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The Institute for Combustion Engines (VKA)

The Institute for
Combustion Engines (VKA)

4

At the Institute for Combustion Engines (VKA) under the direction
of Prof. Dr.-Ing. Stefan Pischinger research on all topics concerning
the vehicle powertrain is conducted. Conventional topics of engine
development like the implementation of innovative engine designs,
research on more eficient combustion processes or the improvement
of engine mechanics are central. Further research areas include virtual
engine development, hybrid powertrains and electromobility as well as
mechatronics for combustion engines. Research is closely associated
with the ongoing development of intelligent methods for test procedures
and engine calibration. The Institute for Combustion Engines employs
more than 300 scientiic, technical and administrative employees as
well as student assistants.
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The Institute for Combustion Engines (VKA)
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The Institute for Combustion Engines (VKA)

Fuel Design Center (FDC)

Furthermore, the program coordinators of “Power-to-fuel“ (P2F) and the “Center for Automotive Catalytic Systems Aachen“ (ACA) work at FDC. Both project houses are closely related to the topics of the Cluster of Excellence TMFB.
Hence, the FDC offers facilities for interdisciplinary and transdisciplinary work groups as well as guest scientists. Therefore, it essentially contributes to a continuation of the Cluster of Excellence “Tailor-Made Fuels from
Biomass“ as well as to a structural development of RWTH Aachen University. Of course, the FDC shall be continuingly operated as competence center after the end of the second funding line.

Facilities
High Pressure Chamber (HPC):
•
•

Since the beginning of 2012, the Fuel Design Center (FDC) is located in Schinkelstraße 8 in Aachen, which is the
core area of RWTH Aachen University. The improvement of the institutional structures of the Cluster of Excellence “Tailor-Made Fuels from Biomass“ as well as the requirement to create a sustainable, jointly used research
center was essential for the founding of FDC. With its structure and orientation, the FDC can be assigned to the
proile areas “Mobility & Transport Engineering“ (MTE), “Energy, Chemical & Process Engineering (ECPE) and
“Molecular Science & Engineering“ (MSE).
The FDC offers more than 1000 m2 of laboratory area, among others facilities for detailed investigations of novel
fuels under real combustion conditions. In addition to the expansion of the already existing chemistry laboratory,
for example a high pressure chamber to visualize injection processes, two single cylinder research engines for
thermodynamical examinations and to optical engines were installed.
The “Rapid Compression Machine“ (RCM) and the shock tube are operated by the junior research group “Physico-Chemical Fundamentals Of Combustion“ (PCFC) under direction of Professor Alexander Heufer. In addition
to the employees of PCFC, the research group “Model-Based Fuel Design“ (MBFD) of Junior Professor Kai Leonhard is located at FDC, as it offers more than 600 m2 of ofice area. The FDC does not only house these two
junior professorships founded by the Cluster of Excellence: the Cluster ofice and the speaker of the Cluster are
also located at the FDC.
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Investigation of Diesel injection, mixing and ignition processes
Thermodynamic conditions up to 1000 K and 140 bar, simultaneous recording of
Shadowgraphy and OH*-chemiluminescence

Single Cylinder Research Engines:
•
•

Investigation of spark ignition and compression ignition coupled to special measurement techniques such as infrared spectroscopy and particulate matter sizer
Peak iring pressures up to 250 bar, combustion chamber with access for optical
measurement devices

Optical Engines:
•
•

Investigation of mixture and emission formation
Diesel-engine geometrically almost identical to the thermodynamic single cylinder Diesel research engine including ω-type piston bowl and exhaust gas recirculation
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Rapid Compression Machine (RCM):
•
•

Measurement of chemical ignition delay time (typical range 2 - 200 ms)
End of compression pressures higher than 100 bar possible (pressure peaks up
to 1000 bar allowed)

Steady State
Mixture Formation

Ignition Tendency and
Combustion Kinetics

Transient Mixture Formation
and Emission Formation

Combustion Characteristics
under Real Operating
Conditions

Shock Tube (ST):
•
•

Measurement of chemical ignition delay time (typical range 0.1 - 4 ms)
End of compression pressures higher than 50 bar possible (pressure peaks up
to 500 bar allowed)

Gas-Chromatography and Mass Spectroscopy
•
•

Measurement of stable species during ignition process
Coupled to RCM and ST via rapid sampling system (planned)

ASG AFIDA
•
•
•
•
•
•

Correlation to EN ISO 5165 (CN determination)
Sample size 40 ml
20 min. per fuel
Optional: exhaust gas sampling
Automation possible
Free parameter selection

The Cluster of Excellence ‘‘Tailor-Made Fuels from Biomass’’ is funded by the Excellence Initiative by the German Federal and State Governments to promote science and research at German Universities.
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The Institute for Combustion Engines (VKA)

Center for Mobile Propulsion
(CMP)

The Center for Mobile Propulsion is funded by
the German Council of Science and Humanities
(Wissenschaftsrat) and by Deutsche Forschungsgemeinschaft (DFG).

The interdisciplinary approach chosen for the establishment of the Center for Mobile Propulsion is also relected in the experimental instrumentation of the research center: Within the CMP, component test benches
for batteries, electric motors, transmissions, combustion engines and
powertrains are installed. By focusing all these test benches at one facility, real-time communication between the different component test
benches is enabled via network. The integration of a simulator facilitates
to simulate a systematic behavior of early stage components. Thereby,
virtual powertrains can be outlined independently from individual setups.
By this, researchers can examine interactions of single components in
dynamic use, consider the effects of different topologies and explore
necessary control strategies of the overall system in an early project
phase. Moreover, the test laboratory has an integrated workshop to conduct setups and alterations on-site. The test benches are designed highly lexible for a time saving and an effective use.

The “Center for Mobile Propulsion” is a high-quality research
center at RWTH Aachen University. Led by the Institute for
Combustion Engines (VKA), 16 institutes investigate and optimize electriied mobile powertrains in an interdisciplinary
approach. New technical developments in mobile propulsion, especially hybrid and battery technology, widen the development of propulsion systems to an integrated research
ield of numerous different disciplines. Tasks concerning the
research of new powertrains hence become constantly more
complex and therefore require interdisciplinary cooperation.
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New in 2015

Emission Chassis
Dynamometer

Dilution Air

3-Stage Air Filter with
Delta Pressure Control

Background Measurement of Dilution air

Overflow Bonnet
3-Stage Air Filter

OBD-Interface
Start/StopDiagnosis

Gasoline Dilution Tunnel

Air Heater

Pre-Dilution Particle Counter

HIOKI 3390 and
Clamp Meters

Diesel Dilution Tunnel

In order to strengthen strategically the proile areas ”Mobility and Transport Engineering“ as well as ”Energy,
Chemical and Process Engineering“ of RWTH Aachen University, the chassis dynamometer of the Institute for
Combustion Engines was rebuild in 2014. This was intended to accommodate the scientiic and legal requirements for research infrastructure in the development process of modern passenger car powertrain concepts.
Since February 2015, the new emission chassis dynamometer is in operation.
At the moment 4-wheel drive vehicles account for a constant share of 7 % of the registered vehicles. However,
new powertrain concepts (e.g. hybrid vehicles) will lead to an increasing share and to a greater diversiication of
possible powertrain concepts.

AVL MSS

LFE Junction
Point

PNC

Driver´s Aid Computer
Airstream Fan

RS232
AK-Protocol
Mixing T
GDI-Vehicles

Carflow

Test Bench
Automation System

RS232 und TCP/IP
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PMDiesel
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Muffler

ECE R101 NOVC/
OVC Software
Package

Changeover Valve
to Before Catalyst
and After Catalyst,
Sampling of Air of
the Room

Blower

RS232 and TCP/IP Interface
AK-Protocol

RS232 and TCP/IP Interface
AK-Protocol

T-FID

CVS
conditioned to 35 °C

Consequently, there are powertrain concepts which cannot be investigated with a conventional single axle test
bench. In order to meet the future technical requirements, the old single axle dynamometer was replaced by a
brand new 4-wheel drive chassis dynamometer. This 4-wheel drive dynamometer consists of two driven and
independently operable axles. The front axle is installed ix, while the rear axle is arranged slidable/variable and
a wheelbase between 1.800 mm and 4.400 mm can be realized.

FID

FTIR

CLD

NDIR

clean

3. Raw Emission Line

The new 4-wheel chassis dynamometer provides a unique research facility, which features an outstanding and
trend-setting combination of properties for both R&D tasks and certiication tasks.

2. Raw Emission Line; Additional for Modal
Analysis Diluted Exhaust Gas and Bag Analysis
1. Raw Emission Line

Exhaust Line
Diluted for Modal
Analysis and Bag
Analysis

dirty

air

Heated Bag Measurement
Switch between Dirty/Clean

Multistage Venturi
System with Heat
Exchanger

Schematic overview of the new chassis dynamometer
All the requirements of the different national and international legislations, i.e. for Europe EG70/220 and
EG 80/1268, 715/2007 ECE R83, for the USA 40 CFR 86, 1065, for Japan LEV 2000, article 31, Trias 60-4,
Trias 5-9, attachment 42, are met with VKA´s new 4-wheel dynamometer. Therefore the new chassis dynamometer allows test cycles for either conventional, 4-wheel drive, hybrid and electric vehicles
(e.g. SOC tests) as well as for motorcycles.
Besides, vehicle testing with different alternative fuels (ethanol, methanol, LPG and
CNG) is possible. Up to a vehicle speed of
250 km/h full load tests, performance measurements and freely conigurable test cycles
can be realized. By relocating the vaporizer
of the modernized test bench, it is possible
to test vehicles up to a height of 2.96 m (i.e.
MB Sprinter).

14

Technical Data of the New 4-Wheel Drive Chassis Dynamometer
Max. testing velocity:
Max. power (front axle):
Max. power (rear axle):
Max. power (4WD):

250 km/h
220 kW (short-time overload up to 330 kW)
220 kW (short-time overload up to 330 kW)
440 kW (short-time overload up to 660 kW)

Max. traction force (front axle):
Max. traction force (rear axle):
Max. traction force (4WD):

6.400 N
6.400 N
12.800 N

Mass simulation:
Diameter:

150 kg up to 4.536 kg
48“ (1.219,2 mm)

Wheelbase:
Max. axle load:
Dynamometer width:
Inner distance:
Outer distance:

1.800 mm to 4.400 mm
2.500 kg
700 mm
900 mm
2.300 mm
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The Institute for Combustion Engines (VKA)

Aldenhoven Testing Center
(ATC)

Aldenhoven Testing Center (ATC) is a state-of-the art interdisciplinary testing center for mobility. It is operated
by ATC – Aldenhoven Testing Center of RWTH Aachen University GmbH, a joint venture of Düren county and
RWTH Aachen University. ATC was built between 2009 and 2013 on the grounds of the former coal mine Emil
Mayrisch in Aldenhoven, Germany, and thus represents an example for successful structural change. All aspects of future challenges and possibilities towards modern mobility can be developed and tested at ATC. The
installation was inanced by capital of RWTH Aachen University as well as public funding of the State of North
Rhine-Westphalia and the European Union (European Regional Development Fund). Besides six track elements,
automotiveGATE enhances ATC as a test and development environment for the future European global navigation satellite system Galileo. All tracks and facilities can be rented out by interested institutions for their research,
development and testing towards mobility. Further extensions, in particular for research and development of
connected and autonomous driving are currently planned or built.

Galileo
ATC is covered by six terrestrial stations, so called pseudolites, which provide a simulated signal
of the currently installed Galileo satellite system.
This allows development and testing of application systems already now.
The receiver data can be visualised online or recorded for ofline analyses. Recorded data can
be played back. For the usage of the system, dedicated Galileo receivers are required. GPS and
EGNOS signals as well as augmentation data of
the local reference station can be received and
used furthermore.
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The Institute for Combustion Engines (VKA)

Test Track Elements
Test track elements of different kinds provide outstanding conditions for research,
development and validation of single systems up to full vehicles. Worldwide exclusive
is the coverage with a simulated signal of the European Galileo positioning system.
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Hill Section

Vehicle Dynamics Area

The hill sections offer different slops
of 5 %, 12 % and 30 %. The 12 %
track can be looded, allowing hill
starts with low friction (µ-low). The
gross axle weight can be up to 10 t.

The vehicle dynamics area is a lat,
210 m diameter circular surface that
can be used by passenger cars and
trucks. The regular acceleration lane
is 400 m long.

Oval Circuit

Braking Test Track

Rough Road

Handling Track

The oval circuit is the central element
of the testing center. It provides a
total length of approximately 2 kilometers and comprises 3 lanes. Depending on the lane and the curve radius, a lateral force free driving up to
117 km/h is possible. The straights
are each 400 m long. Even trucks
can use the oval circuit - the gross
axle weight can be up to 10 t.

The braking test track with different
friction linings allows tests to analyze the braking performance of a
vehicle. The measuring part of the
braking test track has a length of
150 m and comprises an asphalt
and a tiles lane. Both lanes can be
looded, allowing µ-split tests.

To conduct evaluations of ride
comfort, ive different road surfaces
are available on the east straight of
the oval circuit: plate bumps, saw
tooth proiles, Belgian block as well
as two different rough asphalts

The handling track with various
curve radii allows the testing of
driveability and chassis in extreme
situations. It is 800 m long and 6 m
wide with adjacent run-off areas. A
1 g dip allows a dedicated vertical
acceleration of the vehicle.
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New in 2015

New in 2015

Recent News of the Cluster of
Excellence “Tailor-Made Fuels
from Biomass”
Membership in KlimaExpo.NRW

New COO for the Cluster of Excellence

The KlimaExpo.NRW is a new climate change initiative from the North Rhine-Westphalian (NRW) state
government. Industrial change is based on innovation, education and climate protection. The major challenges
to achieving this change include realizing the energy transition and reaching climate protection goals. The
responsibility to overcome these challenges is shared by the political, economic, social and scientiic sectors. To
aid in this process, and as the irst state to do so, NRW has set binding goals for climate protection. In order to
ensure that the energy transition, as well as climate change mitigation and adaptation act as key driving forces
in economic and social development, NRW launched the KlimaExpo.NRW as a means to present the technical
and economic potential of NRW in these ields. The initiative should act as an exhibition and idea laboratory for
NRW, and not only in one place at one time, but rather across the state and until 2022. The KlimaExpo.NRW
aims at presenting successful projects to a large audience ranging from the local to the international level. The
goal is to do so in a way that is easily accessible and understandable and thus encourages continued and
enhanced advancement in climate protection.

With the beginning of October 2015, Dr. Florian Kremer left the Cluster of Excellence to address himself to a new
task in industry. The Institute for Combustion Engines would like to thank him for his effort as COO of the Cluster
and wishes him all the best for his future employment.

The position as COO of the Cluster of Excellence is taken over by
Benedikt Heuser. He is working for the Institute for Combustion
Engines since 3.5 years. During this time he already investigated
the combustion and emission formation of novel biofuels within
the Cluster of Excellence. His research tasks predominantly focus
on alternative fuels for an eficient and clean combustion process
as well as combustion system development for passenger car
Diesel engines.

Until 2022, 1000 projects which actively contribute to the so-called “Energiewende” and make the energy market
more sustainable are planned to be awarded a membership. TMFB was recognized and oficially awarded the
membership in February 2015, the oficial inauguration took place during the International Conference of the
Cluster of Excellence TMFB in June 2015.

Contact
Dipl.-Wirt.-Ing. Benedikt Heuser
COO Cluster of Excellence
“Tailor-Made Fuels from Biomass”
Phone: +49 241 80 95352
heuser@vka.rwth-aachen.de
22
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New in 2015

New Test Benches
in Operation
In 2015, two new test benches in the Center for Mobile Propulsion (CMP) were taken into operation.

E-Motor Laboratory

Battery Laboratory

The laboratory for electric machines of the Center for Mobile Propulsion allows testing of various electric motors
and generators (e.g. for Range Extender applications). The test bench is equipped with a dyno, an electric motor
test device and a lexible IPU (Inverter Power Unit). An industrial IPU can be used for characterization of electric
machines under steady state conditions. The temperature of the test object can be varied in a wide range by
external conditioning of the coolant water. In such tests the losses and the thermal behavior of electric motors
can be analyzed in detail. Future research work will include the test of advanced inverter control algorithms.

The CMP battery laboratory allows investigating cells
and entire vehicle high-voltage batteries under variable
thermal conditions in an secure environment with the
use of the latest pyro bubbles extinguishing devices. In
this test environment, it is possible to test the batteries
in different electrical stress situations which can be implemented as differentiated load cycles under deined
boundary conditions.

Battery Test Bench Description:
Peak power: 150 kW
Peak currents: 800 A
Voltage range: 0-800 V
Air conditioning: -45 to 120 °C
Coolant conditioning: (-20) 10 to 130 °C

E-Motor Test Speciications:
Maximum speed: 15.000 1/min
Maximum torque: 440 Nm
Peak power: 211 kW
Maximum voltage: 750 V
Peak amperage: 450 A (DC), 500 Arms (AC)
Switching frequency: 14 kHz
DC Source:
Peak power: 440 kW
Voltage range: 0 - 800 V
Amperage range: 0 - 800 A (DC)

Combined Power and Energy Battery
By connecting the power and energy cells by a current
regulator, it is possible to achieve a weight and volume reduction. In addition, a high charge and discharge
capacity is realized. The chosen combination reduces
demands on the cooling system and a scalable electric range will be reached.

Simulation and Validation Process
For a continuous simulation and validation process
while researching new battery technologies, different
detail levels of the underlying models are needed. This
directly inluences the boundary conditions for test
bench measurements. There are both investigations
at the cellular level (Electrochemical / material, lumped
parameter models) as well as module-level possible.
24
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New in 2015

Welcome to Our New Employees
in the Year 2015

Maximilian Wick
Research Associate
Hybrid & E-Mobility

Johannes Claßen
Research Associate
Gasoline Engines

Tobias Voßhall
Research Associate
Design Gasoline
Engines

Christian Sohn
Research Associate
Hybrid & E-Mobility

Christian Schumann
Research Associate
Powertrain and
Vehicle NVH

Maximilian Kaiser
Research Associate
Gasoline Engines Thermodynamics

Tobias Schmitz
Workshop

Nico Pichanski
Workshop

Christopher Marten
Research Associate
Commercial, Industrial
and Large Engines

Johannes Fryjan
Research Associate
Gasoline Engines Thermodynamics
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Feihong Xia
Research Associate
Thermodynamic Simulation & TC Development

Petra Müggenburg
Secretariat

Simon Gottorf
Research Associate
Gasoline Engines Thermodynamics

Giovanni Vagnoni
Research Associate
Diesel Engines
Passenger Car

Ahmad Omari
Research Associate
Diesel Engines
Passenger Car

Daniel Neumann
Research Associate
Diesel Engines
Passenger Car

Alexander Lemm
Workshop

Tobias Moll
Research Associate
Transmission Design
& CAE

Marius Zubel
Research Associate
Diesel Engines
Passenger Car

Andreas Knur
Electrics

Can Özyalcin
Research Associate
Commercial, Industrial
and Large Engines

Robin Schwab
Research Associate
Commercial, Industrial
and Large Engines

Patrick Höhn
Research Associate
Test Solutions

Alexander Paetz
Workshop

Kevin Klintworth
Workshop

Daniel Guse
Research Associate
Gasoline Engines

Adrian Schloßhauer
Research Associate
Thermodynamic Simulation & TC Development

Sascha Tews
Research Associate
Gasoline Engines Thermodynamics

Nico Strauss
Electronics

Edgar Strelitz
Facility Management

Yannic Peltzer
Workshop

Christina Cremer
Accounting
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Research at the
Institute for Combustion Engines

Virtual Shaft & Real-TimeCo-Simulation of Powertrains

Research News

Modern propulsion systems require very challenging development and testing procedures. Development of
front-loading entails intensive use of test benches instead of demo vehicles. Synchronous testing with spatially
distributed test benches allows further improvements; nevertheless, virtualization of the mechanical interaction
of shaft connections is required. First step iteration of the development process optimization is the so called
Road2Rig approach (igure 1).

Figure 2: Road2Rig setup

Figure 1: Road2Rig approach

The general goal of the distributed powertrain testing is to couple test benches in real-time, with the possibility
to substitute hardware by simulation models processed as co-simulation in real-time. Important targets are
building up a generic interface between test benches and the exchangeability of hardware and real-time models.
Different applications and future tasks or problems such as distributed testing or real drive emission tests on test
benches could be addressed (igure 2).

30

In the irst step, the combustion engine environment (transmission, vehicle body, track and driver) is replaced
by simulation models. This enables the system for realistic dynamic driving tests and irst real driving emission
results. The real time co-simulation provides an engine torque feedback to the simulation model of vehicle
body and transmission. The inal interaction of the components can be taken into account because the real
combustion engine behavior inluences the simulated components.
In the next step, an additional physical powertrain component in addition to the combustion engine is considered
(e.g. transmission) (igure 3).
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Research News

Figure 3: Virtual shaft approach

For the virtual shaft approach, combustion engine and transmission test bench with standard coniguration are
linked by the automatization system. Originally the dynamometer at the combustion engine test bench is speed
controlled and deines the speed set point. The transmission test bench consists of two dynamometers. The
one at the transmission input is torque controlled while the transmission output shaft is speed controlled. These
dynamometers simulate the driving resistance including the vehicle inertia.
All time critical communication protocols between measurement units, frequency inverters as well as the test
benches is converted into EtherCAT to achieve minimum latencies. Target of the control structure is to equalize
both speed and torque at the measurement points (igure 4).

Figure 4: Virtual shaft setup

The set point for the speed controller at the combustion engine test bench is the measured speed of the transmission input shaft. Because of the constant inertia of the setup at the combustion engine test bench, this part
of the control structure can be optimized by standard tools for control engineering. However, the transmission
controller is more challenging. The reduced inertias can differ by factor 13 between the different gears.
The controller structure has two major conlicts:
• The reference values of the controller are results of the controllers history and therefore results of the output from the same controllers
• The external torques from combustion engine and road load are disturbance values and main inputs of
the system
A nonlinear controller approach is one possible solution for this issue.
In 2015 the algorithms for synchronizing the motion of the combustion engine output and transmission input
regarding speed and torque are further optimized to reduce the control deviation.

This work is funded by Deutsche
Forschungsgemeinschaft (DFG).
Contact
Dipl.-Ing. Rene Savelsberg
Phone: +49 241 5689-6868
savelsberg@vka.rwth-aachen.de
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New Scalexio Real-Time
Simulator and Hardware-inthe-Loop Test Bench

Use Case: 12 V / 48 V Powernet Testing

Changing boundary conditions for the powertrain development process require new testing and validation methodologies. System validation in an early phase is a key factor for successful research and development work.
Various new approaches like component in the loop testing, real-time coupling of test benches and real world
driving emission measurement on a test bench have been recently discussed.

Testing of conventional automotive powernets is usually done in a feed-forward approach: the speed proile is
deined before the test is carried out, the electrical loads and the generator are controlled based on the speciic
test proile. The voltage, battery current and load torque of the generator are analysed as results of the tests. A
closed-loop feedback of the device under test to the testing environment is typically not implemented.

The requirements of these approaches differ in detail, but all of them are based on the bidirectional coupling of
real hardware components to advanced simulation models. Due to this coupling, real-time capability is a hard
requirement for the simulation tool. A generic testing infrastructure to cover all varying use cases has been
developed at the institute for combustion engines. Due to its lexible I/O interfaces, a powerful tool chain and
the wide use in automotive industry, the dSPACE Scalexio hardware was identiied as a very suitable simulation
tool. It can be used in different conigurations and coupled to different test benches. This approach allows the
improvement of the testing process in various conigurations.

Automotive powernets develop to higher power; 48 V is investigated as an enabler for cost-eficient mild hybridization concepts. Regeneration, electrical assist and supercharging help to improve the fuel consumption and
performance of next generation powertrains. As these approaches increase the inluence of the powernet on
the vehicle dynamics, closed-loop testing is becoming an important requirement.

Research News

Figure 2: Layout for testing of automotive powernet system coupled to a real-time environment simulation
(© dSpace)

Figure 1: Scalexio real-time simulator at test bench in the Center for Mobile Propulsion (CMP)
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The new Scalexio Real-Time Simulator is used as a coupling device to close the loop in real time and to couple
existing 12 V / 48 V components to advanced simulation models (igure 2). A lexible combination of VKA models
and third-party simulation models (e.g. dSPACE ASM) offers a high lexibility and allows eficient testing with
minimal effort for simulation setup and calibration.
35

Research News
Use Case: Road2Rig / Engine in the Loop Testing

Use Case: Virtual Shaft Test Bench Coupling

The rising number and complexity of components in modern powertrains has led to signiicantly increased
efforts in development and testing. Virtualization allows shifting tasks to earlier project phases (front-loading) by
using test benches instead of prototype vehicles (road to rig). This approach requires the coupling of simulated
components to a test object (e.g. combustion engine) on the test bench in realtime. The Scalexio simulator can
also be used for this use case with a very similar layout to the powernet testing approach. The simulation models can be carried over from the Model-in-the-Loop testing, derived from other projects or provided by a third
party. The models are executed in real-time and stimulated with measured sensor signals (e.g. engine torque)
from the test bench.

Coupling of test benches by a virtual shaft connection offers new possibilities for front-loading of testing procedures. This approach required a powerful device, that guarantees deterministic data transfer and control logic
calculation. The Scalexio simulator is also used for this layout and coupled to specially separated test benches
by a real-time capable EtherCAT connection. The high computational power improves the control logic which is
used to implement the virtual shaft without any a-priori knowledge of the test object.

This approach allows testing a combustion engine in a direct feedback to the simulation models used for
powertrain layout and eficiency estimation. This seamless methodology improves the development process
and allows to shift development tasks from the road to the test bench.

Figure 4: Implementation of the “virtual shaft” test bench coupling using the Scalexio real-time simulator
(© dSpace)

Figure 3: Driver-in-the-loop setup for evaluation of human driver’s behavior on powertrain
eficiency and emissions (© KSPG)

Another option is to couple a steering wheel and pedals to the test bench, which allows a human driver to
control the engine in the test bench. The control inputs of the driver are also measured and processed in realtime by the HiL-Simulator. Feedback to the driver is provided by a realistic 3D simulation of the vehicle and its
environment. The inluence of the driver on fuel consumption and emissions can be evaluated at a very early
project phase with a limited number of available hardware components.
36

The communication to both TCM (Test Cell Manager) and TOM (Test Object Manager) systems in a virtual shaft
setup is managed by the I/O interface of the HiL-simulator. The virtual shaft concept implies that the set point for
both electric machines is a result of the real-time control logic. Communication latencies or control instabilities
might lead to a damage of the test object and have to be avoided. This requires an integration of the Scalexio
in the test bench safety chain to guarantee a stable and safe testing setup under all boundary conditions and
test cycles.
This work is funded by Deutsche
Forschungsgemeinschaft (DFG).

Contact
Prof. Dr.-Ing. Jakob Andert
Junior Professor for Mechatronic
Systems for Combustion Engines
Phone: +49 241 80 48071
andert@vka.rwth-aachen.de
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Cluster of Excellence
“Tailor-Made Fuels from Biomass”

All aspects are addressed in the research work that is carried out at VKA:
•
•
•
•
•
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Spray propagation, mixture formation, ignition and emission formation in a high-pressure chamber
Mixture formation and emission formation in an optical accessible ired Diesel engine
Fuel consumption and emission reduction potential of tailor-made fuels in thermodynamic single cylinder
engines, both Diesel and gasoline
Characterization and development of adapted exhaust gas aftertreatment catalysts
Development of characteristic fuel numbers to describe the engine combustion performance of newly
derived biogenic fuels.
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A tailor-made fuel as aimed for in the Cluster of Excellence is deined as a well-deined blend of distinct molecular components with optimized physicochemical properties for future combustion systems which can be
produced by sustainable and economical production processes. Therefore, the effect of the molecular structure
on the mixture formation, the combustion and the emission formation needs to be investigated in detail.
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VKA’s Role and Contribution

CO2 emissions
/ g/km

Since 2007, the Cluster of Excellence “Tailor-Made Fuels from Biomass” (TMFB) has been working on a solution for
one of the major challenges that our society is facing today: a rising energy demand and the limited availability of
fossil energy resources. For this purpose, researchers from the ields of chemistry, biology, process engineering
and mechanical engineering have joined forces in this Cluster of Excellence to develop new alternative fuels
from biomass which will not be competing with the food chain. The vision of the cluster is to establish innovative
and sustainable processes for the conversion of whole plants into fuels which are tailor-made for novel lowtemperature combustion engine processes with high eficiency and low pollutant emissions, paving the way to
the 3rd generation of biofuels.

HC emissions
/ g/km

Vision and Background of the Project

The experiments applied in the TMFB activities at VKA shall be explained
using the tailor-made fuel 1-octanol (igure 1) as an example. This fuel was
derived in the Fuel Design Process, an interdisciplinary methodology that
has been developed with complementary groups in the cluster of excellence:
Here, based on pre-deined boundary conditions, new fuel candidates are
Figure 1: Molecular structure
derived using a model-based, data driven approach. By setting speciic
of 1-octanol
boundary conditions such as the ignition tendency or the boiling behavior,
only fuel candidates fulilling these desired properties are considered.
For Diesel type combustion it is well known that a fast mixture formation and high oxygen content enable a
signiicant soot reduction. For this reason a new fuel was aimed for that features an increased oxygen content, a
moderate self-ignition tendency as well as a low boiling point. The mid-chain alcoholic fuel candidate 1-octanol,
which can even be produced in a 2-step synthesis from biomass-based furfural and acetone, perfectly meets
the stated requirements and therefore was investigated at VKA. Based on the engine calibration of a multicylinder Diesel engine a simulation of the New European Driving Cycle (NEDC) was performed with both Diesel
and 1-octanol as fuel. Figure 2 shows the cumulative speciic emissions per kilometer for Diesel and 1-octanol.

Particulate matter
/ g/km

Progress in the Deinition
and Investigation of Novel
Biofuels for Optimized
Combustion Engines
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Figure 2: Simulation results of emissions with Diesel and 1-octanol in a NEDC
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Post Graduate Program: DFG Research Training Group

The CO2-beneit with 1-octanol is up to 5 g/km in a NEDC, what is due to its favorable h/c ratio, and the higher
compression ratio that can be utilized. The higher compression ratio also over-compensates the lower Cetane
number of 1-octanol, leading to even reduced HC- and CO-emissions when compared to conventional EN590
Diesel fuel at a compression ratio of 15:1. Despite the higher compression ratio, emissions of particulate matter
can be reduced by 60 % with 1-octanol, what is mainly attributed to the fuel’s oxygen content.
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In order to bridge the gap between science and application, several blends of Diesel and 1-octanol were
investigated at the VKA’s single cylinder engine as well. When adding 20 v./v.-% 1-octanol to conventional Diesel
fuel, the blend is very close to the limits given by the current EN590 regulation. The indings with Diesel, pure
1-octanol and two blends are shown in igure 3 for two load points at EU6 NOx-level. For all fuels the engine
coniguration was not changed.

ISPM: IndicatedDiesel
speciic particulate matter
ISHC: Indicated speciic hydrocarbon emissions
ISCO: Indicated speciic carbon monoxide emissions
CSL: Combustion Sound Level

„Integrated Energy Supply
Modules for Roadbound
E-Mobility“
For the transport sector, the electriication of the drivetrain combined with increasing electrical power generation
from renewable sources is a promising approach to decrease the emission of greenhouse gases. However, the
energy density of mobile electrical energy storage systems is still less than appropriate at present.
This demanding topic is addressed by the research training group „Integrated Energy Supply Modules for Roadbound E-Mobility“ (mobilEM) at RWTH Aachen University. VKA is the coordinating institute of this post graduate
program, which has started on October 1st, 2013. The program is funded by Deutsche Forschungsgemeinschaft (DFG) and explores the physical foundations of electro-chemical energy storage and its combination with
novel fuel-operated range extender units. Fuel-operated range extenders allow a reasonable dimensioning of
the electrical energy storage system size and its thermal conditioning. Additionally, an eficient air conditioning
of the passenger compartment can be achieved.
Within a grant period of 4.5 years, the interdisciplinary program gathers scientists from the areas of electrical
energy storage, power electronics, combustion engines, electric motors, thermal management and control
engineering.

Figure 3: Part load results at n =1500 1/min, IMEP = 4.3 bar (left), and n = 2280 1/min, IMEP = 9.4 bar (right) at
EU6 NOx-level at engine-out
Obviously, the slightly longer ignition delay with 20 v./v.-% 1-octanol causes no drawback at low engine load,
since neither the emissions nor the combustion noise is affected. But at high loads, the positive impact of the
addition of the 1-octanol becomes visible: without any changes of the calibration, the soot emissions are reduced by ~60 % without sacriicing noise and HC- and CO-emissions.
This work was performed as part of the Cluster of Excellence ‘‘Tailor-Made Fuels from Biomass’’ which is funded by the Excellence Initiative by the German Federal and State Governments to promote science and research at German Universities.

Contact
Dipl.-Wirt-Ing. Benedikt Heuser
COO Cluster of Excellence
“Tailor-Made Fuels from Biomass“
Phone: +49 241 80 95352
heuser@vka.rwth-aachen.de
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Figure 1: Structure of the Research Training Group
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Range Extender Module
The capability of electrical storage with respect to capacity and charging time will not be suficient in the
medium term to offer the accustomed and appreciated lexibility and range of traditional combustion engine
driven vehicles. Furthermore, materials required for batteries are globally proportionally rare (in particular lithium).
Therefore, it is necessary to extend pure electric drivetrains with a combustion engine module in the near future.
Two ways are possible for this: Either the mechanical power of a combustion engine is directly coupled into the
drivetrain or a generator with minimized conversion loss is used.

The increased diversity of drivetrain topologies is a challenge for test bench operation. To increase the lexibility
of test benches, research on the real time networking of test benches is conducted in this research training
group.
In the ield of thermal management the use of the waste heat of the electric drive components is investigated.
The heat lux coming from the electric components is signiicantly lower than the lux from a combustion engine.
This requires new heating concepts for electric vehicles.

The operation of range extenders offers new degrees of freedom compared to conventional drivetrains.
A challenge for range extenders is the excitation of the vehicle body and the noise emissions. Range extender
operation should not be noticed by the driver. The focus of research lies not only on noise excitation through the
combustion itself, but notably also on new approaches on an air and exhaust system. The unfavorable geometric
boundary conditions compared to conventional powertrains exacerbate the problem of charge exchange noise
of small range extender engines. Three dimensional and one dimensional simulation of the combustion process
and gas exchange enable the determination of the excitation spectrum already in the context of the basic
research. A noise level calculation of the generator dependent on speed and load attached to the cooperation
of the researchers in matter of the acoustic behavior provide a basis for researching an optimal range extender
module.
Different operation regimes for combustion engines in range extender modules have an inluence on the pollutant
emissions. A detailed modeling of the inluence of different technology packages on the exhaust emissions for
the complete range of possible operating points allow for a good understanding of the technologies required
for range extender combustion engines. All factors inluencing the pollutant emissions have to be taken into
account, i.e. the coolant temperature.

Other Research Topics
The research training group covers a lot of different research topics in the ield of electromobility. In the ield
of batteries, the focus is to extend the lifetime of Li-Air batteries. This kind of batteries offers a power density
which is in a different order of magnitude than todays’ Li-Ion batteries. This battery technology could increase
the driving range of electric vehicles dramatically. Another research topic is power electronics. Novel concepts
for DC-DC converters enable the use of low voltage batteries for electric vehicles. An electric vehicle without
high-voltage battery requires less isolation effort and it would be cheaper than a vehicle with a high voltage
battery.

Figure 2: Members of the mobilEM Research Training Group

This work is funded by Deutsche Forschungsgemeinschaft (DFG).
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Marius Böhmer, M.Sc.
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42

43

Research News

Recent Progress in the
Center for Automotive Catalytic Systems Aachen (ACA)

The Catalytic NOX Aftertreatment and its Perspectives
In February 2014 the Center for Automotive Catalytic Systems Aachen (ACA) was founded at RWTH Aachen
University. The Project House was initiated by Prof. Pischinger (VKA) to enable interdisciplinary research in the
ield of catalytic exhaust gas aftertreatment. It was funded by resources of the Institutional Strategy II as part of
the Exploratory Research Space (ERS) of RWTH Aachen University.

The NOX aftertreatment is one of the main topics of research in the ACA. Whereat both systems, SCR and
NSC have to be considered due to that they each provide speciic advantages for future challenges. While NOX
storage catalysts reach good eficiencies at low and medium exhaust temperatures, the SCR has nowadays
the ability to reach eficiencies greater than 98 % in medium and high temperatures. To reach future challenges
it is not only favorable but necessary to combine advantages of both technologies. Within this research some
promising commercial systems have been chosen irst to investigate the state of the art and to set a reference
for further developments. For these investigations the interaction of catalytic material, catalyst performance and
system performance in vehicle use is of particular interest.
The performed investigations adapt the real use requirements like temperature and event speciic dynamics
to a laboratory gas bench that is able to dose all relevant exhaust components with the demanded dynamic
(igure 1) .

Currently, ACA unites institutes of the departments of mechanical engineering, physics and chemistry; these
are: Institute of Inorganic Chemistry (IAC), Institute for Technical and Macromolecular Chemistry (ITMC), Institute
for Combustion Technology (ITV), Institute for Combustion Engines (VKA), Institute of Heat and Mass Transfer
(WSA), the Materials Synthesis and Processing group of the Institute of Energy and Climate Research (IEK-1, FZJülich) as well as The Central Facility for Electron Microscopy (GFE). The high grade of interdisciplinarity allows
integrated regard of catalytic processes from molecular level up to the macroscopic total system. Thereby, all
aspects of the exhaust gas catalysis, from material synthesis to analysis to system integration, can be researched on a multidisciplinary level and holistically optimized.
The necessity of such a holistic consideration becomes clear while regarding the global challenges of the 21st
century. Particularly global warming as well as increasing shortage of natural resources should be pointed
out. Furthermore, future emission legislation for combustion engines put high requirements on the engine and
exhaust gas aftertreatment concept through strict pollutant limits and demanding test cycles as well as through
CO2 leet limits respectively combustion engine eficiency targets.
Regardless of engine or vehicle type, the reduction of nitrogen oxide from lean burn combustion is one key issue
for current and future aftertreatment systems. The particular challenge for these exhaust gases is the temporal
coexistence of nitrogen oxide (NO und NO2) and excess oxygen (O2). Therefore a reducing agent is necessary
to reduce nitrogen oxide to nitrogen. To solve this issue two systems are established in current applications.
The SCR system (Selective Catalytic Reduction) uses ammonia as reducing agent. This ammonia is generated
from an aqueous urea solution which is injected into the exhaust system. Using an NSC (NOX-Storage-Catalyst)
instead the nitrogen oxide is stored for a certain period of time. To reduce this stored nitrogen oxides a short
period of rich engine operation is used (combustion under lack of oxygen). Under this conditions the exhaust
gas contains nearly no oxygen and higher concentrations of carbon monoxide and unburned hydrocarbons as
well as hydrogen. These products of incomplete combustion can be used as reducing agent.
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Figure 1: VKA’s 2nd generation Laboratory Gas Bench (LGB)

With this approach small catalyst samples can be investigated regarding storage and desorption under realistic
conditions. With these results an optimized control can be realized by simulations considering material properties and vehicle operation. Due to the interdisciplinary approach with institutes from mechanical engineering and
chemistry involved, the commercial systems could be characterized in detail using chemical analysis and high
resolution optical and x-ray spectroscopic measurement systems. Beside the common barium species complementary noble metal doted storage phases containing Cerium and Magnesium could be identiied (igure 2).
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Figure 2: TEM EDS mapping of one layer in a state of the art NOx storage catalyst

Figure 3: NOx storage capacity fo perovskite samples compared to a commercial reference

In these investigations we showed that high storage capacities are already available but the storage dynamics
and the temperature dependent operation area need further improvement. So based on the investigated systems
the following requirements can be deined for development targets:
• Widen the storage temperature range
• Higher storage eficiency at short contact times and therewith higher storage dynamics
• Development of more eficient regeneration with new strategies
• Reduction of noble metal content in storage materials
• Optimization of engine control to the storage material properties

Considering that these materials work without any noble metals a further increase of performance is expected
already with low content doping with noble metals.

In an approach to improve the material speciic storage with reduced noble metal content the ACA investigates a
group of perovskites known from fuel cell research. The catalytically active lanthanum-perovskites should replace
the noble metal component in the catalyst. Advantages are lower production costs as well as increased heat
stability. Since former studies have shown that pure lanthanum-perovskites are less eficient than conventional
catalyst, parts of the crystal structure were substituted by the elements strontium, cobalt, manganese and iron,
so that following variants appear:
• LSM: La0,7Sr0,3MnO3
• LSC: La0,6Sr0,4CoO3
• LSFC: La0,6Sr0,4Co0,3Fe0,7O3
These are analyzed in powder and granule form. Already the unchanged materials showed the main functionalities for the use as NSC. With a changed method of synthetization we could realize an increased speciic surface
(BET) that results in a signiicant increase in storage activity (igure 3).
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To be able to optimize operation strategies a deeper understanding of the process occurring during regeneration
phase is needed. Regarding this issue the ACA investigates the inluence of hydrocarbons on the NSC during
regeneration in a cooperation project with the Ford Motor Company.
A irst conclusion of ACA’s current work is the awareness that signiicant improvements in automotive catalysis
require a new holistic approach of development across all systems. The establishment of an interdisciplinary
team in the Project House sets the foundation therefore. So the ACA will be dedicated to research on single
system components as well as on the development and validation of a new development process.
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Phone: +49 241 80 48082
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BREEZE! Fuel Cell Range
Extender for Battery Electric
Vehicles: Zero Emission
The scope of the public funded project “BREEZE!” is to extend zero emission range of battery electric vehicles.
Conventional range extender approaches use combustion engines to provide additional range and short
refueling time on longer distances. Their disadvantages are pollutant emissions and noises during range extender
operation. In the “BREEZE!”-project a fuel cell system is developed for that purpose working with hydrogen. At
the end of the project this fuel cell range extender is integrated into a battery electric Fiat 500 developed by FEV
GmbH in the public funded project “Smart-Wheels”.

System Development
As the irst step of the transformation from a test bench system to a vehicle system, the laboratory air supply
components were substituted by BoP-components speciied for the vehicle system. Accordingly, components
of the hydrogen and coolant supply were stepwise replaced to operate the laboratory stack by vehicle system
components. Based on that, the system layout including the entire control software could be tested.

Development of a Vehicle Stack

Previous Achievement
Since the project start in 2011 the project consortium has developed the entire fuel cell system from scratch.
Starting with material qualiication for the cell components bipolar plate (BPP) and membrane electrolyte assembly (MEA) VKA’s partners developed an entirely new cell customized for its application in a fuel cell range extender. In close cooperation with this task, VKA deined the balance of plant components which set the boundaries
for the operation strategy. Based on that, the control software of the system and its integration into the vehicle
was developed. During the project intermediate results, achieved on small systems, consisting of small cell with
an active area less than 100 cm² and stacks of 2-5 cells, could successfully be transferred to systems made
of 150 cells with an active area of about 300 cm². The project succeeded in upscaling the system power from
300 W to a laboratory stack with a power output of 30 kW at the end of 2014. In 2015, BREEZE! was faced with
the task to transfer the performance of the test bench system to a highly integrated system running in a vehicle.

Figure 1: Laboratory stack (left) and vehicle stack with integrated balance of plant components (right)
48

Figure 2: Integrated end plate ixed on
press table with stacking device
The mechanical layout of the stack was completely revised
to come up to the requirements derived from the application
in a vehicle. The required package size of the base vehicle
constrains the entire system to be very compact. For this purpose, VKA developed a new endplate concept integrating the
majority of the balance of plant components. The successful
completion of the endplate production and the subsequent
assembly states the achievement of a major milestone for
VKA within the project. Experiences made during the assembly process of the laboratory stacks underlined the necessity
of the development of tools to support a precise stacking of
BPP and MEA. These experiences were fed back into the
design of the vehicle stack’s structural elements and the
according stacking devices. With the help of the advanced
stacking tools, showed in igure 2, the stacking process was
further improved. As a result of that, the probability of internal
shorts was reduced by an improvement of the BPP and MEA
alignment.

Figure 3: Taking out the vehicle
stack from the press
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Vehicle Integration
To poof this new stack concept, the vehicle stack was tested on the test bench before the integration into the
vehicle. From the irst start up on, the vehicle stack reached the same performance and eficiency level as the
laboratory stack, showed in igure 4.
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The integration of the fuel cell system into the vehicle required several adaptations of the base vehicle to the fuel
cell system. In the vehicle’s front-end, the radiator had to be exchanged for a special fuel cell radiator serving the
fuel cell coolant circuit and the initial powertrain circuit separately. This was realized by a sandwich cooler concept in the limited space. The integration of the hydrogen high-pressure tank under the rear seats of the vehicle
required a few modiications of the vehicle’s back end. On the one hand, the charging plug for the battery had
to be relocated to the front as the hydrogen tank receptacle was placed at its origin position, shown in igure 5.
In addition, the brake system and the battery’s rupture disk had to be modiied. To blow off the hydrogen from
the tank safely in case of ire or a malfunction of the pressure reducer, it is routed through separate vent lines to
the vehicle’s roof. Finally, the main chassis beams were reinforce to carry the extra load of the fuel cell bearings.
The vehicle integration was successfully completed including hardware integration and wiring harness.
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Figure 4: Voltage current characteristics of laboratory stack and vehicle stack

Figure 6: Vehicle stack during installation (left) and BREEZE! Fiat (right)

The BREEZE! fuel cell stacks are operated without external cathode humidiication. The water management is
achieved by high anode recirculation rates and dew point dependent air stoichiometry level. In picture 5 gross
and net performance of the vehicle stack is shown. The stack current was limited to 275 A because of the limited
DC current source for the electric compressor. In the vehicle the stack power can be increased.
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This report presents results from the “BREEZE!”-project funded by the state of North Rhine-Westphalia and
the European Union in the context of the “Ziel 2” programme. The project involved FEV GmbH, the Institute
for Combustion Engines of Aachen University (RWTH), the Graebener Group and the Center for Fuel Cell
Technology (ZBT). The project consortium wishes to thank the groups mentioned that funded the project.
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Figure 5: Stack gross power (left) and stack net power (right)
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Alternative Commercial Vehicle Powertrains
for Trucks and Busses

Research News

„Clean Energy Eficient
On-road Transportation” –
ANFAHRT
The socially-responsible and eficient organization of
on-road freight and public transportation has become a key development target of the modern society.
Road transportation as one of the dominant forms of
freight transportation has a share of about one third of
the total fuel consumption for mobility in Germany. In
addition, the pollutant and noise emissions from commercial vehicles in urban area are classiied as critical.
Therefore, the application of hybrid or electric drive
concepts have a great potential for energy savings and
reducing pollutant emissions of commercial vehicles.

Heavy Duty, Low Duty
and Off Road Fleet

Overall System Analysis,
Primary Energy
Consumption

Heavy Duty, Low Duty
and Off Road Vehicle
System Optimization of
Hybrid Commercial
Vehicle Powertrains
Based on DOE

Hybrid &
Electric System

Hybrid &
Electric Components

Modularization
Conception for System
Integration of Hybrid
Components

Within the framework of the project ‘‘ANFAHRT’’, the
Institute for Combustion Engines (VKA) cooperates with
Institute for Technical Combustion (ITV) from RWTH
Aachen University and Faculty of Energy Technology,
Faculty of Aerospace Engineering as well as Faculty
of Electrical Engineering and Information Technology
from FH Aachen to develop innovative alternative drive
systems for commercial vehicles. The research scope
extends from the basic topic of the components and
their interactions within the powertrain systems to
the vehicle behavior and the leet operation. The ten
research topics are shown in igure 1.

Usage Optimization by
Considering Context
Information

Optimized Hybrid Driving
Strategy with Track and
Environment Information

Adaptive Operating
Strategy

Approaches for Waste
Heat Recovery and
Thermal Management

Modeling of Soot
Formation under Full
Load

Optimization of Energy
Storage Concept by
Considering Application
Profiles

Combined Power and
Energy Storage

System Optimization of Hybrid Commercial Vehicle Powertrains Based on Design of Experiments
Hybrid electric vehicles have a high potential to
increase fuel economy in commercial vehicles and
busses. The challenge is to design a hybrid system
which suits the needs of the speciic application and
driving cycle. The range of applications is quite high
and different compared to the application of a hybrid
passenger car. A hybrid system of a commercial vehicle
has to overcome the disadvantages of the increased
system complexity, increased costs and reduced pay
load due to the additional components. When this
system is designed properly, the vehicle can improve
the proitability of the leet signiicantly compared
to a commercial vehicle powered by a combustion
engine only. The proitability of a commercial vehicle is
measured as total cost of ownership (TCO). There are
two different powertrain topologies which are taken
into account, a parallel hybrid and a series hybrid
topology.
The system design is carried out with a model for
longitudinal drive cycle simulations based on a
scalable modelling approach and shall be optimized
for the selected driving cycles. The components of
the simulation model are scalable in terms of power.
For example, the electric machine can be scaled by
the law of growth and the internal combustion engine
by law of similarity. Also the calibration of the rule
based operating strategy has to be changed and is
added to the scalability approach. The exhaust gas

aftertreatment system, the gearbox and the electric
energy storage are adapted based on the other
components. All the powertrain components are
available in a simulation library to be reused from the
parallel architecture to the series hybrid architecture.
Also a cost model was developed to evaluate the TCO
of the vehicle including its powertrain components and
their change after the scaling.
To achieve an optimized powertrain layout for the given
cycle(s), the method for conducting the simulation is
design of experiments (DOE). A test plan was set
up with conditions and constraints for the scaling
and calibration of the components. Figure 2 shows
the schematic approach of the simulation including
the test planning and design optimization with the
DOE-tool. The optimization criterion for the DOE is a
minimization of the TCO of the vehicle. In the igure
it is shown that a base simulation model is used for
the vehicle and the components, including the hybrid
operating strategy, are changed based on the request
from the DOE test plan. First results show that there is
a beneit from hybridization. Nevertheless the beneit
of such a hybrid system itself is strongly depending on
the cycle which was chosen and the operating strategy
parameters. Therefore not only one, but a set of similar
driving cycles should be evaluated to get an optimized
powertrain which is representative.

Figure 1: Topic ield of ANFAHRT-Project: hybrid and electric commercial vehicle development
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Test Planning: Design of Experiments
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Optimization: Design of experiments

The state of art to simulate the aging of a battery is
either with an electrochemical model or an empirical
model. The electrochemical model is based on the
mathematical representation of the chemical reaction.
It is accurate but very complex and slow when simulating. The empirical model is based on the experimental
results and is fast to calculate, therefore, it is suitable
for the vehicle simulation and system optimization. Two
aging mechanisms inluence the battery: Calendrical
aging occurs when no current lows, while cycle aging
occurs when current lows. The aging model accounts
for the resistance increase and capacity fade during
the battery storage and operation. The modelling
equations have the similar form as the fatigue of metal.
Factors α and β are determined through itting the experimental results. It is found that during the storage,
the batteries show a faster aging at higher temperature

and higher state of charge (SOC). During the operation,
the batteries have longer lifetime if they are operated
at middle SOC range with small variation. If we transfer
this observation to an operating strategy in the vehicle,
it is beneicial for the lifetime if the battery maintains at
middle SOC range and small variation.
In future studies, the optimum between battery size
and battery lifetime shall be found. The model shall be
parametrized for different battery types. Furthermore,
a system cost calculation model will be added. The
extended battery model will serve as the basis for the
system design. Through the combination of the vehicle
and battery model, the aging can be determined and
the system can be optimized with regards to durability
and cost.

Figure 2: Simulation scheme with integration of the DOE

Vehicle

Future work shall include a full scale scalability of the
model for different truck and bus applications. Also the
change of the model from a parallel hybrid to a series
hybrid shall be conducted and the two architectures

and optimization results shall be compared with the
different driving cycles to show the advantages and
disadvantages of the powertrain layouts for various inputs.

Combined Power and Energy Storage in Plug-in Hybrid
Commercial Vehicle Applications
The focus of this subproject is to design and investigate
the battery system for plug-in commercial vehicles. In
order to support pure electrical driving of a commercial vehicle, the battery system must satisfy two criteria,
enough power capability to accelerate and regenerate
as well as enough capacity for a reasonable driving
range. As shown in igure 3, in frame of this project,
the investigation of the battery system consists of the
research on the electrical and thermal behavior, the
estimation of the lifetime and the optimization of the
entire system.
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First, the model should depict the electrical behavior
through an equivalent circuit model. Second, a thermal model is responsible for simulating the temperature. In the commercial vehicle ield, the battery system is under a higher load compared to the passenger
car ield. Therefore, it is important to include the aging
effect. Last but not least, cost, volume and weight are
also important factors for the entire system.
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Figure 3: Schematic of empirical battery aging model.
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Project TEAM Optimized Combustion Engine
for Hybrid Drives
Analyses show that new eficient powertrain technologies, like hybrid-systems, offer a high saving potential of
energy and corresponding reduction in CO2 emission. In mobile machines as well, some of these drivetrain
technologies are already under investigation or exist as functional prototype.
A research community consisting of companies and universities jointly organized the project “TEAM – Development of technologies for energy-saving drives of mobile machines”, to conduct a consequent machine-speciic
consolidation of these technologies, including a practical test and a comparative evaluation. The Institute for
Combustion Engines (VKA) was involved in the subproject for developing an optimized combustion engine for
hybrid drives.

Motivation
With increasing fuel costs, new drive concepts are in demand for mobile machines with the focus on fuel
consumption reduction considering stricter emission limits. Today’s mobile machines mostly use Diesel but also
CNG-fueled engines due to high energy density and easy availability of the basically fossil fuels. Consequently,
mobile machines contribute to the climate-damaging CO2 emissions. That is why the EU demands a reduction
of 20 % compared to 1990 until the year 2020. As fuel consumption has a major inluence on the operating costs
of the machines, activities to increase eficiency are economically reasonable, as well. The present emission
legislation Stage IV already resulted in more complex and more expensive systems consisting of combustion
engine and exhaust aftertreatment. The future tightening of emission limits as well as the demanded CO2 reduction will lead to even more complex engines which will increase the necessary investment costs.
A conventional combustion engine is operated in a higher engine speed and load range, while optimal fuel
consumption is only achievable in a small map area. By decreasing the rated speed, so-called downspeeding,
a reduction of fuel consumption can be realized. The „Punktmotor” concept offers a high potential of reducing
fuel consumption, as the engine operation is limited to the small area around lowest speciic fuel consumption
via extreme downspeeding. With the help of a hybrid component the dynamic disadvantages of the combustion engine at low engine speed can be compensated. Moreover, the limitation of the operating range offers the
possibility to reduce the effort for engine and exhaust aftertreatment hardware and thus, to reduce costs.
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Goals
The essential goal of „Punktmotor“ is a distinct reduction of CO2 emissions and accordingly fuel consumption
while simultaneously accomplishing future emission limits for combustion engines of mobile machines. The
complete improvement potential of such a powertrain concept shall be investigated and deined in experiments
and simulations. Finally, an ecologically and economically reasonable drive concept for future mobile machines
shall be deined.

Approach
The basic idea of „Punktmotor” is to leave dynamics more on the hybrid system and to operate the combustion
engine in quasi-stationary mode in a limited map area with optimum fuel eficiency. As the engine is also used
for the TEAM subproject “Green Wheel Loader”, the operating range was adopted to the requirements of the
wheel loader. Moreover, the Diesel engine needs to deliver the full engine power even without hybrid component
during testing and additionally to fulill the most stringent emission limits.
To reach this goal, a testing engine in cooperation with the company Deutz was speciied. The development of
the engine concept for a limited operating range was supported by accompanying simulations. After the test
setup the Diesel engine was investigated on test bench (igure 1). Finally it was prepared and provided for integration and testing in the demonstrator “Green Wheel Loader”. The concept was evaluated in expert discussions
and additional simulations.

Results and Application Potential
For experimental research and as power unit for the “Green Wheel Loader”, the company Deutz provided a TCD
7.8 L6. The turbocharged Diesel engine fulills with Tier-4-inal the most stringent emission legislation for industrial engines. The engine has a cooled exhaust gas recirculation system with a 2000 bar Common-Rail injection
system and an exhaust gas aftertreatment system consisting of DOC, DPF and SCR. In the basic version the
engine reaches a maximum power of 250 kW at 2200 1/min and a maximum torque of 1400 Nm at 1450 1/min.
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Figure 1: Research engine on test bench

Due to the reduced engine speed level together with higher torque requirement, a modiication of the „Punktmotor” engine coniguration is necessary. Because of the lowering of the operation speed range the airlow rate
is reduced accordingly, hence a modiication of the turbocharger is reasonable. During concept phase several
variants of turbochargers were analyzed with the help of a 1-D gas-exchange simulation. Due to the reduced
speed range a more eficient turbocharger could be chosen, which allows a higher torque at a lower engine
speed.
Afterwards, the model was also used to analyze the potential of optimizing the valve timing and lift for low engine
speed. A variation of valve timing showed only a low improvement potential of less than 0.2 %. If the low engine
speed range with accordingly low valve acceleration is considered, the valve stroke can be enlarged. This
measure leads to a fuel consumption beneit of only about 0.4 %, although it needs to be checked if the valve
clearance is still suficient. However, the expected improvement potential doesn’t justify the development effort.
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Figure 2: Downspeeding concept, effectiveness depending on operation range

Due to the reduced power and engine speed, an injection nozzle with smaller hydraulic low rate was investigated,
as well. This measure by trend showed the expected improvement of soot emission, but even after modifying
the calibration no improvement of fuel consumption was attainable. Measurements show that for the map area
of the „Punktmotor” a maximum injection pressure of 1600 bar is suficient.
With the help of a 3-D CFD simulation, an additional parameter variation for injection nozzle coniguration (number of holes and cone angle) was conducted. The results promise an improvement of fuel consumption of about
1 % at the speciic „Punktmotor”-operating point (75 % load @ 1400 1/min). A change of the injection nozzle is
only considerable from cost perspective, if the original injection system could be replaced by a 1600 bar Common-Rail system.
As the engine shall be used in the “Green Wheel Loader” afterwards, the power of the basic version was lowered to 205 kW at 2200 1/min according to the target application. This power-reduced version (igure 2 dark red
curve) of the base engine was measured and used as reference for a typical downspeeding concept, where the
rated speed of the engine is reduced at constant power. For this „Punktmotor”-version (igure 2 red curve) the
rated speed was reduced to 1600 1/min and the maximum torque was increased to 1500 Nm at 1200 1/min.
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The biggest effect of downspeeding is based on reduced friction and more eficient combustion. The friction in
the different engine components basically decreases constantly with the engine speed. The eficiency increase
of the combustion is based on the fact that with decreasing engine speed more time is available for mixture formation and combustion. The combination of both effects results in the well-known fuel consumption map with
typical characteristic curves (igure 2).
At the same power level of 205 kW, a reduction of fuel consumption of about 7 % could be realized in the
stationary NRSC as well as in the transient NRTC certiication cycle only by downspeeding. By adapting the
turbocharger to the lower speed range the fuel consumption of this engine could be reduced about one more
percentage point. This reduction of fuel consumption is caused by an increase in air supply and simultaneous
reduction in gas-exchange losses. In total the „Punktmotor” concept demonstrates a signiicant reduction of fuel
consumption and accordingly CO2 emissions of around 8 % in NRTC.
If a single application from NRTC is considered, for example the wheel loader, an improvement potential of up
to 3.5 % is feasible. This illustrates that the possible improvement of fuel consumption is basically depending
on the machine what is considered, as the potential through downspeeding is bigger as lower the average
workload is.
The engine speed has the leading part in friction reduction; moreover the potential for a further improvement of
friction was analyzed. Components which are loaded by the higher torque, do not offer margin for improvement,
whereas the limitation of the engine speed could offer a low improvement potential by modiication of valvetrain
(softer spring) or the oil and water pump. From cost-sight a size-adopted pump could be interesting, if a controlled pump is used in the engine with broad engine-speed range.
Through load point shifting, downspeeding leads to higher torques, therefore to higher exhaust gas temperatures and therefore to an eficiency increase in the exhaust aftertreatment. This allows on one hand an increase
of raw engine emissions with accordingly improved fuel consumption and compliance to the limits and on the
other hand downsizing of the expensive exhaust aftertreatment components. However, this is only reasonable
if the components are available from a modular system, whereas the optimization to lower fuel consumption is
possible only via tuning of exhaust gas aftertreatment and engine calibration.
Due to the lower engine speed level typically the responsiveness of the engine deteriorates, as the boost-pressure buildup is slower. This is especially noticed during torque build-up from low load, whereas at higher load the
disadvantage is reduced. Regarding the investigated Diesel engine, the realized response times at low speed
range was less than 2 seconds and therefore, not critical. However, this needs to be taken into account for the
vehicle integration. With the help of an adapted powertrain layout as well as an optimized operation strategy and
with support of hybridization, disadvantages in dynamics can be compensated.

Figure 3: Evaluation of improvement potentials

The table (igure 3) gives an overview of possible potential for improvements. It needs to be noted that these
measures are related to a conventional industrial engine with wide speed range, only provided by the extreme
downspeeding concept and not considering the general potential of a further development. A cost evaluation
is dificult and can inally only be done by the engine manufacturer. A negative evaluation is stated for all measures which need new components with corresponding development effort. A neutral evaluation is based on
the assumption that suitable components can be used from a modular system and do not need to be newly
developed like for example the turbocharger. The same assumption is made for the positive evaluation, whereas
relatively expensive components with high saving potential are addressed. In case development costs incurred,
they need to be balanced by economic and ecological savings corresponding to the expected quantity of production.

Summary
The engine concept fulills future emission limits and offers a high potential for fuel saving. In NRTC an improvement of up to 7 % could be demonstrated by downspeeding and one additional percentage point through an
adopted turbocharger. With the help of an optimized operation strategy for drivetrain and hybrid system a further
reduction of fuel consumption up to 2 % is feasible.
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Water Injection for
Spark-Ignition Engines
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First tests were conducted in order to determine
the ideal timing and pressure for the water injection.
For all investigations fuel was injected via the central
injector and water via the side injector. A load
point of IMEP = 10.5 bar at an engine speed of
n = 2000 1/min was chosen because this load point
still allows operation without cooled external EGR
and thus reduces potential cross inluences as water
and EGR both act as an additional diluter. The results
of a start of injection (SOI) variation in this operation
point are depicted in igure 2. The 50 % mass

A clear correlation between MFB 50 and water
pressure can be derived such that lower water pressures
result in worse MFB 50. The shallower gradient between
100 bar and 150 bar results from the fact that the
MFB 50 is already nearly optimal at 100 bar, thus no
signiicant improvements remain possible with higher
pressure. The reason for this behavior is expected to
be the time span required for injection and evaporation.
This time span worsens with lower pressure and consequently the end gas temperature and knock propensity is not reduced as good as with high pressure levels.

%4-%%--

7

%---

N7

97--

N%7
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Discussion of Test Results

It would be beneicial for the cost of the system if a
low pressure level could be used for the water injection system. Therefore also a pressure variation was
conducted in the same operation point in order to
determine the inluence of the water pressure on the
beneits of the concept. Figure 3 depicts the results
of this variation which was conducted at the optimized SOI of 120° CA BTDC and an injection quantity of
5.3 mg corresponding to 1 ms injection duration at a
water pressure of 100 bar.

n = %--- 9Fmin3 IMEP = 9-x7 bar
Without water injection
Water injection: Injection duration = 9 ms3 pRail3 water = 7- bar

Figure 1: Engine cylinder head with central gasoline
injection and side water injection

MFB 7 6 9- O F °CA MFB7- F °CA ATDC

A joint research project with FEV GmbH was initiated to explore the potential of such water addition in
highly boosted spark-ignition engines. To utilize the
full potential of the water addition direct injection was
considered for the water as well as for the gasoline
injection. Combustion system investigations were carried out on a single cylinder research engine featuring
symmetrical high tumble intake ports, Miller cycle intake camshaft, cooled external EGR and a compression ratio of 13.5. The central DI injector and the spark
plug are placed in central cross position in the com-

fraction burned point can be advanced by nearly
5° CA compared to the MFB 50 without water injection
if the water injection is started around the closing of
the intake valve. Knock propensity is reduced best
at a SOI of 120° CA BTDC which results in approx.
2.5 % fuel consumption reduction. Also the burn
duration (MFB 5 – 90 %) can be kept constant in this
range for the SOI. Advancing or retarding the SOI
results in reduced gains in MFB 50 and increased burn
duration. Predominantly, this phenomena is explainable
by the cross inluence of the MFB 50 phasing on the
burn duration. The MFB 50 phasing itself shows the
expected trend that knock mitigation is best if the
water is injected after closing of the intake valves and
thus maximizing the cooling effect on the cylinder
charge. The exhaust gas temperature is reduced by
14 °C in maximum while NOX emissions can be reduced
by up to 13 % for early SOIs and 5.6 % at a SOI of
120° CA BTDC. The hydrocarbon emissions increase
by up to 11 % due to the occurrence of more quenching
as a result of the additional dilution of the cylinder
charge and the reduction in combustion temperature.

Relx ISFC F O

Water injection is seen to be a promising technology enabling increased speciic load and reduced fuel
consumption in spark-ignition engines. The charge
cooling effect of the evaporation of the injected water
mass is used to reduce the cylinder temperature and
pressure. This allows for more eficient spark timings,
due to reduced knock sensitivity. Water is predestined as additional injected luid due to its high enthalpy of vaporization (Δhv,water). Its value of 2430 kJ/kg is
by more than factor 6 higher than the one of RON95
E5 gasoline (~397 kJ/kg) and by more than 2.5 higher
than the one of ethanol (952 kJ/kg). At the same time
water features a higher speciic heat capacity (cp) than
air. Therefore an additional cooling effect during compression and combustion takes place when water is
added to the cylinder charge.

bustion chamber roof which means that the spark
plug is installed between the exhaust valves while
the injector is installed between the intake valves, see
igure 1. The side injector is installed below the intake
port.

Exhaust tempx F °C

One major challenge for today’s society is the sustainable satisfaction of its energy demand. Today, the
entire transportation sector primarily uses fossil fuels.
Despite the recent improvements of electrical vehicles,
a total independence of internal combustion engines
cannot be foreseen for the upcoming years. Furthermore, it is not very likely that suficient amounts of biofuels from large scale production will be available in
the near future. Consequently high effort is required for
the improvement of conventional combustion engines
fueled with crude oil derived fuels.
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Figure 2: Inluence of the start of the water injection (SOI) on combustion
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Figure 3: Inluence of the water pressure on combustion
This results in a fuel consumption increase of 1 % at
a water pressure level of 25 bar compared to a water
pressure level of 100 bar. As the optimal MFB 50 is
already nearly reached at 100 bar injection pressure,
the higher cooling effect with 150 bar injection pressure leads to an increase in the burn duration (MFB 5 –
90 %) and to a decrease in NOX emissions while the
HC emissions further increase due to the more pronounced quenching.
In the following a water pressure of 100 bar and a SOI
of water of 120° CA BTDC was chosen for determining the potential of the condensate injection concept
in combination with late intake valve closing (LIVC) and
cooled external EGR. In igure 4 the results of inluence of the injected water quantity is depicted for three
different load points.
First the load was increased to IMEP = 14.5 bar at
n = 2000 1/min and the EGR rate was pre-optimized
to 22 %. The engine remains knock limited despite the
utilization of both technologies due to the high geometric compression ratio of 13.5. MFB 50 decreases
linearly with increased water quantity and reaches
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Figure 4: Inluence of the injected water quantity on combustion with cooled EGR
the optimum of ~8° CA ATDC at a water/fuel-ratio of
50 %. Hydrocarbon emissions also increase linearly
with the water quantity and as a consequence the
best fuel consumption is achieved at a water/fuel-ratio
of 37 % with a fuel consumption reduction of 3.5 %.
Increasing the water/fuel-ratio further to 50 % results
in constant fuel consumption compared to a water/
fuel-ratio of 37 %. The NOX emissions remain nearly
constant despite the cooling effect of the water injection due to the improvement in MFB 50 phasing. Again
the effect of worsened burn duration is partially compensated by the improvements in MFB 50 such that
the burn duration only increases by 2° CA at a water/
fuel-ratio of 37 % compared to no water injection. The
increasing amount of water injection and the achieved
improvements in MFB 50 phasing result in a reduction of the exhaust gas temperature by ~40 °C when
comparing no water injection with a water/fuel-ratio of
37 %. Such a reduction in temperature in addition to
the temperature reduction already caused by the eficiency improvements resulting from Miller cycle and
cooled EGR will of course impact the boosting system
layout.

Similar results are achieved if the engine speed is increased from n = 2000 1/min to n = 3000 1/min at
almost constant load. The optimal EGR rate for this
operation point was determined to 16 %. The results
depicted in igure 4 show the same trend in emissions when increasing the amount of water injected into
the combustion chamber. As a result of the lower EGR
rate and the higher engine speed the MFB 50 phasing
vs. water/fuel-ratio is almost identical to the situation at
n = 2000 1/min and IMEP = 14.5 bar. The maximum
gain in fuel consumption is 3 % at a water/fuel-ratio of
50 %. The corresponding exhaust gas temperature reduction is 60 °C. The burn duration remains constant
throughout the variation.
If water injection is applied at load points which are
more prone to knocking combustion the eficiency
gain can be increased. Despite the high compression
ratio the speciic load was increased to a level which
is typical for today’s engines and may be above the
level that can expected for future spark ignition engines with high compression ratio, Miller cycle and external cooled EGR. Thus a stable operation without

water injection was not possible at this load point
(n = 2000 1/min, IMEP = 22.6 bar). To evaluate the
potential of the water injection the run of the curves
were extended by 2nd order polynomial extrapolation.
Declared values of the relative improvements of the
water injections refer to the extrapolated load point without water injection. At a water/fuel ratio of 60 % the
MFB 50 could be advanced by ~15° CA. This results
in a decrease of the exhaust gas temperature of more
than 100 °C and up to 16 % gain in eficiency. The
increase of the burn duration depicts that the dilution
of the mixture with water cannot be compensated by
the earlier MFB 50. At the same time a decrease of the
NOX emissions of more than 40 % and a signiicant
increase of the HC emissions takes place.
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Competence Center
Power to Fuel (P2F)

The Competence Center Power to Fuel (P2F) of RWTH Aachen University started its work on 27th of February
2015 with a kick off meeting. Starting point is competence concentration along the life cycle of fuels made from
renewable energy. Each conversion step from well to wheel is covered by a RWTH professorship and demonstrates its interdisciplinary approach. P2F unites technical specialists for luctuating renewable energy, electrochemistry, catalysis, synthesis, process engineering, fuel design, combustion engines and life cycle assessment
(LCA). Because of that, P2F can provide consulting and engineering services to the industry from one hand and
acts as a main contact during applications for public funded projects.
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The JARA Seed Fund Power to Fuel was the nucleus to found P2F at RWTH Aachen University due to its promising approaches. P2F got its initial funding from RWTH Strategy Fund with the objective to realize independent
inancing in future from other sources. Because of that, P2F currently applies in collaboration with partners from
industry and other research institutions for comprehensive research projects.
The objective of P2F is identiication of fuels for combustion engines made from renewable energy under the
condition that this is a global process chain optimum beginning from electrolysis and ending at combustion
engine. On the one hand engine eficiency has to be increased and pollutant emissions have to be reduced.
On the other hand the process chain is examined under consideration of luctuating renewable energy. All the
results of the subprocesses converge in the LCA.
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Figure 2: Oxymethylene ethers (OME)

One particularly promising approach is to produce oxymethylene ethers (OME) from renewable energy. OME
offers the potential to realize a near to zero emission fuel as an alternative for Diesel engines. This approach is
being investigated by P2F and its project partners in the near future.

Further information are availabe here: www.p2f.rwth.-aachen.de.
Figure 1: Competence Center Power to Fuel
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Figure 1: Emissions and fuel consumption of the NEDC from coniguration 2 NSC and DPF compared.
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The PCV engine was investigated considering the entire performance range. The different exhaust aftertreatment
conigurations were surveyed in the NEDC. The base measurement in the NEDC was done without any heating
measures. For the following transient cycles, the electrically heated catalyst was operated with an operating
strategy validated previously at vehicle tests. The results of the test bench investigations are shown exemplarily
with coniguration 2, NSC and DPF with an engine base line calibration for EU5 regarding NOx raw emissions.
In igure 1 the simulation results with coniguration 2, NSC and DPF, compared with the engine measurements
with a EU5 base line calibration regarding NOx are shown. By means of simulation the fuel consumption penalty
could be reduced from 18 % to 15 %. A further reduction of the additional fuel consumption was not possible
without exceeding the HC emission limit for EU6. Figure 2 shows the emissions and temperature trace from
these variants over the NEDC.
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Table 1: Examined exhaust aftertreatment systems
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The engine tests for car applications were done using the research engine HECS II, whereas a Deutz TCD 7.8
L6 industry engine was used for the studies on the commercial vehicle engine. In total three different exhaust
aftertreatment conigurations were investigated on the passenger car and one on the commercial engine. An
overview of the different variants is listed in table 1.

NOx / (g/km)

Within the Research Project “Diesel catalyst light-off / out support” different measures for rising the temperature
of exhaust gas aftertreatment components of both a passenger car and an industrial/commercial vehicle engine
were investigated through 1-D simulations and engine tests with Light Duty- (LD) and Heavy Duty (HD)-engines.
For comparable results the New European Drving Cycle (NEDC) and the World Harmonized Transient Cycle
(WHTC) were chosen for passenger car vehicles (PCV) and HD-engines respectively. To achieve high eficiency
of the exhaust aftertreatment system, as well as a safe operation under all conditions, targeted measures are
inevitable to raise the exhaust gas temperature. In order to reach the Light-Off temperature as fast as possible,
different temperature increasing measures are carried out which are divided into internal and external heating
measures. Electric heating of the catalyst and metering of fuel before the catalyst are the most common external
measures which were studied in this research project. Currently, conventional calibration measures such as
intake air throttling; split-main injection, uncooled high-pressure exhaust gas recirculation (EGR), early and late
post injection are used to increase the exhaust gas temperature as internal engine measures.

Config. 2 measurement
Config. 2 simulation
EU6 limits

1.0

mCO
/g

Diesel Catalyst
Light-Off/Out Support
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1200

Figure 2: Emission and temperature traces from coniguration 2 NSC and DPF during the NEDC.
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Figure 4: Emissions and fuel consumption of the simulations of the WHTC, using the HC-Doser for the „cold“
cycle compared to the results from the engine measurement without heating

EU6 emission limits can only be met if the HC-Doser is used in “cold” WHTCs and at least one heating measure
is used in the “warm” WHTCs. The combination with the lowest fuel consumption is a “cold” WHTC with HCDoser and a “warm” WHTC with internal engine heating measures (DoE optimized). Compared to a WHTC
without heating measures and thus a non-compliance with the emission limit, this led to an additional fuel
consumption of approximately 4.5 g/kWh. Compared to the other combinations which meet the emission limit,
a fuel consumption reduction of 2.2 g/kWh was achieved.
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According to the surveys of the engine map, the exhaust aftertreatment system for the commercial vehicle engine
was investigated in the WHTC. For actively raising the exhaust gas temperature, both internal and external heating
measures were used. The three internal heating measures throttling, reducing the rail pressure, and shifting the
injection at a later injection point showed the best effect on increasing the exhaust gas temperature, whereby a
proportional increase of fuel consumption was observed with an increasing exhaust gas temperature. For further
optimization of these three heating measures, a design of experiments (DoE) was created. Hereinafter, this
heating measure is called “DoE optimized”. Additionally, the HC-Doser was integrated to increase the exhaust
gas temperature. The results are plotted in igure 3 over the WHTC. For further reduction of the fuel consumption
an optimization was done within the simulation. Fuel consumption was optimized simulatively using the HCDoser in cold WHTCs and three measures in the warm WHTC, HC-Doser, internal engine heating measures
(called DoE optimized), and a combination of both. Figure 4 shows the results in which the HC-Doser was used
for every “cold” cycle, compared to the base results from the test bench without heating.
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Figure 3: Example of the effect of the different heating measures on temperature gradients in the warm WHTC
for the different heating measures over cycle time

To evaluate the heating measures with respect to their CO2 emissions, the tool AbSim was developed. It allows
a simulation of all exhaust aftertreatment systems used in this research project. Other features of the tool are
simple simulations and optimizations for exhaust aftertreatment systems.
The study of the passenger car application has shown the potential of internal and external heating measures.
Coniguration 2, consisting of NSC and DPF, illustrates the potential of electrically heated NSC and how the
emission limit for EU6 can be achieved. The measurements on the industrial / commercial vehicle engine in the
WHTC have shown that the use of heating measures allows operating an engine for off-road applications even
in the WHTC in compliance with the EU6 emission standards.
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Extended Turbine Mapping II
The development of downsized gasoline engines with high speciic power output becomes increasingly challenging in terms of inding the best suited boosting concept. These are commonly compared to each other
using maps measured on a hot gas test bench. As not all turbocharger types behave identical, the Institute for
Combustion Engines at the RWTH Aachen University has developed new measurement and modeling methodologies as part of the research project „Erweiterte Turbinenkennfeldmessung II“ (ETKM II). These will help to
describe the turbine behavior in the engine process simulation as well as gaining fundamental knowledge about
turbochargers.
For today’s 4-cylinder applications, the twin scroll turbine has become a well-established solution to achieve a
better separation of the exhaust gas pulses and thus reducing the residual gas fraction in the individual cylinders. Additionally, the segment turbine is expected to deliver a better scroll separation capability while being
easier to manufacture at small frame sizes. At the beginning of the research project this technology has not been
investigated in detail and there are no series production engines using a segment turbine.

Figure 2: Comparison of the eficiency characteristics at single and equal admission for a twin scroll
and segment turbine

Figure 1: Differentiation of the low guidance inside a twin scroll and a segment turbine

As a consequence of the previously derived methodologies (ETKM I) the VKA performed a irst of its kind comparison of a segment and a twin scroll turbine based on hot gas test bench measurements for all engine relevant
low conditions. It has been shown that the segment turbine achieves an eficiency beneit of 3 %-points during
equal scroll admission. As a drawback, it reaches much lower eficiency values during single admission.

One important parameter to benchmark dual entry
turbines is the scroll separation. Here, the segment
turbine delivers (based on the chosen tongue distance of
7.1 mm) an average separation which is 54 % higher
than that of the twin scroll turbine. This enables, when
considering the required changes in the valve train
and timing, the segment turbine to overcome its low
eficiency at single admission.

Figure 3: Detailed analysis of the speciic losses
inside a segment turbine during single admission
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LPG Direct Injection
Additional CFD simulations have been conducted in order to better comprehend the measurement results as
well as validate the assumptions made for the modelling. These include a scroll temperature variation as well as
the cross low of one scroll into the other. The results have been used to develop an extrapolation methodology
which describes the cross low rate in areas at which the turbine cannot be operated on the test bench. Furthermore, the map based modelling approach which assumes an enthalpy averaged turbine inlet temperature for
the calculation of the reduced turbine speed has been validated.
For further improvements of the turbocharger modelling, the separation of aerodynamic and mechanical losses
is essential. The latter can mainly be described by the bearing type, oil boundary conditions as well as the thrust
loading which is acting on the bearing during operation. As part of the investigations, the thrust loading during
a hot gas test bench measurement was quantiied by installing a strain gage sensor inside the bearing.

Due to their CO2 reduction potential and their high
knock resistance gaseous fuels present a promising
alternative for modern highly boosted spark ignition
engines. Previous studies have already shown the
highest thermodynamic potential for the LPG direct
injection concept and its advantages in comparison
to external mixture formation systems. One major
challenge in order to implement a LPG direct injection
concept using a state-of-the-art high pressure fuel
pump is to ensure the liquid state of the fuel at the pump
inlet under all engine operating conditions. Especially
at hot soak conditions, the critical temperature of
the fuel inside the fuel rail can be exceeded and the
supercritical state can be reached. Thus the injection
behavior of supercritical LPG needs to be understood.
In this context SI combustion anomalies for LPG
depending on the gas mixture components are largely
unexplored. Therefore both topics are addressed in
the follow-up research project LPG II – LPG direct
injection.
In order to aim at reaching a comprehensive
understanding the research approach covers the
investigation of high temperature and supercritical
direct injection behavior of four different LPG fuel
formulations. Figure 1 summarizes the most relevant
properties of the fuels investigated in this study.
Gasoline E5
RON 95 / MON 86

Figure 4: Sectional view of a turbocharger bearing system including position of the installed strain gage sensor

The resulting forces reached extreme values of Fax = -68 N which occurred at the highest measured speed line
nTC near surge. A thrust load model has been developed and validated using the performed tests in order to
predict the thrust loading for any turbocharger without the need for additional measurement equipment. Additionally, the dependency of the friction power on the occurring thrust loading has been measured on a specially
designed bearing friction test bench.
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LPG 1: MON 89.4 / MN 26
Borderline

50 % Propane
50 % Propene

LPG 2: MON 94.4 / MN 28.3
Typical winter quality

70 % Propane
20 % n-Butane
10 % i-Butane

LPG 3: MON 93.3 / MN 30.7
Homologation fuel acc. R83

84 % Propane
4 % Butane
11 % Butene

LPG 4: MON 91.5 / MN 15.2
Homologation fuel acc. R83

18 % Propane
9 % Propene
73 % Butane

% are vol.-%
MON for LPG acc. EN589, MN acc. FVV 2-235 (AVL method)
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A conventional RON95E5 according EN 228 with
octane numbers determined on a CFR engine in
accordance to EN ISO 5163/64 serves as reference fuel
for all investigations. All LPG fuels are market relevant
fuels according EN 589. Their motor octane number
is calculated using this applicable standard while
the methane number is calculated in accordance to
FVV 2-235 (1968). LPG 1 only consists of propane and
propene and represents a borderline fuel due to the
high olein content. LPG 2 represents a typical winter
fuel, whereas LPG 3 and LPG 4 are homologation fuels
according R83 with high propane and high butane
content.
First thermodynamic investigations were conducted
in a single cylinder engine at constant engine speed
covering load sweeps with two different rail pressure
settings for all LPG fuels in liquid and supercritical state.
Figure 2 depicts the results for the variant in which the
rail pressure is increased with load. This calibration is
commonly used for modern gasoline direct injection
engines. The fuel temperature between fuel rail and
injector was measured to be 40 °C. Therefore the
fuels can be considered to be in liquid state at this
location of the injection system. The experimental
results conirm the better auto-ignition behavior of
LPG fuels compared to gasoline. Especially high
a
propane contents improve the knock resistance. This
conirms the indings from the previous LPG I project.
The knock behavior of LPG fuels does not correlate
with the MON in accordance to EN 589. A much
more pronounced correlation is found for the methane
number in accordance to the so called “AVL method”,
which is partly standardized in DIN 51624. Moreover
all LPG fuels reveal lower HC emissions for all loads
than the base fuel RON95E5. Because of the high
volatility of LPG fuels, a good homogenization of the
mixture can be assumed leading to a more complete
combustion. Analyzing the injection behavior with
LPG in liquid state, the small differences in injection
durations can be explained mainly by the inluence of
lower volumetric heating values of LPG fuels.

Figure 1: Fuel Properties
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Load Sweep
n = 2000 1/min
SOI = 420° CA ATDC
TOil / Coolant = 90 °C
TFuel bef. Inject. = 40 °C
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RON95E5
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LPG 4: MN 15.2
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As depicted in igure 3 much longer injection durations
can be observed for all LPG fuels for this concept. As
the butanes have higher densities than C3-hydrocarbons and exhibit linear density in a wider temperature
range, the injection duration is lower and therefore favorable from an injection system perspective.

Since the in-cylinder conditions during injection do
not meet the critical points of the fuels, the injection
is described as transcritical injection. Figure 4 depicts
selected results shown as a comparison between the
a
two rail pressure settings applied for LPG 1 at 15 bar
IMEP and different fuel temperatures.
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Figure 2: Load sweep results with
increasing rail pressure
Since the high pressure pump of gasolines engines
with direct injection is usually driven by cams located
at the exhaust cam shaft, a fuel return line, additional
cooling measures or an increased pressure upstream
the high pressure pump have to be used in order to
ensure liquid fuel supply to the high pressure pump
under all operating conditions. In this case a dedicated
in-tank pump concept comes into the picture which
could consequently eliminate the necessity of a high
pressure pump for LPG DI applications. Considering
an in-tank pump solution, a rail pressure 5 bar higher
than the critical pressure of the C3/C4-hydrocarbons
contained in the LPG fuels, was applied even at high
loads, in order to ensure either liquid or supercritical
state during injection.
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Further single cylinder engine tests will be conducted
at rated power conditions in order to evaluate even
higher fuel mass lows. In this context an upscaled
static injector low rate might be necessary to be able
to apply a rather low fuel pressure. However the fuel
temperature could decrease due to high low velocities inside the fuel injection system at this condition.
An adapted static low rate in turn has to meet injection duration requirements at idle conditions. First investigation at idle already revealed that the impact of
the non-linear characteristic of LPG density becomes
even more severe due to the long time period of the
fuel inside the injector tip leading to high fuel temperatures.
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prior to injection.
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Figure 3: Load sweep results with constant
rail pressure
For the investigation with LPG in supercritical state the fuels were heated up prior to injection. While
C3-hydrocarbons have a critical temperature of
~ 100 °C (propane 96.7 °C, propene 92.4 °C),
C4-molecules have a critical temperature of ~ 150 °C.
Therefore for LPG 1, which only contains propane and
propene, a fuel temperature of 120 °C slightly upstream the injector was chosen to have a safety margin.
LPG 2, LPG 3 and LPG 4 were heated up to 180 °C
due to the fact that these fuel formulations also contain
C4-hydrocarbons. Moreover LPG 1 was also heated
up to 180 °C in order to be able to compare all fuels.
Injection pressure was chosen to be increased up to
150 bar and for the second variant set to a rail pressure 5 bar higher than the critical pressure. Therefore
the critical pressures of all C3- and C4-hydrocarbons
contained are exceeded and the supercritical state is
reached for all LPG formulations inside the fuel rail.

Figure 4: Comparison of injection behavior
for IMEP = 15 bar, LPG1
It is evident, the higher the fuel temperature was
chosen, the more the knock resistance decreased,
losing the effect of evaporation enthalpy in the critical
point. However the major inluence can be observed
for the required injection durations. Applying a high rail
pressure a state-of-the-art-high pressure pump can
deliver, a moderate increase of injection duration was
noted when heating up the fuel. For only 50 bar rail
pressure the injection duration increases signiicantly
when the fuel temperature is increased due to a rapid
drop in density. For this low rail pressure the end of
injection for a fuel temperature of 180 °C exceeded the
limit set to top dead center.
Hence designing a dedicated in-tank pump concept it
has to be considered that the deliverable pump pressure should be set in a linear range of density of the
used LPG fuel in order to achieve reasonable injection
durations under all operating conditions. For LPG 1 a
pressure of 80 bar was found to be suitable to reach

Furthermore tests were carried out inside a climate
booth with a modern series production engine in order to investigate hot soak conditions, indicating that a
safe LPG DI operation for a concept with a series high
pressure pump requires an increased pump inlet pressure of up to 40 bar for a propane content of ~ 70 %.
The research project also focuses on investigations
of combustion anomalies, such as glow and preignition phenomena of LPG fuel formulations in liquid
and supercritical state. When injected in liquid state,
all investigated LPG fuels revealed a lower pre-ignition
sensitivity than the base fuel RON95E5. It has been
shown that the methane number is better suited to
describe the low-temperature kinetics of LPG fuels
than the motor octane number in accordance with
EN 589. Furthermore high propane content has a
positive effect on pre- and glow ignition resistance.
Tests with LPG injected in supercritical state indicates
that high fuel temperatures have an adverse effect on
pre- and glow ignition resistance due to tightening
the thermal in-cylinder conditions. Still the methane
number can describe the auto-ignition characteristics
for this state of the fuel. Contact
Dipl.-Ing. Martin Krieck
Phone: +49 241 80 48128
krieck@vka.rwth-aachen.de
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Downsizing has established itself in the market as the most commonly used method to improve the fuel
consumption of gasoline engines. As the resulting conlict of objectives between good dynamic response and
high speciic power becomes more and more challenging, multi-stage boosting systems have become a current
topic of discussion.
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Figure 2: Wastegate actuation steps used for model identiication
The steps must be deined in such a way to model the real static transfer behaviour by means of planes. As
the system behaviour is strongly nonlinear, it cannot be modelled with one single plane. In a irst approach, two
linear models deined by two PT1-elements each, are used to relect the system behaviour at a constant engine
speed of n = 1500 rpm (igure 3).

Figure 1: Manipulated variables for the air and exhaust path of the
investigated two-stage turbocharged gasoline engine

The underlying principle of MPC is to predict the system behaviour with a real time capable model and to
calculate the desired manipulated variables that result in a minimum control deviation by means of quadratic
programming optimization. The applied linear model consists of two PT1-elements, whereby each PT1-element
relects the boost pressure build-up as a reaction of the system to a step in one of the wastegate actuations,
while the other wastegate actuation is kept constant (igure 2).
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To enable a broad application of multistage boosting systems, engine control
functions must be available that provide
an improved process control with less
measuring and calibration effort. In
this project a linear model predictive
controller (MPC) is developed for a
two-stage turbocharging concept that
places the highest demands on boost
pressure control due to the multiple
input single output characteristics. The
controller uses the wastegates of the
high (HP) and low pressure (LP) stage
as manipulated variables and the
charging pressure measured upstream
of the throttle as a controlled variable.
The throttle is fully opened during
boosted operation while the bypass
and the compressor recirculation
valves are closed (igure 1).
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Figure 3: Linear model for low and high load
The models are used depending on the load and directly switched when the boost pressure reaches
p = 1700 mbar.
78

79

Research News

After reaching the desired boost
pressure, the wastegate of the low
pressure stage is slowly closed
and the high pressure wastegate
is opened accordingly. Thereby the
pressure ratios over the two stages
fade at a constant boost pressure
(igure 5).

To evaluate the controller performance, steps in the desired boost pressure at constant and variable engine
speeds are measured in vehicle.

This controller strategy also shows
satisfactory results under real dynamic driving conditions (igure 6).

Figure 5: Fading between high and low pressure stage at constant
boost pressure

Despite using the linear model
identiied at n = 1500 rpm the
desired boost pressure is reached
with low overshoots and the
reference tracking is stable.
These results prove the potential of
MPCs for handling boost pressure
control challenges and show
potential for robust performance in
the control of air paths of increased
complexity (e.g. external exhaust
gas recirculation).

Figure 4: Controller performance with linear MPC using two models dependent upon the boost pressure

This controller variant shows excellent results for steps in the desired boost pressure at the engine speed used
for model identiication. The target boost pressure is reached with no oscillations and tracked offset-free under
stationary conditions. In the irst to steps only the model for low loads is used. The switch to the high load model
can be seen in the step to p = 1800 mbar and p = 2000 mbar when the wastegate of the high pressure stage
is opened very quickly whereby an overshooting is avoided (igure 4).
The low pressure stage is not actuated in any of the steps as both models relect that the boost pressure
can be built up faster by using only the high pressure stage, which corresponds to the real system behaviour.
Nevertheless, it is preferable that the low pressure stage is used under stationary conditions to increase engine
eficiency due to the reduced exhaust gas back pressure. This behaviour is realized by a multi-stage set point
calculation based upon an additional optimization that computes the most fuel-eficient wastegate positions for
steady state operation in real time.
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Figure 6: Controller performance with two linear models and multi-stage
set point calculation under dynamic driving conditions
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CO2 Operation Strategies for
Low Octane Fuels
Used in a High Boosted Gasoline DI Engine Optimized for
High Octane Biofuels
The essential demand on the development of modern gasoline engines still remains the reduction in carbon
dioxide (CO2)) emissions. The downsizing of the engine displacement with concurrent higher speciic power by
increasing the boost pressure is the favored approach to cope with this demand. The smaller displacement
shifts operating points to higher load, which is favorable regarding eficiency at part load. Along with the strengthened CO2 emission limits current regulations aim at a higher admixture of biogenous fuel to further reduce CO2
emissions.
Accordingly, an extremely downsized 0.8 liter 3-cylinder spark ignition (SI) engine was designed for the use of
high octane ethanol blended fuels and assembled within the FVV research project no. 1041 “Small Displacement Gasoline DI Engine“. Subsequently, the engine has been investigated in detail regarding its charging system and combustion as presented in last year’s annual report.
Design for high octane fuels means stronger knock limitation (CR = 11) and hence, enrichment at rated power
for regular pump fuel with a research octane number (RON) of 95. Within the scope of the consecutive FVV research project no. 1097 “Downsizing with Biofuels II”, Miller cycle and cooled, external exhaust gas recirculation
(EGR) have been investigated regarding their potentials to increase power at stoichiometric operation, when
no high octane fuel is available. Consequently, the named 0.8 liter 3-cylinder engine has been equipped with a
cooled, external low-pressure EGR (LP-EGR) and Miller camshafts.
The possibility to use the EGR in the whole
engine map has been the deciding factor to
equip the investigated engine with a LP-EGR
system. The schematic setup of the LP-EGR
system consisting of an EGR cooler and a
cooled EGR valve is shown in igure 1. To
maintain the outlet temperature of the compressor below its limit (Tcomp,max = 180 °C), an
additional intercooler had to be applied for
operating points with 2-stage boosting and
high EGR rates. The intercooler is equipped
with a bypass lap to avoid pressure losses
when the supercharger is decoupled.

ṁ EGR

ṁ Air

TCAC
Q̇ CAC,2

Consecutively to the design and the assembly of the cooled EGR setup and Miller setup, test bench investigations in part and full load have been performed. Furthermore, driving cycle points have been carried out to
evaluate the effects on the combustion, gas exchange and emissions, regarding fuel consumption and knock.
The engine was operated with E20SB (RON102) as well as E10MB (RON95).
The coolant and oil temperature were set globally for the entire engine testing to 90 °C. The outlet temperature
of the EGR cooler was conditioned to 90 °C likewise. An engine speed dependent intake manifold temperature has been determined within the project for operation without EGR at full load. It ranges from 30 °C at
n = 1500 1/min to 45 °C at n = 5500 1/min and serves as limit for the cooling power of the charge air cooler
resulting in a maximum cooling power of QCAC = 7 kW. During the testing the cooling power has been monitored
and maintained according to the engine speed. The cooling power is not only affected by the inlet and outlet
temperature of the cooler, but also the mass low of air and EGR, as well as the speciic heat capacity cp of the
mixture.
All operating points at full load have been run at the knock limit. The criterion used to deine knock is the peak-to-peak pressure of the knock signal derived from the pressure trace. The limit of the peak-to-peak pressure
was set to KL =
with n as engine speed.

CO2-sensor
O2-sensor

Q̇ EGR cooler
Q̇ CAC,1
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The Miller cycle describes an engine 12
Valve lift / mm
cycle with longer expansion ratio than 11
∆ 50 ° CA
∆ 50 ° CA
compression ratio, which can be realized 10
9.0 mm
by either early intake valve closing (EIVC),
9
∆ +30 ° CA
8.8 mm
8
or late intake valve closing (LIVC). 1-D gas
7
exchange simulation predicted the best
6
performance for an extended valve event
5
with a rest of 30° crank angle (° CA) added
4
at the maximum lift of the base valve event
exhaust
intake
3
with an event length of 200° CA for this
2
engine. A more aggressive Miller cycle
1
with lower effective compression ratio is
0
limited by the available boost pressure.
0
90
180
270
360
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540
630
720
The resulting valve lift curve of the LIVC
Crank angle / ° CA
is depicted in igure 2, where the dashed
Figure 2: Valve lift curve of base and Miller camshaft
lines in light color deine the phasing range.

Tdownstr. EGR cooler

Figure 1: Schematic overview of the EGR setup

ṁ Exh

The test results of xEGR = 0 % and xEGR = 5 % for the base camshaft as well as the Miller cycle using E10MB
fuel are depicted in igure 3. Discrepancies in the achieved BMEP are visible at engine speeds above
n = 4000 1/min. The base camshaft in combination with xEGR = 5 % shows the highest improvement of more
than 8.5 % at rated power, whereas the Miller cycle allows an increase of 5 %. However, the displayed conigurations did not differ signiicantly in the spark timing. Nevertheless, the burn delay is longer when applying
EGR because of the charge dilution. The slower combustion with inert EGR causes a retard in the center of
combustion (α50) of approx. 5° CA. A slight reduction in the combustion retard is visible for the Miller cycle for
the decreased load at engine speeds above n = 4000 1/min. The BSFC follows the trend of the α50 and thus, is
higher with EGR and slightly reduced for the Miller cycle above n = 4000 1/min. The retarded combustion also
results in lower combustion stability, as the σIMEP is increased.
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Full Load Curve, E10MB, neng = 1500 - 5500 1/min, BMEP = 23.9 bar
prail = 200 bar, TOil = TCoolant = 90 °C, Q̇CAC = const., λ = 1
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Figure 3: Full load curve E10MB performance & combustion

The restricted cooling power of the charge air cooler causes a rise in intake manifold temperature, when EGR
is applied (igure 4). The higher temperature raises the speciic volume in the intake manifold. Hence, it causes,
in addition to the admixture of the EGR, a reduction in volumetric eficiency. As a consequence, the boost pressure for the EGR is increased. The Miller cycle also requires a higher intake manifold pressure due to the expelling of mixture for LIVC. The higher boost pressure in turn results in an increased exhaust pressure upstream
turbine and turbocharger speed. For the application of EGR the speed limit of the turbocharger is reached at
4000 1/min and 4500 1/min. Further restriction arose from the exhaust temperature at the turbine inlet. The limit
of 980 °C is reached at n = 4500 1/min and thus, avoids a further increase in load under stoichiometric conditions.
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Figure 4: Full load curve E10MB – gas exchange

To evaluate the beneits of cooled EGR and Miller cycle regarding fuel consumption in a driving cycle, vehicle,
longitudinal dynamics simulations were carried out. The fuel consumption in the New European Driving Cycle
(NEDC) was determined using a vehicle from the B-segment with a lywheel class of 1360 kg, a 7-speed dual
clutch transmission, as well as a start/stop system as platform. Based on the time share in the engine map
during the NEDC 16, characteristic operating points were chosen and implemented into the simulation model to
calculate the fuel consumption of the driving cycle. These operating points were measured for all conigurations,
meaning both fuels, E10MB and E20SB, with and without EGR, Miller cycle, as well as the combination of Miller
cycle and EGR.
The results of the NEDC simulation for the different conigurations are shown in igure 5. For the base coniguration a reduction in fuel consumption corrected to a lower heating value of HU = 42.5 MJ/kg of 1.1 % is achieved
with E20SB. The lower knock sensitivity allows an advanced combustion phasing and hence, better eficiency
at high load, where the knock limitation of the E10MB already requires a retarded combustion phasing. The
decrease in CO2 emissions is even higher (1.6 %). The lower C/H ratio from the admixture of 20 % ethanol results
in less produced CO2 for the same amount of energy of approximately 0.5 %.
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Figure 5: Fuel consumption and CO2 emissions

The determined reduction in fuel consumption by LIVC for the E10MB is 0.8 %. Most of the fuel consumption
occurs in operating points at mid and high load. Hence, the effect of dethrottling is limited. Additionally to the
reduced pumping losses at part load, the reduced knock tendency at high load is beneicial regarding fuel
consumption. That is why the reduction for the E20SB is reduced (0.6 %) compared to E10MB, as simply less
knock limitation occurs. The higher degree of dethrottling at high part load of the cooled EGR, as well as the
stronger knock mitigation result in a slightly bigger decrease in fuel consumption compared to the Miller cycle.
As said before, the beneit for the E20SB is lower because of the higher knock resistance of the fuel. Combining
both technologies does not summate the beneits of each single one, but still brings an increase in eficiency of
2.0 % for the E10MB and 1.8 % for the E20SB, respectively, in comparison to the base coniguration.

Optimizing the transient response constitutes a major goal in the development of turbocharged gasoline engines. Particularly, the simulation of transient phenomena is dificult using state-of-the-art simulation approaches
which complicates concept evaluations in early development phases. Within the scope of the FVV project “TC
Dynamics” a simulation methodology was developed which allows for a more precise system performance prediction of turbocharged gasoline engines.
Predicting turbocharged gasoline engine performance under transient conditions is considered a major challenge due to the complex interaction between turbomachine and internal combustion engine. In particular, further
developments in turbocharger (TC) modelling methodologies yield potential for improving the predictivity of the
simulation. The target of the FVV project “TC Dynamics” was to systematically investigate the impact of different
parameters on the transient performance of the engine. The investigations were performed on a turbocharged,
1.8l four-cylinder gasoline engine. The TC of the test engine was investigated on the gas stand at the VKA. In addition to the standard mapping, compressor closed loop measurements have been done as well as runaway measurements without compressor in order to extend the pressure ratio range even further. The data resulting from
these additional measurements is used for generating a merged complete turbine map which covers the complete engine-relevant operating range of the turbine.
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Figure 1 shows the resulting low capacity and eficiency maps that have
been extrapolated over the
turbine pressure ratio.
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Figure 1: Extrapolated turbine map including measurement data
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Complementing the steady-state measurements transient investigations have been conducted on the gas stand.
The motivation for these tests was to operate the TC under transient conditions, but without the pulsation effects
inherently involved in engine operation. The investigations allowed analysing the thermal inertia of the TC during
heat-up and cool-down phases.
The gas stand measurements served as a base for the development and validation of an extended TC model.
This sub-model of the TC was then integrated into a model of the complete engine system which was used to
analyse transient engine load steps. TC performance is typically modelled using a map-based approach based on gas stand maps which are measured under steady-state conditions. The thermal behaviour of the TC
is commonly neglected in engine process simulations. In order to address this topic, a TC heat transfer model
has been developed which complements the traditional map-based turbocharger model. The model is set up in
form of a thermal network which constitutes a 0-dimensional approach to account for the primary, most relevant
heat luxes inside the TC. The individual components of the TC are modelled as homogeneous, isotropic lumped masses that are characterized by heat capacities and thus feature thermal inertia properties. This feature
enables modelling of the dynamic system behaviour in the simulation which is characterized by heat storage
effects during heat-up and cool-down phases. In igure 2 the calculated energy balance of the TC is depicted
for one steady-state operating point.
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In conclusion, the FVV project “TC Dynamics” proved the necessity for further development efforts aimed at improving the simulation techniques employed in the state-of-the-art development process. Modelling of the TC as
a subsystem has been identiied as key factor for being able to accurately predict the response behaviour of turbocharged gasoline engines under transient conditions. An extended TC model has been developed within the
scope of the project which was used in a simulation environment of the complete system “turbocharged gasoline engine” to further analyse effects that have been observed experimentally on the engine test bench. The
model was proven to give a signiicant improvement in the prediction of the simulated turbine outlet temperature.
In addition, the achieved accuracy in terms of engine response during a loadstep was increased substantially.
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Figure 2: Flow chart of energy luxes within the TC
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Events in 2015

1. Symposium for
Combustion Control

3rd International Conference
Cluster of Excellence TMFB

June 17th and 18th, 2015

June 23rd to 25th, 2015
For the third time, the Cluster of Excellence Tailor-Made Fuels from Biomass hosted an international conference in Aachen to present the latest results
and to strengthen the interdisciplinary research work.
The international confernce opens up the stage for experts from around the globe to present their work in
the ields of synthesis, production and combustion of
modern biofuels.
In separate sessions, several fascinating topics like
biomass fractionation and pre-treatment, injection,
ignition and combustion of biofuels and combustion
process and exhaust gas aftertreatment optimization
of biofuels were addressed.

The Symposium for Combustion Control took place on June 17th and 18th, 2015 in Aachen for the irst time.
In the last decades, increasing demands to reduce fuel consumption and exhaust emission arose and led to a
variety of new concepts to improve combustion engines. Most of these approaches require eficient closedloop control, detailed physical models, powerful control logics and innovative sensor concepts. The annual
Symposium for Combustion Control covers the continuously rising relevance of these topics. Moreover,
it improves the interaction between the scientiic community and the automotive industry and enables the
exchange of knowledge in combustion control. 23 lecturers presented latest results and developments. In
addition, especially the keynote speeches gained high attention. Masato Nakagawa, Chief Technology Oficer of
DENSO INTERNATIONAL EUROPE presented DENSO‘s View on Combustion Control Technology Improvement
Direction, while Dr. Michael Henn, Head of Engine Mechanics and Electronics at Volkswagen AG talked about
the lexibility and complexity in future powertrain control. Last but not least, Prof. Rolf Isermann, head of the
Research Group for Control Systems and Process Automation at Darmstadt University of Technology, talked
about model-based combustion engine control systems.

In addition to keynote lectures, the conference program included presentations held by national and international biofuel experts as well as updates regarding the research activities of the Cluster of Excellence
TMFB. Furthermore there was a poster session and
plenty of opportunity to network.
Under its new name “Tailor-Made Fuels: From Production to Propulsion - 4th TMFB International Conference“, the conference will take place from June 21st to
23rd in 2016.

Due to the great success in 2015, the next Symposium for Combustion Control is already announced and will
take place on June 15th and 16th, 2016.
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Events in 2015

24th Aachen Colloquium
Automobile and Engine
Technology
October 5th – 7th, 2015
The 24th Aachen Colloquium Automobile and Engine Technology, organized by Professor Stefan Pischinger (Institute for
Combustion Engines) and Professor Lutz Eckstein (Institute
for Automotive Engineering) of RWTH Aachen University, was
again fully booked with 1800 participants. Europe’s largest
congress in automobile and engine technology offers more
than 100 technical presentations and a technical exhibition
with 64 exhibitors, which illustrate the high signiicance of the
conference.
After a welcome by Professor Dr.-Ing. Ernst M. Schmachtenberg, Rector of RWTH Aachen University, especially
the plenary speeches of high-ranking executives from the automotive industry gained attention.
Professor Pim van der Jagt, Executive Technical Leader of Ford Research & Innovation Center Aachen, talked
about intelligent mobility of the future, Tobias Moers, Chairman of the Board of Management of Mercedes-AMG
GmbH, presented driving performance at Mercedes-AMG.
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Professor Peter Gutzmer, Chief Technology Oficer and Deputy CEO of
Schaefler AG, completed the opening plenary session with his presentation of system expertise in global
digitized structures.
Harald Jakob Wester, CTO of Fiat
Group as well as CEO of Alfa Romeo
and Maserati, talked about “Alfa Romeo – The Power of Creation”.
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2016
The 25th Aachen Colloquium
Automobile and Engine Technology will take place from
October 10th to 12th, 2016.

Finally, Charlie Klein, Vice President
Vehicle Engineering Europe and
Member of the Management Board
of Adam Opel AG, described in his
plenary speech how to see the future
already today with the help of “Big
Data”.

In the future the varied topics of automobile and engine technology will continue to be of high signiicance for research and industry. In 2016 participants
from about 30 countries will again experience technical innovations and exciting discussions about latest developments in the automotive industry.
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Events in 2015

2nd mobilEM Colloquium

Engine Technology Seminar

October 22nd and 23rd, 2015
In October 2015 the second
mobilEM colloquium took place in
the Kurparkterrassen in Aachen.
Posters and presentations by
doctoral candidates delivered
insight into current research
topics and progress of their work.
Presentations by Professor Sauer,
De Doncker, Hameyer and Kneer
as well as external speakers from
Volkswagen,
Vemac,
Bosch,
3M Deutschland and Siemens
enriched the colloquium with
expert knowledge.

Already since the winter semester 1973/1974, the
Institute for Combustion Engines offers the series of
events “Engine Technology Seminar”. Experts from
the automobile and engine industry held lectures concerning recent issues from engine development as
well as interdisciplinary topics. Like this the Engine
Technology Seminar especially serves as connection
between university research and praxis. Following the
presentation, the audience has the opportunity to discuss with the speaker. The Engine Technology Seminar is open for all interested visitors.
Presentation on Power Electronics

The 3rd mobileEM Colloquium
will take place in October 2016.

Audience during Presentations

In 2015, several interesting lectures gained attention from the audience. Dr.-Ing. Regis Vonarb from Liebherr
Machines Bulle SA started the seminar series in 2015 with his presentation about „SCR only and Future SCR
on Filter: View Point of an Industrial Engine Manufacturer“. He was followed by Dipl.-Ing Peter Werner of Mercedes-AMG GmbH, who talked about challenges in the development of small highly supercharged V8 engines.
Dr. Andreas Gorbach from Daimler AG presented the
development of the new EURO VI engine generation
for Daimlers commercial vehicles. In further seminars
Dipl.-Ing. Claus Brüstle from Neander Motors AG explained Neanders new engine concept for the Diesel Outboard Marine Mark et, while Dr.-Ing. Michael
Houben from MAN Truck & Bus AG talked about future requirements for commercial vehicle engines and
the derivation of concret technologies. Dr.-Ing. Oliver
Ebelsheiser from Daimler AG presented the OM626, a
Diesel engine, which evolved from a cooperation between Daimler and Renault / Nissan. Dr.-Ing. Thomas
Heiduk from Audi AG contributed to the Engine Technology Seminar with his speech about the Audi drive technology to combine sportiness and eficiency. Dr.-Ing. Markus Schwaderlapp from DEUTZ AG concluded the
seminar series for 2015 by presenting answers of DEUTZ for the planned emission standard V.
The program for 2016 is available online: www.vka.rwth-aachen.de

Colloquium participants used the breaks for
discussions and to study the exhibits
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Events in 2015

Summer Party
of the Institute for Combustion Engines
August 12th, 2015
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Events in 2015

Christmas Celebration
of the Institute for Combustion Engines
December 18th, 2015
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