parts (Fig. 1):

• Intake
• Rotor
• Diffuser
• Volute
• Outlet

Tangible simulation results

As an example, for exhaust pipe outlet noise level, the assessment of the 
overall level and main engine orders is currently the most commonly used 
method. In the future, it will be necessary to make virtual results better 
understandable in order to give simulation engineers more information 
and help them make better decisions for model modifications. 

INEXAS makes simulation results immediately audible. When modifications 
are made to the model, the simulation engineer gets the corresponding 
audible impression immediately. Consequently, questions regarding the 
acoustic design can be considered in the early phases of development.

Flexible linking of measurement and simulation

In addition, INEXAS offers the possibility of including just one or seve-
ral components of the intake and exhaust gas system characterized by 
measurments in the simulation environment. As input data, the values 
of the acoustic transfer matrix are necessary, which can be determined 
using the 2-pole measurement method. In this way, complex systems (e.g. 

available exhaust gas silencers) can be acoustically designed and inclu-
ded in the simulation of the complete system.

Summary

INEXAS provides development engineers with an efficient tool for the 
acoustic analysis and design of intake and exhaust gas systems. The si-
mulation tool features a graphical user interface for the model construction 
and for model parameterising. A specially developed acoustic turbochar-
ger model enables the passive acoustic properties of the turbocharger to 
be investigated up to about 1.5 kHz for simple and multi-stage turbochar-
ged systems with fixed or variable turbine geometry. 

With INEXAS, simulation results can be made audible immediately, the-
reby providing engineers with an important additional aid for decision 
making when evaluating model changes. In addition, the measurement 
results of components that are present in the hardware can be included. 
Thus, even more complex components can be analyzed in the complete 
system context.  ■

INEXAS
Intake and Exhaust Acoustic Simulation

Acoustic analysis and 
design of intake and 
exhaust gas systems

GUI (Graphical User Interface) 
for model construction and 

model parametering

Analysis of complex 
components in the 

complete system 
context

Turbocharger models 
for passive acoustic 
behavior
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VVM: What are the main current trends in automotive R&D concerning NVH? 

AyoUBI: The first essential trend is the increased expectations of the 
customers with regard to NVH comforts. In this respect, not only the noise 
level is crucial, but also the NVH coherence between wind-/ tire-/ powert-
rain-NVH in the vehicle is becoming increasingly important.

The second defining trend is of course lightweight construction and emis-
sion reduction with direct interaction with NVH. The employment of new 
materials such as carbon fiber reinforced plastics and aluminum, the 
trend towards downsizing and down-speeding, the electrification and hy-
bridization entail many challenges for NVH engineers.

Where do you see the most important technical challenges of NVH-rela-
ted vehicle development? 

The largest challenge for the NVH development in the vehicle is the ex-
pansion of the physical understanding of the relevant NVH causal loops. 
For me, a causal loop is only fully developed when it is also depicted in 

the virtual world. Only then it becomes possible to develop the NVH pro-
perty through objective goals in a directed manner, from the design to the 
integration and validation.

Some NVH phenomena were understood very well and also depicted 
operatively in the virtual world. This is the case with powertrain NVH. Ho-
wever, I have also observed that the depiction of other NVH phenomena 
in the medium and high-frequency areas can be significantly extended. 
This primarily affects phenomena for tire and wind NVH.

The goal has to be to analyze, design and validate as much of the NVH 
world in the vehicle as possible via virtual prototyping because virtual 
prototyping has become an essential developmental tool in the develop-
ment process.

New materials such as carbon fiber reinforced plastics and aluminum, electrification and hybridization concepts 
create a huge challenge for powertrain-, tire- and wind NVH. Understanding all the relevant NVH causal loops is the 
key to create innovative solutions. Dr. Mihiar Ayoubi, Vice President Noise, Vibrations and Harshness of BMW Group 
shared his thoughts with us.

nvh requireMents 
in vehiCLe deveLopment

Interview with Mihiar Ayoubi

Virtual prototyping has 
become an essential 
developmental tool in the 
development process.
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In which phases of the BMW vehicle development process is NVH inte-
gration currently of particular importance?  

Generally speaking, in the past NVH development focused more on the 
integration phase. In this phase, the analysis, problem-solving, and opti-
mization were always handled using HW-prototypes. 

Since then, we have made a significant leap towards a more balanced 
NVH development throughout the product development process. To this 
end, basic NVH elements are designed iteratively at a very early stage via 
simulation and simulators (global and dynamic stiffnesses, aerodynamic 
shapes, integration of transmission and chassis,…).

And how do you think this will change in the future?

The trend towards an early NVH integration via virtual prototyping and 
NVH simulators will be expanded. The product development process is 
essentially based on two phases: an architecture phase and a derivate 
development phase.

The goal of the architecture phase is to design the NVH genes for a broad 
platform in a target-oriented fashion. I am talking about the NVH back-
bone of a platform. Clearly, errors in this respect have significant con-
sequences on later derivatives. The second challenge of this phase lies 

in the lack of hardware prototypes. This is where NVH simulation in the 
sense of NVH virtual prototyping plays a key role.  This is the reason why 
I see the expansion of the understanding of the physical NVH causal loop 
as the primary challenge for NVH development. Only this can enable a 
reliable NVH virtual prototyping.

In the second derivate development phase, the NVH character should be 
applied based on a well-designed platform for each vehicle derivate, in 
order to guarantee a segment-specific positioning.

How do you see the development of EU legislation concerning noise emis-
sion, and what are the consequences for BMW? 

The advanced draft proposals for exterior noise call for new boundary 
values and new test cycles.

With the previous test specifications, the powertrain was the dominant 
source of exterior noise. With the new test cycle, the tire will now become 
the dominant emitting source. Consequently, the automotive and tire in-
dustry has to develop new technologies in order to meet the challenging 
tire goals such as rolling friction, driving dynamic, breaking distance, or 
NVH.

Will it be possible to replace experimental NVH investigations in the vehicle 
development process completely with simulation within the next ten years?  

Simulation, driving test, and test bench trials are development tools that 
focus on different applications. The product development process passes 
through different phases, in which specific questions are prioritized. To 
this end, the phase-adequate deployment of one or more tools is neces-

Dr. mIHIAr AyoUBI 
is Vice President Noise, Vibrations and Harshness of BMW Group.

Joined BMW in 1997. Held various positions in the series develop-
ment of mechatronic systems, such as electronic steering systems, 
breaking control systems, all-wheel-drive systems, manual trans-
mission, powertrain and vehicle assistance systems. 

The emotionalizing effect of sound only transpires 
through the context and interplay of all senses - 
haptic, optic and acoustic - in the vehicle. 
Source: BMW

Dr. mIHIAr AyoUBI
is Vice President Noise, Vibrations and Harshness of BMW 
Group. He has a graduate degree and doctorate in Control 
Systems Engineering from the Technical University of 
Darmstadt and joined BMW in 1997. 
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sary. In the early phase, in which there is no hardware, simulation plays 
a central role. In the later phase, in which the refinement takes place, the 
experimental trial is the faster way.

What is the BMW strategy for handling the trade-off between lightweight 
design and acoustic comfort?

Many small steps will be required to resolve the conflict in objectives 
between lightweight approaches and NVH and to produce an optimum 
solution.

To this end, one essential step is a sound NVH backbone in the form of 
static and dynamic stiffness. It is also becoming increasingly important to 
prevent noise emission at its source, before the energy goes downstream 
into the body. In the body, new lightweight materials with good dampening 
characteristics are necessary.

Where do you see potential for improvement in conventional drivetrain NVH? 

High supercharging, downsizing, downspeeding are dominant trends in 
the powertrain development with NVH conflict. In this context, it is impe-
rative to ensure further NVH isolation close to the source and within the 
internal engine.

Which R&D achievements in your area of responsibility are you most 
proud of?

I think right away about the i8. With the i8, we have introduced a tech-
nology carrier with many innovations, including the carbon-fiber body, a 
highly supercharged 3-cylinder across the back axle, a directly connected 
chassis and a life-drive module, to name but a few. All these topics were 
a huge challenge for powertrain-, tire- and wind NVH.

We are quite proud of the result. Driving the i8 brings an intense emotional 
driving pleasure.

What is characteristic and relevant for a high-quality brand sound at BMW?

Sound design at BMW is authentic. Sound design is not a question of the 
powertrain alone. The perception of the engine torque disappears after 
seconds of accelerating. It is much more important that we fulfil custo-
mer expectations regarding exterior and interior design and the feeling 
of space within the vehicle. The emotionalizing effect of sound only tran-
spires through the context and interplay of all senses - haptic, optic and 
acoustic- in the vehicle. 

What are the demands for NVH engineers at BMW? What attributes and 
values should they represent? 

We place value on an exceptional education, a marked proactive beha-
vior, the ability to take a systemic perspective, and a tangible passion for 
the product and the topic.

What are your expectations in a research partner?

A cooperation partner should have a sound theoretical competence and 
at the same time a strong emphasis on practical applications and an eco-
nomical implementation. A project should not take too long to deliver re-
sults. In executing projects, our partner should have a similar work culture 
to that of BMW. Passion, perfection and the never-ending love for the 
product. A partner that needs to be led by the hand does not exhibit the 
desired proactive behavior.

What is your experience in cooperating with VIRTUAL VEHICLE?

VIRTUAL VEHICLE has an impressive network of competent and highly 
motivated experts who pursue an interdisciplinary approach. I like that.  ■

With the i8, BMW has introduced a technology carrier with many innovations 
that all were a huge challenge for powertrain-, tire- and wind NVH. 
Source: BMW

High supercharging, down-
sizing, down-speeding are 
dominant trends in the 
powertrain development 
with NVH conflict.  

Mihiar Ayoubi was interviewed in April 2014  
for the VIRTUAL VEHICLE magazine no. 19, IV-2014. 
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Today, complex 3D simulations are a fixed part of virtual product deve-
lopment. For example, it is unimaginable to design the aerodynamic 

characteristics of a vehicle without the accompanying CFD calculations.

These 3D CFD calculations consume a lot of computing power. The cal-
culation time for one operating point, i.e. one given set of boundary con-
ditions, is usually measured in days. This is acceptable if only a few but 
highly accurate calculations are necessary (for example the calculation of 
the drag coefficient for selected vehicle speeds).

However, when designing vehicle-cooling circuits, it is no longer sufficient 
to take just one operating point into account. In order to obtain reliable 
statements about the behaviour of a vehicle in daily use, the whole cycle 
consisting of many operating points must be simulated.

If CFD is to be successfully employed in this area of vehicle development, 
it will be necessary to develop particularly fast calculation methods. This 
is the great challenge: to find the optimal compromise between calculation 
time and high accuracy.

Status quo of rapid CFD

The engine bay and the airflows within it are often modelled by an idea-
lised network of pipes. If the diameter of the fictitious pipes is correctly 
chosen, the real airflows can be simulated.

This method can calculate very quickly, because the originally complex 
three-dimensional problem has been replaced by a simplified one-di-
mensional problem. However, in creating the simplified one-dimensional 
model, the process reliability is lost. It is easily possible that different en-
gineers come up with different results.

The PipeDream idea

In order to maintain the highest possible process reliability, VIRTUAL VE-
HICLE, working closely with the Institute of Internal Combustion Engines 
and Thermodynamics (IVT) at the TU Graz with support from specialists 
at Audi AG and Magna Powertrain Engineering Centre Steyr (ECS) have 
started work on a simplified method: This method – given the suitable 
name of PipeDream – combines the advantages of CFD calculations with 
simplified methods.

The basic idea is to describe the flow with a simplified solution of the Eu-
ler equations on a coarse 3D grid with fewer than 1,000 cells. Additional 
factors in the simplified equation permit the model to be calibrated in such 

a way that the PipeDream method, on average, delivers the same results 
as CFD calculations.

Essentially, there are three different types of factors. First, so-called form 
factors consider the influence of the real geometry on the coarse grid. For 
example, the volume of the PipeDream cell outlined in red does not corre-
spond to the actual volume where flow occurs, refer to figure 1.

Second, fictive sources or sinks for momentum are introduced on the sur-
face of the PipeDream cell. This achieves agreement between the results 
for average mass and momentum fluxes from the PipeDream and CFD 
calculations.

Third, additional accelerating or braking forces in the individual cells are 
observed. The strength of these forces can be derived from the underlying 
CFD results. In this way, even physical effects can be modelled, which 
would otherwise not be solvable on the coarse grid. These would include 
turbulence effects or wall friction.

Rapid combination 

Up to this point, the application of the PipeDream method does not offer 
any advantage over “conventional” CFD calculations. In order to obtain 
accurate results, the PipeDream method must be calibrated with the re-
sults from the CFD calculations.

The power of the PipeDream method becomes apparent as soon as a set 
of operating points is to be calculated. If the calibration factors for a few 
operating points are known, then the factors for an arbitrary number of 
operating points can be interpolated. The PipeDream results based upon 
the interpolated factors still fulfil the main physical laws of conservation for 

Flow calculations using Computational Fluid Dynamics (CFD) play a major role in vehicle development. VIRTUAL VEHICLE is 
conducting research into a new approach that can substantially accelerate such calculations. This newly developed method, 
PipeDream, offers the optimal compromise between requirements for high accuracy and extremely short calculation times.

pipeDreaM:  
CFd simuLation 10,000 times Faster

New methods to reduce models 

Figure 1: Schematic 
overview of a nar-
rowing in a channel 
and the coarse 
calculation grid. 
Source: [1]



49magazine No. 21|2015     

mass and momentum. This would not be guaranteed with simple interpo-
lation of CFD results.

Idealised flow in the engine bay 

The PipeDream method was used to calculate the flow in an idealised 
engine bay (refer to figure 2). The air flows from the left through the two 
inlets marked in green and exits the calculation area via the outlet in blue. 
The red area designates a heat exchanger. 

The flow in this simplified model was calculated for inlet speeds of 1, 4 and 
8 m/s using CFD (refer to figure 2). The comparison between the exact 
CFD results and the simplified method for an intermediate point with an 
inlet flow speed of 3 m/s shows good correlation, as can be seen in figure 
4. The simulated mass flows through the radiator (refer to figure 3) also 
correlate well with the CFD comparison calculations.

Summary 

Once the calibration factors have been determined, the PipeDream me-
thod can deliver results practically “on the fly”: the calculation time for one 
operating point is reduced from the order of 48 hours to under 5 seconds 
– more than 10,000 times faster! The initial CFD calculation is necessary 
for the complete workflow of a cooling circuit calculation, independently of 
how many operating points are actually going to be investigated.

In practice, this means that the PipeDream method makes it possible to 
provide a more exact calculation of the engine bay air flow without a major 
increase in the calculation time. Hence the quality of the cooling layout 
can be significantly improved.  ■
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Figure 2: Geometry and CFD results for the three supporting cases
Source: [1]

Figure 4: Comparison of the velocity fields with an inlet velocity of 3 m/s between 
CFD calculation and PipeDream method. The comparison was done between 
the average CFD results (upper right) and the PipeDream method (lower left).
Source: [1]

Figure 3: Mass flow through the radiator from the CFD calculation and PipeDream 
method (left) and the difference between the methods (right).  
Source: [1]
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The air conditioning system is one of the largest auxiliary consumers 
in a passenger car and requires a considerable amount of power. In 

the case of hybrid and electric vehicles, the heat generated by a conven-
tional combustion engine is only partially available or completely absent. 
If this is compensated by an electric heater, the range of the vehicle is 
drastically reduced (with the test vehicle and an ambient temperature of 
0°C by almost 50%). Since the driving range is a key criterion governing 
the acceptance of hybrid and electric vehicles by customers, increasing 
the energy efficiency of the air conditioning system and the corresponding 
increase in range constitutes a major target.

Using the air conditioning system as a heat pump is one of the most promi-
sing solutions for energy efficient heating of the passenger compartment. 
For this reason, this possibility was investigated using a prototype CO2 air 
conditioning system with heat pump functionality within the scope of the 
project “Highly Efficient Cooling and Heating system for Electric and Hy-
brid Vehicles Based on Environmentally-friendly refrigerant CO2 (R744)” 
together with Obrist Engineering and the Institute of Thermal Engineering at 
Graz University of Technology. When working as a heat pump, the interior 
heat exchanger acts as a gas cooler or condenser and the exterior heat ex-
changer as an evaporator that absorbs heat from the environment. In order 
to enable this at low ambient temperatures, the evaporation temperatures 
sometimes lie below the freezing point of water. This leads to the tempe-

rature of the heat exchanger surface falling below 0°C, which causes frost 
to form. Due to the low thermal conductivity of the frost layer (λfrost ~ 1 W/
mK compared to heat exchanger material λalu = 235 W/mK), heat transfer 
is reduced. Additionally, due to the partial blocking of the air path, pressure 
loss is increased and the surface area available for heat transfer is decrea-
sed. These negative effects gradually reduce the performance of the heat 
exchanger during operation and hence the complete system. To prevent this, 
de-frosting of the heat exchanger is necessary at certain intervals. During 
the de-frosting procedure, the comfort in the passenger compartment must 
be maintained, for example via electric heating.

In order to optimise the whole process (recognition of frost – switching to 
de-frost mode – return to heat pump mode after successful de-frost), the 
Institute of Thermal Engineering’s test beds were used to conduct a series 
of measurement on a prototype CO2 air conditioning system. The simulation 
software Dymola and the Modelica library “AirConditioning” were used to 
create simulation models of the whole system so that different de-frosting 
strategies could be evaluated and their overall efficiency optimised.

Experimental investigation

The focus of the experimental investigations was the influence of dif-
ferent ambient conditions (e.g. air temperature) on the frost formation 

The use of the air conditioning system as a heat pump is one of the most promising solutions for the energy efficient 
heating of the passenger compartment of hybrid and electric vehicles. However, frost formation on the exterior heat 
exchanger of an air/air heat pump, particularly at temperatures around the freezing point, causes problems. The team 
“Mobile Air Conditioning” at VIRTUAL VEHICLE has conducted research on de-frosting strategies together with 
Obrist Engineering and the Institute of Thermal Engineering at Graz University of Technology. The objective was to 
guarantee high system efficiency, despite the formation of frost.

De-frosting strategies:  
Co2 air Conditioning system as a heat pump

Mobile Air Conditioning

Figure 1: Measurement of the prototype CO2 air conditioning system with heat pump function on the system test bed (left picture) 
and mounted in an e-vehicle (right picture) in the climatic chamber of the Institute of Thermal Engineering, TU Graz.
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behaviour and on the effect of different de-frosting variations with diffe-
rent compressor speeds. Figure 1 shows measurements taken from the 
system test bed and from the vehicle and figure 2 shows the heat ex-
changer during a de-frost cycle with flow reversal. The results show that 
maximum frost formation occurs when the air temperature is close to 
the freezing point of water or slightly above. So for example, the heating 
performance in one test at 0°C decreased by approximately 30% after 
30 minutes and the coefficient of performance (COP), which measures 
the efficiency of the system, fell from 3.0 to 2.1. To prevent this drastic 
decrease in COP, frost formation in the vehicle must be recognised in 
time (for example by measuring the temperature difference between 
air and refrigerant side at the heat exchanger) and a de-frosting pro-
cedure must be initiated. The de-frosting procedure for the test bed 
measurement under consideration was completed after 1 minute and 
40 seconds.

Simulation

Different factors influencing frost formation and de-frosting were inve-
stigated using simulation models, without having to conduct complica-
ted and time-consuming measurements on the test bed. For example, 
different control strategy variations for the de-frosting procedure using 
reverse-cycle operation could be simulated and evaluated with respect 
to efficiency and time required. Figure 3 shows a visualisation of the heat 
exchanger during a simulated de-frosting procedure for two different ex-
pansion valve openings.

Results

One interesting result from the investigations was the relation between 
de-frosting time and efficiency with the expansion valve opening and the 
resulting refrigerant mass flow. Whereas an optimal opening of the expan-
sion valve (figure 3) led to a rapid and uniform de-frosting, the heat ex-
changer thawed non-uniformly with a too low refrigerant mass flow (lower 
part of figure 3). The latter case led to a lower efficiency of the de-frosting 
procedure and a longer time required for de-frosting. Furthermore, the 
simulation calculations were able to determine the optimal point in time to 
initiate de-frosting with respect to COP.

The results show that under the assumption that the cabin is heated elec-
trically during the de-frosting procedure, a very rapid de-frosting proce-
dure is important. A slightly lower efficiency of the de-frosting procedure  

itself can hereby be taken into account in order to maintain the highest 
possible average COP.

Summary and outlook 

The measurements conducted on the prototype system demonstrated 
the functionality and efficiency of the CO2 air conditioning system with 
heat pump function. The methodology developed here was able to recog-
nise frost formation on the exterior heat exchanger and to determine the 
optimal de-frosting time for a given heating performance. This efficient 
de-frosting can be carried out in order to maintain the maximum average 
COP over the complete cycle (frost formation and de-frosting).

The latest developments concerning the choice of refrigerant for passen-
ger cars and the abandonment by reputable OEMs of flammable R1234yf 
may permit CO2 to assume the role as a long-term and sustainable solu-
tion as refrigerant for future passenger car air conditioning systems.  ■
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Figure 2: Exterior heat exchanger during reverse-cycle 
defrost on the system test bed (time in the format 
mm:ss)

Figure 3: Simulation of a reverse-cycle defrost with two different 
opening diameters (i.e. different Kv values) of the expansion valve 
(time in the format mm:ss)
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Along with lightweight construction and the shift of the thermodyna-
mic load point in the engine (downsizing), friction reduction is a very 

effective way of reducing fuel consumption. On the race track, a friction-
optimized drive train achieves a greater distance between pit stops for 
refueling and thus saves valuable time. 

VIRTUAL VEHICLE investigates the drive train, which is a combination of en-
gine and transmission, as a complete system. The combination of simulation 
and measurement is a very powerful tool which enables the most important 
sources of friction in the engine and transmission to be accurately identified. 
As a result, targeted optimizations can be prepared with this information.

Friction measurements

At VIRTUAL VEHICLE, there are several test benches available to 
measure the friction in the engine under realistic loadings. In particular, 
the friction test bench FRIDA (friction dynamometer, Fig. 1) offers very 
flexible possibilities for measuring the mechanical efficiency of engines 
and even complete drivetrains (e.g. for motorcycles under high loads).

Accurate and reproducible measurements also enable the exact determi-
nation of the advantages achieved by reducing friction when new coatings 
or low friction oils are used, which can consequently provide the technical 
basis for manufacturing decisions. The results can likewise be used to 
carry out benchmarks with existing solutions.

Classification of losses by simulation

While measurements are very useful, they cannot determine the causes 
or the main sources of friction in the engine or transmission. For this pur-
pose, very powerful and accurate simulation models have been develo-
ped, which enable a thorough investigation of the sources of friction in all 
relevant parts of the drivetrain.

Therefore, it is possible to accurately determine the losses in the indivi-
dual groups, such as the pistons, journal bearings and valve train of a car 
engine. In this way, the total losses, as well as the valve train and gas ex-
change losses, are measured, and the losses in the journal bearings are 
accurately determined by simulation. The simulation method necessary 

Reducing mechanical losses (friction) yields a significant contribution to reducing the fuel consumption. Therefore, 
VIRTUAL VEHICLE investigates all important sources of friction in the engine and the transmission both on the 
FRIDA friction test bench and by means of accurate simulation, in order to develop ideas for their reduction.

Friction Dynamometer

reDuCing friCtion to Make 
drivetrains more eFFiCient

Figure 1: FRIDA friction test bench (friction 
dynamometer) at VIRTUAL VEHICLE
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for this was comprehensively validated and scientifically published in [1 
and 2], among other places.

Using this combination of measurement and simulation, the distribution of 
the losses can be determined for a particular car engine for almost any 
operating point (speed and load). Fig. 4 shows a relevant example for a 
4-cylinder car engine.

With these simulation models, it is also possible to investigate the lubri-
cation conditions in these groups and the friction advantage that could be 
obtained by e.g. the use of ultralow viscosity oils. The necessary expertise 
in the field of modern lubricants was obtained during the work on several 
projects. The relevant rheological lubrication data is available at VIRTUAL 
VEHICLE, which enables a meaningful evaluation of the lubrication.

Since the transmission is an important part of the drive train, it is also the ob-
ject of friction investigations. In general, manual transmissions are considered 

to be very efficient. However, since this efficiency is only achieved at high 
loads, at low loads there is always a significant potential for friction reduction.

A simulation method has been developed at VIRTUAL VEHICLE that 
enables an assessment of the losses on the individual components to 
be carried out in conjunction with current efficiency measurements on 
transmissions. In order to identify the important sources of friction in a 
transmission, a simulated friction loss distribution was carried out. Fig. 
5 shows the results that were achieved for a manual transmission. As an 
example, the transmissions investigated showed quite high conical roller 
bearing losses, which could be reduced by the use of alternative bearings.

Further, a model was developed which considers the thermo-elastic de-
formations of piston and pin, as well as the freely floating behaviour, which 
is able to describe the slow rotary movement of the pin as well as its 
change of direction at certain operating points. The results are in good 
agreement with the measured data and Fig. 6 shows an example of the 

Figure 2: FMEP measured by means of FRIDA for the drive train of a super 
sport motor cycle

Figure 3: Calibration 
of strain gauges for 
the measurement of 
valve train losses

Figure 4: Typical distribution of the losses for a car engine, carried out at VIRTUAL  
VEHICLE. A more detailed numerical assignment of the amounts shown for the indivi-
dual piston rings, etc. is also possible.

Figure 5: Determination of the losses 
in the individual components of a 
manual transmission by simulation 
compared with the measurement of 
the total losses on the test bench

Figure 6: Calculated pressure distribution 
on a free-floating piston pin
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calculated pressure. This result can be used for ef-
ficient optimizations.

Conclusion

Friction is a phenomenon that occurs everywhere. 
It is necessary to find a special solution for each 
specific problem, which typically means typically 
that a suitable compromise with other requirements 
must be found.

Friction is considered as a property of the complete 
system. Therefore, models are available for all im-
portant assemblies, which also enable detailed inve-
stigations of other properties (NVH behavior, etc.). In 
particular, in terms of friction reduction, it is no longer 
possible to make significant savings by redesigning 
only a single individual component. Significant sa-
vings can only be obtained in conjunction with other 
measures, such as optimized thermo-management, 
reduction of the pumping power, ancillary units or the 
change to a low friction lubricant or use of coatings. 

The ability to consider the complete system as a 
combination of measurements and detailed simula-
tion enables realistic investigations of the potential 
for friction reduction, and the identified friction ad-
vantages can then be achieved in practice.  ■ Test rig to determine 

engine friction losses
■	 Reliable measurements for gasoline 

and Diesel engines

■	 For series engines and prototypes 

■	 Concurrent determination of losses 
in sub-systems

■	 Partial- and full load engine tests

■	 High flexibility for various applications

The Friction Dynamometer FRIDA has been developed at VIRTUAL VEHICLE. 
This test bench can measure not only the magnitude of the total friction losses 
in the engine, but can also determine the specific contributions of the individual 
components (i.e. the piston assembly, crank drive friction bearings and valve 
train). In contrast to conventional strip-down methods, these measurements 
are carried out concurrently for all subsystems under the same realistic opera-
ting conditions.

The newly established test bench is well-suited for a variety of applications - 
from friction loss determination in driving cycles to the assessment of coatings, 
low-viscosity engine oils or other constructive measures.

Contact and information:

Area X - Cross DomainNVH & Friction

DI mag. franz reich
Tel.: +43 316 873 4001
E-Mail: franz.reich@v2c2.at

Dr. Hannes Allmaier
Tel.: +43 316 873 4006
E-Mail: hannes.allmaier@v2c2.at
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Construction of the test benches began fifteen years ago, shortly af-
ter the founding of the Acoustic Competence Centre (ACC). Since 

spring 2000, tests have been carried out as part of customer and re-
search projects on two acoustics test benches, one for the engine and 
one for the drive train, as well as the modal analysis test bench. In June 
2008, ACC including its test benches has been integrated into VIRTUAL 
VEHICLE Research Center.

Due to today’s ever tougher challenges, and also in view of the nature of 
the tests themselves, the test benches have been upgraded on several 
occasions to meet the latest technical standards:

• 2005: Upgrade of the test bench controller on the engine and drive 
train test benches to AVL Puma Open

• 2007: Use of an automatic gear shift unit to carry out automated test 
runs on the drive train test bench

• 2009: Acquisition of a climate chamber (-20 °C to +60 °C) for the 
drive train test bench

• 2012: Upgrade of the engine and drive train test benches to AVL 
Puma Open 2011 and adaptation of the power electronics (frequen-
cy converter and controller) on the drive train test bench

Certification

In 2004, the entire testing equipment was certified to ISO 9001 for the first 
time. Subsequent certifications have been carried out at regular intervals 
(most recently in May 2014).

Engine acoustics test bench

This test bench is a fully anechoic acoustic chamber with a lower fre-
quency limit of 100xHz. It can operate internal combustion engines up to 
a maximum power of 440 kW and can be used to test both high-speed 
Otto engines for passenger cars (maximum speed: 7500 rpm) and high-
torque truck engines (in conjunction with intermediate gearbox of up to 
3600 Nm) (Figure 1).

It is important to mention that this test bench is also equipped to enable 
testing for research projects designed to reduce emissions with a view to 
future exhaust standards. A comprehensive research project on this topic 
is currently ongoing. Thus, in combination with the acoustic equipment, 
outstanding framework conditions are available, especially for the analy-
sis of linked tasks (e.g. the “effects of reduced emissions on the engine 
acoustics” or “acoustic optimization taking emissions into account”).

VIRTUAL VEHICLE operates comprehensive test facilities designed to investigate the acoustic properties of vehicle 
components such as the engine and drivetrain. These test facilities play an important role in solving R&D challenges 
in NVH and friction fields

test benChes  
for nvh & friCtion

Testing Components and Systems

Figure 1: Engine 
acoustics test bench

Figure 2: Drive train 
acoustics test bench
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Drivetrain acoustics test bench

This all-wheel-drive train test bench is a semi anechoic chamber with a re-
verberative floor and a lower frequency limit of 100 Hz (Figure 2). Four dy-
nos with 218 kW each are available on the test bench for control functions. 

Not only front and rear-wheel drives, but also all-wheel drives up to a 
maximum power of  400 kW can be tested; the autonomous control of the 
four dynos also permits the simulation of cornering (such as for turning 
circle abrasion). In addition to the complete drivetrain set-up with an inter-
nal combustion engine, operation with an electric motor (in addition to the 
four dynos) is possible.

This variant is often in use, particularly for transmission tests. In addition 
to the acoustic and vibration tests mainly carried out in the past, as well as 
function tests (e.g. endurance run, differential stability test), the range of 
applications was extended as part of a research project on the efficiency 
of transmission systems. Extensive know-how has thus been built up in 
the Area NVH & Friction in the fields of measurement technology and 
calculations/simulations (hypoid and beveloid gears). 

A climate chamber has also been in use since July 2009, which allows 
the transmissions to be cooled down to -20 °C, thereby enabling the 
measurement of efficiency and vibration at low temperatures. All test runs 
can be carried out fully automatically.

Modal analysis test bench

The modal analysis test bench can be used to test the natural frequenci-
es, mode shapes and modal damping of objects up to a mass of 4.tons 
on a decoupled test plate with dimensions of 3.5 m x 6 m (Figure 3). The 
relevant vehicle parts (e.g. trimmed body, bodywork, drive train) or parts 
of rail vehicles (e.g. wheels, bogie) are excited by a shaker (up to 1000 N) 
or an impact hammer. Accelerometers and a laser scanning vibrometer 
are used to measure the vibrations. The absorption and noise reduction 
index can be measured at the Test Centre in a small reverberation cham-

ber (comparable to an alpha cabin) or at the nearby Institute of Building 
Construction of Graz University of Technology, either in its sound trans-
mission test bench or its reverberation chamber.

An acoustic holography system is available for special tests in the field 
of noise emissions. Several mobile and stationary measurement systems 
are used for the acoustic and vibration tests.

Friction loss test bench for series engines (FRIDA)

To determine the friction losses in engines under realistic operating con-
ditions, an innovative friction loss test bench (Friction Dynamometer:  
FRIDA) was developed at VIRTUAL VEHICLE.

This test bench can measure not only the magnitude of the total friction 
losses in the engine, but can also determine the specific contributions of 
the individual components (i.e. the piston assembly, crank drive friction 
bearings and valve train). In contrast to conventional strip-down methods, 
these measurements are carried out concurrently for all subsystems 
under the same realistic operating conditions (both full load and any 
required partial loads are possible), which makes this approach clearly 
superior to the usual strip-down procedure.

The newly established test bench delivers results on aspects relevant to 
research projects and services.  ■

Figure 3: Modal analysis 
test bench
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Side impact is a particular challenge for vehicle developers due to 
the relatively low deformation zone available. Since the pressure to-

wards lighter designs of chassis structure has increased, due in part to 
the CO2 discussion, high and ultra-high strength steel alloys are being 
given preference in many areas of vehicle structure. This is also true for 
the B pillar.

A further trend is the reduction of prototype hardware for cost and time 
saving reasons, particularly for full vehicle prototypes. If individual (small) 
components could be tested separately in the context of a full vehicle 
early on in the development process, this would create many time and 
cost advantages compared to a full vehicle test.

VIRTUAL VEHICLE, in intensive collaboration with AUDI AG, has deve-
loped a B pillar test bed that subjects the pillars to conditions as similar 
to the full vehicle test as possible. In particular focus was the load, the 
intrusion speed and the deformation behaviour.

The test bed layout

In order to achieve good correlation between the full vehicle behaviour 
and the behaviour on the test bed, a kinematic analysis of the B pillar 
connection to the roof frame and rocker panel was carried out.

The linear and rotating displacements of the connections to the roof 
frame and rocker panel, see in figure 1, show that not only the bending 
stiffness, but also the torsional stiffness for both components are relevant 
besides the depth of the intrusion.

Definition of the impactor

In order to investigate the force distributing effect of the doors on the B 
pillar, the contact between the B pillar and the components in contact with 
it are divided into separate contact areas.

The evaluation based on the contact force distribution over the height of 
the B pillar enables the derivation of the required stiffness distribution 
and form of an adapted impactor. As shown by the evaluation in figure 
3, the use of ordinary IIHS barriers is not adequate, since they do not 
display the necessary stiffness distribution and shape. Hence the 
evaluation of the contact force via a parameter analysis enabled 
a uniquely designed, low-cost impactor to be developed.

Hardware implementation

One focus of the design was the correlation of the intrusion speeds and 
the global and local deformation. In contrast to other component test beds, 
this test bed is designed for an impact speed as defined in the IIHS crash 
load case. This requires the design of a “lightweight moving barrier”, which 
makes it possible to recreate the deformation process over time. This is of 
crucial importance particularly with innovative combinations of materials.

Furthermore, the front of the moving barrier has been designed such that 
on the one hand, the impactor mounting can be varied and on the other, 
different impactors can be mounted (figure 2). In a crash test load case 
according to IIHS, part of the impact energy is converted into kinetic and 
frictional energy through the movement of the vehicle. Since the compo-
nent test bed has been designed for the same impact speed, this effect is 
simulated via compressible tubes.

Test execution

Commissioning and the first test were executed at the Vehicle Safety In-
stitute at the Graz University of Technology.

The final deformation between component test bed simulation and test 
shows good correlation. This can be seen in figure 4 using the lower area 
of the B pillar including rocker panel as an example.

The B pillar test bed developed by VIRTUAL VEHICLE enables earlier and hence economical testing in the vehicle 
development process. The test environment can be adjusted to suit a wide range of vehicle projects. Practically 
identical results compared to full vehicle simulation enable reliable evaluations.

B Pillar Test Bed

Figure 1: Kinematic analysis IIHS

highLy FLexibLe and LoW Cost method 
For CoMponent analysis 
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Figure 3: Distribution of the contact areas (left), contact force evaluation (right)

Figure 4: Comparison of final deformation of simulation and test

Implementation at Audi

The consequence of the trend to reduce the number of prototypes is that 
derivates are sometimes developed without prototypes. In order to redu-
ce the increased risk involved in a virtual development, suitable tests on 
safety-relevant components supplement numerical simulations early on in 
the development process.

The B pillar test bed is thus a good example of the successful integration 
of a component test bed in the development process and represents an 
efficient safeguarding methodology that has already established itself at 
Audi, and which supplements virtual development very well. The secon-
dary use of component tests is in the validation and thus in the further 
development of simulation models.

Summary and outlook

The B pillar test bed described here fulfils the development targets placed 
upon it. The kinematics resulting from the test and the intrusion speed 
correlate well with the results from the full vehicle test.

During the development, it could be seen what importance the doors will 
have in full vehicle tests. They act as distributors of load, a situation that 
is shown very clearly in the numerical simulation through the evaluation of 
the load profile acting on the B pillar. A special impactor was constructed 
to be able to nevertheless ignore this effect on the test bed.

In the future, the emulation of vehicle specific boundary conditions will 
be improved, particularly the mounting of the components and the consi-
deration of further relevant load paths (e.g. seat cross member, floor pan 
structure …). Also being planned is an improvement in the integration 
in the virtual development process (especially the automated validation 
process and robustness analysis).

The early recognition of critical structural components, even with the current 
status, has a clear positive effect on the development of a vehicle project.  ■
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Figure 2:  
The test bed hardware
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new material concepts require new sub structure 
testing methods. virtuaL vehiCLe introduces a 
novel hybrid sub structure testing method to replace 
full vehicle tests. by reproducing the same load on 
the b-pillar in sub structure testing as in the full ve-

hicle with respect to deformation energy, speed and 
behaviour, this new method enables oems to signi-
ficantly speed up the product development process, 
resulting in a reduction of prototypes and full vehicle 
testing.

hybriD sub struCture testing

New method:

Results:  ● a new generation of sub structure testing

 ● reproduces kinematics, deformation speed and 
the whole deformation of the full vehicle test

 ● efficient numerical simulation model for 
development of the sub structure tests

 ● significant reduction of prototype testing 
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A Li-ion battery goes into thermal runaway (TR) when its heating power 
exceeds the cooling capacity. A TR results in an accelerating tempe-

rature increase initiated by rapid reactions which decompose the battery 
components. These reactions produce a large amount of gas within a short 
period of time. The gas is combustible and potentially health threatening.

The manufacturers of battery systems have the duty to design the systems 
such that despite these dangers, the users are not subjected to any additi-
onal risk. An example: electric vehicles have a gas pipe that connects the 
battery housing with the external environment. The pipe must be dimensi-
oned so that in the case of a TR, all produced gas can be transported from 
the battery housing to the outside environment. The dilution of the gases 
in ambient air reduces the hazard potential.

In order to correctly design the safety systems the industry needs a sub-
stantiated, quantitative description of the TR. For this reason, we inve-
stigated the TR process of the batteries with experiments and also via 
simulation.

The foundations for understanding of the TR were worked out in the project 
LISAE (“Li-Ion Battery Safety in Automotive Environment”). We carried out 
tests with commercially available Li-ion cells in the widespread cylindrical 
18650 format and also with small automotive Li-ion cells in prismatic HEV 
(Hybrid Electric Vehicle) format. VIRTUAL VEHICLE constructed a special 
test bed to carry out the “misuse” tests. The main component of the test 
bed was a massive, heatable pressure vessel with a sample mount that 
could accept different cell formats.

A typical test sequence 

The following section describes a typical test sequence with a commercial 
18650-type cell (high energy NCA cathode, nominal capacity of 3.35 Ah). 
The Li-ion cell was charged to a cut-off voltage of 4.2V, mounted in the 
pressure vessel and slowly heated in inert gas with an external heat sour-
ce. Above 150°C on, exothermic reactions in the cell led to measurable 
self-heating, the temperature rate increased. At reaching 220°C the tem-
perature increased within only two seconds to approximately 900°C. At 
the same time, within 0.2 seconds, 0.25 moles of gas were released from 
the cell into the pressure vessel. After this event, the cell slowly cooled 
down. At the end of the test, the gas composition was quantified using gas 
chromatography. The main components identified were H2, CO, CO2 and 
various hydrocarbons.

From mid 2015

The next step is to extend the test bed. From mid 2015, we will be able to 
investigate the TR of an energy storage unit up to 1 kWh. This covers typi-
cal battery modules and 48 V systems. Our target is the evaluation of fault 
cases of over-temperature and over-charging. The target user group are 
manufacturers, integrators and standardisation committees for stationary 
and mobile battery systems.  ■

The battery is the key component of an electrified vehicle. For vehicles Li-ion technology has an advantage over NiMH 
and lead–acid batteries due to its high energy density and good cycling capability. Unfortunately, Li-ion batteries also 
have disadvantages: one is that at high temperatures (e.g. under fault conditions), undesirable chemical reactions are 
initiated. These exothermic reactions can lead to thermal-runaway.

Li-ion Technology

thermaL-runaWay oF  
li-ion batteries
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Progress of the cell temperature in the thermal ramp test. First exothermic processes (starting 
at 150°C) are followed by a violent thermal runaway event (at 220°C) together with gas gene-
ration in the cell. The inset shows the gas composition in mole%.
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Measures affecting the internal combustion engine only to reduce the 
emissions of nitrous oxides below the Euro 6 limit are no longer suf-

ficient. For this reason SCR, a technology well established in industrial 
plants, is employed. This method injects a mixture of water and urea (Ad-
Blue) into the exhaust stream to reduce the NOx-emissions drastically.

However, engineers in automotive industry face a lot of challenges when 
migrating SCR from an industrial power plant to the exhaust gas system 
of a vehicle.

Limited space

At temperatures and air speeds usually found at the exhaust pipe it takes 
approximately eight meters for an AdBlue droplet to fully evaporate and 
convert to ammonia. Clearly, this space is not available in a vehicle ex-
haust gas system. State of the art injection systems only need twenty 
centimeters.

Concentration distribution

The injection system has to inject as much AdBlue as necessary for 
high conversion rates but as little as possible due to limited volume of 
the AdBlue tank and in order to avoid emissions of the poisonous and 
foul smelling ammonia.  The concentration of ammonia has to be uniform 
throughout the diameter of the exhaust pipe

Wall film formation

AdBlue is injected with high pressure into the exhaust gas. The droplets 
do not evaporate completely but impinge on the wall of the exhaust pipe 
and a wall film is created.  

Depositions

When a wall film evaporates at low temperatures of about 120°C or high 
temperatures of 400°C, biuret depositions are created which may obstruct 
the exhaust pipe and may lead to serious malfunctions.

In order to address these challenges a test bed for investigations on SCR 
was constructed at VIRTUAL VEHICLE. This test bed provides a hot air 

Selective catalytic reduction (SCR) is one of the major technologies to meet the limits imposed by Euro 6 on the 
emission of nitrous oxides for commercial vehicles and passenger cars. VIRTUAL VEHICLE conducted comprehensive 
measurements on conversion rates, wall film evaporation and deposits for SCR.

investigating Wall filM forMation, 
Conversion rates anD Deposits  

Selective Catalytic Reduction

Figure 1: Test chamber of the SCR test bed

Figure 3: Photograph 
of flourescing AdBlue

Figure 2: Deposition measurements at 
the test chamber of the SCR test bed
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flow with air speeds up to 100 m/s and temperatures up to 500°C. The test 
chamber is shown in Figure 1. It is fully accessible optically and equipped 
with a variety of sensor. 

A typical measurement set up is shown in Figure 1. AdBlue (inset (a) 
in Figure 1.) is injected onto a flat plate (inset (b)) which is mounted 
inside the test chamber. The mass of the AdBlue onto the flat plate is 
measured using a high precision balance (inset (c)). Gas concentrations 
are measured by an UV-VIS-spectrometer (inset (d)), an infrared spec-
trometer and a thermographic camera adapted for high speed gas con-
centration measurements (inset (e)).  The temperatures of the flat plat are 
monitored by pyrometers (inset (f)) mounted on a traverse system. Height 
and area of the depositions are monitored by a Structured Light Scanning 
System (inset (g)). The wall film height is measured by a fluorescence me-
thod (inset (h)) and the spray is visualized by a laser light sheet method.

Some measurement results are shown in Figure 3 to Figure 5. Figure 3 
shows a wall film onto a flat plate and Figure 4 a quantitative evaluation 
of the same wall film. The adjacent height measured by a structured light 
scanning system is shown in Figure 5.

Figure 4: Height of the wall film

THE AUTHOR

Dr. BErNHArD lECHNEr 
leads the group Testing &  
Validation at VIRTUAL VEHICLE.

PROJECT PARTNERS

Wireless measurement - 
easy anD eXaCt

Wireless 
measurement

 ● torque measurement
 ● integration of the measurement 

system into the drive shaft 
 ● data transfer via bluetooth
 ● inductive power supply

easy integration
 ● no demounting of components 

of engine compartment
 ● Contact free measurement of 

fuel consumption of auxiliaries
 ● simple measurement set-up

VIRTUAL VEHICLE; Kompetenzzentrum - 
Das virtuelle Fahrzeug Forschungs-GmbH
Inffeldgasse 21a, 8010 Graz, Austria

Dr. bernhard lechner
Tel.: +43 316 873 9027
E-Mail: bernhard.lechner@v2c2.at

NIM
Non-Intrusive Measurement 

numerous application 
possibilities

 ● air flow through engine compartment
 ● air flow through  cooling package
 ● no influence of pressure tubes –  

only one wire necessary

Figure 5: Deposition of a flat plate;  Measured by a Structured Light Scanner

Height in mm

y in mm

x i
n m

m

The SCR test bed at the VIRTUAL VEHICLE has already been used in 
a wide variety of measurement tasks. The next step is the installation of 
a tomographic system for real-time measurements of the ammonia dis-
tribution.  ■
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Efficient access to information and knowledge is increasingly beco-
ming a decisive competitive factor in vehicle development. The 

integration of information from heterogeneous sources and the visuali-
sation of interconnections are destined to be the major path beaters to 
make complex product development consistent and sustainable, and to 
maintain the capacity to act in such complex environments. (Please refer 
to the article “FIND – Flexible Information Integration”, page 67).

The challenges faced originate from historically evolved information sys-
tems and the high dynamics in changing and growing requirements resul-
ting from the interaction of different partners in the development.

The system laboratory project

A neutral environment is being constructed at the VIRTUAL VEHICLE 
Research Centre in which the industry, software or hardware provider 
and research projects can develop, test or demonstrate technologies and 
research approaches under real boundary conditions (see figure in the 
grey box on the right page).

It is possible to test and combine high potential approaches, for examp-
le, to find the correct balance of a solution between future dynamic pro-
cesses and the information need in product development. The following 
approaches are being focussed upon:

• Structured information management  
(Databases, document management, TDM / PDM / SDM / PLM, 
processes, standards, IT interfaces, etc.)

• Context driven compilation of information  
(Data analysis, distributed sources, context-based information 
integration)  

• model based integration of knowledge  
(Models of dependencies; traceability, causal chains, consistency, 
systems engineering, knowledge networks)

• Collaboration, communication 
(Enterprise 2.0, social media etc.)

The activities in the system laboratory and the type of collaboration – an 
industrial stake, scientific partners or also the internal use by VIRTUAL 
VEHICLE – are manifold (see figure 1):

research:
• The system laboratory will be used as the basis for a range of 

research projects with the focus information management or model 
control in order to be able to evaluate the approaches.

• Neutral data sets that are generated in research projects will be 
successively published in the laboratory. In addition to this, usable 
data sets will be constructed and integrated systematically.

• Demonstrators and prototype implementations of research projects 
are also to be made available in the laboratory – in as far as the 
legal situation allows it.

Industrial partners:
• Industrial partners can either setup topics to be investigated in the sys-

tem laboratory themselves, or have the work done for them, either within 
the framework of cooperation or in the form of clearly defined projects.

Approaches, methods and tools for the preparation, visualisation and provision of information require a verification 
environment just as function-oriented development methods. A realistic environment and corresponding boundary 
conditions are prerequisites. A neutral platform is taking shape at VIRTUAL VEHICLE with data sources and 
example data in which development, testing and potential analyses can be performed in an IT environment within 
the framework of research activities and as a service for industry.

systeM laboratory - a neutraL 
pLatForm in inFormation management 

Evaluating Information Systems 

Figure 1: Profile “neutral 
system laboratory”
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• Industrial projects can either contain concrete use-cases, represent 
a potential analysis or test approaches, processes or tools.

• Industrial partners can use the base system and data in the labora-
tory or commission the implementation of proprietary systems and/
or data.

• This allows approaches for solutions to the challenges of deve-
lopment – such as flexible data provision or the information-gap 
between development and production – to be efficiently investiga-
ted and formulated.

Hardware and software provider:
• During the development of a vehicle, hardware providers can test 

or demonstrate their products within the scope of a close-to-reality 
laboratory environment.

• Software providers can also integrate their products in a close-
to-reality laboratory environment and test and demonstrate the 
potential of a function.

Application examples:
• Integrating information
• Big data approaches
• Car2X
• Simulation data management 

Competence and network 

VIRTUAL VEHICLE has a wide range of competences available to help 
realise the mentioned topics and manage the cooperations (IT, architec-
ture, expert knowledge, experience of vehicle development, overview of 
technological approaches and accompanying fields of activity).

Over and above this, VIRTUAL VEHICLE possesses a comprehensive 
partner network with contacts to both the industry and to scientific part-
ners. This network permits flexible and innovative action in the interests 
of research activities or of industrial customers.  ■
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effectiveness of aDas ?
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Driving dynamic models, Controller,...
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to FEM crash simulation

 ● Reconstructed real accidents as 
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parameters of ADAS Systems !
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Virtual vehicle development and complex topics require intensive col-
laboration by development engineers across disciplinary, departmen-

tal, site and company borders. This is made difficult today due to a range 
of different preferred methods and tools, and above all, due to a different 
perspective of the development tasks, processes and definitions.

The most effective access to information and knowledge possible is a 
prerequisite for interdisciplinary collaboration and is thus an increasingly 
important success factor.

Acquiring information in engineering today 

The amount of input information, boundary conditions and interactions 
that people involved in development or production processes require to 
carry out their job has significantly increased over the past few years and 
will continue to do so (see figure 1).

There are currently many approaches for systems or processes to structure 
data at the milestone and synchronisation points in a process, which would 
facilitate access to information for people in development. However, in de-
velopment phases between these milestones and particularly during early 
phases, the rate of change of the data and information is very high and si-
multaneously hardly supported. Comprehensive and poorly structured data 
conglomerations on storage drives are still the order of the day.

Large monolithic approaches to information manage-
ment in the past were largely without success. For 
reasons of self-management and efficiency, 
due to a lack of suitable technological alter-
natives, or simply for historical reasons, 
local solutions were very often created 
in the individual disciplines that gene-
rally supported the users well and en-
joyed a much higher acceptance factor 
that centralised systems.

The great challenge today is the integration of all this information for an 
interdisciplinary product development and in the spirit of a consistent total 
product.

This is true for the example of system simulation, when it comes to coll-
ecting the necessary and suitable calculation models from the various 
departments for fuel consumption simulation: the competence to solve 
complex development projects today requires a high degree of individual 
communication and agreement via email, telephone and meetings. It is 
difficult to obtain an overview of all relevant information concerning a topic 
and it requires a high level of personal engagement. The integration and 
linking of information occurs in the minds of the developers and the pro-
bability of success depends almost entirely on their personal networks.

Objectives of the research project „Flexible Integration 
of Information and Decentralised Sources”  

The objective of the project “FIND – Flexible Information Integration for 
the Virtual Vehicle Development”, started by VIRTUAL VEHICLE in 2012 
was to provide support to developers for particularly complex develop-
ment tasks spanning multiple departments and people. The task was to 
establish an efficient, central access to information and its links, without 

In the future, competitiveness in the automotive industry will depend to a large extent on how efficient and 
interdisciplinary a company functions, how it copes with the complexity of information and how it is linked. In the 
project FIND – Flexible Information Integration – VIRTUAL VEHICLE, together with partners Audi, Bosch, Porsche, 
Volkswagen, iCONDU and the Institute for Knowledge Technologies are studying the topic of information access 
from decentralised sources and the integration of information in a vehicle development environment.

fleXible inforMation integration 
in automotive engineering

Research Project FIND

Figure 1: Relevant areas of information for 
functional development
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centralising the data sources. This way, access should be possible in nu-
merous, decentralised, structured and semi-structured sources of infor-
mation for functional development in the areas of virtual development that 
require high number of calculations (see figure 2).

Information demand  
and boundary conditions 

Many discussions with users involved in development were conducted 
and their evaluation gave insights into which type and in which context the 
access to information and its interconnections is useful and required. Two 
basic types of access crystallized out of the discussions, independently 
of the project partners:

• The search for or free exploration of documents and information 
within the relevant timeframe (for example the search for a suitable 
calculation model of a component for simulation purposes). 

• A compiled view of different information from a variety of sources 
into a particular perspective (for example to a particular topic or a 
defined development stage). 

The analysis of the data and data sources showed that the need for in-
formation and knowledge in development stages actually occurs between 
milestones. It is here, particularly in the CAE environment, that the pace 
is high and most of the relevant information is stored on only partially 
structured file-shares.  This is also linked to many specific requirements 
for access to information and its network.

The spectrum of information required for the CAE-driven development 
extends far beyond pure simulation data. Since vehicles and components 
today display a high degree of complexity, the persons involved in deve-
lopment need to take all interconnections into account in time:

• What effect does the platform block structure have? 
• What is the neighbouring discipline currently working on? 
• When is the deadline for the component supplier development?

Combination of technological building blocks  
as a modular solution approach 

The requirements survey and the lessons learned from the evaluation 
of the data and the data sources, together with the strategic aspects of 

partners resulted in a complete picture of the current and future initial 
situation.

The use of flexible and intelligent technologies to gain access to infor-
mation and the integration of relevant information for the developer is a 
promising approach to improving the way information is accessed. This 
includes the following solutions:

• Enterprise search
• Analytical networking processes
• Knowledge-based networking processes 

An analysis of the technologies shows that each of the investigated ap-
proaches fulfils its potential for a part of the requirements. However, it is 
only the combination of the approaches that can cover all the user needs 
and requirements out of the data.

The modular approach in the project made it possible to combine the 
different approaches using an intelligent transformation layer in order gain 
substantial added value when accessing the data and their relationships 
(see figure 3).

Prototype build

The research project FIND developed and built a prototype of an informa-
tion cockpit for users in virtual function development. To achieve the opti-
mal support of users, topically interconnected information and documents 
(project presentations, simulation models, requirement lists, project 
plans, lessons learned, etc.) from unstructured and structured sources 
were connected and related to one another.

A major challenge in attempting to guarantee a role and process independent 
fulfilment of search and query results is posed by the IT security guidelines 
due to the role and rights structure prevalent in vehicle development. To sol-
ve this, a concept of context-based rights management was developed.

The user interface presents itself to the search users as a web-conform 
information and knowledge cockpit. This guarantees focussed access to 
the event and decision relevant information, interactions and knowledge 
carriers that are the minimum required to solve the corresponding task in 
the development process.

Figure 2: Central access 
and network of decentra-
lised information
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Not only is information from data sources visualised task specifically, 
but also the relevant knowledge carrier. Thus the industrial partners can 
optimally connect to and use decentralised and available knowledge in 
vehicle development. The prototype developed here contains functions 
that intelligently combine various technological approaches in order to 
access areas that prove difficult to connect to and to present and prepare 
the information in a form the user can understand.

Procedure used  
in the project 

From the very beginning, emphasis was placed on orienting the project 
on the actual and strategic informational needs of the user. Many discus-
sions were conducted and permitted a concrete picture and requirements 
profile to be generated. A first demonstrator offered the possibility to give 
feedback and to confirm the relevance. A functional architecture model 
connected requirements, use-cases and elementary functions of the ove-
rall concept into a consistent relationship.

A technological analysis permitted approaches to be selected that are 
integrated in the current technological concept.

The realisation of a prototype of the concept in a special system labora-
tory is intended to provide the verification of the approach using concrete 
example data and sources from the industrial partners.

Associated fields of activity 

Apart from the development on a technological concept and prototype, 
non-technical boundary conditions are especially investigated that must 
be present, if the approach is to be successful. The following must be 
present in an open company culture:

• The paradigm shift from “need-to-know“ to “good-to-know“ principle. 
• The constructive discussion of the conflicting targets between IT 

data security and available access to information. 

• The recognition of active provision of information and networking 
as a competitive factor and, especially for simulation, the change 
from the calculation to the supplier and service provider for models 
and data. 

Outlook

The rapid availability of relevant data and information is an important suc-
cess factor in vehicle development. Flexible solutions for the search and 
networking of information are required in order to tap into the legacy of 
decentralised solutions.

The technology concept described here and the associated fields of ac-
tivity should not represent a search solution for general fields of applica-
tion, but to facilitate in particular the optimal access to information in the 
field of vehicle development and, taking these user characteristics into 
account, to manage the information requirements and the existing system 
landscape.

Researchers at VIRTUAL VEHICLE, with their different perspectives, are 
actively searching for innovative approaches to enable this informational 
networking. There is both sufficient experience out of the industrial and 
user perspective, as well as methodological, analytical and technological 
competence available. It is exactly this combination that is currently gene-
rating lively interest in the industry.  ■

Dr. BErND fACHBACH is 
Scientific Manager of the Infor-
mation & Process Management 
department and Cross Domain 
Research at VIRTUAL VEHICLE.
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mArkUS zoIEr is Senior 
Researcher in the Information & 
Process Management depart-
ment at VIRTUAL VEHICLE.

Figure 3: The modular technological concept combines 
technology approaches via a transformation layer.
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The concept of systems engineering is once again ubiquitous after 
many years. Work groups, research topics, conferences, symposiums 

and industrial circles are increasingly embracing this collection of ideas – 
including events from ProSTEP iViP, NAFEMS and VIRTUAL VEHICLE. 
In particular, model-based systems engineering (MBSE) is evoking a lot 
of interest in wide areas of industry.

Systems engineering revival

Systems engineering represents an interdisciplinary approach to the 
successful solution of complex problems. The objective is to achieve the 
realisation of products through the application of a formalised use of sui-
table methods and tools. The focus lies on the early definition of customer 
needs and the underlying functionality. Building on this, requirements are 
derived or developed. This is done while considering the problem state-
ment in its entirety to achieve optimal objective attainment. For product 
development, this means the consideration of the requirements from all 
necessary disciplines and life cycle phases of the final product (costs and 
milestones, implementation, integration and test, assembly, training and 
maintenance, disposal, etc.).

Systems engineering itself is not new and originated in the attempts to 
formalise the implementation of complex projects (infrastructure, air and 
space, armaments industry) in the 1960s. The aim was to achieve a high-
er success rate for so-called “large-scale projects”.

Systems engineering is indispensable in the civil and military air and 
space industry, but has only been partially implemented in the automotive 
industry (e.g. project management, risk management, simultaneous and 
concurrent engineering).

The reason for the current interest in systems engineering in the auto-
motive industry lies in the new, unanswered questions concerning the 
allocation of vehicles in current mobility concepts and in the drastically 
increasing complexity in the vehicle development process and the vehicle 
itself as a product. In the past, vehicles were heavily influenced in their de-
velopment and architecture by mechanical development and production, 
whereas current trends towards improved connectivity (Car2X), electrifi-
cation and user experience (vehicle as work and leisure space through the 
inclusion of services) led to a radical rethinking of the vehicle architecture 
(figure 1). The effect of these trends on the vehicle development is not 
limited to individual development disciplines, but requires interfaces to a 
process-oriented, organisational, development methodical and tool level 
that have not been consistently established in business.

Model-based systems engineering

Systems Engineering is a best practice framework for targeted product de-
velopment. The increasing complexity of the products results in a matching 
increase in the complexity of the development process. Thousands of re-
quirements, functions and components with a correspondingly high number 
of documents from requirement management, functional and component 
development must be managed in configuration management. Furthermo-
re, the relevant information must be supplied to the development disciplines 
in a consistent form – a resource-intensive task that often fails in reality due 
to limited and faulty communication at the discipline interfaces.

The growing complexity of today’s vehicles requires development methods that make this complexity manageable. 
Systems engineering and in particular model-based systems engineering provide methods and tools that overcome 
this challenge. VIRTUAL VEHICLE supports companies to introduce and establish them.  

systeMs engineering and  
MoDel-baseD systeMs engineering

Managing Complexity

Figure 1: Current trends in total vehicle development  
require new development methods.



71magazine No. 21|2015     

MBSE meets this situation head on and considers itself a 
collection of methods and tools for the development of com-
plex systems that attempts to accurately model the overall 
system and its internal and external interactions, while con-
sidering all participating engineering disciplines. The foun-
dation is the system model, which represents the carrier 
medium for the interdisciplinary product model and provides 
the information backbone for further analysis, design and 
verification activities.

MBSE focuses on supporting developer activities. The inter-
disciplinary system model replaces the numerous specifica-
tion documents and contains the overarching representation 
of the links between requirements, functions, components 
and their behaviour in a system context. These links are 
described using a modelling language. The best-known 
modelling language in this context is the Systems Modeling 
Language (SysML) for mechatronic systems. The standard 
is driven forwards by the Object Management Group (OMG), 
an open, international and industrially focussed consortium 
and supported by many software vendors in their IT solutions.

Apart from the gain in consistency and formalisation through 
the application of modelling languages, this also facilitates the 
re-use of development artefacts in other projects. The system 
model represents the starting point for the automation of de-
sign and verification tasks. This will achieve higher efficiency 
and also higher effectiveness in the development process.

MBSE and VIRTUAL VEHICLE

Today’s vehicles are highly complex mechatronic systems 
that require interdisciplinary optimisation using new techno-
logies with respect to performance, comfort, manufacturabili-
ty, reliability together with energy efficiency and recyclability.

VIRTUAL VEHICLE supports companies to introduce and 
apply MBSE in an industrial development environment. This 
includes the identification and analysis of potential through 
the application of MBSE in the company itself, together with 
the consulting and coaching required for the adaptation of 
development processes, development methodology and IT 
infrastructure when introducing MBSE. These activities are 
accompanied with specific coaching and training for users 
and managers.  ■
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MBSE
Model-Based Systems Engineering 

Model-based systems engineering  
as a paradigm shift in product development
today’s vehicles resemble highly complex mechatronic systems, 
which are to be optimized in regard to comfort, manufacturability, 
reliability, as well as energy efficiency and recyclability while imple-
menting new technologies. to achieve the best overall solution inter-
disciplinary collaboration is required.

mbse represents a set of methods and tools for the development of 
complex systems with a strong focus on modeling the system as a 
whole including the integration of all related disciplines. this so-called 
system model is used as the central information hub for analysis, de-
sign and verification tasks in the development process.

virtual vehiCle supports the introduction and application of 
Mbse in enterprises by the following means:

 ● identification and analysis of potentials and benefits in the  
application of mbse

 ● Consulting and supervision in the adaption of development 
processes, development methodologies and it infrastructure for 
mbse introduction

 ● development of an enterprise-specific mbse environment 
(methodology and it tooling)

 ● Coaching and training for users and managers

Contact and information:

VIRTUAL VEHICLE; Kompetenzzentrum - 
Das virtuelle Fahrzeug Forschungs-GmbH
Inffeldgasse 21a, 8010 Graz, Austria

Di johannes fritz, bsc
Tel.:       +43 316 873 9095
E-Mail: johannes.fritz@v2c2.at
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Industry 4.0 has brought the discussion about the future of the industrial 
base to the fore, above all in Germany. With the advent of the Internet 

and its numerous facets (Internet of data, services and things) into manuf-
acturing, the fourth industrial revolution is deemed to be upon us, which, 
through the increasing use of IT, permits not only individual factories but 
also entire manufacturing supply chains to add value and create jobs.

Cyber-physical systems enable the connection between real machines and 
products that is necessary for Industry 4.0 to work, by employing informa-
tion models and making use of the data streams created through the use 
of machines. The factory is increasingly becoming an information factory.

The human as a smart worker 

On the other side of the coin from this more technical perspective of In-
dustry 4.0, there is a second development: the intensive discussion con-
cerning the role of the human in a manufacturing environment. The docu-
ment “Factories of the Future PPP Roadmap” published by the “European 
Factory of the Future Research Association”, (EFFRA), underlines the 
importance of the human as a knowledge worker necessary for success-
ful production. Knowledge work differentiates itself from routine activity 
through complexity, autonomy and innovation. Production of the future 
will create new work forms and patterns, and future production employees 
will represent a key resource as knowledge workers. The so-called Smart 
Worker’s remit is to develop new possibilities to continually improve the 
exchange of knowledge on the shop floor.

In their roadmap, EFFRA underlines three key aspects to understand the roles 
and workplaces of people in factories and thus be in a position to improve them:

• How do people work and learn? 
• How do people interact with new technologies? 
• How do people create added-vale for industry? 

A study from Fraunhofer IAO concerning production work in the future sup-
ports this by underlining the role of people in production. Human-centric ICT 
approaches must become reality in industry to make it attractive to highly 
qualified employees. This provides the background for the four applications in 
the next section for the employment of human-centric ICT for smart workers.

Assisted machine operator 

The need to make context-relevant, personalised information available 
will grow. This is due to the increasing individualisation of products and 

the associated reduction in batch size means that production employees 
are being confronted with an increasing amount of highly specialised and 
rapidly changing information from a variety of sources in smart factories. 
However, very often both hands are required to operate a machine for the 
current work step in production. This creates an enormous potential for 
innovative interactive mechanisms on the shop floor, such as the use of 
data glasses that project production information within view of the machi-
ne operator in order to provide them with better support.

Even in this digital day and age, production employees still use checklists, 
job descriptions, instructions and orders in paper form that are printed out 
from digital MES and ERP systems. The reasons are the interruptions in 
the form of media, incompatibilities between formats and missing intero-
perability between machines and IT systems. This demonstrates that the 
paperless factory is still not reality, even today.

Human-centric  
production-knowledge management 

Knowledge management has the declared target of providing knowledge 
workers with relevant information at the right time, enabling them to act 
and make decisions and also to establish a culture in which knowledge 
is voluntarily and proactively distributed. Shop floors place different de-
mands on knowledge management than office environments so that they 
can support production knowledge workers to the best possible degree.

For example, tools designed for use on the shop floor should have intuitive 
interaction mechanisms and use speech, touch of gesture control instead 
of text input to support the distribution of knowledge. Furthermore, know-
ledge gained by experience is simpler to explain through the use of multi-
media content than with text. An example of this would be an experienced 
master craftsman recording the execution of a work step on a machine 
using data glasses and storing the video in a knowledge management sys-
tem in such a way that it can be automatically reused. An inexperienced 
employee can then use this coded experiential knowledge directly at the 
machine in order to receive visually convincing help for a work step.

Self-learning workplaces 

As permanent fixtures in smart factories, self-learning workplaces would be 
able to optimally support production employees by intelligently connecting 
data in production processes. Already today, production processes gene-
rate more data than ever before and the challenge is to network it intelligent-

In the factories of the future – Smart Factories – the human worker will play a key role as the most flexible element in manufacturing. 
This contribution will describe four applications for the use of human-centric ICT for smart workers that VIRTUAL VEHICLE has 
developed in conjunction with evolaris next level and other partners. If the production-knowledge worker is supported as an 
assisted machine operator via production knowledge management, self-learning workplaces and in-situ learning, then the vision of 
Industry 4.0 can be realised much quicker.

inFormation and CommuniCation 
teChnoLogy For sMart Workers 

Science in Manufacturing 
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ly. By doing this, data scientists could answer production-relevant aspects if 
they discovered interesting correlations in the data set. This would enable 
them to support predictive maintenance, the ordering of spare parts or to 
re-configure machines in flexible production environments. 

Machines and tools in Smart Factories will be regarded as things whose lin-
ked data must be interpreted while considering the big picture in the back-
ground, namely the effective and efficient production for small batch sizes.

Self-learning workplaces help production workers to guarantee the quality 
of components in that they can identify out of the collected data those fac-
tors that have negatively influenced the quality of a work piece. A possible 
finding from an analysis of industrial big data could be that a minimal re-
duction in room temperature (temperature sensor data) caused by a door 
being opened for a short time (door sensor data) negatively affects a ma-
nufacturing process (data from the quality measurement). However, wit-
hout self-learning workplaces, the cause may not have been recognised.

In-situ learning in production

In the previous use-case, the workplace itself learnt from acquired and 
networked data. With in-situ learning, the smart worker is the focus of the 
learning process. Augmented reality-based mobile solutions for example 
can be extended to become context-sensitive learning systems to enable 
learning at the right moment at the right place. Mobile and personalised 
learning systems that adapt to the current situation simultaneously sup-
port lifelong learning and the cross-generation transfer of know-how, par-
ticularly in the context of demographic change.

The challenge is to leverage people in production jobs to the necessa-
ry knowledge level to become smart workers, i.e. production-knowledge 
workers, through context-based learning, fabrication laboratory concepts 
(FabLabs) or via simulation in virtual reality environments. Equipped with 
this knowledge, the production-knowledge worker, thanks to his creativity 
and experience as a production hub, is able to manipulate the correct 
levers in a flexible production environment if he/she learns the correspon-
ding production steps in an ad-hoc fashion.

Data glasses and wearables provide input and output possibilities for 
many applications and in the future will be increasingly present in pro-
duction environments, where they will function as intelligent and adap-
tive competence boosters for production employees. They will not only 
provide ideal support for learning at the workplace, but also the detailed 
analysis of knowledge in future knowledge management systems for the 
shop floor that build upon increasingly comprehensive content.

Flexible processes due to flexible people 

Within the context of Industry 4.0 and the associated effective and effici-
ent production of small batch sizes, making production processes more 

flexible via supply chains is a core topic. If the production-knowledge 
worker as THE most flexible element in production is supported by hu-
man-centric ICT tools, this flexibility could be facilitated and the vision of 
Industry 4.0 could become reality much quicker.

Industry 4.0 offers VIRTUAL VEHICLE many entry points ranging from 
information networking in production and the intelligent evaluation of pro-
duction information (big production data) to the development of demons-
trators for the collaboration of human and machine with the help of new 
input and output devices.  ■
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fACTS4WorkErS

VIRTUAL VEHICLE is coordinating the project “Worker Centric 
Workplaces in Smart factories (fACTS4WorkErS)“. 
It started in December 2014 within the scope of the Horizon 
2020 Research initiative with 14 European partners. 
The project has a budget of 7.9 M€.
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The European Union‘s funding program Horizon 2020 supports the 
development of technologies for mobility by 2020 and provides fun-
ding of 80 billion euros. Together with the Graz University of Tech-
nology and other European partners, VIRTUAL VEHICLE is working 
on the implementation of this program. At the moment, nine pro-
jects of Horizon 2020 are running at the research centre. 

With the start of 2015, VIRTUAL VEHICLE‘s success concerning EU pro-
jects even exceeded the years before. Up until now, the EU’s Horizon 
2020 program has approved the start of negotiations for nine project pro-
posals. In the call for “Green Mobility“, the research centre even won five 
out of seven tendered projects. Some of them have already successfully 
passed the negotiation phase. 

A compliment for the location Styria

„The EU‘s decision is a great compliment for Styria as a region for innova-
tion and shows once again that our companies and research institutions 
decisively shape the future of global mobility. I congratulate the team of 
VIRTUAL VEHICLE and the project partners on this success!“, said the 
Styrian Economic Councillor, Dr. Christian Buchmann, upon hearing the 
encouraging news from Brussels.

4.5 million euros for VIRTUAL VEHICLE

With the recently approved projects, VIRTUAL VEHICLE gains more than 4.5 
million euros of which 2.9 million are from the EU’s „Green Mobility“ initiative.

Current topics, amongst others, are the energy efficiency of vehicles, al-
ternative fuels and the requirements for the workplace of the future in 
so-called „Smart Factories“. Specific questions to be addressed are: How 
can optimal energy management increase the range of electric vehicles? 
How can the platform technology that enables lower-cost car production 
be applied to future urban vehicle concepts? A further focus of the re-
search is increasing the life and safety of batteries.  ■

horizon 2020
virtual vehiCle gains millions for eu projects
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SafetyUpDate  
September 22-23, 2015 

Graz / Austria 

www.carhs.de

24th International Symposium 
on Dynamics of Vehicles  

on Roads and Tracks
August 17-21, 2015 

Graz / Austria 

www.IAVSD2015.org

The SafetyUpDate has already become a tradition: Since 2006 the congress 
has taken place annually in Graz. Within two days experts receive a detailed 
update of all relevant fields in automotive safety. 

The International Symposium on Dynamics 
of Vehicles on Road and Tracks (IAVSD) is 
the leading international conference bring-
ing together scientists and engineers from 
academia and industry in the field of ground 
vehicle dynamics to present and exchange 
their latest ideas and breakthroughs.

Call for Papers 

powered by

Welcome to Graz!
2003 European Cultural Capital, UNESCO World 
Heritage Site and an insider tip for connoisseurs 
– those who visit Graz love the Mediterranean 
flair, the world heritage of the picturesque historic 
quarter, spacious parks and architectural high-
lights.

Graz is an enjoyment capital – the regional 
Styrian specialties (with world-famous wines and 
dark pumpkin seed oil leading the way) are the 
ambassadors of this culinary identity. 

The Mediterranean flair is omnipresent: in the 
charming pub gardens, the quaint farmer’s 
markets, the narrow alleys, lively squares and 
in dreamy courtyards. For further information, 
please visit: www.graztourismus.at

24th International Symposium 
on Dynamics of Vehicles 

on Roads and Tracks 
August 17-21, 2015

Graz / Austria

Research Center

www.IAVSD2015.org

Scientific & Industrial Chairs:
Prof. Peter Dietmaier Graz University of Technology 
Dr. Andreas Haigermoser Siemens AG  
Prof. Martin Horn  Graz University of Technology 
Wolfgang Kriegler  Magna Steyr Fahrzeugtechnik 
Prof. Manfred Plöchl Vienna University of Technology 
Dr. Peter Schöggl  AVL List GmbH 
Prof. Hermann Steffan Graz University of Technology 

Scientific Committee 
 
M. Rosenberger  Austria 
M. Abe Japan 
M. Berg Sweden  
S. Bruni Ital 
H. Chollet  France  
C. Cole Australia  
D. Cole UK  
J. Evans UK  
P. Fischer Austria  
R. Fröhling South Africa  
J. C. Gerdes USA  
T. Gordon UK 
A. Haigermoser Austria 
S. Horiuchi  Japan 
S. Iwnicki  UK 
M. Lidberg Sweden  

P. Lugner  Austria 
G. Mastinu Italy  
M. Nagai  Japan 
J. Nielsen Sweden  
A. Orlova Russia  
H. Pacejka Netherlands  
H. Peng USA 
O. Polach Switzerland  
J. Rauh  Germany 
W. Schiehlen  Germany 
R. S. Sharp UK 
A. S.-Trigell  Schweden 
Y. Suda Japan 
H. True Denmark  
M. Valasek  Czech Rep.  
W. Zhang P.R. China

24th International Symposium 
on Dynamics of Vehicles 

on Roads and Tracks 
August 17-21, 2015

Graz / Austria

www.IAVSD2015.org

IAVSD 2015 at a glance:
Date: Aug. 17-21, 2015

Venue: University of Technology Graz 
 Inffeldgasse 18, 8010 Graz, Austria

Program and Registration: 
A preliminary program will be available on 
Mar. 4th, 2015. Registration opens on Mar. 
4th, 2015.

Sponsoring and Exhibition: 
We invite you to participate as Sponsoring 
Partner or Exhibitor at IAVSD 2015.

Contact and Information: 
Please direct your questions regarding 
IAVSD 2015 to the attention of:

VIRTUAL VEHICLE

Julia D‘Orazio 
 
phone: +43 (0)316-873-9094
e-mail: office@IAVSD2015.org

save the Dates!
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9th International Styrian Noise, 
Vibration & Harshness Congress 

June 22-24, 2016 
Graz / Austria 

www.isnvh.com

During the last decade, the ISNVH congress evolved to be the European NVH 
event dedicated to mobility noise, vibration and harshness. The brings together 
engineers and specialists from industry, research centers and universities all 
around the world, to discuss the latest technological innovations and recent 
achievements in vehicle NVH.

9th International Styrian Noise,
Vibration & Harshness Congress
The European Automotive Noise Conference

June 22-24, 2016  Graz / Austria
in

cooperation 
with www.isnvh.com

9h Graz Virtual Vehicle  
Symposium  

May 23-25, 2016 
Graz / Austria 

www.gsvf.at

Complex future drivetrains, functional safety or the interaction of vehicle and 
infrastructure are only a sample of current challenges of vehicle development. 
More than ever a perfect collaboration of different disciplines is essential to solve 
these tasks successfully. The Graz Virtual Vehicle Symposium (GSVF) again will  
provide intensive exchange and discussions on experiences, prototypical solu-
tions and actual tendencies in the field of interdisciplinary vehicle development.

       9.GRAZER  SYMPOSIUM
VIRTUELLES FAHRZEUG

      23.-25. Mai 2016 - Graz, Austria



Future vehicle 
concepts.

www.v2c2.atKompetenzzentrum - Das virtuelle Fahrzeug Forschungs-GmbH   ■  8010 Graz, Inffeldgasse 21a, Austria 
Tel.: +43 316 873 9001   ■  Fax: +43  316 873 9002   ■  E-Mail: office@v2c2.at   ■  Internet: www.v2c2.at

Electrification

Integral 
Safety

Automated 
Driving

Embedded 
Systems & 
Advanced 
Control

Energy 
Management

Testing & 
Validation

■	 More	than	200	experts	
■		Combined	digital	simulation 

and physical testing
■	 Patented		system	simulation
■	 Leading	international	OEMs,	tier-1- 

suppliers and software vendors as customers
■	 Strong	European	research	network
■	 25	EU	projects,	10	as	project	leader


