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speed and drivability tests, rough road for acoustic
tests and driving comfort and handling course for
the chassis development.

Aldenhoven Testing Center of RWTH
Aachen University (ATC GmbH) Provides Test Tracks for Vehicles and
Automotive Applications

With direct access to this testing environment
RWTH Aachen University is able to enrich its research activities in new fields for automotive applications and develop the products to marketability.
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A new automotive testing center will soon provide
vehicle test tracks for automotive applications. The
proving ground is located in Aldenhoven (only
20 km from Aachen). It is owned by the ATC
GmbH, a subsidiary of RWTH Aachen University
and District Düren.
In 2009, RWTH Aachen University and District
Düren lay the cornerstone for the proving ground
by building a vehicle dynamic area with a diameter
of 200 m and a straight acceleration lane of 400 m
(Fig. 1). In a second step the testing center will be
expanded with a funding by the EU and the country NRW. Further test tracks will be built in 2013
including a high speed oval, a handling course, hill
sections, braking tracks and rough roads (Fig. 1).
Braking
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Dipl.-Ing. Dipl.-Wirt.-Ing. Gregor Schürmann
Tel.: +49 241 5689-9657
schuermann@vka.rwth-aachen.de

Start of Operation at the Center for
Mobile Propulsion
The completion of the Center for Mobile Propulsion elongates. The technical tower is the first
building with an already finished setup. It provides
electricity, pressurized air, cold and hot water supply and is connected to the RWTH infrastructure.
The installed technical equipment is ready to run
and provides the fundamentals for other technical
equipment.

Vehicle dynamic
area:
Ø 200 m

High speed oval

Fig. 1: Overview of the various test tracks of
Aldenhoven Testing Center of RWTH
Aachen University (ATC)
The additional test tracks form a development environment for vehicle and in-vehicle engine developments, e.g. engine and gearbox calibration, high
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Furthermore, ATC offers the infrastructure for the
new Galileo navigation system (a successor of
GPS) for new traffic control systems and the development of autonomous driving.

Fig. 1: Center for Mobile Propulsion
Besides the technical tower most of the infrastructure of the building, e.g. the air conditioning and
the exhaust gas system is already installed in the
second floor of the laboratory building with over
3000 m² of space. Start of operation is planned in
June.
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Alternative Bio Fuels - Potentials for
Controlled Autoignition

Fig. 2: Laboratory for heavy-duty engines up to
a power of 600 kW
Figure 2 shows a test cell for heavy-duty engines
where also the installation of the measurement
equipment is finished. The fuel conditioning unit is
installed inside the test cell, whereas additional
units for air, coolant and lube oil are installed in the
joining technical area. As soon as the necessary
infrastructure of the building is ready to be operated, the interface between building and measurement equipment will be proven. In the following
weeks safety tests and the complete interface with
heat-supply to the infrastructure will be tested.

Controlled auto ignited operation in gasoline engines allows further significant part load efficiency
improvements of up to 25 % compared to stoichiometric spark ignited operation. It results from reduced gas exchange losses, lean air/fuel-ratio and
faster combustion. Autoignition is initiated by the
recirculation of high amounts of hot exhaust gas
from the previous combustion cycle. The autoignition process of hydrocarbons is controlled by
chemical reaction kinetics and is triggered by
prompt decomposition of hydrogen peroxide during the compression stroke. Measures that can be
taken to accelerate the accomplishment of this
temperature of approx. 1000 K lead to earlier autoignition and vice versa. This combustion system
can be influenced by global pressure and temperature level in the combustion chamber, local stratification of residuals, temperature and lambda as
well as the fuel’s reaction kinetics. Through the low
temperature combustion the NOX emissions are
drastically reduced. Thus a lean engine operation
without separate NOX aftertreatment is possible.

After these tests the other laboratories will also go
to operation step by step. Depending on the test
operation the finalization of all laboratories is
planned at the end of this year.
The office building is affected by a delay and
therefore will be finished earliest in August, while
the outdoor installation proceeds on time.
Dr.-Ing. Dieter Seebach
Tel.: +49 241 80-95357
Fax: +49 241 80-92630
seebach@vka.rwth-aachen.de
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Fig. 1: Cluster of excellence TMFB
The following work focuses on the influence of
different alcohol and furan based bio fuels. Besides conventional RON 95, Ethanol, 1-Butanol, 2Butanol,
2-Methyfuran
and
Tetrahydro-2methylfuran (2-MTHF) were analyzed. The furan
based fuels were developed in the context of the
work executed in the cluster of excellence “TailorMade Fuels from Biomass (TMFB)”. Coordinated
by the Institute for Combustion Engines, more than
20 institutes in the fields of chemistry, process
engineering and mechanical engineering work
together to develop future sustainable bio fuels. As
shown in figure 1, the approach of TMFB comprises a holistic process optimization, combining
fuel production and combustion. Thereby, it will be
possible to create and analyse fuel molecules that
Copyright ¤ VKA / RWTH AACHEN University
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were unknown till now. As proven by the results,
these fuels allow an optimization of existing combustion processes.

Fig. 2: Single cylinder test engine with
electromechanical valvetrain (EMVT)
As test engine for the results presented here a
direct injected single cylinder research engines
with a compression ratio of 12:1 and an electromechanical valvetrain system (EMVT) was used
(figure 2). Injector and spark plug are placed in
central cross position in the combustion chamber
roof with the spark plug positioned between the
exhaust valves and the injector positioned between the intake valves. Combustion chamber
recirculation was chosen as strategy for controlled
auto ignited operation while the operation limits
were defined to an IMEP standard deviation of
0.15 bar, a maximum cylinder pressure gradient of
5 bar/° KW or a stoichiometric air/fuel-ratio.
Figure 3 shows an internal EGR variation at an
engine speed of n = 1500 rpm and a load of IMEP
= 4 bar with single injection. This operation point
enables a comparison of the fuels at a load with
detectable NOX emissions. The variation of the
internal EGR amount is carried out by changing he
exhaust valve closing with coincidental changing
of the intake valve opening symmetrically to top
dead center. Starting at the maximal possible
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trapped internal EGR amount the negative valve
overlap (NVO) is reduced. In general, for a sufficiently lean air/fuel-ratio an increasing amount of
residuals leads to an advanced and faster combustion with enhanced pressure gradients and
higher NOX emissions as well as a decreasing
air/fuel-ratio. The HC emissions rise at decreasing
internal EGR amounts due to the low exhaust enthalpy. Finally, the standard deviation of IMEP
increases till combustion failure.
Significant differences between the fuels are noticeable for the necessary amounts of trapped residuals in order to autoignite the mixture. Especially regarding the alcohol fuels the stable operation range is limited for a single injection strategy
to a few°CA. The necessary amount of residuals
tends to correlate with the RON number of the
fuels. Ethanol with the highest RON and the highest enthalpy of evaporation needs the major
amount of trapped residuals (highest NVO) in order to reach autoignition, which diminishes the
possible relative air/fuel-ratio. 2-Butanol reveals
similar behavior.
1-Butanol and conventional
RON 95 which have lower research octane numbers need a reduced level of trapped residuals.
Tetrahydro-2-methylfuran with the lowest RON
autoignites with the lowest amount of residuals,
resulting in the highest efficiency due to lower gas
exchange losses (lower recompression of residuals) and decreased wall heat losses in combination with the highest enleanment potential. All investigated oxygenated fuels reveal significant potential to cut down NOX emissions in contrast to
conventional RON 95. For the alcohol fuels this
effect is caused by the high enthalpy of evaporation and lower adiabatic flame temperature resulting in reduced in-cylinder temperatures. For Tetrahydro-2-methylfuran the lowest level of NOX emissions is provoked by higher enleanment potential.
Besides, the significant reduction of NOX emissions both knock resistant fuels Ethanol and 2Butanol provide a 10% lower pressure gradient for
a constant h50 at 8°CA ATDC allowing to extend
the operation area.
Compact fuel molecules with high knock resistance and high enthalpy of vaporization like for
example Ethanol or 2-Butanol enable extensive
efficiency benefits in spark ignited operation at
high engine loads. Significant further increase of
the compression ratio is possible and offer even
more potential for efficiency improvements in the
entire operation area.
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pmi = 4 bar, n = 1500 min-1, EOI = 440° CA ATDC
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Fig. 3: Residual gas variation at n = 1500 1/min, pmi = 4 bar, single injection

Battery Management and Temperature Monitoring under Increased
Thermal Load
Temperature sensors in lithium ion batteries are in
most cases applied in locations defined by packaging restrictions. Often, the sensors are placed
near the terminals of the cells, assuming a homogenous temperature distribution across the cell
surface and because of high thermal stress at the
terminals. Due to the punctual measurement of the
cell temperature, locally increased temperatures
within the cell cannot be detected in a satisfactory
manner.
The objective of this research project was the development of a parametric lumped model to improve the monitoring and operation of lithium ion
batteries. For this purpose, suitable simulation
models had to be developed to identify optimal
positions for temperature sensors and to reduce
the number of sensors in a battery.
A coupled thermal and electrical simulation model
for a lithium ion battery on cell, module and battery
level was developed. The model is based on electrical measurements and separate measurements
of the material properties of the cell. The simulation model was validated against test bench
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measurements and is capable to predict the 3D
battery temperature distribution for a given load
profile with good accuracy. A comparison between
measurement and simulation of the temperature
distribution on the surface of a lithium ion cell is
shown in figure 1.
Temp.
40°C
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23°C

37°C

Simualtion

Dipl.-Ing. Dipl.-Wirt.-Ing. Florian Kremer
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Fig. 1: Measurement and simulation on cell
level
Based on the complex finite element model, a
simplified lumped parameter model was derived.
The lumped model consists of two thermal masses
connected by a thermal conductance and a convection coefficient to the ambient, as shown in
figure 2. It can calculate the maximum temperature
within the cell from a sensed temperature at a defined location in the battery and the current and
voltage signals provided by the battery management system (BMS).
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temperature sensors. Thus, the application of this
model is especially useful for cost reduction of
series production batteries in order to increase the
market share of electric and hybrid vehicles.

Fig. 2: Lumped parameter model for outer cell
Furthermore, a simulation of a locally limited heat
release, e.g. due to internal short circuit, was carried out. It was shown, that detection of locally
increased temperatures using temperature sensors is hardly possible. However, the newly developed lumped model would make the BMS capable
of detecting increased heat generation caused by
increased internal resistance of the cell.
The temperature distribution after a sudden local
heat release is shown in figure 3. The chosen
amount of heat represents the borderline to triggering a thermal runaway.
t=0s

Temp.
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Lube-Oil Dilution with Ethanol Fuel
Blends under Cold Ambient Conditions
Besides the potential of biofuels due to their
closed carbon cycle some challenges exist that
occur especially in customers’ everyday usage.
Hence, the properties of fuel blends with a high
alcohol content need consideration in material
selection of the fuel supply system and engine
operation under cold ambient condition and especially the engine cold start. These boundary conditions lead to a high tendency in lube-oil dilution
due to the higher required fuel mass.
The targets of this research project was to determine the differences in lube-oil dilution regarding
different ethanol fuel content and to investigate the
differences in mixture preparation using computational fluid dynamics (CFD) simulation.
Research Fuels

Fig. 3: Simulation of local heat release
As it can be seen, the inhomogeneous temperature distribution is almost equalized after 20 seconds. The total temperature increase of the cell is
less than 2K, which makes it hard to detect the
temperature increase by a temperature sensor
which is not located at the location of heat release.
These results are of great interest for both VKA
and other research institutes and companies. The
simulation of local heat generation yields important
findings regarding opportunities and drawbacks of
temperature monitoring in battery management
systems. In addition to that, the lumped parameter
thermal model offers improved temperature monitoring at reduced cost by minimizing the number of
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The investigations are performed using three fuel
blends with different ethanol content. The reference fuel is a gasoline fuel without any ethanol
content which will be compared to a fuel blend with
a volumetric ethanol content of 20 % (E20 Splash
Blend) using the gasoline reference fuel as base
fuel and a standard E85 summer fuel.
Table 1 shows an overview of some research fuel
properties. The higher research octane number of
the ethanol fuel blends highlights the potential in
decreasing CO2 emissions using biofuels considering the higher knock resistance in engine layout.
On the other hand the lower vapor pressure and
the lower stoichiometric air requirement already
lead to the assumption of difficulties in engine cold
start and engine operation under cold ambient
conditions.
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RON 95

E20 Splash
Blend

E85

Research octane
number (RON), corrected

95.3

102.2

106.1

Density at 20°C in
kg/m³

734

744

781

Volumetric ethanol
content in %

Not det.

19.6

85.8

Vapor pressure
DVPE in kPa

59.2

64.6

38.3

Stoichiometric air
requirement

43433

40042

29157

14.6

13.3

9.8

The challenge of the engine cold start with high
ethanol containing fuels is confirmed by Fig.1: The
distillation curve of E85 nearly shows the shape of
a boiling point leading to a possible unfavorable
cold start behavior and difficulties in reducing lubeoil fuel content by engine warm-up.
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Test Bench Investigations
To determine the lube-oil dilution under cold ambient conditions two typical engine operations
modes are investigated; cold start of the engine
and warming-up during catalyst heating engine
operation. For each operation mode three different
injection strategies have been developed for identification of mixture preparation differences.
For the cold start investigations two single and one
double injection strategy are analyzed, see Fig. 3.
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Table 2: Research engine properties

Table 1: Research fuel properties

160

Bore in mm

Valves per cylinder

Lower heating value
in kJ/kg

200

The spray guided combustion process uses homogeneous mixture composition and therefore a
three-way catalyst is used for exhaust gas aftertreatment. A summary of the research engine data
is given in Table 2.
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Fig. 1: Research fuel distillation curves
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Fig. 3: Engine start strategies

0
Test bench investigations for determination of the
influence of the ethanol fuel content on the lube-oil
dilution are performed using a modern 4 cylinder
gasoline DI engine with exhaust turbocharging,
see Fig. 2. The fuel is dosed using a piezoactuated A-nozzle with spray angle of 85° in central position. The maximum fuel pressure of the
fuel supply system is 200bar.

To determine the amount of fuel transferred into
the lubrication system caused by engine starts, 25
starts have been performed without engine warming up before measuring the fuel mass in the oil.
The analysis of the oil dilution by operation in catalyst heating mode is performed in a 60s test cycle
and with two triple injection strategies and one
double injection strategy, see Fig. 4. The fuel
mass in the oil is measured after 10 test cycles for
each fuel blend.

Fig. 2: Research engine and injector layout
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Fig. 4: Catalyst heating strategies and test
cycle
The results of the test bench investigations (Fig. 5)
show that the major influence on lube-oil dilution is
caused by steady engine operation at cold ambient conditions. Even though the injected fuel quantity per injection during engine start is much higher
than during catalyst heating, the larger number of
working cycles during the catalyst heating operation accumulates a higher absolute fuel mass in
the lube-oil.
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The catalyst heating investigations show that RON
95 and E20 Splash Blend respond similar to the

Fig. 5: Results of lube-oil dilution test bench
investigations
different injection strategies and in all cases the
oil-dilution with E20 Splash Blend is a little smaller
than with RON 95. Regarding lube-oil dilution with
E85 it is obvious that with strategy “Double” oil
dilution is significantly higher than with RON 95
and E20 Splash Blend. However, the lube-oil dilution was reduced to RON 95 level using triple injection strategies.
Simulation of Mixture Preparation

Heating strategy
"Double"
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40
Mass in mg

80 %

30 %
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1500

simulation for the fuel blends RON 95 and E85.
Fig. 6 points out that the fuel film mass inside the
combustion chamber (piston and liner) and therefore the fuel being subject to oil dilution with E85 is
significantly higher than with RON 95 although the
fuel vapor mass is nearly identical.
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Fig. 6: Results of CFD simulation
In order to compare the results of the CFD simulation with results of the test bench investigations a
characteristic number is defined. It is based on the
idea that only fuel that forms a film on the cylinder
liner might be subject to oil dilution. Its good correlation to the fuel mass transferred into the oil per
test cycle during the catalyst heating investigations
is displayed in Fig. 7 and makes the CFD simulation to a tool for lube-oil dilution prediction.
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Fig. 7: Results of CFD simulation
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The influence of the different fuel properties on
mixture preparation issues is investigated via CFD
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5th TMFB International Workshop

EVENTS

TMFB Seminars

In the context of the cluster of excellence TMFB,
seminars are scheduled on a regular basis.
st

Thursday, June 21 , 2012: 5:30 pm - 7 pm
Prof. Henry Curran
Combustion Chemistry Center
National University of Ireland
"t.b.d"

The 5th TMFB International Workshop of the
Cluster of Excellence "Tailor-Made Fuels from
Biomass" will take place on June 13th and June
14th, 2012 at the Eurogress Aachen.
For more information and a detailed conference
agenda please visit:
www.fuelcenter.rwth-aachen.de

Engine Technology Seminar
Summer Semester 2012

Thursday, June 28th, 2012: 5:30 pm - 7 pm
Prof. Thomas Rosenau
Department of Chemistry
University of Natural Resources and Life Sciences
(BOKU), Vienna, Austria
"t.b.d."
Thursday, July 5th, 2012: 5:30 pm - 7 pm
Prof. Sascha Kersten
Thermo-Chemical Conversion of Biomass
University of Twente, The Netherlands
"ThermoChemical Production Routes for BioFuels
and BioChemicals"
Thursday, July 12th, 2012: 5:30 pm - 7 pm
Dr. Hermann Breitbach
Head of Injection, Fuels and Lubricants
Daimler AG, Germany
"Kraftstoffqualität und Biokraftstoffe weltweit aus
Sicht eines Premiumherstellers"
The lectures are being held in lecture hall TD
(Fuel Design Center), 4th floor, Schinkelstraße 8,
Aachen, Germany.
The participation is free of charge and any pre
registration is not necessary.
For latest information please visit:
www.fuelcenter.rwth-aachen.de

Each seminar is 90 minutes long and divided into
45 minutes of presentation and 45 minutes of discussion in which questions from the audience will
be answered. Please note: usually the seminars
language is German.
Monday, June 11th, 2012; 6 pm
Dipl.-Ing. Bernhard Heil
Head of Passenger Car Engines and
Drive Train Development
Daimler AG, Stuttgart, Germany
„Zukunft der Ottomotoren bei Mercedes-Benz“
Monday, June 25th, 2012; 6 pm
Prof. Dr. Uwe Dieter Grebe
Executive Director
Adam Opel AG, Rüsselsheim, Germany
„Fahrzeugelektrifizierung – Quo vadis?“
Monday, July 9th, 2012; 6 pm
Dipl.-Ing. Stefan Meyer
Team Leader Off-Highway Engine Construction
MAN Truck & Bus AG, Nürnberg, Germany
„Entwicklungsmethoden und Motorenkonzepte für
Off-Highway-Anwendungen“
All seminars will take place at the KármánAuditorium, Forum 5, Eilfschornsteinstraße 15 in
Aachen, Germany. Participation is free of charge
and preregistration is not necessary. For latest
information please visit:
www.vka.rwth-aachen.de
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21st Aachen Colloquium
Automobile and Engine Technology

and hybrid vehicles will be available for test
drives.
For further information please visit:
http://www.aachen-acoustics-colloquium.com/

Following the tradition, the Aachen Colloquium
jointly organised by the Institute for Combustion
Engines and the Institute for Automotive Engineering (both of the RWTH Aachen University), will
take place for the 21st time on October 8th - 10th,
2012 at the Eurogress Aachen, Germany.
More than 100 technical presentations and 6 keynote speeches given by executives from leading
companies will cover the latest research and
technology in the fields of automobile and engine
technology.

Imprint:
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VKA – RWTH Aachen University
Phone.: +49 241 80-95350
Schinkelstraße 8, 52062 Aachen, Germany
Editorial Team:
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Dipl.-Ing. Matthias Krause: krause@vka.rwth- aachen.de
Design:
Winfried Falkenau

The accompanying exhibition with over 60 exhibitors will contain exhibits explained in the presentations as well as newest supplier innovations and
whole vehicles.
Further highlights are the test track which will give
the participants the chance to experience a variety
of vehicles themselves and the festive dinner with
great networking opportunities.
The registration for participants started in May and
will is available together with more detailed information at:
www.aachen-colloquium.com

Aachen Acoustics Colloquium 2012

This year, the fourth Aachen Acoustics Colloquium which addresses experts from the industry
and universities will take place on November 19th
- November 21st.
The Colloquium represents Aachen as one of the
most important centers for development and research in automotive acoustics which is confirmed
by the fact that 200 experts participated in the
Aachen Acoustics Colloquium in 2011.
During the technical presentations the up-to-date
and innovative methods and technologies in the
fields of acoustics and vibrations of vehicles and
drives will be presented and discussed.
The presentations will be accompanied by an interesting technical exhibition. Furthermore, electric
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21st Aachen Colloquium Automobile
and Engine Technology
The Aachen Colloquium took place for
the 21st time from
October
8th-10th,
2012 at the Eurogress
Aachen,
Germany.
Jointly organized by
Prof. Stefan Pischinger from the Institute for
Combustion Engines (VKA) and Prof. Lutz
Eckstein from the Institute of Automobile
Engineering (ika) of RWTH Aachen University, the
colloquium has established itself as the largest
European congress in this field of business.
After a brief welcome and introduction from Prof.
E. M. Schmachtenberg (Rector of RWTH Aachen
University), Prof. S. Pischinger and G. Duin
(Minister of Economic Affairs in North RhineWestphalia), three well attended plenary speeches
(Fig. 1) were given by Dr. U. Eichhorn (Executive
Director VDA), R. Borsboom (Member of the
Board DAF Trucks N.V.) and P. Mascarenas (Chief
Technical Officer and Vice President Ford Motor
Company).
During the following two days of conference more
than 100 presentations on innovative technologies
were given in five halls by renowned experts.
The main engine topics at this year’s conference
have been new gasoline and diesel engines,
efficiency and emission concepts, injection
technology and combustion systems , exhaust
aftertreatment, supercharging and downsizing, - as
well as alternative fuels. The following topics were
presented by the Institute for Combustion Engines
(VKA): “Influence of the Mixture Formation with
Ethanol Fuels on the Lube-Oil Dilution of Gasoline
DI Engines”, “Thermal Management for LithiumCopyright  VKA / RWTH AACHEN University

Fig.1: Plenary Session in “Europe-Hall”
Ion-Batteries: TradeOff Between Driving Range,
Lifetime & Performance” and “FEV‘s xDCT Family
– Extremely Compact 7- and 10-Speed DCTs”.
One highlight certainly was the plenary speech of
Dr. D. Zetsche (Chairman of the Board of
Management Daimler AG) on Tuesday morning.
The successful conference ended with a plenary
discussion after the speeches of Y. Matsuda
(Managing Officer Toyota Motor Corporation) and
M. Duesmann (Senior Vice President Powertrain
Development BMW AG).
The latest supplier innovations, whole vehicles and
exhibits explained in the presentations, were
showed in the accompanying top-class exhibition
with over 60 exhibitors on 1400 square meters.
FEV presented examples from their project
activities like the Ford 1.0l EcoBoost engine or
innovations like the development tool FEVALYS, a
two-stage VCR-System and many detailed
solutions for batteries and electrified powertrains.
Furthermore, the opportunity was given to the
1800 participants to experience vehicles like the
Lexus GS450h, Mercedes-Benz New Actros 1851
LS, Opel Astra OPC and many more on the ika
test track.
A great opportunity for personal exchange was the
traditional banquet with culinary and musical
highlights, which took place in historical buildings
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around the Aachen Market Square on October 9th
2012.

.!

The next Aachen Colloquium will take place from
October 7th-9th, 2013 at the Eurogress Aachen,
Germany.
For more detailed information please visit:
www.aachen-colloquium.com

Optimized Design of Hybrid
Powertrains under Real-World
Driving Conditions
Due to ever more stringent legal requirements and
societal demands for environmentally friendly
transportation, it has become essential to develop
low-emission and low fuel consumption vehicles.
One possibility to significantly reduce road traffic
emissions is powertrain electrification. Over the
last few years, almost all major automobile manufacturers have produced passenger cars with hybrid powertrains or at least conducted close-toproduction studies. There is a wide range of concepts, from micro and mild hybrid variants to plugin hybrids and electric vehicles with range extender.
A central task in hybrid powertrain development is
the targeted, well-coordinated design of the overall
system. The requirements may differ significantly
according to vehicle class, market segment, and
target market; and the resulting configurations may
also differ significantly according to the legal requirements in place. The number of possible combinations of components (combustion engine,
transmission, electric motor, energy storage device) for hybrid powertrains results in a high complexity of configuration. In the FVV research project "Optimized Layout of Gasoline Engines for
Hybrid Powertrains Under Real-World Driving
Conditions" (FV 1011) , various hybrid powertrains
were designed for different customer-relevant driving cycles. In this project, with the aim of minimizing fuel consumption, a novel approach was developed, combining design of experiments, longitudinal dynamics simulation, and numerical optimization. As the driving cycles included operating
ranges with high vehicle speeds and strong accelerations, it was necessary to create exhaust gas
temperature models and to integrate them in the
simulation models. This approach facilitates a reliable prediction of fuel consumption while meeting
the limits for maximum component temperatures.

2

!
Fig. 1: Optimization strategy under variation of
all relevant components and the operating
strategy
In this project, different powertrains were analyzed
and optimized for different driving cycles. Under
investigation were a parallel hybrid powertrain
without the possibility of battery recharge from the
electric grid as well as several plug-in powertrains.
In order to examine the influence of the vehicle
class on the design and optimization processes,
the investigations were conducted for four vehicle
classes, from the subcompact class to the SUV
class. In the project, the optimization process focused on achieving low CO2 emissions, which
were to be minimized under consideration of various performance boundary conditions, such as
maximum vehicle speed and hill-climbing ability.
For the investigations, four different hybridized
powertrains were selected for optimization. Also
investigated were plug-in variants rechargeable
from the electric grid (Figure 2).
Single-shaft parallel hybrid

E-Motor

Series hybrid (Plug - in)

Gearbox

Generator

Inverter

Inverter

Battery

Battery

Single-shaft parallel hybrid (Plug - in)

E-Motor

E-Motor

Mixed hybrid (Plug - in)
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Inverter

E-Motor

Inverter
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Fig. 2: Optimized Powertrains
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Subcompact Class

Compact Class

Middle Class

SUV - Class

Parallel Hybrid

x

x

x

Parallel Hybrid
(Plug-In)

x

x

x

Series Hybrid
(Plug-In)

x

x

Mixed Hybrid
(Plug-In)

x

x

Tab. 1: Optimized Vehicle Concepts
In order to be able to represent the influence of
realistic driving conditions on the optimum design
and configuration, five driving cycles were selected
for the longitudinal dynamics simulation. (Figure 3).
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Figure 5 shows the engine maps for specific fuel
consumption, exhaust gas temperature, and the
relative air/fuel ratio for a compression ratio variation on the Turbo DI engine.
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Fig. 4: Engine Concepts
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Fig. 3: Examined Driving Cycles Parameterization of the Powertrain Components and the
Operating Strategy
In order to be able to use the simulation and optimization approach followed here, it is necessary to
represent all relevant characteristics of both the
components and the operating strategy in a parameterized description. Thus, for example, the
engine coolant and oil masses are calculated in
dependence on the displacement of the combustion engine. Based on these data the engine temperature model calculates the coolant and engine
oil temperatures. By way of these temperatures,
the influence of the engine displacement on the
warm-up process and thus on the engine's friction
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In order to describe the impact of the variable parameters cylinder displacement and compression
ratio on fuel consumption in the engine map, a
map-based engine model was developed, which
calculates, in several stages, a scaled map from a
map derived from measurements in a thermodynamics test bench.
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behaviour in the driving cycle can be described. In
analogy, the dependency of the targets, CO2
emission, acceleration behaviour, maximum
speed, elasticity, and hill climbing ability for each
variable parameter was represented in scalable
form in the model.

Brake Mean Effective Pressure BMEP / bar

The investigations were conducted taking into account four vehicle classes, from the subcompact
class to the SUV class. The different combinations
of powertrain and vehicle class under investigation
are given in Table 1.
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Fig. 5: Compression Ratio Variation, Turbo
DI Engine
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It becomes obvious that due to an increased knock
limitation, the area of minimum fuel consumption is
shifted towards higher engine speeds and lower
loads. The knock limitation increases with rising
final compression pressure and thus with higher
compression end temperature and decreases with
increasing engine speed. This effect also explains
the change in the full load curve. With the help of
the methodology developed in this research project, any SI engine map can be scaled in dependence on the variables compression ratio and displacement.
Further, apart from the specific fuel consumption,
the exhaust gas temperature, the relative air/fuel
ratio, and the peak pressure position can be represented in the map.
In analogy to the parameterized description of the
combustion engine, the maps of the electrical machines were scaled and the influence of the maximum e-machine power output on the efficiency
was represented.
For the longitudinal dynamics simulation, apart
from the parameterized description of the components, also the operating strategy was parametrically represented in the simulation model. This is
necessary in order to be able to vary and optimize!
the operating behaviour in the driving cycle in a
simple manner.
Simulation and Optimization Results
The influence of the combustion engine concept
decreases with higher degrees of electrification, as
the operating time of the combustion engine in the
driving cycle decreases and higher shares of the
profiles are driven in the all-electric mode. At the
same time, the influence of the Powertrain efficiency increases, as these losses increase the
energy consumption also during electric driving.
The fuel consumption and thus CO2 reduction potential of hybrid powertrains achieved through
downsizing in combination with turbo charging
decreases if there are phases of strong acceleration and phases of higher vehicle speeds in the
driving cycle. Downsizing would be an effective
measure for driving cycles with a high percentage
of low-load operating ranges, but then, with all
hybrid vehicles, the lowest load ranges are driven
purely electrically anyway.
In the examined driving cycles, the influence of
mixture enrichment on CO2 emission is moderate,
as operating ranges with high engine speeds and
loads are avoided by means of long gear ratios in
the optimized configurations.

4

Optimizing the plug-in concepts, a design aiming
at an all-electric cruising range of approx. 25 km in
a realistic driving profile shows emission reduction
advantages over a design aiming at an electric
range of 50 km with higher performance requirements. These advantages can be attested for all
investigated driving cycles, except for the Artemis
Motorway, including the all-electric driving cycles.
In electric driving, the higher weight of the larger
battery needed to achieve higher cruising ranges
has a detrimental effect on the required driving
performance. Despite the better efficiency of the
larger, higher-range battery, the concept shows a
CO2 emission disadvantage in urban areas with
short distances and low performance demands.
Also, it results in higher production costs.
The investigations undertaken in the project
demonstrate that the hybridization of various
powertrains offers a marked CO2 reduction potential under real-world driving conditions; plug-in
systems turn out to be particularly favourable in an
urban environment. Assuming the European electricity mix with a high share of emission-free electricity, CO2 emission reductions of up to 60% can
be achieved in the investigated driving cycles.
In driving cycles that can be completed using plugin concepts in the all-electric mode, the mixed hybrid powertrain and the parallel hybrid powertrain
turned out to be the most successful concepts. In
driving cycles with a low average speed, the parallel hybrid has an advantage due to the switchable
transmission. In driving cycles with a high average
speed, the mixed hybrid powertrain shows slightly
lower CO2 emissions, as there are no efficiency
losses through the transmission.
In driving cycles such as the Auto-Motor-Sport
cycle, with a long driving distance of about 100
km, the plug-in parallel hybrid -- designed for a
electric driving range of approx. 25 km in the Artemis Urban Road Urban cycle -- does not provide
any CO2 emission advantage over the parallel hybrid without external battery recharging option.
This is due to the markedly higher vehicle weight
and the lower battery efficiency of the plug-in concept.
Comparing the serial hybrid and the mixed hybrid
as plug-in variant in long-distance driving cycles
(> 100 km), the CO2 emission of the serial hybrid
is only about 7% higher than that of the mixed hybrid. In the Artemis Motorway cycle, which also
cannot be completed by purely electric driving, the
CO2 emissions of both concepts are on the same
level. It turns out that range extender concepts
with mechanical connection between engine and
wheels, show emission benefits when driving long
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The simulation methodology applied as well as the
achieved results offer the opportunity to optimize
hybrid powertrains in the concept phase and to
create a concept design without detailed
knowledge of all individual components.
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Fig. 1: Engine operation points covered by extended turbine measurements
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distances, but then these are relatively low. As the
combustion engine of the serial hybrid can be
driven in an efficiency-optimized operating range,
a high percentage of the losses induced by multiple energy conversions can be compensated.
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Fig. 6: CO2 Emissions: A Comparison of Concepts in the Compact Class
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FVV Extended Turbine Mapping

Due to the extended mapping methodologies the
engine operation range is covered and no erroneous extrapolation of the turbine maps in engine
process simulations is required.
In order to enhance the results of the engine process simulation a couple of steps are mandatory.
First, the turbine measurements need to be extended towards higher pressure ratios und lower
speeds using the explained mapping methodologies. As a second step, the measured efficiency
needs to be split into 3 parts: aerodynamics, heat
transfer and friction. Figure 2 shows the separated
input data needed to perform predictive simulation
of the turbine behavior.
Extended Turbine Map

Heat Flux to Compressor

0.80

TC maps for engine process simulation are commonly measured on dedicated TC hot gas test
benches. Unfortunately, the degree of detail does
not cover the needs of modern downsized TC engines. Extension of the TC‘s area of operation and
enhanced description of TC behavior are mandatory for reliable and predictive simulation of TC
behavior in early development stages.
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As shown in Fig. 1 the standard hot gas measurement (black) does not cover the turbine operation range during full load and transient operation.
The introduction of the compressor closed loop
(CCL) and run away methodology (RAM) improves
the measured turbine pressure ratio range in this
case by approximately 460 % at the highest
measured reduced TC speed of nred = 8114
1/(minK0.5). The low speed turbine mapping limit of
40 % (nred = 3880 1/(minK0.5)) of the maximum
speed is improved down to 4 % (nred = 532
1/(minK0.5)) on the dynamometer turbine test
bench.
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Fig. 2: Needed input for a detailed engine process simulation
The presented methodologies serve the purpose
of increasing the degree of detail with which an
engine simulation can be performed. This allows
predictive gas exchange simulations, which are
important to save time and costs during the engine
development process.
The approach of the research project reduces the
deviations of the turbine isentropic efficiencies

5

For the first time a twin scroll turbine is described
in the entire engine relevant operation area (equal,
single, and unequal admission as well as backflow
from one scroll to the other). Therefor the parameter “Mass Flow Ratio” (MFR) to describe the flow
conditions is introduced.

MFR =

mɺ red ,FL1
mɺ red ,FL1 + mɺ red ,FL 2

Eq.1

Mass
Flow Averaged
TurbinePressure
Pressure Ratio
Mass
Averaged
Turbine
Ratio

The effect of the above mentioned flow conditions
on turbine efficiency and flow capacity has been
quantified. Measurement results showed back flow
from one scroll to the other under steady state
conditions up to 30 % of the total mass flow. The
results of this measurement can be seen in Figure
3. In order to measure a twin scroll TC under unequal admission a new measurement methodology
is introduced. Each flow is supplied by one burner
which makes it possible to measure different
speeds at a constant MFR.
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caused by varying boundary conditions up to 75 %
at high TC speeds. At low TC speeds (i. e. below
0.4*nTC,max) the benefit is even greater. This enables the predictive description of the TC within
engine process simulation.
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Fig. 4: Results of a thrust load measurement in
the compressor map
The measured axial force varied between Fax = 40 N (compressor pulling) and + 120 N (turbine
pulling) depending on the boundary conditions (TC
operation point, pressure downstream turbine,
pressure upstream compressor and turbine inlet
temperature). Due to the known axial force during
hot gas test it is possible to assign the friction
losses as a function of speed and thrust load to
each operation point. Therefore, an exact calculation of the isentropic efficiency of the turbine based
on hot gas measurements is possible.
A follow up research project has already been requested. The downsizing trend towards smaller
engine displacements and therefor smaller turbines leads to challenges in the manufacturing
process of twin scroll turbines. To overcome this
problem for 4-cylinder engines with a displacement
volume below 1.6 l the dual scroll turbine is currently investigated. In the following research project the extended mapping methodologies will be
transferred to dual scroll turbines.
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Fig. 3: Flow interaction map of a complete
measurement
As figure 3 indicates all measured flow conditions
occur within the show engine cycle (neng = 2000
min-1, WOT).
Figure 4 shows the results of a thrust load measurement of the TC bearing which has been performed on the TC hot gas test bench for a VTG
Turbine
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FPGA Based Real-Time Cylinder
Pressure Indication for Enhanced
Functionality
To optimize the combustion process and further
reduce emissions, cylinder-pressure-based control
that allows cycle-synchronous reactions is a promising approach. However, to capture and process
the cylinder pressure data, high processing power
and minimum response times and latencies are
necessary.
In a cooperation project, the Institute for Combustion Engines at RWTH Aachen University and
dSPACE together developed a high-performance
prototype for online indication with cyclesynchronous combustion control. The main focus
of this is to utilize a field-programmable gate array

FPGA Blockset for Indication
The evaluation provided by the FPGA blockset
includes computation of the indicated mean pressure, the heat released by fuel conversion, and the
resulting combustion behavior including the start,
center and end of combustion. The heat release is
calculated according to the first law of thermodynamics; additional functionality for wall heat losses
is currently being tested. The algorithms that are
integrated in the blockset also calculate the maximum pressure and maximum pressure gradient,
as well as the associated crank angle in the work
cycle. Signal preprocessing, including position
encoder evaluation and drift compensation, is also
performed by the FPGA. All the implemented functions, including the center of combustion, run in
real time with a resolution of 0.1° crank angle.

Fig. 1: Comparison of the indicated mean pressure and center of combustion of the FPGA
blockset with the results of the FEV reference system
(FPGA) for real-time indication. This leads to considerably increased performance in real-time cylinder pressure indication compared with purely
processor-based RCP systems. A set of basic
functions for indication was developed for the
FPGA to demonstrate the feasibility of FPGA
based indication evaluation.
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Validation by Test Bench Measurements
The developed system was validated on a HIL test
bench and also on a single-cylinder SI engine and
compared with FEVIS, the commercial real-time
analysis system from FEV GmbH, as a reference.
Figure 1 shows the results of both systems for
mean pressure and center of combustion across
300 work cycles with varying load and ignition timing.
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The results of computing the center of combustion
show a good match across the entire operating
range, with a mean deviation of 0.52 °CA. The
indicated mean pressure also shows slight deviation of only 0.057 bars.
In the second step, cycle-synchronous control of
the combustion process based on the results of
the FPGA evaluation was implemented. The valve
control times, the injection quantity and the ignition
time were adapted to the defined reference behaviors for the load and center of combustion. Figure 2 shows an example of the behavior of the two
variables with sine and step excitation and response.

maximum system dynamics. Control applications
that make tough demands on real-time capability
and precision, such as controlled auto ignition for
SI engines, can especially benefit from the advantages of the developed blockset. More potential for combustion control results from analyzing
events in the combustion chamber within a very
short time and initiating appropriate control interventions within the same combustion cycle (Figure 3). For example, fast signal evaluation makes
it possible to evaluate the diesel combustion behavior of the pre-injection and suitably adjust subsequent injections in the same cycle. This provides
promising options that can hardly be represented
with conventional methods.

Fig. 2: Simultaneous control of the center of combustion and mean pressure based on evalu.
ation by the FPGA blockset
The graph demonstrates the successful use of the
software within the closed control loop without
prior parameterization. The actual values follow
the curve of the reference values in all but a few
work cycles, which is due to the integrative part of
the PI controller used.
Potential of FPGA-Based Control
By integrating indication and engine control functions in a single device, minimum latency times
can be achieved. The indication values are available 0.1°CA after completion of the combustion
cycle, allowing cycle-synchronous intervention for
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Fig. 3: Low system latencies means that control intervention can be performed within the
ongoing work cycle.
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Lessons / Lectures
At the winter semester 2012/2013 the number of
new enrollments at the RWTH Aachen University
was 1980 for Mechanical Engineering and 380 for
Business Administration & Mechanical Engineering.

Thursday, January 24th, 2013
5:30 pm – 7:00 pm
Prof. Reinout Heijungs
Centrum voor Milieuwetenschappen
University Leiden, The Netherlands
„Life Cycle Analysis of Biomass-Based
Products“
The lectures will be held in Lecture Hall TD
(Fuel Design Center)
Schinkelstr. 8.
Participation is free of charge.
Possible program changes under:
www.fuelcenter.rwth-aachen.de
SEMINARS

Motortechnisches Seminar
Winter Semester 2012/2013

In the master program „Combustion Engine“ 18
students from different countries are enrolled.
Please find further information regarding the master program under:
www.master-combustion-engines.com
Information regarding the lessons under:
www.vka.rwth-aachen.de

EVENTS

TMFB Seminars

Each seminar is 90 minutes long and divided into
45 minutes of presentation and 45 minutes of discussion in which questions from the audience will
be answered. Please note: usually the seminars
language is mostly German.
Monday, January 7th 2013; 6:00 pm
Dipl.-Ing. Ulrich Weiß
Leiter Dieselmotorenentwicklung
AUDI AG, Neckarsulm, Germany

In the context of the cluster of excellence
TMFB seminars are scheduled on a regular
basis.
Thursday, January 10th, 2013
5:30 pm – 7:00 pm
Dr. Marc Lankveld
Bird Engineering Rotterdam, The Netherlands

„Premiumdiesel: Ein Motor mit Zukunft?“
Montag, January 14th 2013; 6:00 pm
Dr. Stephan Laiminger
Bereichsleiter Motorenentwicklung
GE Jenbacher GmbH & Co. OHG,
Jenbach, Austria
„Stationäre Gasmotoren höchster Leistungsdichte“

„t.b.a.“
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Montag, January 28th 2013; 6:00 pm
Dr.-Ing. Elmar Böckenhoff
Produktentwicklung LKW Systeme Antriebsstrang
Daimler AG, Stuttgart, Germany
„Conflicting Targets of the Commercial Powertrain:
Efficiency, Emission and Cost“
All seminars will take place at the KármánAuditorium, Forum 5, Eilfschornsteinstraße 15 in
Aachen, Germany. Participation is free of charge
and preregistration is not necessary. For latest
information please visit:
www.vka.rwth-aachen.de
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