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Ein stetig steigender Fundus an Informationen ist heute notwendig, um die immer 
komplexer werdende Technik heutiger Kraftfahrzeuge zu verstehen. Funktionen, 
Arbeitsweise, Komponenten und Systeme entwickeln sich rasant. In immer 
schnelleren Zyklen verbreitet sich aktuelles Wissen gerade aus Konferenzen, 
Tagungen und Symposien in die Fachwelt. Den raschen Zugriff auf diese 
Informationen bietet diese Reihe Proceedings, die sich zur Aufgabe gestellt hat, 
das zum Verständnis topaktueller Technik rund um das Automobil erforderliche 
spezielle Wissen in der Systematik aus Konferenzen und Tagungen zusammen zu 
stellen und als Buch in Springer.com wie auch elektronisch in Springer Link und 
Springer Professional bereit zu stellen. Die Reihe wendet sich an Fahrzeug- und 
Motoreningenieure sowie Studierende, die aktuelles Fachwissen im Zusammen-
hang mit Fragestellungen ihres Arbeitsfeldes suchen. Professoren und Dozenten 
an Universitäten und Hochschulen mit Schwerpunkt Kraftfahrzeug- und Motoren-
technik finden hier die Zusammenstellung von Veranstaltungen, die sie selber 
nicht besuchen konnten. Gutachtern, Forschern und Entwicklungsingenieuren in 
der Automobil- und Zulieferindustrie sowie Dienstleistern können die Proceedings 
wertvolle Antworten auf topaktuelle Fragen geben.

Today, a steadily growing store of information is called for in order to understand 
the increasingly complex technologies used in modern automobiles. Functions, 
modes of operation, components and systems are rapidly evolving, while at 
the same time the latest expertise is disseminated directly from conferences, 
congresses and symposia to the professional world in ever-faster cycles. This 
series of proceedings offers rapid access to this information, gathering the 
specific knowledge needed to keep up with cutting-edge advances in automotive 
technologies, employing the same systematic approach used at conferences and 
congresses and presenting it in print (available at Springer.com) and electronic (at 
Springer Link and Springer Professional) formats. The series addresses the needs 
of automotive engineers, motor design engineers and students looking for the 
latest expertise in connection with key questions in their field, while professors 
and instructors working in the areas of automotive and motor design engineering 
will also find summaries of industry events they weren’t able to attend. The 
proceedings also offer valuable answers to the topical questions that concern 
assessors, researchers and developmental engineers in the automotive and supplier 
industry, as well as service providers.

Weitere Bände in der Reihe http://www.springer.com/series/13360

http://www.springer.com/series/13360


Michael Bargende · Hans-Christian Reuss 
Andreas Wagner 
(Hrsg.)

21. Internationales 
Stuttgarter Symposium

Automobil- und Motorentechnik



Hrsg.
Michael Bargende
FKFS – Forschungsinstitut für Kraftfahr-
wesen und Fahrzeugmotoren Stuttgart
Stuttgart, Baden-Württemberg, Deutschland

IFS
Universität Stuttgart
Stuttgart, Deutschland

Andreas Wagner
FKFS – Forschungsinstitut für Kraftfahr-
wesen und Fahrzeugmotoren Stuttgart
Stuttgart, Baden-Württemberg, Deutschland

IFS
Universität Stuttgart
Stuttgart, Deutschland

Hans-Christian Reuss
FKFS – Forschungsinstitut für Kraftfahr-
wesen und Fahrzeugmotoren Stuttgart
Stuttgart, Baden-Württemberg, Deutschland

IFS
Universität Stuttgart
Stuttgart, Deutschland

ISSN 2198-7432	 ISSN 2198-7440  (electronic)
Proceedings
ISBN 978-3-658-33520-5 	 ISBN 978-3-658-33521-2  (eBook)
https://doi.org/10.1007/978-3-658-33521-2

Die Deutsche Nationalbibliothek verzeichnet diese Publikation in der Deutschen Nationalbibliografie; 
detaillierte bibliografische Daten sind im Internet über http://dnb.d-nb.de abrufbar.

© Springer Fachmedien Wiesbaden GmbH, ein Teil von Springer Nature 2021, korrigierte Publikation 2021
Das Werk einschließlich aller seiner Teile ist urheberrechtlich geschützt. Jede Verwertung, die nicht 
ausdrücklich vom Urheberrechtsgesetz zugelassen ist, bedarf der vorherigen Zustimmung des Verlags. 
Das gilt insbesondere für Vervielfältigungen, Bearbeitungen, Übersetzungen, Mikroverfilmungen und 
die Einspeicherung und Verarbeitung in elektronischen Systemen.
Die Wiedergabe von allgemein beschreibenden Bezeichnungen, Marken, Unternehmensnamen etc. in 
diesem Werk bedeutet nicht, dass diese frei durch jedermann benutzt werden dürfen. Die Berechtigung 
zur Benutzung unterliegt, auch ohne gesonderten Hinweis hierzu, den Regeln des Markenrechts. Die 
Rechte des jeweiligen Zeicheninhabers sind zu beachten.
Der Verlag, die Autoren und die Herausgeber gehen davon aus, dass die Angaben und Informationen in 
diesem Werk zum Zeitpunkt der Veröffentlichung vollständig und korrekt sind. Weder der Verlag, noch 
die Autoren oder die Herausgeber übernehmen, ausdrücklich oder implizit, Gewähr für den Inhalt des 
Werkes, etwaige Fehler oder Äußerungen. Der Verlag bleibt im Hinblick auf geografische Zuordnungen 
und Gebietsbezeichnungen in veröffentlichten Karten und Institutionsadressen neutral.

Planung/Lektorat: Markus Braun 
Springer Vieweg ist ein Imprint der eingetragenen Gesellschaft Springer Fachmedien Wiesbaden GmbH und 
ist ein Teil von Springer Nature. 
Die Anschrift der Gesellschaft ist: Abraham-Lincoln-Str. 46, 65189 Wiesbaden, Germany

https://doi.org/10.1007/978-3-658-33521-2
http://dnb.d-nb.de


v

Inhaltsverzeichnis – Band II

E/E-Architecture

Mercedes “S-Class” Powernet Architecture. . . . . . . . . . . . . . . . . . . . . . . . .                         	 3
Michel Weber, Thomas Mundinger, Ferdinand  Kageneck,  
Marius-Florin Buciuman, and Fridolin Häuser

A Cross-domain System Architecture Model of Dynamically  
Configurable Autonomous Vehicles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 13
Tarık Şahin, Christian Raulf, Volkan Kızgın, Tobias Huth,  
and Thomas Vietor

Analysis and Modeling of Future Electric/Electronic Architectures  
for Modular Vehicles Concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 32
Marc Schindewolf, Houssem Guissouma, and Eric Sax

Hydrogene + Methane

Redefining the Requirements for Hardware Development and  
Simulation for DI-H2 Combustion Engines . . . . . . . . . . . . . . . . . . . . . . . . .                         	 49
Thomas Ebert, Gidion Maniezki, and Roberto-Fabio Nobile

Review of State of the Art and Future Options of Hydrogen Storage  
Systems for Internal Combustion Engines with Direct Fuel  
Injection for Use in Heavy Duty Vehicles. . . . . . . . . . . . . . . . . . . . . . . . . . .                           	 64
Richard Trott and Ingo Friedrich

Significance of Synthetic Methane for Energy Storage and CO2  
Reduction in the Mobility Sector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 77
Florian Kiefer, Karin Schröter, Panayotis Dimopoulos Eggenschwiler,  
and Christian Bach



Inhaltsverzeichnis – Band IIvi

Test II

Concept for the Automatic Generation of Individual Test Sequences  
Verified by Artificial Intelligence Algorithms. . . . . . . . . . . . . . . . . . . . . . . .                       	 95
Ralf Lutchen, Andreas Krätschmer, and Hans Christian Reuss

Acceleration of ECU-Development by Using Connected Mixed-Reality  
Environments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 105
Franz Dengler, Bruno Eichler, and Abduelkerim Dagli

Automized Testing - Support of the Testcase Generation &  
Assessment Using Systems Engineering. . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 111
Peter Ebner,  Michael Maletz Schneider, Richard Schneider,  
Martin Ringdorfer, and Gerald Teuschl

Vehicle Attributes II

A Hybrid Approach using an Adaptive Waypoint Generator for  
Lane-changing Maneuver on Curved Roads. . . . . . . . . . . . . . . . . . . . . . . .                        	 127
Qianwei Yang, Qihang Shi, Mustafa Saraoğlu, and Klaus Janschek

New Approach to Friction Estimation with 4WD Vehicle. . . . . . . . . . . . . .              	 142
Smiljana Todorovic, Sven Müller, Jochen Kiebler, Jens Neubeck,  
and Andreas Wagner

How to Upgrade Vehicles? Release Planning in the  
Automotive Industry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 155
Tarık Şahin, Luca Köster, Tobias Huth, and Thomas Vietor

E-Powertrain

Data-Enhanced Battery Simulator for Testing Electric Powertrains. . . . .     	 177
Philipp Gesner, Richard Jakobi, Philipp Klein, Ivo Horstkötter, 
and Bernard Bäker

The FKFS High-Performance Electric Powertrain Test Bench. . . . . . . . .         	 192
Alfons Wagner, Andreas Krätschmer, and Hans Christian Reuss

AI-Based Diagnostic Tool for Offline Evaluation of Measurement  
Data on Test Benches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           	 203
Andreas Krätschmer, Ralf Lutchen, and Hans Christian Reuss

Hybrid I

Active Output Selection for an HEV Boost Maneuver . . . . . . . . . . . . . . . .                	 217
Adrian Prochaska, Julien Pillas, and Bernard Bäker

ZF Vision EVplus – the New Definition of Plugin Hybrids. . . . . . . . . . . . .             	 230
Michael Ebenhoch and Christoph Schill



Inhaltsverzeichnis – Band II vii

Holistic Optimization of Energy Consumption of a Hybrid  
Powertrain with an “Equivalent Fuel Consumption  
Minimization Strategy” Algorithm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 243
Michael Zagun

Test III

Virtual Validation of Autonomous Driving Functions in  
Urban Areas with Mixed Traffic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 261
K. Schreiner, Caroline Handel, M. Obstbaum, F. Beutenmüller, 
L. Morich, M. Langer, and M. Harth

Systematic Validation for Automated Driving . . . . . . . . . . . . . . . . . . . . . . .                       	 271
Christof Ebert, Michael Weyrich, and Benjamin Lindemann

Virtual Verification of Cause-Effect Chains in Automotive  
Cyber-Physical Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 279
Ricardo Gonzalez de Oliveira, Indrasen Raghupatruni,  
Arne Hamann, and Achim Henkel

Pollutants II

The Increasing Importance of Particles, Volatile Organic Compounds  
and Ammonia in Future Emissions Regulation. . . . . . . . . . . . . . . . . . . . . .                      	 293
Nick Molden  and James Hobday

Denoxtronic 8 by Bosch – Next Step in Evolution for Commercial  
Vehicles and Off-Road . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          	 314
Erik Weingarten, Dirk Samuelsen, Werner Christl, and Nicolas Ide

Investigation of LNT Regeneration Strategy for Diesel Engines  
with High Internal Residual Gas Rates . . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 337
Markus Maul, Michael Brotz, Michael Grill, and Michael Bargende

Reports from FVV Projects

CNG-DI-Engine at λ = 1-Operation with Highload-EGR . . . . . . . . . . . . .             	 353
Johannes Oder, Hermann Rottengruber, Christian Wouters,  
Marco Günther, and Stefan Pischinger

Novel Insight into Engine Near-Wall Flows and Wall Heat  
Transfer Using Direct Numerical Simulations and High-Fidelity  
Experiments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   	 377
Karri Keskinen, George Giannakopoulos, Michele Bolla, Jann Koch, 
Yuri M. Wright, Christos Frouzakis, Konstantinos Boulouchos, 
Marius Schmidt, Benjamin Böhm, and Andreas Dreizler



Inhaltsverzeichnis – Band IIviii

Measurement Technology and Analysis

Flame Luminesce in an Optically Accessible Engine with an  
Active Fuelled Pre-Chamber Ignition System. . . . . . . . . . . . . . . . . . . . . . .                       	 397
Tim Russwurm, Michael Wensing, Lukas Euchner, and Peter Janas

Analyzing Pressure Pulsations in Hydraulic Systems by  
Merging Measurements and 3D-CFD-simulations . . . . . . . . . . . . . . . . . . .                   	 411
Thomas A. Lenz, F. Stempfhuber, M. Spies, and M. Bargende

Portable HC-Tracker: Development of a Flameless Method for  
Mobile Hydrocarbon Measurement in Vehicle Exhaust. . . . . . . . . . . . . . .               	 430
Naqib Salim, Daniel Exter, Maurice Kettner,  
and Benedikt Grob

Data/Security

AI and Big Data Management for Autonomous Driving. . . . . . . . . . . . . . .               	 447
Frank Kraemer

The Future Connected Car – Safely Developed Thanks to  
UNECE WP.29?. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 461
Thiemo Brandt and Théo Tamisier

Hybrid II

Energy Cost Based Vehicle Hybrid Control and Analysis Technique . . . .    	 477
John Shutty and Dmitriy Semenov

RT – Revolutionary Technology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	 490
Simon Wallner and Klaus Schrewe

Holistic Approach for the Design and Dimensioning of a Hybridized  
Heavy-Duty Truck. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 504
Patrick Noone, Nicolas Hummel, Alexander Kuznik, and Christian Beidl

Virtual Testing

Design of a Simulation Environment for Testing the Control of  
Electric Power Steering Systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 521
Marcus Irmer and Hermann Henrichfreise

Application of a Detailed Model of a Steering System in Highly  
Dynamic HiL Tests of EPS Motors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 534
Markus Hemmersbach, Hermann Briese, Michael Haßenberg,  
Marcus Irmer, and Hermann Henrichfreise



Inhaltsverzeichnis – Band II ix

Validating Reliability of Automated Driving Functions on a  
Steerable VEhicle-in-the-Loop (VEL) Test Bench. . . . . . . . . . . . . . . . . . . .                    	 546
Chenlei Han, Alexander Seiffer, Stefan Orf, Frank Hantschel,  
and Shiqing Li

Software

Improved Scalability of Vehicle Diagnostic Software: Advantages  
of Service-Oriented Architecture. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 563
Lorenz Görne and Hans-Christian Reuss

Digitalized Development Methodology for the Continuous Vehicle  
Product Life Cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             	 575
Markus Christian and Thomas Huber

Erratum zu: 21. Internationales Stuttgarter Symposium. . . . . . . . . . . . . .              	 E1

Autorenverzeichnis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 589



xi

Inhaltsverzeichnis – Band I

Mobility

MobiLab – The Mobility Living Lab at the University of Stuttgart . . . . .     	 3
Wolfram Ressel

Self-Propelled Trailers – An Approach to Type Approval. . . . . . . . . . . . . .              	 16
Rüdiger Freimann, Sebastian Maier, and Alessandro Sannia

Pollutants I

Preview on Future Developments of Non-exhaust Emissions. . . . . . . . . . .           	 31
Christof Danner and Andreas Pein

Stationary and Transient Simulation of HC and  
CO Emissions of Diesel Engines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 42
Christian Schnapp, Michael Grill, and Michael Bargende

E-Drive

Flux Squeeze Reluctance Motor Improves Partial Load  
Efficiency in Vehicle Traction Applications. . . . . . . . . . . . . . . . . . . . . . . . . .	 59
Andreas Leich and Philip Hennig

Electric Drive System Efficiency Modeling Based  
on Polynomial Functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        	 74
Lukas Decker, Michael Timmann, Robert Inderka, and Martin Doppelbauer

Thermal Management

Plausibility Assessment and Validation of Deep Learning  
Algorithms in Automotive Software Development. . . . . . . . . . . . . . . . . . . .                    	 91
Felix Korthals, Marcel Stöcker, and Stephan Rinderknecht

http://dx.doi.org/10.1007/978-3-658-33466-6_1
http://dx.doi.org/10.1007/978-3-658-33466-6_2
http://dx.doi.org/10.1007/978-3-658-33466-6_3
http://dx.doi.org/10.1007/978-3-658-33466-6_4
http://dx.doi.org/10.1007/978-3-658-33466-6_4
http://dx.doi.org/10.1007/978-3-658-33466-6_5
http://dx.doi.org/10.1007/978-3-658-33466-6_5
http://dx.doi.org/10.1007/978-3-658-33466-6_6
http://dx.doi.org/10.1007/978-3-658-33466-6_6
http://dx.doi.org/10.1007/978-3-658-33466-6_7
http://dx.doi.org/10.1007/978-3-658-33466-6_7


Inhaltsverzeichnis – Band Ixii

Waste Heat Recovery from Cabin Exhaust Air by Use  
of Heat Pump. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  	 106
Nobuaki Miyaji and Jörg Kleemann

Fuel Cell

Holistic Design of Innovative Cathode Air Supply for  
Automotive PEM Fuel Cells. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 121
Michael Harenbrock, Alexander Korn, Andreas Weber, and Eva Hallbauer

Ion Exchanger for Fuel Cell Coolant Loop as Customer  
Independent Market Product . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 137
Simon Leininger, Andreas Wildermuth, Martin Bublinski,  
and Marion Kauck

Functional Layout

Traceable and Efficient Validation of Mechatronic  
Products – A Conflict of Objectives?. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 155
Simon Boog, Claas Kürten, and René Maguin

Optimization of EMI Filter with Consideration of the  
Noise Source Impedance for DC/DC Converter. . . . . . . . . . . . . . . . . . . . . .                      	 167
Achim Vedde, Martin Neuburger, Konstantin Spanos,  
and Hans-Christian Reuss

CO2-Strategies Passenger Cars for 2030

Are Hybrid Powertrains the Right Solution to Meet  
EU-Emission-Targets in 2030. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     	 181
Gerald Eifler

Charging

Energy and Automotive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 207
Ursel Willrett

L3-BW: H2 Powered, Mobile Charging Station for  
Electric Vehicles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                	 216
Markus Kordel, Nicolas Muck, Tobias Schneider, Dirk Großmann,  
and Jannik Briehl

Reliability of Conventional Infrastructure in Context of  
Automated Driving illustrated by the SLAM Problem. . . . . . . . . . . . . . . .                	 228
Marcel Vosshans, Cheng-Ting Tsai, Nils Mursinsky, Yichen Mao,  
Alexander Jäggle, Tobias Heisig, Thao Dang, and Ralf Wörner

http://dx.doi.org/10.1007/978-3-658-33466-6_8
http://dx.doi.org/10.1007/978-3-658-33466-6_8
http://dx.doi.org/10.1007/978-3-658-33466-6_9
http://dx.doi.org/10.1007/978-3-658-33466-6_9
http://dx.doi.org/10.1007/978-3-658-33466-6_10
http://dx.doi.org/10.1007/978-3-658-33466-6_10
http://dx.doi.org/10.1007/978-3-658-33466-6_11
http://dx.doi.org/10.1007/978-3-658-33466-6_11
http://dx.doi.org/10.1007/978-3-658-33466-6_12
http://dx.doi.org/10.1007/978-3-658-33466-6_12
http://dx.doi.org/10.1007/978-3-658-33466-6_13
http://dx.doi.org/10.1007/978-3-658-33466-6_13
http://dx.doi.org/10.1007/978-3-658-33466-6_14
http://dx.doi.org/10.1007/978-3-658-33466-6_15
http://dx.doi.org/10.1007/978-3-658-33466-6_15
http://dx.doi.org/10.1007/978-3-658-33466-6_16
http://dx.doi.org/10.1007/978-3-658-33466-6_16


Inhaltsverzeichnis – Band I xiii

Intelligent Engineering

Quick Start with AI for Automotive Development:  
Five Process Changes and One New Process . . . . . . . . . . . . . . . . . . . . . . . .                        	 247
Ulrich Bodenhausen

Welcome to the Data Jungle – Our Way to Tackle AI-Supported  
Vehicle Development Projects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                    	 263
J. Maerker, T. Fleischer, T. Rößler, and M. Keckeisen

New Solution Supporting Efficient Vehicle Calibration Using  
Objective Driveability Evaluation and AI. . . . . . . . . . . . . . . . . . . . . . . . . . .	 278
Xianfeng Zhang, Thomas Ebner, Martin Arntz, Andreas Ramsauer,  
and Ferit Küçükay

Vehicle Concepts

Vehicle Topology Concept Methodology. . . . . . . . . . . . . . . . . . . . . . . . . . . .                            	 297
Tobias Dirr, Tobias Roß, Angus Riddoch, and Hendrik Gronau

Impact of Digitization on the Mobility System. . . . . . . . . . . . . . . . . . . . . . .                       	 309
Petia Krasteva, Sebastian Kuschmitz, and Thomas Vietor 

Analysis and Presentation of the Development Status of  
Vehicle Technologies for Electrification and Automation by  
Creating a Technology Calendar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                  	 321
Christian Ulrich, Benjamin Frieske, Peter Bickel, Florian Marthaler,  
Sylvia Stieler, Stephan Schmid, and Sascha Ott

U-Shift Vehicle Concept: Modular on the Road. . . . . . . . . . . . . . . . . . . . . .                      	 333
Marco Münster, Mascha Brost, Robert Hahn, Tjark Siefkes, Gerhard Kopp, 
Stephan Schmid, and Tim Knutzen

Vehicle Attributes I

Vertical Trajectory Planning for Autonomous Vehicles. . . . . . . . . . . . . . . .                	 349
Matthias Jurisch and Thorsten Koch

Motion Sickness Detection and Prevention . . . . . . . . . . . . . . . . . . . . . . . . .                         	 364
Mohamad Alayan

Comfort Assessment for Highly Automated Driving Functions  
at the Stuttgart Driving Simulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 368
Christoph Heimsath, Werner Krantz, Jens Neubeck, Christian Holzapfel,  
and Andreas Wagner

http://dx.doi.org/10.1007/978-3-658-33466-6_17
http://dx.doi.org/10.1007/978-3-658-33466-6_17
http://dx.doi.org/10.1007/978-3-658-33466-6_18
http://dx.doi.org/10.1007/978-3-658-33466-6_18
http://dx.doi.org/10.1007/978-3-658-33466-6_19
http://dx.doi.org/10.1007/978-3-658-33466-6_19
http://dx.doi.org/10.1007/978-3-658-33466-6_20
http://dx.doi.org/10.1007/978-3-658-33466-6_21
http://dx.doi.org/10.1007/978-3-658-33466-6_22
http://dx.doi.org/10.1007/978-3-658-33466-6_22
http://dx.doi.org/10.1007/978-3-658-33466-6_22
http://dx.doi.org/10.1007/978-3-658-33466-6_23
http://dx.doi.org/10.1007/978-3-658-33466-6_24
http://dx.doi.org/10.1007/978-3-658-33466-6_25
http://dx.doi.org/10.1007/978-3-658-33466-6_26
http://dx.doi.org/10.1007/978-3-658-33466-6_26


Inhaltsverzeichnis – Band Ixiv

Sensors

Semantic Segmentation of Solid-State LiDAR Measurements  
for Automotive Applications. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 383
Sören Erichsen, Julia Nitsch, Max Schmidt, and Alexander Schlaefer

Efficient Localization on Highways Employing Public HD Maps  
and Series-Production Sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 395
Niklas Stannartz, Mario Theers, Marc Sons, Adalberto Llarena,  
Markus Kuhn, Oliver Maria Kind, and Torsten Bertram

A Robust Localisation System for an Highly Automated People  
Mover Based on GNSS- and LiDAR-Data. . . . . . . . . . . . . . . . . . . . . . . . . .                          	 410
Georg Beierlein, Jinhan Kong, and Steffen Kutter

Phenomenological, Measurement Based LiDAR Sensor Model. . . . . . . . .         	 424
Jakob Schmitt, Christopher Robel, and Bernard Bäker

Systems Engineering

Business as (Un)usual – Feature-based Development. . . . . . . . . . . . . . . . .                 	 439
Michael Hörig, Gordon Windisch, Erik Herzhauser, and Michael Mürlebach

Ontology-Driven and Integrated Automotive Systems Engineering . . . . .     	 446
Manuel Klauß, Sven Friedel, Jens Krüger, and Tobias Häuptle

Innovative ICEs

Experimental Investigations of the Top Land Volume. . . . . . . . . . . . . . . . .                 	 459
Markus Koch, Oliver Dingel, Frank Altenschmidt, Hans-Jürgen Berner,  
and Michael Bargende

Development of an Additive Manufactured Heavy-Duty Piston  
with an Innovative Piston Bowl. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   	 473
M. Krause, R. Budde, R. Rezaei, and D. Kovács

Improvement of Gasoline Engine Performance and Fuel Economy  
Through New Hollow Head Valve. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 	 485
Luigi Lia and Pierfrancesco De Giovanni

Simulation and Analysis

Computational Aeroacoustic Analysis of noise mitigation potential  
of complex exhaust systems. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      	 501
Federico Millo, Francesco Sapio, Benedetta Peiretti Paradisi, Renzo Arina,  
Andrea Bianco, Mélissa Férand, Alessio Tarabocchia, and Annalisa Reviglio

http://dx.doi.org/10.1007/978-3-658-33466-6_27
http://dx.doi.org/10.1007/978-3-658-33466-6_27
http://dx.doi.org/10.1007/978-3-658-33466-6_28
http://dx.doi.org/10.1007/978-3-658-33466-6_28
http://dx.doi.org/10.1007/978-3-658-33466-6_29
http://dx.doi.org/10.1007/978-3-658-33466-6_29
http://dx.doi.org/10.1007/978-3-658-33466-6_30
http://dx.doi.org/10.1007/978-3-658-33466-6_31
http://dx.doi.org/10.1007/978-3-658-33466-6_32
http://dx.doi.org/10.1007/978-3-658-33466-6_33
http://dx.doi.org/10.1007/978-3-658-33466-6_34
http://dx.doi.org/10.1007/978-3-658-33466-6_34
http://dx.doi.org/10.1007/978-3-658-33466-6_35
http://dx.doi.org/10.1007/978-3-658-33466-6_35
http://dx.doi.org/10.1007/978-3-658-33466-6_36
http://dx.doi.org/10.1007/978-3-658-33466-6_36


Inhaltsverzeichnis – Band I xv

Two-Stage 0D/1D Knock Model to Predict the Knock  
Boundary of SI Engines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         	 514
Marco Hess, Michael Grill, Michael Bargende, and André Casal Kulzer

Virtual Powertrain Simulation: X-in-the-Loop Methods for  
Concept and Software Development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               	 531
Mario Picerno, Sung-Yong Lee, Markus Ehrly, Joschka Schaub,  
and Jakob Andert

Efficient CFD Methods for Assessment of Water Management. . . . . . . . .         	 546
Martin Novák, Rene Devaradja, Jacques Papper, and Martin Černý

Vehicle Attributes II

Simulation-Supported Development of Rollover Behavior  
According to Systems Engineering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                	 565
Philippe Stegmann, Fabian Fontana, Fan Chang, and Christian Schimmel

Parking – Evaluation of Manual and Automated Parking  
Maneuvers with Subjective Assessment Indicators. . . . . . . . . . . . . . . . . . .                   	 577
Korbinian Scheck, Peter E. Pfeffer, Seda Aydogdu, and Bernhard Schick

Lightweight Feeling - Driving Excitement, Vehicle Efficiency  
and Costs of BEV in Conflict. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     	 592
Georg Schrank, Martin Arntz, and Christoph Sams

Virtual Safeguarding of Chassis Functions by Evaluating  
Driving Behaviour. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                              	 606
B. Stritzelberger, Stefan Lichtmannecker, and F. Beutenmüller

Battery

Thermomanagement of Li-Ion Battery Cells During  
Charge/discharge Processes: Experiments and Simulations . . . . . . . . . . .           	 613
Panayotis Dimopoulos Eggenschwiler, Viola Papetti,  
and Augusto Della Torre

Holistic System Design and Efficient Optimization of a Liquid  
Cooled Battery Module Through 1D- and 3D-Simulations. . . . . . . . . . . . .	 627
Marcel Nöller, Robert Renz, and Katharina Bause

Function Development for a Battery Management System  
for a HV-Battery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               	 637
Carsten Rabenhorst, Lars Weller, and K. P. Birke

Autorenverzeichnis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                            	 653

http://dx.doi.org/10.1007/978-3-658-33466-6_37
http://dx.doi.org/10.1007/978-3-658-33466-6_37
http://dx.doi.org/10.1007/978-3-658-33466-6_38
http://dx.doi.org/10.1007/978-3-658-33466-6_38
http://dx.doi.org/10.1007/978-3-658-33466-6_39
http://dx.doi.org/10.1007/978-3-658-33466-6_40
http://dx.doi.org/10.1007/978-3-658-33466-6_40
http://dx.doi.org/10.1007/978-3-658-33466-6_41
http://dx.doi.org/10.1007/978-3-658-33466-6_41
http://dx.doi.org/10.1007/978-3-658-33466-6_42
http://dx.doi.org/10.1007/978-3-658-33466-6_42
http://dx.doi.org/10.1007/978-3-658-33466-6_43
http://dx.doi.org/10.1007/978-3-658-33466-6_43
http://dx.doi.org/10.1007/978-3-658-33466-6_44
http://dx.doi.org/10.1007/978-3-658-33466-6_44
http://dx.doi.org/10.1007/978-3-658-33466-6_45
http://dx.doi.org/10.1007/978-3-658-33466-6_45
http://dx.doi.org/10.1007/978-3-658-33466-6_46
http://dx.doi.org/10.1007/978-3-658-33466-6_46


E/E-Architecture



Mercedes “S-Class” Powernet Architecture

Michel Weber(*), Thomas Mundinger, Ferdinand Kageneck,  
Marius-Florin Buciuman, and Fridolin Häuser

Powernet Engineering, Mercedes-Benz AG, Sindelfingen, Germany
michael.w.weber@daimler.com

Abstract.  The brand-new S-Class is the beacon of automotive luxury, which 
addresses evolving customer expectations and technical opportunities. We 
enter into a new era in the automotive Powernet domain. Optimization in 
both power availability and drive hybridization, as well as new features 
such as partial networking characterize the highly integrated state-of-the-art 
Mercedes powernet. The new S-Class offers heightened energy efficiency and 
increased reliability for further automation of driving and vehicle features. 
The systematically optimized E/E network architecture for the 2020 S-Class 
maximizes the availability of automotive electronics innovations. Mercedes-
Benz further enhances the energy-efficient and cost-effective power supply 
with the improved 48V system. It prepares for the latest driver assistance and 
automation systems with a fail-safe 12V power supply. Furthermore, a new 
vehicle feature experience is defined before and after driving with a “Living” 
powernet. Since the initial launch in the 222 predecessor, the fully integrated 
12V and 48V power network system increases the energy availability for 
additional comfort and chassis innovations with consumption-reducing EQ 
hybrid features culminating in the realization of the 223 model.

Keywords:  Powernet integration · Energy efficiency · Powerpack · Feature 
availability · “LIVING” powernet · User centric · Vehicle states · Partial net-
working

1 � Electrical Signature

Automobile innovations are ever-increasingly dependent on electric power. The 
systematically optimized new S-Class powernet architecture (Fig. 1) provides for 
maximum availability of all electronically controlled features to our customers. 
Mercedes-Benz is rolling out a new dimension of “Living” powernet with the further 
enhanced 48V system, a supplementary 12V system for the latest driving assistance 
systems and a unique degree of systems integration enabling more powerful, more 
reliable and at the same time more efficient electric supply.
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2 � Energy-Efficient Powernet System with 48V

The next stage of evolution of the 48V on-board electrical system made-by-Mercedes 
launched in the new S-Class. The complete integration of the 12V and 48V powernet 
systems already extended the electrical power supply for the most modern comfort 
and suspension systems with the consumption-reducing EQ hybrid functions in the 
predecessor model. As a technological leader, Mercedes-Benz consistently expands 
its approach in connection with the introduction of the latest generation of its E/E 
architecture (STAR3). The fully integrated two-voltage powernet systems of the new 
S-Class consists of the classic 12V and the 48-V on-board electrical system, Fig. 2.

Fig. 2.   Basic 12V/48V powernet architecture

Fig. 1.   Frontal view of Mercedes-Benz S-Class powernet component
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A drivetrain-integrated starter generator (ISG) replaces the previous 12V alter-
nator and the pinion starter completely. By placing the integrated starter generator 
on the 48-V side, where it can provide four times more power than the previous 
12V alternator, we exploit the full system potential. An efficient DC/DC converter 
maintains the supply of the 12V on-board electrical system. Both on-board electrical 
systems feature a battery, ensuring availability of electrical energy, particularly when 
the combustion engine is off. To meet the performance and charging requirements the 
48V battery relies on lithium-ion cells. Since the 48-V integrated starter generator 
starts the combustion engine from the 48V power battery, the size of the 12V lead 
battery could be reduced, whilst increasing the energy reserve of the overall vehicle 
through optimized deep discharge protection. Previously available and new innovative 
high-performance consumers of both, the driving and the comfort domains, now rely 
on the 48V power supply. Both measures increase the efficiency of the energy supply 
and reduce the vehicle weight.

3 � 48V Powerpack Integrates 12V/48V Vehicle Powernet

The centerpiece of the on-board electrical systems’ integration is the 48V Powerpack 
from Mercedes-Benz – see Fig. 3. The Powerpack has the size of a conventional 12V 
battery, weighs around 5kg less and was further optimized after its initial launch with 
the predecessor model in September 2017. The lower part of the Powerpack is the 
48V battery. It consists of twelve lithium-ion cells connected in series with a peak 
output of 16kW and has a capacity of 20 Ah. The battery’s control electronics hosts 
the battery management system (BMS). The top of the Powerpack integrates the 
bidirectional DC/DC converter to enable variable coupling of the 12V and 48V side. 
The DC/DC converter can supply either the 12V on-board electrical system with 3kW 
continuous output or charge with up to 1kW from the 12V powernet into the 48V on-
board electrical system. It not only electrically links the 48V powernet system with 
the 12V side but also contains the control interface between the energy management 
of the powertrain, the on-board electrical system management of the overall vehicle 
and the large, powerful 48V battery. In addition, a cooling plate with water connection 
and a thermally fast Peltier element were integrated. When the battery is cold, the 
Peltier element acts as a battery heater with improved cooling performance for heated 
batteries and thus guarantees a maximum of energy-efficient 48V powernet system 
performance even at extreme temperatures.
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Additional components were added to the 48V on-board electrical system 
compared to the predecessor – compare Fig. 4. For example, the optional 48V 
chassis E-ACTIVE BODY CONTROL (eABC) is new in the S-Class. With the 
previous 12V technology, such an electrically active performance suspension was not 
feasible due to power and high currents required. It is important for Mercedes-Benz 
to implement energy efficiency in safety and comfort features such as the eABC in 
the S-Class. This was achieved with the 48V chassis, which only consumes valuable 
electrical energy during active dynamic interventions to reduce the nodding, rolling 
and tilting of the chassis to a comfort level typical for an S-Class. During active 
electrical compensation of vehicle body movements the eABC acts like a generator 
as it recuperates power back to the 48V Powerpack. Thus, energy recuperation was 
not only implemented in the drivetrain, but in the chassis, too. Two new, fast and 
powerful electric 48V auxiliary heaters boost climate comfort in the vehicle interior 
in cold outside temperatures. The transition of the auxiliary heaters from 12V to 48V 
not only offers more comfort, but also reduces energy transmission losses at identical 
power levels due to smaller currents and, whenever possible, feeds from previously 
recuperated 48V battery charges.

Fig. 3.   The 48V powerpack at the heart of powernet systems integration
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The increased number of 48V components makes the new S-Class electrically 
unique, Fig. 4. The full integration of the 12V powernet with the 48-V on-board 
electrical system enables unprecedented comfort, impressive performance and a 
heightened degree of safety with reduced consumption, which cannot be achieved 
with the common 12V-only power network due to limitations of battery size and 
generator.

4 � Feature Availibility

On its clear strategic path to automated driving, Mercedes-Benz has already pioneered 
driving assistance systems, such as adaptive cruise control, blind spot and lane 
keeping assistance. The next step is highly automated parking and driving where the 
driver and the occupants gain a benefit in one of the most expensive values: their own 
time. The therefore increased reliability stems from the now redundantly available 
electric power supply. Previous vehicle powernets consisted of an energy storage 
unit, usually a lead acid battery, an energy source or power supply, the alternator 
or a DCDC voltage converter for hybrid or electric vehicles to supply all electrical 
consumers. Since driving assistance systems enabling partially or highly automated 
driving are increasingly taking over the driver’s control tasks, safety and availability 
requirements towards the electrical energy supply were enhanced for normal and 
single fault operation modes that improve the overall system reliability.

Fig. 4.   12V and 48V powernet vehicle integration
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A secondary power supply situated in the rear of the S-Class (Fig. 5) extends 
the primary powernet system in a parallel branch. In order to supply safety-relevant 
electrical components with the required voltage these two independent channels 
operate in combination or selectively (Fig. 6). In the event of a fault or failure of 
the primary on-board electrical system, the secondary powernet system assumes the 
supply of these system components to bring the vehicle in a safe state, e.g. stopped 
and parked, whether automated or by means of a driver intervention. An additional 
DCDC converter and a parallel power switch ensure the required supply and charging 
of the secondary powernet system. This DCDC converter controls the charge retention 
of the secondary battery with an additionally integrated battery sensor (IBS) and 
supports the supply of the consumers on the secondary on-board electrical system 
during regular driving situations. The power switch controls the current flow from the 
primary to the secondary on-board electrical system upon request. Current flow from 
the primary on-board electrical system to the secondary powernet system is possible 
for charging purposes. In addition, the switch prevents the current flow in opposite 
direction, in order to keep a sufficiently high level of charge and thus an increased 
voltage level in the secondary powernet during normal operation. In an extreme 
driving situation, the energy requirement in the secondary on-board electrical system 
exceeds the performance of the separate DCDC converter. The secondary on-board 
electrical system will thus be coupled with and additionally supplied directly from the 
primary on-board electrical system.

Fig. 5.   Rear view of S-Class and secondary 12V powernet vehicle integration
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If undervoltage or overvoltage occurs in the primary or secondary on-board 
electrical system due to an error, the power switch between the redundant 12V on-
board electrical systems will open in order to protect the higher priority driving 
functions, Fig. 6. With the separate DCDC-converter and the redundant secondary 
battery, the S-Class provides for Mercedes-Benz typical failure safety during 
competitive driving situations that are customer relevant.

5 � Living – The User-centric Powernet System

The clearance of the electrical supply for comfort functions, such as infotainment 
or air conditioning, was previously defined via the so-called terminal state and thus 
dependent on the operating state of the combustion engine. Previously, the 12V 
generator supplied the convenience function as primary power source. The 12V 
battery supplies the engine start and the 12V power management prioritizes this with 
a terminal concept. The terminal state was previously divided with subtle differences 
in the following operating states. “Ignition off / key removed” as a general “Off” state. 
“Ignition on radio position” to make stationary functions such as the infotainment 
system and selected comfort features operable for a short time. “Ignition on” to enable 
diagnosis, comfort and driving function. “Start ignition” to activate the 12 V starter 
for conventional engine start. The customer triggers the state changes directly. These 
operating states design the general functional availability. To guarantee maximum 
availability of engine start, it was common to implement powernet shutdown 
scenarios, based on consumer/feature specific measures. An automated provision of 
comfort features and more flexibility with regard to the availability of functions as 
per customer request were only possible to a very limited extent due to the previously 
used mechanical elements. With the elimination of the ignition lock and the develop-
ment of the KEYLESS-GO comfort package, we provided for the foundation of 
improved set-up and individualization of the operating states enabling customer-
oriented automation ‒ compare Fig. 7.

Fig. 6.   Basic primary and secondary 12V powernet architecture



10       M. Weber et al.

We replaced the ignition lock by a start/stop button, which serves as control element 
between the operating states “features off” and “features on”. For the engine start we 
used the operation of the clutch (for manual transmissions) or the brake (for automatic 
transmissions) when the start/stop button is pressed simultaneously. The remote control 
key provides the necessary authentication of all functional requests. Signal mapping 
was undertaken while maintaining the classic operating states, in order to ensure 
compatibility with older or existing systems and functions. The latest generation of our 
in-house E/E architecture (STAR3) and the introduction of either an integrated 48-V or 
a high-voltage powernet system enable energy optimization through partial networking, 
as well as specific recharging and charge-balancing strategies. With the new S-Class it is 
possible to provide our customers an extended spectrum of energy for comfort features 
before driving away and when stationary. From the customer’s point of view broader 
availability of features is created by linking the powernet system control, e.g. with the 
automated key recognition functionality of the KEYLESS GO system and enables the 
S-Class user to be offered the desired and customizable combination of features at the 
right time and in the correct location. For example, it is possible to operate the power 
windows without “Ignition on”. The definition of more customer-oriented and “ignition-
independent” vehicle states serves as a synchronization point and enables the clearance 
of additional corresponding feature subgroups.

Mercedes-Benz can provide its customers with convenience functions 
immediately and even automatically thanks to further technical developments. The 
introduction of multi-voltage and secondary powernets, the inclusive additional 
energy storage systems and the definition of sub-networks for efficient use of the 
energy result in a greater range of options. For this purpose, the battery of the higher 
voltage level, 48V or HV, provides energy to the 12V level. Being “always on” with 

Fig. 7.   “Always-On”: comfort and driving functions in new vehicle states
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your S-Class is a state-of-the-art customer request; Mercedes users expect comfort 
functions to be available at all times. Considering two goals our implementation 
facilitates the immediate necessary clearance of features automatically and optimizes 
energy efficiency through integrated networking and power-down features.

6 � Vehicle States

Focusing on customer user stories the new operating states were developed from the 
classic terminal stages, which were originally coupled with the operation of the ignition 
lock or start/stop button. “Parking” defines the power-down status of a parked vehicle. 
Energy conservation was optimally designed under the given boundaries to further extend 
power-up availability. The “Welcome” state will start as soon as a customer is identified 
to be in the vehicle environment via his key. Staging scenarios and function boot-up runs 
will activate in this state to offer the customer a greeting and to prepare further feature 
content for the subsequent stay in the vehicle. As soon as the vehicle detects the customer 
in its interior, it activates the “Living” state. It automatically and immediately offers a 
range of customizable features. Furthermore, a “Silent” setting can be activated, e.g. 
in order to offer customers extended electric driving range or to safe-guard the vehicle 
engine’s starting ability. “Driving” is the scenario in which the vehicle is ready to drive 
and completely activated. Finally, the “Bye” state offers the user a farewell, initiates the 
power-down and shuts down the vehicle after the processing of all necessary functional 
and diagnosis after-runs. Especially the new vehicle states leading up to and following 
the “Driving” state are characterized by different and very specific power and energy 
requirements relevant to the design of the on-board electrical system ‒ compare Fig. 8. 
The central 12V powernet management system controls the selective powernet actuation 
in the states “Parking”, “Welcome”, “Living” and “Bye”.

Fig. 8.   Power requirements in new vehicle states
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7 � Partial Network Operation

In order to save energy in the stationary phases, individual control units or subnet-
works can be shut down through selective networking in the new Mercedes-Benz 
E/E architecture. The implementation of the AUTOSAR standard can control the 
partial network clusters with specific network management messages. One example 
for partial networking is the recharging feature of the 12V, 48V and HV power net. 
By only powering the control units, which are required for this feature the energy 
efficiency increases dramatically. Even the transmission of the batteries’ state-of-
charge information and operation state do not depend on the complete network to be 
awake, thus powering only the necessary components. Furthermore, if the customer 
only uses the infotainment system in the vehicle state “Living”, the S-Class powernet 
will only supply this networking domain with energy. Other subnet clusters will 
automatically be activated if necessary, Fig. 9.

With this next step in powernet technology and innovation, Mercedes-Benz sends 
its new S-Class efficiently and well equipped on its resource-friendly and luxurious 
journey.

Fig. 9.   Full and partial powernet activation
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Abstract.  The development of a dynamically configurable autonomous 
vehicle is subject to a high degree of complexity. This complexity is further 
intensified by usually domain-specific thinking and document-based develop-
ment, leading to difficulties in managing the development processes. 
Therefore, there is a need for manageable and cross-domain approaches in 
the development of vehicle systems. For this purpose, Model-based Systems 
Engineering (MBSE) proposes an approach for modeling systems architectures 
with the necessary views for the development of vehicles. This contribution 
presents accordingly a cross-domain system architecture model in the sense of 
MBSE using the example of a dynamically configurable autonomous vehicle 
(DCAV) and highlights the resulting advantages for the development process. 
A DCAV includes an electrically and autonomously driven platform and 
exchangeable add-on capsules for different use cases. The system architecture 
model provides here a development environment where requirements on the 
DCAV, its behavior, and structure as well as their interrelations are described, 
structured, and unified at several levels for different use cases (e.g. passenger 
transport). In this way, a comprehensive basis for various development 
activities (e.g. function-oriented modularisation) is established, which at the 
same time indicates the great potential of system architecture models for the 
development of future vehicles.

Keywords:  System Architecture Model · Model-based Systems Engineering · 
Dynamically Configurable Autonomous Vehicles

1 � Introduction

According to current trends, future vehicle concepts will be characterized by a high 
degree of automation and flexibility [1]. Thus, there is a demand for vehicles with 
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modular designs and adaptability to changing customer requirements during usage. Here, 
dynamically configurable autonomous vehicles (DCAV) provide autonomous driving 
and adaptability for changing use-cases during their usage. Consequently, DCAV pro-
mise high potential for new mobility solutions, sharing concepts, services as well as the 
reduction of traffic density in urban areas [2]. A major challenge for the realization of 
DCAV is the complexity of their development process. The complexity is characterised 
in particular by the variety and changeability of user needs as well as the internal 
variety of the system at different levels. Here, a particular challenge emerges in the 
handling of development-relevant data, for example regarding requirements, functions, 
or components. Developing this type of technical system requires approaches that 
facilitate transparent traceability and handling of development data for multidisciplinary 
engineering environments. Here, Model-based Systems Engineering (MBSE) proposes 
an approach for the structured documentation, handling, and communication of develop-
ment data using models [3]. In this way, MBSE enables tailored views for the develop-
ment of complex systems. Ultimately, MBSE provides a high potential to manage 
the complexity in the development of DCAV in the sense of Systems Engineering. 
Therefore, we raised the question of how to structure a “cross-domain system 
architecture model” in the sense of MBSE to support the development of dynamically 
configurable autonomous vehicles. For this purpose, this contribution initially introduces 
future mobility scenarios where DCAV constitute high relevance and offer significant 
potential. In addition, the development of a DCAV by the Automotive Research Centre 
Niedersachsen is introduced, which will set the example for the developed system 
architecture model. Following this, an overview of the development process of a DCAV 
is presented. Based on this, the newly developed system architecture model in the sense 
of MBSE is introduced, which supports cross-domain development of DCAV. Lastly, a 
conclusion of the results is presented, and an outlook for further steps given.

2 � Dynamically Configurable Autonomous Vehicles in Future 
Mobility System Scenarios

In order to specify the frequently used term “The future of mobility”, initially a 
picture of a future mobility system needs to be described. Here, a mobility system 
is the aggregate of all transport carriers and participants, the relevant infrastructure 
(both roads and traffic management systems, but also various forms of charging 
infrastructure) and all software systems and applications that are relevant for the 
operation or implementation of mobility services [1].

The scenarios that will take place in such a system in the future can be mapped 
by using factors from the social, technological, economic, ecological, and political 
sectors [4]. Based on global megatrends that are emerging, there are techno-
logical trends, changing customer wishes or preferences, as well as divergent legal 
requirements, which influences, push or inhibit each other. The key mobility trends 
are autonomous driving, electrification of the powertrain, and the digitalization of 
the vehicle, which enables connectivity between vehicles and with their environ-
ment. These trends in turn represent strong drivers and preconditions for enabling 
autonomous driving. [5]
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Before we can clarify the question of how the concept of DCAV are within this 
mobility system, it is important to first describe the scenario, in which the surrounding 
system and the relevant boundary conditions for the use of DCAVs are depicted.

In this context, the depicted scenario is initially referring to the Central European 
region. The specific time in which this scenario takes place is currently irrelevant. It 
is much more important that essential legal and technical prerequisites are fulfilled. 
A decisive precondition as an enabler for autonomous driving is the existence of a 
legal basis for public areas. For this, at least automation level 4 (high automation 
according to SAE J3016) must be achieved. Furthermore, essential questions of 
liability in the event of possible accidents, as well as rules in mixed traffic situations, 
must be clarified. Decisive uncertainties that have a significant impact on the number 
of vehicles interacting in the mobility system are the driving behavior of the users 
(individual vs. sharing) as well as the intelligent connectivity of the entire mobility 
system. In addition to the necessary data infrastructure, a sufficient charging 
infrastructure must be available for electric vehicles.

A special focus on the scenario is facilitated by the AutoMoVe project of the 
Automotive Research Centre Niedersachsen (NFF) [6]. Here, the mobility system in 
Lower Saxony, which is a large state with an inhomogeneous population density is 
described. In addition to urban use cases, mobility solutions for rural areas are also 
required in this context. This focus on Lower Saxony gives an initial exemplified 
overview of the relevant descriptors for future scenarios. However, there are possible 
aspects that are difficult to estimate: For example, the Corona pandemic currently 
shows how unforeseen events can accelerate or inhibit trends. Due to the increased 
risk of infection and the related fear, the willingness to use sharing services or public 
transport decreases dramatically. The basic idea of car sharing is motivated by the 
rising population density in urban metropolises. The constant increase in the number 
of vehicles in cities can be slowed down or even reversed by car-sharing services. 
Coupled with the use of autonomous driving, there is the possibility that the vehicles 
will continue to move independently even after the associated end of use. At the 
same time, an obvious problem of urban areas results from increasing e-commerce, 
which in turn leads to more deliveries, more delivery vehicles, and thus an additional 
increase in the density of transport vehicles.

But what if the vehicles could not only be shared by several users, but the same 
vehicle could also be used for several use-cases (e.g. passenger and goods trans-
port)? Dynamically Configurable Autonomous Vehicles offer this possibility. These 
are highly modular vehicles enabling a reconfiguration during actual use stage of the 
vehicles. In addition, they are dividable vehicles composed of a universally usable 
platform and exchangeable modules that allow their usage as people movers or 
delivery vehicles at different times, but on the same platform. Popular examples are 
the Snap, Microsnap, and Metrosnap concepts from Rinspeed, Vision Urbanetic from 
Daimler, and U-Shift from DLR [4].

For this reason, the project AutoMoVe (Fig. 1) aims the development of a DCAV 
consisting of different modular capsules for variable use cases based on an universal 
platform. In addition to the use case of inner-city cargo transport, which is already 
being researched in the project Van Assist [2], another classical relevant application 
is the use case of a people mover. Here, a fully automated and electrically driven 
platform PLUTO (Platform for Automated Future Urban Mobility and Transport) 
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by the Institute for Vehicle Technology of the NFF is used. The platform serves as a 
starting point for the development of the DCAV.

A basic specification addressed to the capsules is whether they are used actively 
during the connection on the platform or whether the use occurs after disconnection. 
Regarding the field of urban logistics solutions, an active vehicle for the delivery 
of food orders (home delivery) or a passive packing station could be mentioned as 
examples. Another fundamental attribute of modular vehicle concepts is the location 
of the exchange mechanism and whether it is permanently connected to the platform 
or are externally assigned to the capsules or the surrounding infrastructure. These 
application possibilities are complemented by the possible use of vehicles in the 
field of mobile services, such as waste disposal or street cleaning. In order to ensure 
24-hour operation of the platform, these applications are very attractive, as they can 
be applied beyond regular times for passenger or goods transport. [2]

In cooperation with the project partner Formherr Industriedesign, an initial concept 
for a people mover was developed. The concept (Fig. 2) is intended to connect the Auto-
motive Research Centre Niedersachsen (NFF) with the main campus of the Technical 
University of Braunschweig and should be able to transport up to six students.

This kind of complex system with different use-cases, changing requirements, 
cross-domain nature poses major challenges in the development process. Here, 
developers need to design solutions in collaborative environments with the same 
objectives and a unified understanding.

Fig. 1.   AutoMoVe ‒ DCAV with different use cases. (© Petia Krasteva, TU Braunschweig)

Fig. 2.   Concept of the DCAV “NFF-Peoplemover”. (© Formherr Industriedesign)


