AY
MATH%(ig »'5

MATHMOD 2015
ABSTRACT VOLUME

F. Breitenecker, A. Kugi, I. Troch, Eds.

8th Vienna Conference on Mathematical Modelling
February 18-20, 2015
Vienna University of Technolog




2015 INTERNATIONAL FEDERATION

OF AUTOMATIC CONTROL

MATHMOD @ KARGEsim)






ARGESIM Report No. 44
ASIM Mitteilung AM153

MATHMOD 2015
ABSTRACT VOLUME

F. Breitenecker, A. Kugi, I. Troch, Eds.

th
8 Vienna Conference on Mathematical Modelling

February 18-20, 2015
Vienna University of Technology, Austria

ARGESIM, Vienna UT, 2015



ARGESIM Reports

Published by ARGESIM and ASIM, German Simulation Society,
Div. of GI — German Society for Informatics / Informatics and Life Sciences

Series Editor:

Felix Breitenecker, ARGESIM / ASIM, TU Wien
Felix.Breitenecker@tuwien.ac.at

Thorsten Pawletta, ASIM, Univ. Wismar
Thorsten.Pawletta@hs-wismar.de

ARGESIM Report No. 44
ASIM Mitteilung AM153

Titel: MATHMOD 2015 Vienna — Abstract Volume
Editors: Felix Breitenecker, Andreas Kugi, Inge Troch
Vienna University of Technology, Austria

ISBN: 978-3-901608-46-9 (print)
ISBN: 978-3-901608-40-7 (ebook)
DOI: 10.11128/arep.44

Pages: 394 + xvi

ARGE Simulation News (ARGESIM)

c/o F. Breitenecker, Div. Mathematical Modelling and Simulation
Vienna Univ. of Technology

Wiedner Hauptstrasse 8-10, A-1040 Vienna, Austria

Tel.: +43-1-58801-10115, Fax: +43-1-58801-10199

Email: info@argesim.org; WWW: http://www.argesim.org



MATHMOD 2015 Abstract Volume

MATHMOD 2015
ABSTRACT VOLUME

Table of Content



MATHMOD 2015 Abstract Volume

ii



MATHMOD 2015 Abstract Volume

MATHMOD Plenary Lectures

Model-Based Approaches for the Future Sustainable Aircraft: The EU ADDSAFE

Project
Goupil, Philippe

Iterative Schemes for Coupled Multiphysical Problems in Electrical Engineering
Schops, Sebastian

What Has Instrumental Variable Method to Offer for System Identification?
Gilson, Marion

Advanced Mechatronics for Precision Engineering and Mechatronic Imaging Systems
Schitter, Georg

MATHMOD Full Contributions
Biological and Chemical Systems

Influence of an Asymptotic Pressure Level on the Windkessel Models of the Arterial
System

Parragh, Stephanie; Hametner, Bernhard; Wassertheurer, Siegfried
A Compact Mathematical Model of Mandelate Racemase Production and Chaperone
Overexpression in E. Coli

Kramer, Bernhard; Tiingler, Ralf; Bettenbrock, Katja; Conradi, Carsten
Efficient DQMOM for Multivariate Population Balance Equations and Application to
Virus Replication in Cell Cultures

Diirr, Robert; Miiller, Thomas; Kienle, Achim

Design of a Molecular Communication Channel by Modelling Enzyme Kinetics
Rabenstein, Rudolf
Mathematical Modelling of Molecular Adsorption in Zeolite Coated Frequency

Domain Sensors
Murrieta-Rico, Fabian N.; Mercorelli, Paolo; Sergiyenko, Oleg; Petranovskii, Vitalii;
Hernandez-Balbuena, Daniel; Tyrsa, Vera

Modeling Chemical Reaction Networks on the Pontryagin Bundle with the Hamilton-

Pontryagin Approach
Lindhorst, Henning; Waldherr, Steffen

MATHMOD Full Contributions
Discrete Systems and Manufacturing Applications

Case Indexing in Case-Based Reasoning by Applying Situation-Operator Model As
Knowledge Representation Model

Sarkheyli, Arezoo; Softker, Dirk
Integrating Situated Human Interaction Modeling and Stochastic State Automata for
Improved Technical Situation Awareness

Muthig, Olga; Wang, Jiao; Deng, Qi; Soffker, Dirk
Adaptive neuro-fuzzy approach to predict tool wear accurately in turning operations
for maximum cutting tool utilization

Sarhan, Ahmed A.D.
Modeling of Layering Growth Processes Using a Monte Carlo Approach

Rieck, Christian; Biick, Andreas; Tsotsas, Evangelos
Improve Wire EDM Performance at Different Machining Parameters — ANFIS

Modeling
Maher, Ibrahem; Hui Ling, Liew; Sarhan, Ahmed A.D.; Hamdi, M.

il

10

11

12

17

18

19

20

21

22

25

26

27

28

29



MATHMOD 2015 Abstract Volume

MATHMOD Full Contributions
Theoretical Aspects

Faster Structural Analysis of Differential-Algebraic Equations by Graph Compression
Hoger, Christoph

Methods for Cellular Automata and Evolution Systems in Modelling and Simulation
Schneckenreither, Giinter; Popper, Nikolas; Breitenecker, Felix

Lagrangian GSOM Traffic Flow Models on Junctions
Costeseque, Guillaume; Lebacque, Jean-Patrick; Khelifi, Asma

Spatial Effects in Stochastic Microscopic Models - Case Study and Analysis
Bicher, Martin; Popper, Nikolas

Alternative Approaches for Groundwater Pollution
Winkler, Stefanie; Bicher, Martin; Breitenecker, Felix

MATHMOD Full Contributions
Numerical and Computer Modeling

A Volume Conserving Discrete Formulation of Aggregation Population Balance
Equations on Non-Uniform Meshes
Mehakpreet, Singh; Kumar, Jitendra; Biick, Andreas

Alternating Order Algorithm Based on Stages of the Ceschino Method

Novikov, Anton; Novikov, Eugeny
Optimal Startup Control of a Steam Power Plant Using the JModelica Platform
Fethi, Belkhir; Daniel, Kraus Cabo; Felix, Felgner; Georg, Frey

An Analysis of Performance-Critical Properties of Modelica Models
Cafferkey, Neil; Provan, Gregory

MATHMOD Full Contributions
Environmental Systems

Further Developments in Dynamic Modelling of CO2 Capture from Flue Gas
Dickinson, Jillian L; Puxty, Graeme; Percy, Andrew; Verheyen, T. Vincent
Pitfalls Associated with Estimation of Radiological Burden of Population Caused by
Radiation Accident
Pecha, Petr
Modelling the Effect of Temperature on Phytoplankton Growth across the Global

Ocean
Grimaud, Ghjuvan Micaelu; Le Guennec, Valérie; Ayata, Sakina-Dorothée; Mairet, Francis;
Sciandra, Antoine; Bernard, Olivier

A General Analytical Capture Zone Model: A Tool for Groundwater Remediation
Samani, Nozar; Zarei-Doudeji, Somayeh

MATHMOD Full Contributions
Mechanical Systems

A Closed-Form Approach to Determine the Base Inertial Parameters of Complex
Structured Robotic Systems
Klodmann, Julian; Lakatos, Dominic; Ott, Christian; Albu-Schaeffer, Alin
On the Inertially Decoupled Structure of the Floating Base Robot Dynamics
Garofalo, Gianluca; Henze, Bernd; Englsberger, Johannes; Ott, Christian

Reduced Equations of Motion for a Wheeled Inverted Pendulum
Delgado Londofio, Sergio; gajbhiye, sneha; Banavar, Ravi N.

33

34

35

36

37

41

42

43

44

47

48

49

50

53

54

55



MATHMOD 2015 Abstract Volume

Finite Segment Model Complexity of an Euler-Bernoulli Beam
Louca, Loucas

Modelling and Simulation of Passive Limited-Slip Differentials
Forstinger, Martin; Bauer, Robert; Hofer, Anton

Mathematical Modeling and Analysis of a Hydrostatic Drive Train
Zeman, Paul; Kemmetmueller, Wolfgang; Kugi, Andreas

Dynamical Modeling of Constraints with Friction in Mechanical Systems
Specker, Thomas; Buchholz, Michael; Dietmayer, Klaus Christian Jiirgen

Use of Complex Signals in Modelling of Journal Bearings
Wagnerova, Renata; Ttuma, Jiti

MATHMOD Full Contributions
Electrical Systems

Magnetic Equivalent Circuit Modeling of a Saturated Surface-Mounted Permanent
Magnet Synchronous Machine

Faustner, David; Kemmetmueller, Wolfgang; Kugi, Andreas
Some Model Properties to Control a Permanent Magnet Machine Using a Controlled

Invariant Subspace
Mercorelli, Paolo; Sergiyenko, Oleg; Hernandez-Balbuena, Daniel; Rodriguez-Quifionez, Julio;
Flores-Fuentes, Wendy; Basaca-Preciado, Luis

Availability Assessment of Electric Power Based on Switch Reliability Modelling with
Dynamic Bayesian Networks: Case Study of Electrical Distribution Network

lakehal, abdelaziz; Ghemari, Zine
Modelling, Simulation and Identification of Heat Loss Mechanisms for Parabolic
Trough Receivers Installed in Concentrated Solar Power Plants

Caron, Simon; Roger, Marc

Metropolis Monte Carlo Based Relaxation of Atomistic III-V Semiconductor Models
Detz, Hermann; Strasser, Gottfried

Correlated Noise Description Using HDLs

Haase, Joachim; Lange, André

Pull-in range of the classical PLL with impulse signals
Alexandrov, K. D.; Kuznetsov, Nikolay; Leonov, Gennady; Neittaanmaki, Pekka; Seledzhi,
Svetlana

Simulation of the Classical Analog Phase-Locked Loop Based Circuits
Kuznetsov, Nikolay; Leonov, Gennady; Yuldashev, Marat; Yuldashev, Renat

MATHMOD Full Contributions
Identification

Identification of Wiener Time Delay Systems Based on Hierarchical Gradient
Approach
Atitallah, Asma; BEDOUI, Saida; abderrahim, kamel

Towards the Possibility of Applying the Wavelet Analysis to Derive Predicting Models
Sakrutina, Ekaterina; Bakhtadze, Natalia

A Nonparametric Measure of Dependence in the Statistical Linearization
Chernyshov, Kirill; Sakrutina, Ekaterina
Determination of Leaky Confined Aquifer Parameters by a Multilayer Perceptron

Neural Network
Azari, Tahereh; Samani, Nozar; Mansoori, Eghbal

56

57

58

59

60

63

64

65

66

67

68

69

70

73

74

75

76



MATHMOD 2015 Abstract Volume

MATHMOD Full Contributions
Control Systems

Designing Model and Control System Using Evolutionary Algorithms

Corn, Marko; Atanasijevic-Kunc, Maja
Proportional-Integral-Observer: A Brief Survey with Special Attention to the Actual
Methods Using ACC Benchmark

Bakhshande, Fateme; Soffker, Dirk
Bond-Graph-Based Multivariable non linear UIO-Type estimation

Tarasov, Evgeny; Sueur, Christophe; Ould Bouamama, Belkacem; Dauphin-Tanguy,Genevi¢ve
Integrated Optimal Controller for Polyvalent Heating/Cooling Systems with Minimal
Cost and Energy Usage

Muffato, Leonardo Angelo; Bianchi, Mikael; Wemhoener, Carsten; Kunz, Dominique
Multivariable Control of Large Variable-Speed Wind Turbines for Generator Power
Regulation and Load Reduction

Njiri, Jackson Githu; Liu, Yan; Soffker, Dirk
Flatness Based Control of a Ball in Tube System

Herrmann, Lukas; Broecker, Markus
Ball on Ball: Modeling and Control of a Novel Experiment Set-Up

Gahleitner, Reinhard
Multi-Variable Integral Sliding Mode Control of a Two Degrees of Freedom
Helicopter

Butt, Saif Siddique; Aschemann, Harald

Flight Path Optimization of a Hang-Glider in a Thermal Updraft
Chudej, Kurt; Klingler, Anna-Lena; Britzelmeier, Andreas

Modeling and Control of an Autonomous Hybrid Vehicle for Navigation and Guidance
Moriwaki, Katsumi

BEECLUST Used for Exploration Tasks in Autonomous Underwater Vehicles
Bodi, Michael; Moslinger, Christoph; Thenius, Ronald; Schmickl, Thomas

MATHMOD Full Contributions
Infinite-dimensional Systems

Boundary Control of a Parallel-Flow Heat Exchange Process with Boundary

Observation
Sano, Hideki

Noise and Fluctuations in Nanowire Biosensors
Tulzer, Gerhard; Heitzinger, Clemens

Capacity Drop and Traffic Hysteresis As a Consequence of Bounded Acceleration
Khoshyaran, Megan; Lebacque, Jean-Patrick

Optimal Design of Elastic Rod Motions Based on a Projection Approach
Kostin, Georgy; Saurin, Vasily

MATHMOD Full Contributions

Operational Research and Planning

A Game-Theoretic Calibration Approach for Agent-Based Planning Simulations
Buwaya, Julia; Cleophas, Catherine

A Reliability Measure for Time Series Forecasting Predictor
George, K.M.; Park, Nohpill; Yang, Zhuxi

Generation of Feasible Petri Net Based Scheduling Problem Solutions
Music, Gasper

vi

79

80

81

82

83

84

85

86

87

88

89

93

94

95

96

99

100

101



MATHMOD 2015 Abstract Volume

Adjacency in Hospital Planning
Lorenz, Wolfgang E.; Bicher, Martin; Wurzer, Gabriel

MODYPLAN: Early-Stage Hospital Simulation Based on Treatment Chains

Wurzer, Gabriel; Lorenz, Wolfgang E.; RoBler, Matthias; Hafner, Irene; Glock, Barbara;
Bruckner, Martin; Popper, Nikolas

MATHMOD Minisymposia
Biomathematics: What's new?

Stochastic Model for HIV Dynamics in HIV Specific Helper Cells

Carla, Pinto; Carvalho, Ana

The Effect of Noise Intensity in a Stochastic Model for HIV-Specific Helper Cells

Carvalho, Ana; Carla, Pinto

Effect of Drug-Resistance in a Fractional Complex-Order Model for HIV Infection
Carla, Pinto; Carvalho, Ana

Modeling HIV Dynamics in the Three Stages of Infection

Carvalho, Ana; Carla, Pinto

MATHMOD Minisymposia
Model Reduction

Data-Driven Model Reduction for Weakly Nonlinear Systems: A Summary
Antoulas, Athanasios C.

Quadrature-Based IRKA for Optimal H2 Model Reduction
Beattie, Christopher A.; Drmac, Zlatko; Gugercin, Serkan
Towards Practical Implementations of Balanced Truncation for LTV Systems
Lang, Norman; Saak, Jens; Stykel, Tatjana
A New Error Estimation for Model Order Reduction of Parametrized Evolution
Equations
Zhang, Yongjin; Feng, Lihong; Li, Suzhou; Benner, Peter
Automatic Model Reduction of Linear Population Balance Models by Proper
Orthogonal Decomposition
Khlopov, Dmytro; Mangold, Michael
A Black-Box Method for Parametric Model Order Reduction
Geuss, Matthias; Lohmann, Boris; Peherstorfer, Benjamin; Willcox, Karen Elizabeth
Order-Reduction of Fields-Level Models with Affine and Non-Affine Parameters by
Interpolation of Subspaces
Burgard, Stefan; Farle, Ortwin; Klis, Daniel; Dyczij-Edlinger, Romanus
Non-Modal Based Model Reduction for Explicit Crash Codes
Fehr, Joerg
Improvement of Krylov-Subspace-Reduced Models by Iterative Mode-Truncation
Lein, Claudius; Beitelschmidt, Michael; Bernstein, David

Model Order Reduction for Magneto-Quasistatic Equations
Kerler, Johanna; Stykel, Tatjana

Model Order Reduction Approaches for the Optimal Design of Permanent Magnets in

Electro-Magnetic Machines
Alessandro, Alla; Hinze, Michael; Lass, Oliver; Ulbrich, Stefan

Fast Simulation of Wireless Power Transfer Systems with Varying Coil Alignment
Klis, Daniel; Burgard, Stefan; Farle, Ortwin; Dyczij-Edlinger, Romanus

Interface Reduction for CMS Methods and Alternative Model Order Reduction
Holzwarth, Philip; Eberhard, Peter

vii

102

103

107

109

111

113

117

119

121

123

125

127

129

131

133

135

137

138

140



MATHMOD 2015 Abstract Volume

A Joint IMEX-MOR Approach for Water Networks

Grundel, Sara; Jansen, Lennart
Optimization Strategy for Parameter Sampling in the Reduced Basis Method
Lapichino, Laura; Volkwein, Stefan
Basis Generation Approaches for a Reduced Basis Linear Quadratic Regulator
Schmidt, Andreas; Dihlmann, Markus; Haasdonk, Bernard
A Certified Reduced Basis Approach for Parametrized Linear-Quadratic
OptimalControl Problems with Control Constraints
Bader, Eduard; Kaercher, Mark; Grepl, Martin; Veroy-Grepl, Karen
Numerical Investigations of an Error Bound for Reduced Basis Approximations of
Noncoercice Variational Inequalities
Glas, Silke; Urban, Karsten
The Empirical Cross Gramian for Parametrized Nonlinear Systems
Himpe, Christian; Ohlberger, Mario

Interactive Simulations Using Localized Reduced Basis Methods
Buhr, Andreas; Ohlberger, Mario

MATHMOD Minisymposia
Object-Oriented Modelling, Simulation and Optimization

Efficient Computation of State Derivatives for Multi-Rate Integration of Object-
Oriented Models

Casella, Francesco

Design of Feed Drives with Object-Oriented Behavior Models

Ozdemir, Denis; Herfs, Werner; Lohse, Wolfram; Brecher, Christian
A Modelica Simulator to Support the Development of the Control System of an
Autonomous All-Terrain Mobile Robot

D'Amelio, Enzo Luigi; Bascetta, Luca; Cucci, Davide Antonio; Matteucci, Matteo; Bardaro,

Gianluca

Effects of Event-Free Noise Signals on Continuous-Time Simulation Performance
Van der Linden, Franciscus L.J.; Klockner, Andreas; Zimmer, Dirk

Input Design and Parameter Estimation with Open Source Tools
Mayr, Simon; Grabmair, Gernot; Reger, Johann

MATHMOD Minisymposia
Multiscale Modeling of Transport- and Flow-Problems

Modelling of Langevin Equations by the Method of Multiple Scales

Geiser, Juergen

Reaction-Diffusion Approach to Somite Formation
Lemarchand, Annie; Bianca, Carlo

Smoothed Particle Hydrodynamics and Model-Order Reduction for Efficient Modeling

of Fluid-Structure Interaction
Schorgenhumer, Markus; Humer, Alexander; Gerstmayr, Johannes
Modelling Approach for Mobile and Immobile Transport Problems with Multiple
Time-Scales
Geiser, Juergen
Multiscale Analysis of a Retarded Equation: From Kinetic to Macroscopic Scale
Bianca, Carlo; Lemarchand, Annie

A Discrete/Continuous Numerical Approach to Multi-Physics
Peters, Bernhard; Besseron, Xavier; Estupinan Donoso, Alvaro Antonio; Mahmoudi,
Amirhoushang; Mohseni, Mohamad

viii

141

143

144

145

147

148

150

155

156

157

158

159

163

164

165

167

168

169



MATHMOD 2015 Abstract Volume

MATHMOD Minisymposia
Engineering Applications of Fractional Derivatives

Four Ways to Interpret Temporal Memory Operators in the Wave Equation

Holm, Sverre
Recent Results in Fractional-Order Modeling for Multi-Agent Systems and Linear
Friction Welding

Goodwine, Bill; Leyden, Kevin
Fractional-Order Modeling of High-Pressure Fluid-Dynamic Flows: An Automotive
Application

Lino, Paolo; Maione, Guido; Saponaro, Fabrizio
Optimized Identification Method for Fractional Heating Processes on Heterogeneous

Materials
Caponetto, Riccardo; Sapuppo, Francesca; Tomasello, Vincenzo

MATHMOD Minisymposia
Distributed Parameter Systems

Infinite Dimensional Port Hamiltonian Representation of Reaction Diffusion Processes
ZHOU, Weijun; Hamroun, Boussad; Le Gorrec, Yann; Couenne, Francoise

Distributed and Backstepping Boundary Controls to Achieve IDA-PBC Design
Vu, Trang; Lefevre, Laurent; Nouailletas, Rémy

Asymptotic Stabilisation of Distributed Port-Hamiltonian Systems by Boundary

Energy-Shaping Control

Macchelli, Alessandro; Le Gorrec, Yann; Ramirez, Hector

Heat Transfer with Specular Reflections in an Experimental Annealing Device
Jadachowski, Lukas; Steinboeck, Andreas; Kugi, Andreas
How to Choose the State for Distributed-Parameter Systems, a Geometric Point of
View
Schlacher, Kurt; Schoberl, Markus
Bi-Zone Modelling and Simulation of Twin-Screw Extrusion Process with Variable
Screw Speed

Lotero, Fernando; Couenne, Francoise; Maschke, Bernhard; Sbarbaro, Daniel G.

Dynamical Models of Axially Moving Rods with Tensile and Bending Stiffness
Steinboeck, Andreas; Baumgart, Michael; Stadler, Georg; Saxinger, Martin; Kugi, Andreas
Modeling the Dynamics of a Flexible Belt Drive Using the Equations of a Deformable
String with Discontinuities
Vetyukov, Yury; Eliseev, Vladimir; Krommer, Michael

Lagrangian and Port-Hamiltonian Formulation for Distributed-Parameter Systems
Schoberl, Markus; Schlacher, Kurt

MATHMOD Minisymposia
Modelling of Dynamics and Control for Mobile Robots

Swimming and Crawling Motility at Microscopic Scales: From Biological Templates
to Bio-Inspired Devices
DeSimone, Antonio; Cicconofri, Giancarlo
Limbless Locomotion on Solid Surfaces: A Case Study in Soft Bio-Inspired Robotics
Cicconofri, Giancarlo; DeSimone, Antonio

Simple Modelling of the Rowing Process

Karmanov, Sergey; Chernousko, Felix L.

173

175

177

178

183

184

185

186

187

189

190

191

192

195

197

199



MATHMOD 2015 Abstract Volume

Modelling of Quasi-Static Motions for Three-Body Mobile Robot

Chernousko, Felix L.; Figurina, Tatiana

Control of a Chain-Like Locomotion System Subject to Undulatory Excitation
Bolotnik, Nikolay; Pivovarov, Mikhail; Zeidis, Igor; Zimmermann, Klaus

An Approach to the Dynamics of Vibration-Driven Robots with Bristles
Becker, Felix

Dynamics and Control of a Suction-Type Wall-Climbing Robot
Kuo, Chung-Hsien; Aniroh, Yunafi‘atul; Yudha, Andika Pramanta; Chou, Hung-Chyun;
Bolotnik, Nikolay; Valery, Gradetsky; Chernousko, Felix L.

Cascaded Nonlinear Control of a Duocopter with Disturbance Compensation by an
Unscented Kalman Filter

Aschemann, Harald; Meinlschmidt, Thomas
Mathematical and Dynamic Model of the Lower Limb Exoskeleton and Synthesis of

Anthropomorphic Gait
Aliseychik, Anton; Orlov, Igor; Pavlovsky, Vladimir E.; Platonov, Alexander; Ptakhin,
Alexander

Finite Element Approaches for Real-Time Control and Observer Design of Flexible

Rack Feeder Systems
Rauh, Andreas; Warncke, Julia; Kostin, Georgy; Saurin, Vasily; Aschemann, Harald

MATHMOD Minisymposia
Mathematical Modelling and Control of Bio-Chemical Processes

Development and Analysis of a Mathematical Model for a Synthetic Biological Cell

Schneider, Eugenia; Mangold, Michael
On Stability Analysis of Genetic Regulatory Networks Represented by Delay-
Differential Equations

Haustenne, Laurie; Bastin, Georges; Coron, Jean-michel; Fontaine, Laetitia; Hols, Pascal
Symmetry Principles in Optimization Problems : An Application to Protein Stability
Prediction

Pucci, Fabrizio; Bernaerts, Katrien; Teheux, Fabian; Gilis, Dimitri; Rooman, Marianne
Metabolic Flux Analysis of Hybridoma Cells: Underdetermined Network and
Influence of Batch and Perfusion Operating Modes

Fernandes, Sofia; Bastin, Georges; Vande Wouwer, Alain
Structural Identifiability Analysis of the Anaerobic Digestion Model No. 1 Using a
Local Algebraic Observability Approach

Lauwers, Joost; Nimmegeers, Philippe; Logist, Filip; Van Impe, Jan F.M.
Kriging Based Iterative Parameter Estimation Procedure for Biotechnology

Applications with Nonlinear Trend Functions
Freier, Lars; von Lieres, Eric

Set-Membership Identification of an Agro-Ecosystem from a Small Data Set: The Case

of Ammonia Volatilisation in a Flooded Rice Field
Khairudin, Nurulhuda; Struik, Paul C.; Keesman, Karel J.

Parameter Identification of the Droop Model Using Optimal Experiment Design

Benavides, Micaela; Telen, Dries; Lauwers, Joost; Logist, Filip; Van Impe, Jan F.M.; Vande
Wouwer, Alain

Macroscopic Modelling of Intracellular Reserve Carbohydrates Production During
Baker’s Yeast Cultures

Richelle, Anne; Bogaerts, Philippe
Validation of a Simple Fouling Model for a Submerged Membrane Bioreactor

Araujo Pimentel, Guilherme; Dalmau, Montse; Vargas, Alejandro; Comas, Joaquim,;
Rodriguez-Roda, Ignasi; Rapaport, Alain; Vande Wouwer, Alain

200

202

203

205

207

208

210

213

214

215

216

217

218

219

220

221

222



MATHMOD 2015 Abstract Volume

Thermodynamic Behavior-Rules for a Bacterial Individual-Based Model to Study the
Denitrification Process
Araujo Granda, Pablo Alejandro; Gras Moreu, Anna; Ginovart Gisbert, Marta

Modelling Freezing Processes of High Concentrated Systems
Lopez-Quiroga, Estefania; Wang, Rui; Gouseti, Ourania; Fryer, Peter Jonathan; Bakalis,
Serafim

MATHMOD Minisymposia
Dynamics of Machines and Structures

Optimal Deployment of a Tethered Satellite Using Tension Control
Steindl, Alois

Bicycle Rider Control Modelling for Path Tracking

Edelmann, Johannes; Haudum, Martin; P16¢chl, Manfred
Efficient Simulation of Railway Pantograph/ Catenary Interaction Using Pantograph-
Fixed Coordinates

Ritzberger, Daniel; Talic, Emir; Schirrer, Alexander

Co-Simulation of Matlab and FlightGear for Identification and Control of Aircraft
Aschauer, Guilherme; Schirrer, Alexander; Kozek, Martin

Data-based and analytic modelling for model-based control of a flexible beam
Dullinger, Christian; Schirrer, Alexander; Kozek, Martin
Analysis of time-varying mechanical systems using the method of impulsive

parametric excitation
Pumhossel, Thomas; Hehenberger, Peter

MATHMOD Minisymposia
Free Boundary Problems in Applications

Numerics of Contact Line Motion for Thin Films
Dirk, Peschka

Sharp Interface Limits of an Anisotropic Phase Field Model for Solid-State Dewetting
Dziwnik, Marion; Muench, Andreas; Wagner, Barbara

A free boundary problem for interfaces in forward-backward lattice diffusion
Helmers, Michael

Sharp Interface Limits of the Cahn-Hilliard Equation with Degenerate Mobility
Lee, Alpha Albert; Suli, Endre; Andreas, Muench

A Gradient Flow Approach for Dissipative Equations on a Free Domain
Zaal, Martijn

Modelling, Simulation and Stability of Free Surface and Bulk Nanobubbles in

Hydrogen Electrolysis
Kimmerle, Sven-Joachim

Towards Topology Optimization in Quasi-Static Elastoplasticity
Schleicher, Stephan; Herzog, Roland

A Method to Model Impulsive Multi-Body-Dynamics Using Riemann-Stieltjes-

Integrals
Michael, Johannes; Gerdts, Matthias

xi

223

224

227

229

230

231

232

234

237

238

240

241

243

244

245

247



MATHMOD 2015 Abstract Volume

MATHMOD Minisymposia
Interdisciplinary Data Based Modelling and Simulation in
Health Systems Research

Data Wrangling: Making Data Useful Again
Endel, Florian; Piringer, Harald

Reproducible Database Queries in Privacy Sensitive Applications
Proell, Stefan; Mayer, Rudolf; Rauber, Andreas

Identifying Structural Changes in Austrian Social Insurance Data
Ortner, Thomas; Filzmoser, Peter; Endel, Gottfried

Visual Analysis of Disease Prevalence Based on Health Accounting Data
Piringer, Harald

Simulation of Physiologic Ectopic Beats in Heartbeat Intervals to Validate Algorithms
Bachler, Martin; Hortenhuber, Matthias; Frank, Martin; Wassertheurer, Siegfried; Mayer,
Christopher

Modeling Methods Development for Routine Data Based Screening Evaluation:

Decision Making for Organized Abdominal Aortic Aneurysm Screening
Zauner, Giinther; Urach, Christoph; Wilbacher, Ingrid; Endel, Gottfried

MATHMOD Minisymposia
Computational Methods in Modelling and Simulation of Fluid
Power Systems

Multi-Phase and Multi-Component CFD Analysis of a Load — Sensing Proportional

Control Valve
Bigliardi, Elisa; Francia, Marco; Milani, Massimo; Montorsi, Luca; Paltrinieri, Fabrizio;
Stefani, Matteo

A Combined Methodology for Studying the Axial Balancing Mechanism of Orbit

Annular Hydraulic Machines
Bigliardi, Elisa; Francia, Marco; Milani, Massimo; Montorsi, Luca; Paltrinieri, Fabrizio;
Stefani, Matteo
A Study on Mesh Refinement in OpenFOAM for Wave Propagation Problems in Fluid
Power Systems
Fries, Clemens; Manhartsgruber, Bernhard
Low Frequency Correction of a Multi-degrees-of-freedom Model for Hydraulic
Pipeline Systems
Mikota, Gudrun

A Reference Model for Modal Approximations of Linear Transmission Line Dynamics
Manhartsgruber, Bernhard

MATHMOD Minisymposia
Systems of Systems Modelling, Simulation and Optimization

Challenges in the Modelling and Operation of Physically Coupled Systems of Systems
Kampert, David; Epple, Ulrich
Mean Field Modeling of Large-Scale Energy Systems
Gentile, Basilio; Grammatico, Sergio; Lygeros, John
A Modelica-Based Modeling and Simulation Framework for Large-Scale Cyber-
Physical Systems of Systems
Nazari, Shaghayegh; Sonntag, Christian; Engell, Sebastian
Levels of Detail and Appropriate Model Types for Virtual Commissioning in

Manufacturing Engineering
Puntel Schmidt, Philipp; Fay, Alexander

xii

251

253

255

256

258

259

263

264

266

268

269

273

275

277

279



MATHMOD 2015 Abstract Volume

Equipment Interconnection Models in Discrete Manufacturing
Griiner, Sten; Wagner, Constantin; Weber, Peter; Epple, Ulrich

Modeling and Transformation of Systems of Systems Using Linked Data
Graube, Markus; Urbas, Leon

MATHMOD Minisymposia
Mathematical Modeling for Nanoelectronic Coupled Problems

A Fractional Step Method for the Dynamic Electro-Thermal Modelling of Device
Structures
Duque Guerra, David José; Schops, Sebastian

Model Order Reduction of an Electro-Thermal Package Model

Banagaaya, Nicodemus; Feng, Lihong; Meuris, Peter; Schoenmaker, Wim; Benner, Peter

Measurement Setup for Identifying Parameters of the Encapsulated Bond Wires
Petrzela, Jiri; Sotner, Roman; Gotthans, Tomas; Drinovsky, Jiri; Kratochvil, Tomas; Wieers,
Aarnout

Uncertainty Quantification in Electro-Thermal Coupled Problems Based on a Power

Transistor Device
Putek, Piotr Adam; Meuris, Peter; Glinther, Michael; ter Maten, E. Jan W.; Pulch, Roland;
Wieers, Aarnout; Schoenmaker, Wim

Interface Model Integrating Full-Wave Maxwell Simulation Models into Modified

Nodal Equations for Circuit Simulation
Strohm, Christian; Tischendorf, Caren

MATHMOD Minisymposia
Modeling in Sport and Human Movement Science

Constants of Movement of Muscular Activation and Force-Velocity Relationship from

Nonlinear Optimization
Penasso, Harald

Normalized and xPower to Generate Pacing Strategies in Road Cycling
Dahmen, Thorsten; Saupe, Dietmar

Towards Data-Based Assessment of Individual Tactics Skills in Team Sports Based on

Fuzzy Petri Nets
Serafini, Andrea; Leser, Roland; Hoch, Thomas; Baca, Arnold; Moser, Bernhard Alois

Analysis of Tactical Defensive Behavior in Team Handball by Means of Artificial

Neural Networks
Tilp, Markus; Schrapf, Norbert

Recurrence Analysis of Golfers' Performances on the PGA TOUR
Stockl, Michael

Modeling Soccer Matches by Recurrence Analyses
Lames, Martin; Pliick, Denise

MATHMOD Minisymposia

Modeling and Simulation to Support Sustainable Energy

Systems and Water Treatment

Comparison Case between Modelica and Specialized Tools for Building Modelling
Yebra, Luis J.; Fernandez Gonzalez, Daniel

Environmental Impacts and Benefits of Smart Home Automation: Life Cycle

Assessment of Home Energy Management System
Louis, Jean-Nicolas; Calo, Antonio; Leiviska, Kauko; Pongracz, Eva

xiii

280

282

287

289

291

293

295

299

301

303

305

307

309

313

314



MATHMOD 2015 Abstract Volume

The Role and the Impact of Electric Vehicles on the Local Power Grid within the
Northern Finland Climatic Conditions
Calo, Antonio; Louis, Jean-Nicolas; Pongracz, Eva
Evaluation of Fluidized Bed Condition by Image Analysis and Modelling
Liukkonen, Mika; Hiltunen, Teri; Hiltunen, Yrjo
Multivariate Analysis Models for Wood Properties Combined with Open Modelica
Model for Process Performance Monitoring
Skvaril, Jan; Kyprianidis, Konstantinos; Avelin, Anders; Odlare, Monica; Dahlquist, Erik

Monitoring of Water Processes Using Intelligent Condition Indicators
Liukkonen, Mika; Hiltunen, Yrj6; Laakso, Ilkka; Juntunen, Petri

MATHMOD Minisymposia
Regularization Techniques for DAEs to Improve Model
Equations for the Numerical Treatment

Regularization of Nonlinear DAEs Based on Algebraic Analysis

Scholz, Lena; Steinbrecher, Andreas

Regularization of Nonlinear DAEs Based on Structural Analysis
McKenzie, Ross; Pryce, John Derwent; Nedialkov, Nedialko; Tan, Guangning

Regularization of Quasi-Linear Differential-Algebraic Equations
Steinbrecher, Andreas

Index Reduction and Regularisation Methods for Multibody Systems
Poll, Carina; Hafner, Irene

Regularization of Electrical Circuits
Tischendorf, Caren

Comparison of Regularisation Methods Referring to a Multi-Pendulum Case Study
Hafner, Irene; P6ll, Carina

MATHMOD Poster Contributions

Methods of Inverse Simulation for Nonlinear Ship Steering Systems Investigations
Murray-Smith, David

Closed form model of manipulators with highly flexible links
Scaglioni, Bruno; Ferretti, Gianni

Modeling of Elastic Robotic Arm Using a Soft-Computing Algorithm

Tamimi, Hammam; Soffker, Dirk
Modeling, Control, and Powermanagement Optimization for an Emulated Multi-
Source Hybrid Drivetrain

Moulik, Bedatri; Soffker, Dirk

Network Based Simulation in Water Construction
Brunner, Stefan; Hofinger, Gerhard
A New Tool for Visual Modeling - Rand Model Designer
Senichenkov, Yuri Borisovitch; Isakov, Andrey; Kolesov, Yuri Borisovitch
Efficient Modelling Approaches in Control
Zupancic, Borut
Numerical Solution of an Optimal Control Problem in Cancer Treatment: Combined
Radio and Anti-Angiogenic Therapy
Chudej, Kurt; Wagner, Lisa; Pesch, Hans Josef
Information Management Platform Model for Local Sightseeing and Disaster

Prevention Information
Tsuchiya, Takeshi

Xiv

315

316

317

319

323

324

326

327

328

330

335

337

339

341

343

345

347

349

351



MATHMOD 2015 Abstract Volume

Influence of Sample Period Variation to MPC Trajectory Tracking of Mobile Robot
Klancar, Gregor; Skrjanc, Igor
Modeling and Design of High-Speed FM-AFM Driver Electronics Using Cadence
Virtuoso and Simulink
Schlecker, Benedikt; Anna, Eichel; Ortmanns, Maurits; Fantner, Georg Ernest; Anders, Jens
Is Driving Assisted Behaviour Infectious? Using Spectral Analysis to Understand Car
Following Behaviour of Naive Drivers
Stemmler, Eric; Oeltze, Katharina; Schief31, Caroline

Modelling of Low Power Electronic Loads in Harmonic Analysis

Tokic, Amir; Jukan, Admir; Suljkanovic, Vedran
P(t)mor: Time-Varying Parametric Model Order Reduction and Applications for
Moving Loads

Cruz Varona, Maria; Geuss, Matthias; Lohmann, Boris
Advances on the Adaptive Selection of Both Shifts and Reduced Order in H2-Pseudo-
Optimal Model Reduction

Castagnotto, Alessandro; Panzer, Heiko K. F.; Wolf, Thomas; Lohmann, Boris
Equations of Motion with Redundant Coordinates for Mechanical Systems on
Manifolds

Konz, Matthias; Rudolph, Joachim
Combining Discrete Optimization and Simulation to Understand Stochastic Hub
Location Problems

Dabidian, Peiman; Meier, J. Fabian; Goedicke, Ina; Clausen, Uwe
System Entity Structure Ontology Toolbox for MATLAB/Simulink: Used for Variant
Modelling

Pawletta, Thorsten; Pascheka, Daniel; Schmidt, Artur

Robotic Control & Visualization Toolbox for MATLAB

Pawletta, Thorsten; Freymann, Birger; Deatcu, Christina; Schmidt, Artur

Two Dimensional Mathematical Model of Heat-Transmission Using MAPLE
Perjesi-Hamori, I1diko

Distributed Parameter Model of the Buck Converter with Constant Inductive Load
Huang, Chenzi; Woittennek, Frank; Roebenack, Klaus
Taylor Series Based Solution of Linear ODEs Systems and MATLAB Solvers
Comparison
Satek, Vaclav; Kocina, Filip; Kunovsky, Jiri; Schirrer, Alexander
SVD-AORA method for Dynamic Linear Time Invariant Model Order Reduction
Kouki, Mohamed; Abbes, Mehdi; Mami, Abdelkader
Modelling "Breaking Bad": An Economic Model of Drugs and Population Dynamics
to Predict How the Series Itself Feeds Back into the Drug Market
Rdssler, Christiane; Witzmann, Magdalena; Schmickl, Thomas
Physiolibrary 2.3 — An Intuitive Tool for Integrative Physiology
Matejak, Marek; Jezek, Filip; Tribula, Martin; Kofranek, Jiri
Model Predictive Control in Small Family House: Extravagance or Future of Energy
Consumption in Households
Marusi¢, Ante; Drazen, Loncar
Comparison between a Non-Linear and Linearized Three-Compartment Model of a
Bioreactor for Hepatocyte Culturing

Naghib, Seyed Danial; Di Renzo, Alberto; Curcio, Efrem; De Bartolo, Loredana; Di Maio,
Francesco

Taylor Series Based Differential Formulas
Satek, Vaclav; Necasova, Gabriela; Kunovsky, Jiri; Chaloupka, Jan; Veigend, Petr

XV

353

355

357

359

361

363

365

367

369

371

373

375

377

379

381

383

385

387

389



MATHMOD 2015 Abstract Volume

XVi



MATHMOD 2015 Abstract Volume

MATHMOD 2015
ABSTRACT VOLUME

Preface



MATHMOD 2015 Abstract Volume



MATHMOD 2015 Abstract Volume

Preface

MATHMOD 2015 brings together scientists and engineers conducting research in theory and
application related to mathematical modelling in the beautiful city of Vienna. This offers the
opportunity to present ideas, methods and results, and to discuss experiences or problems with
experts from various areas of specialisation. Such discussions often lead to new ideas or
innovative solutions.

The scope of the MATHMOD Conference Series intends to cover all aspects of mathematical
modelling including modelling theory; first-principles modelling; identification; optimization;
model order reduction; automation of modelling and software tools; computer modelling;
modelling for/by simulation; co-simulation; modelling standards; qualitative, modular, inter-
disciplinary modelling; comparison of methods for modelling; alternative modelling methods
(CAS, fuzzy, NN, QSS, etc.). Model analysis, calibration and experimental validation of
models as well as the elaboration of effects of modelling errors on the overall performance of
an engineering system also constitute important topics of this conference. Moreover,
contributions with a strong focus on modelling dealing with challenging applications in
engineering and natural sciences as well as in environmental systems, biotechnology,
operations research, logistics and planning, medicine, physiology and health care are most
welcome. The conference also provides the opportunity to discuss aspects of education
inffor/with modelling or modelling aspects in the context of scientific computing and real-
time applications.

The broad scope also evidences that mathematical modelling serves as a fundamental basis in
many scientific disciplines and gains more and more importance in industry.

The plenary lectures of the MATHMOD 2015 conference reflect, at least to some extent, this
wide spectrum of important topics in mathematical modelling ranging from applications in
aerospace industry over state-of-the-art approaches in system identification and advanced
numerical solution concepts for multiphysics problems to challenging examples in
mechatronic system integration.

Model-Based Approaches for the Future Sustainable Aircraft: the EU ADDSAFE Project
Dr. Philippe Goupil (R&D Engineer, Airbus Operations S.A.S.)

What has Instrumental Variable Method to Offer for System Identification?
Prof. Marion Gilson-Bagrel (Université de Lorraine, Nancy, France)

Iterative Schemes for Coupled Multiphysical Problems in Electrical Engineering
Prof. Sebastian Schops (TU Darmstadt, Germany)

Advanced Mechatronics for Precision Engineering and Mechatronic Imaging Systems
Prof. Georg Schitter (TU Vienna, Austria)

Apart from regular sessions, also a number of minisymposia were organized by experts from
different areas:
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Model Reduction
Martin Grepl (RWTH Aachen, Germany), Boris Lohmann (TU Miinchen, Germany)
& Jens Saak (MPI Magdeburg, Germany)
Object-Oriented Modelling, Simulation, and Optimization: Models, Methods and Tools
Francesco Casella & Gianni Ferretti (Politecnico di Milano, Italy)
Distributed Parameter Systems - New Methods for Modelling and Control
Markus Schoberl & Kurt Schlacher (Johannes Kepler University Linz, Austria)
Free Boundary Problems in Applications: Recent Advances in Modelling, Simulation and
Optimization
Sven-Joachim Kimmerle (UniBW Munich, Germany) & Dirk Peschka (WIAS Berlin,
Germany)
Engineering Applications of Fractional Derivatives
Mihir Sen & Bill Goodwine (University of Notre Dame, USA)
Regularization Techniques for DAEs to Improve Model Equations for the Numerical
Treatment
Andreas Steinbrecher & Lena Scholz (TU Berlin, Germany)
Systems of Systems Modelling, Simulation and Optimization
David Kampert (RWTH Aachen, Germany)
Mathematical Modeling for Nanoelectronic Coupled Problems
Caren Tischendorf (Humboldt-Universitat Berlin, Germany)
Dynamics of Machines and Structures
Thomas Pumhossel (Johannes Kepler University Linz, Austria) & Horst Ecker (TU
Vienna, Austria)
Modelling of Dynamics and Control for Mobile Robots
Felix L. Chernousko & Nikolay N. Bolotnik (Russian Academy of Sciences,
Moscow, Russia)
Computational Methods in Modelling and Simulation of Fluid Power Systems
Bernhard Manhartsgruber (Johannes Kepler University, Linz, Austria)
Multiscale-Modelling of Transport- and Flow-Problems
Juergen Geiser (University of Greifswald, Germany)
Modelling and Simulation to Support Sustainable Energy Systems and Water Treatment
Esko Juuso (University of Oulu, Finland)
Mathematical Modelling and Control of Bio-Chemical Processes
Jan van Impe (Katholieke Universiteit Leuven, Belgium) & Philippe Bogaerts
(Université Libre de Bruxelles, Belgium)
Biomathematics: What's new?
Carla M.A. Pinto (Polytechnic of Porto, Portugal)
Interdisciplinary Data based Modelling and Simulation in Health Systems Research -
Theoretical Development and Real World Applications
Peter Filzmoser & Niki Popper (VUT & DEXHELPP, Vienna, Austria)
Modeling in Sport and Human Movement Science
Arnold Baca (University Vienna, Austria)

MATHMOD 2015 provides three basic types of contributions: The first group consists of
MATHMOD Full Contributions which were peer reviewed, are presented in a regular session
or minisymposium and will appear in the Conference Proceedings published by IFAC-
PapersOnLine (http://www.ifac-papersonline.net/). MATHMOD Discussion Contributions
allow the presentation of work in progress either in a minisymposium or in a poster session.
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Finally, MATHMOD Student Contributions are intended to give PhD students a chance to
present their research work in a poster session.

All participants receive a printed Abstract Volume which contains all abstracts of the finally
uploaded accepted contributions. Moreover, for convenience of participants, a MATHMOD
2015 Content System on a memory stick contains the electronic preprints of Full Papers and
an electronic PDF Abstract Volume as well as further conference information. Both media are
included in the conference Kit.

As organizers we want to express our sincere thanks to all of you for your help in making the
MATHMOD 2015 conference a success. In particular, we appreciate the support of our
sponsors and cosponsors. Special thanks go to the members of the International Program
Committee who did a great job in organizing the review process and to the organizers of the
minisymposia. Moreover, we are very grateful to Andreas Korner from the Institute of
Analysis and Scientific Computing and Wolfgang Kemmetmuller from the Automation and
Control Institute for their excellent contributions in the organization of the conference. Last
but not least, we would like to thank IFAC for the publication arrangement, and the local
ARGESIM team for their support in preparing these preprints and the forthcoming
proceedings of MATHMOD 2015.

Vienna, February 2015 Felix Breitenecker, Andreas Kugi, Inge Troch
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Model-based approaches for the future sustainable aircraft:
the EU ADDSAFE project

Philippe Goupil

Aircraft Control - EYC, AIRBUS Operations S.A.S.
316 Route de Bayonne, 31060 Toulouse Cedex 09, FRANCE
philippe.goupil@airbus.com

Abstract: In this paper a high-fidelity aircraft benchmark, developed by Airbus for advanced flight
control related studies, is presented in relation to its use for advanced fault diagnosis within a European
7" Framework Program project termed “Advanced Fault Diagnosis for Sustainable Flight Guidance and
Control” (ADDSAFE). This European project was established to investigate and develop advanced
model-based fault detection and diagnosis methods advocated by Academia, to assess their viability,
performances and robustness as well as to facilitate their transfer to Industry. The importance of the
project arose on the one hand, due to the representativeness of the Airbus benchmark, and on the other
hand, the industrial benchmarking and validation of the developed designs. This article does not pretend
to academic developments but rather to illustrate industrial motivations in such project.

Keywords: aircraft, flight control, fault diagnosis, European project, verification and validation.
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Iterative Schemes for Coupled
Multiphysical Problems in Electrical
Engineering *

Sebastian Schops *

* Technische Universitit Darmstadt, Graduate School for
Computational Enginering, Dolivostrasse 15 and Institut fiir Theorie
Elektromagnetischer Felder, Schlossgartenstrasse 8, Darmstadt
(e-mail: schoeps@gsc.tu-darmstadt.de).

1. INTRODUCTION

Multiphysical simulations become increasingly important
for engineering applications due to the high accuracy of
domain-specific modeling and numerical simulations; ef-
fects that were considered previously as negligible cannot
be disregarded anymore. In the last decade commercial
tools have emerged that can treat many problems but
are either too restricted in the coupling, or not efficient
enough or do not guarantee convergence. In particular,
the monolithic approach to multiphysics, i.e., the solution
of all subproblems at once, is often cumbersome or even
impossible because incompatible algorithms or software
packages are involved. Thus simulation engineers need to
couple subproblems in an efficient and stable way, where
subdomains are solved separately. This introduces split-
ting errors (in time or space), which are mitigated by
iterative procedures. Well-known examples are splitting
schemes for linear systems of equations as Gauss-Seidel or
domain decomposition methods in the context of partial
differential equations. Typical applications in the domain
of electrical engineering require the coupling of electromag-
netic fields with thermal, mechanical and electric network
problems, see e.g. Clemens et al. (2012).

2. FIELD-CIRCUIT PROBLEM

For field-circuit coupled models of electrical energy trans-
ducers, two classical approaches are well established. A
first approach consists of extracting (constant) lumped
parameters or surrogate models from a field model and
inserting these as a netlist into a Spice-like circuit simula-
tor. This can be improved by monolithic couplings, where
field and circuit models are solved together. We propose a
synthesis: the parameter extraction is applied iteratively
on time intervals such that nonlinear and transient effects
are consistently taken into account; this can be embedded
into the framework of waveform relaxation methods Bartel
et al. (2013).

* Many people have contributed to this work. The author likes
to thank A. Bartel, M. Brunk, M. Clemens, J. Corno, H. De
Gersem, C. de Falco, M. Gunther, C. Kaufmann and E.J.W. ter
Maten. This work is supported by the projects SIMUROM (BMBF
05M2013), nanoCOPS (EU 619166) and the ‘Excellence Initiative’
of the German Federal and State Governments and the Graduate
School of Computational Engineering at TU Darmstadt.
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3. FIELD-MECHANICAL PROBLEM

The Lorentz detuning of an accelerating cavity, which is
the change of the resonant frequency due to the mechanical
deformation of the cavity wall induced by the electro-
magnetic pressure is a coupled electromagnetic-mechanical
problem. In a first step, Maxwell’s eigenproblem is solved
with adequate boundary conditions. From this the mag-
netic field can be obtained. Both fields create a radiation
pressure at the boundary of the cavity. The domain is
transformed and the computation of the resonant fre-
quency is repeated. This problem fits into the framework
of waveform relaxation, however the analysis can be sim-
plified due to the frequency domain assumptions.

4. FIELD-THERMAL PROBLEM

In the previous sections we have discussed the mutual cou-
pling of transient and frequency-domain to (quasi-)static
problems. The third example revisits the well-known it-
erative coupling of frequency to time domain problems
applied to an electric car charger. Again, the electromag-
netic field is given by the Maxwell’s equations, however
since we are in domains of increased frequency we take the
displacement currents into account. This is coupled to the
heat equation by the Joule losses. Besides the temperature-
dependent electric conductivity, all material parameters
are constant. The important modelling step is to relax the
coupling of both problems by introducing a averaged heat
source btained by converting the electromagnetic fields
back to the time domain. Convergence can be assured in
view of the works of Kaufmann et al. (2014).

REFERENCES

Bartel, A., Brunk, M., Giinther, M., and Schops, S. (2013).
Dynamic iteration for coupled problems of electric cir-
cuits and distributed devices. SIAM J. Sci. Comput.,
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and Schmidthéausler, D. (2012). Aspects of coupled prob-
lems in computational electromagnetics formulations.
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Kaufmann, C., Giinther, M., Klagges, D., Knorrenschild,
M., Richwin, M., Schéps, S., and ter Maten, E.J.W.
(2014). Efficient frequency-transient co-simulation of
coupled heat-electromagnetic problems. J. Math. Ind.,
4(1). doi:10.1186/2190-5983-4-1.
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What has Instrumental Variable method to offer for
system identification?

M. Gilson'2

1Um'versity of Lorraine, CRAN, UMR 7039, 2 rue Jean Lamour, F-54519
Vandceuvre-les-Nancy, France
2CNRS, CRAN, UMR 7039, France,
marion.gilson@univ-lorraine.fr

Mathematical models of dynamic systems are required in most
area of scientific enquiry and take various forms, such as dif-
ferential equations, difference equations, state-space equations
and transfer functions. The most widely used approach to math-
ematical modeling involves the construction of mathematical
equations based on physical laws that are known to govern the
behaviour of the system. While the advantage of these methods
relies on the deep physical insight of the resulting model, their
main drawback is the complexity of the model that makes them
difficult to be used in applications such as control system de-
sign, prediction or decision making.

An alternative to physically-based mathematical modeling is
the so-called data-based system identification, which can be
applied to any system where experimental data are avail-
able. A large scope of system identification approaches has
been developed over the past decades. Amongst these, we can
cite the prediction error and maximum-likelihood frameworks
(see e.g. Ljung (1999); Soderstrom and Stoica (1989); Young
(2011)), the subspace-based identification (see e.g. Katayama
(2005)), the frequency-domain identification (see e.g. Pintelon
and Schoukens (2001)), the closed-loop identification case (see
e.g. Van den Hof (1998); Forssell and Ljung (1999); Gilson and
Van den Hof (2005)).

Most physical systems are continuous-time (CT) whereas,
mainly due to the advent of digital computers, research on
system identification has concentrated on discrete-time (DT)
models from underlying CT systems input/output samples. Re-
cently, interest in identification of CT systems from DT data has
arisen (see e.g. Garnier and Wang (2008) and references herein)
and offer a clever solution in many cases such as irregularly
sampled data.

Moreover, systems encountered in practice are often nonlinear
or present a time-varying nature. Unlike linearity, non-linearity
is a non-property and therefore, non-linearity cannot be defined
in a general way. A common framework for the identification
of nonlinear models has nevertheless been presented in Sjoberg
et al. (1995). Usually, nonlinear models are classified into two
classes: non-parametric models and parametric models. How-
ever, another type of models has more recently arose the at-
tention of the system identification community and form an
intermediate step between Linear Time-Invariant (LTI) systems
and nonlinear/time-varying plants: the model class of Linear
Parameter-Varying (LPV) systems (T6th (2010)).

When considering methods that can be used to identify (linear
or non linear, CT or DT) models of systems operating in open-
or closed-loop, instrumental variable (IV) techniques are rather
attractive since they are normally simple or iterative modifi-
cations of the linear regression algorithm. For instance, when
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dealing with complex processes, it can be attractive to rely on
methods, such as these, that do not require non-convex opti-
mization algorithms. In addition to this computationally attrac-
tive property, IV methods also have the potential advantage that
they can yield consistent and asymptotically unbiased estimates
of the plant model parameters if the noise does not have rational
spectral density or if the noise model is mis-specified; or even
if the control system is non-linear and/or time-varying, in the
closed-loop framework (Gilson and Van den Hof (2005)). Even
if several works arise these last ten years, IV methods have not
yet really received the attention that it deserves.

This talk is dedicated to the use of IV methods in several
cases of system identification. After an introduction of the IV
principles, the focus is made on closed-loop system, on LPV
models with an application on rainfall-flow modeling and on
frequency domain framework.

Further details are provided sin the full paper related to this talk.
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Advanced Mechatronics for Precision Engineering and
Mechatronic Imaging Systems

G. Schitter

*Automation and Control Institute (ACIN), Vienna University of Technology
1040 Wien, Gusshausstrafle 27-29, Austria
(Tel: +43-1-58801 37610, e-mail: schitter@acin.tuwien.ac.at)

Abstract: This paper summarizes how modelling, simulation and model-based design approaches
influence the system design and integration of precision mechatronic systems that are used in the high-
tech industry and in scientific instrumentation for nano-scale imaging. Particular challenges that have to
be addressed are positioning with nanometer precision, motion control with high speeds and high
precision, and vibration isolation to counteract environmental disturbances. Applications that are
discussed and demonstrated are from the fields of atomic force microscopy, confocal scanning laser
microscopy, adaptive optics, and precision lithography machines for the production of integrated circuits.

Keywords: precision engineering, motion control, mechatronics, scanning probe microscopy, system

integration, model-based control.

1. INTRODUCTION

Mechatronic systems in the high-tech industry demand a
continuous improvement of system performance, such as
speed, range, and precision (Munnig Schmidt et al. 2014).
For the development, engineering, and control of these
systems, modelling and simulation are key enabling
technologies that are applied at various steps and levels.

Advanced mechatronic designs and highly sophisticated
motion control are prerequisites for the innovation of
mechatronic imaging systems, such as atomic force
microscopes (AFM), wafer scanners, adaptive optics, and
laser scanning microscopes.

This paper discusses an integrated mechatronic design
approach, demonstrating the application of modelling and
simulation in the various phases of the system design,
integration, and control.

Fig. 1. FEA simulation of a mode-shape of a piezo- and
flexure-based scanning unit for high-speed atomic force
microscopy.
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2. MECHATRONIC SYSTEM DESIGN

Already at the system design phase all components involved
in the specific application have to be considered. Examples
for these components are the mechanical structure of the
device, the actuators, the power amplifiers, the sensors,
electronics for signal amplification and conditioning, and the
real-time control system. The resulting mechatronic system,
including all hard- and software components, has to be
tailored to and optimized for each specific application. To
meet the demanding specifications a well predictable
behaviour of the individual system components is required.
Utilization of modern engineering tools and software, such as
finite element analysis (FEA), is a key factor for modelling
and simulation of system dynamics (cf. Fig. 1). At the system
level design physics based modelling helps to gain important
insights in the structural dynamics, as well as in the interplay

Fig. 2. Flexure-based AFM scanner with piezoelectric
actuation for high-speed atomic force microscopy, designed
for high stiffness to achieve high resonance frequencies and
prevent parasitic motion (Schitter et al. 2007).
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between the individual system components (Schitter et al.
2007). FEA tools enable virtual prototyping of complex
mechatronic systems and allow shaping of the mechatronic
components for optimizing their performance.

3. MODEL-BASED CONTROL AND MEASUREMENT

After building the prototype system (Fig. 2), mathematical
models of the actual system dynamics are required as the
basis for the control design. These dynamic models of the
experimental setup typically are obtained either via system
identification, by parameter identification to verify or
complete the FEA- or physics based models, or by recording
frequency response data and fitting a model to these data

(Fig. 3).

40

Frequency [Hz]

agof

-360 -

Phase [deg]

S40H T

=720
10

4 10°
Frequency [Hz]

Fig. 3. Measured frequency response data and 10"-order
fitted model (solid black line) of the vertical axis of a high-
speed AFM scanner (Schitter and Phan 2008).

Based on these models, modern control methods are applied,
where often feedback and feedforward control are combined
in order to achieve a high performance as well as good
disturbance rejection and robustness of the controlled
mechatronic system (e.g. Schitter et al. 2004).

Furthermore, these models, including the control system, can
be used also for model-based measurement (Kuiper et al.
2013). This enables a better and dynamic operation of the
metrology equipment, dealing with the design trade-off
between measurement speed and accuracy, and for handling
of modelling uncertainties.

4. APPLICATIONS

These challenges and solutions are illustrated by examples
from precision motion control, AFM imaging, confocal laser
scanning microscopy (CLSM), and adaptive optics. The
examples present the successful implementation of long-
range positioning over several 100 mm with nanometer
precision based on zero- and low-stiffness designs. For AFM
imaging at high speeds, i.e. up to 1000 times faster than with
conventional AFM systems, fast motion control for
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nanometer precise scanning and topography measurement is
presented, as well as the measurement of topography and
mechanical sample properties at a high spatial and temporal
resolution. For optimizing the spatial resolution of optical
imaging systems adaptive optics is demonstrated for the
compensation of setup- and sample-induced aberrations, such
as for 3D imaging in CLSM (Yoo et al. 2014).

5. CONCLUSIONS

This contribution demonstrates the potential to significantly
improve the performance of mechatronic imaging systems via
an integrated mechatronic design approach, by utilizing the
interplay between system design and control design. This
allows faster and higher resolution imaging in various
applications in research as well as in high-tech industries.
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1. INTRODUCTION

Windkessel models are lumped-parameter models of the
arterial system that describe the dynamic relation be-
tween blood flow and pressure in the aorta by ordinary
differential equations. Despite their simplicity, they are
used in many applications including methods for the non-
invasive stratification of cardiovascular risk (Hametner et
al., 2014). However, even though they have been studied
extensively, there is still disunity regarding the question
if pressure should be modelled as resulting solely from
the ejection of the heart or if an asymptotic pressure
level should be included which is independent from cardiac
beating (Westerhof et al., 2009). The aim of this work is
to mathematically analyse the influence of such a pressure
level P, on the model behaviour of the four most widely
used Windkessel models (two-, three- and four-element
Windkessel, the latter in a series as well as a parallel
configuration).

2. METHODS AND RESULTS

The model equations including the asymptotic pressure
level P, were formulated and Fourier analysis was per-
formed to study the impact of P, on the other model
parameters. Therefore, the modelled input impedances
Zin(f) relating pressure to flow in the frequency domain
were computed. Furthermore, simulation experiments for
P, varying from 0 to 75 mmHg using a typical flow curve
as input were carried out for parameter values within
the physiological range (Kind et al., 2010). The results
in fig. 1 show that P, mainly affects the diastolic part
of the pressure wave, whereas the shape of the systolic
upstroke remains almost unchanged. Also, the quantitative
differences in the modelled impedances Z;, were overall
small and decreasing for increasing frequency. For the most
extreme case of Py, = 75 mmHg, differences to P, = 0
mmHg were, for all four models, in the order of 1073
mmHg-s/ml for the modulus and 107! rad for the phase.

3. CONCLUSION

Theoretical as well as numerical results show that includ-
ing an asymptotic pressure level P,, mainly affects the
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Fig. 1. Pressure waves modelled with the 2-element (a),
3-element (b), serial (¢) and parallel (d) 4-element
Windkessel model for varying Pe.

low frequency range of the modelled input impedances.
In the time domain this results in changes of the diastolic
decay of the modelled pressure curves, whereas the systolic
upstroke, which is built up from higher frequency compo-
nents, remains almost unchanged. The additional param-
eter does neither change the overall qualitative behaviour
of the models nor does it affect the model parameters
representing physiological characteristics. P, might, as an
additional degree of freedom, even improve the accuracy
of the modelled pressure curves. However, further research
is needed to clarify its physiological interpretation as well
as its appropriate size.
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E. coli is commonly used for recombinant protein synthe-
sis, e.g. in pharmaceutical industry for large-scale produc-
tion of heterologous proteins like human insulin or other
hormones and cytokines. The usually applied high target-
protein (TP) expression rates cause profound changes in
the cell metabolism (CM). Besides the high burden for
the CM, which results in decreased growth rates and pro-
ductivity, the cells may also seriously suffer from toxicity
of aggregates of the TP, commonly referred to as inclu-
sion bodies (IBs). A common method in industry for TP
production is to go for high amounts of IBs which have
to be purified after cultivation and cell harvesting. This
causes additional challenges and costs after the cultivation
process, as solubilization of IBs often requires hazardous
chemicals. Moreover the large number of process param-
eters complicates finding counter strategies for toxic side
products like IBs by an empirical trial and error process.

A different approach to increase the amount of soluble
recombinant TP is the in-situ concerted overexpression of
heat shock proteins (HSPs) like chaperones and proteases.
The HSPs influence the correct folding and degradation
of the TP and hence decrease the fraction of aggregates
and therefore toxic effects. The increased TP production is
accompanied by raised stress to the CM due to increased
synthesis of HSPs. Therefore it is important to find an
optimal balance between TP and HSP production. Due
to the complexity and specificity of the interaction be-
tween the TP and different chaperones the prediction of
suitable overexpression strategies is not straight forward.
Moreover various process parameters like growth temper-
ature, media composition, inducer concentration, induc-
tion time, and plasmid-related properties like promotor
strength and plasmid copy number affect protein biosyn-
thesis. Most promising seems the application of optimal
control strategies based on mathematical modelling of TP,
HSPs, and CM. However by now no adequate mathemati-
cal model (MM) exists that describes the complex dynamic
behaviour of recombinant protein synthesis, IB formation,
interaction with HSPs, and the influence on the CM.

As a first step we propose a compact MM comprising the
key players of recombinant formation, folding, aggrega-
tion/disaggregation, and degradation of the TP mandelate
racemase (MR) for certain process parameters including
the influence of controlled overexpression of selected HSPs.
In the MM we consider no substrate limitation and ne-
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Fig. 1. Simulation results for scenario 1, induction of MR
with IPTG at OD 0.2 (100 min). Open circles denote
measured values, solid lines simulation results. For

details see Fig. 2 of main text.

glect energy species conversion and impact on metabolism.
The model comprises six state variables (Biomass B, MR
conformations A (aggregates, representing IBs), U (un-
folded, dissolved), N (native, dissolved), and chaperone
systems KJE and ELS) and ordinary differential equa-
tions (ODEs), four input variables (inducer concentrations
IPTG, Arabinose, Tetracyclin and growth inhibitor Specti-
nomycin (Spec)), eleven primary rates, eight secondary
rates, and twenty-seven parameters. Resulting ODEs de-
scribe B formation, B-dependant formation of MR, MR
degradation, chaperone-assisted conversion of MR, confor-
mations, and chaperone formation and degradation.
Despite its limited size, the model explains B and chap-
erone production very well, while MR production is not
(yvet) fully covered (see Fig. 1 above and Fig. 2 and 3 of
main text).
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Heterogeneous processes are found in many fields of appli-
cations including process and bioprocess engineering. The
dynamics of the corresponding number density distribu-
tions can be described conveniently in the framework of
Population Balance Modeling. Population Balance Equa-
tions represent PDEs which are often multidimensional.
The numerical solution of these is quite challenging in
particular for high dimensional problems. For this reason
the distribution dynamics are usually characterized by the
respective moments. Those are closely related to integral
measures of the number density distribution like mean
and variance. As the corresponding dynamic moment
equations can only be computed in a closed form under
strict assumptions, approximate moment methods have
to be applied. However, existing techniques can not be
implemented efficiently for high dimensional problems. In
this manuscript an efficient implementation of the Direct
Quadrature Method of Moments (DQMOM) is derived
using monomial cubature rules. In contrast to general
Gaussian cubature formulas where the number of abscissas
increases exponentially with dimension, here the numerical
effort for the approximation increases only polynomially
(see Fig.1). Application is demonstrated for a five dimen-
sional PBE which is based on a single cell model for viral
replication in cell cultures, as it can be seen in Fig.2. The
algorithm is used to analyze the effects of different model
assumptions on the overall dynamics of free virus in the
medium (see Fig.3).

Fig. 1. Abscissas for Gaussian cubature (left) and mono-
mial cubature (right)
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Fig. 2. Single cell scheme for viral replication
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Fig. 3. Comparison of virus dynamics without (solid) and
with enzyme degradation (dashed)
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1. INTRODUCTION

Classical communication channels are based on the prop-
agation of electromagnetic or acoustic waves. They span
ranges from centimeters to astronomical dimensions. Re-
cently, the study of signal transduction networks in biolog-
ical systems has led to interest in communication concepts
that rely on the transfer of molecules instead of wave
propagation. Possible applications are on the nano-scale
where particle transport is a fast process while senders
and receivers for electromagnetic waves are difficult to
build. Furthermore, the transport of particles is potentially
supported by natural processes like diffusion or advection
and does not require the supply of additional energy as in
electrical devices.

These concepts have been developed during the last decade
and are often refered to as molecular communication.
Practical applications are mostly visionary and published
results are based on more or less simplified models and
idealizing assumptions. The current state is summarized
e.g. in Nakano et al. (2013).

Recent studies establish the properties of molecular com-
munication channels from models for particle transfer.
Statistical models describe the probability that the arrival
of a molecule is detected by a receptor, e.g. Pierobon and
Akyildiz (2014); Noel et al. (2014b). Analogies with elec-
trical circuits and coupled differential equations describe
the dynamics of molecule concentrations, see Pierobon and
Akyildiz (2010); Noel et al. (2014a)

2. CHANNEL MODEL

The channel model under investigation has been proposed
by Noel et al. (2014a) and is illustrated in Fig. 1. A
bitstream z(n) at the input stimulates the emission of
substrate molecules at the source. They are emitted at
multiples of the bit interval tg, i.e. at t = ntg. A logical one
(z(n)=1) triggers the release of molecules corresponding
to an increase of the total substrate concentration s(t) by
an amount of sg. A logical zero (z(n) = 0) does not trigger
the release of any molecules.

The environment between source and receptor is charac-
terized by the concentrations of the substrate s(t), the
enzyme e(t), and the complex ¢(¢) (see (1)). The receptor
senses the current substrate concentration s(t) and tries
to detect the input bitstream. The balance between sub-
strate, enzyme, and complex is described by the enzyme
kinetics (see Noel et al. (2014a))
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S+EZLchp,p. (1)
-1
The substrate S and the enzyme E form a complex C at a
rate k1. In turn the complex decomposes again into S and
E at a rate k_; and into E and the product P at a rate ks.
The receptor is sensitive to the substrate S but not to the
complex C or the product P.

e(t) receptor
s(t) o
c(t)

source

(n) o y(n)

Fig. 1. Channel model for molecular communication.

3. MAIN RESULTS

Molecular communication channels based on enzyme ki-
netics can be analyzed with the mathematical tools of
classical Michaelis-Menten models. Care has to be taken to
observe the correct relation between substrate and enzyme
concentration and between short time and long term be-
haviour as these are different from the classical Michaelis-
Menten case. A first order perturbation approach appears
to be sufficent for modelling the substrate dynamics. Its
range of accuracy for the short term behaviour matches
favourably with the lenghts of the bit intervals for a reli-
able detection.

The final result is a simple expression for the achievable
symbol frequency in terms of the chemical parameters of
the molecular channel and the detection threshold of the
receiver.
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Abstract: Fast and accurate information is important for most monitoring, data acquisition,
and monitoring systems; sensors are transducers that allow to accomplish such task. In this
work different kinds of resonant sensors known as frequency domain sensors are reviewed;
also frequency measurement techniques are explored; finally resolution improvement is
proposed and analyzed for using frequency domain sensors by mathematical modelling.

Keywords: sensors modeling, zeolite, FDS, microcantilever, frequency measurement,
relative error.
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1. INTRODUCTION

In this work, we develop a geometric decription of re-
versible stoichiometric chemical reaction networks. For
this we use a geometric formulation for the system and
apply a variational principle. Consider a closed chemical
reaction network with N different chemical species and
M possible chemical reactions among those species. We
assign each species a positive molar concentration x;. The
stoichiometry of the system is collected in the stoichio-
metric matriz and we express the temporal change of the
concentrations as

i =Sv, §ezVM
with the molar fluxes v. For this energetic driven approach,
we assign each species a chemical potential u; given as
pi(zi) = pio + R Tlog<;z),
0

with a temperature dependent reference potential p; o,
the gas constant R*, temperature T and a reference
concentration c¢g. We define the Lagrangian £ of the
system as the negative signed chemical energy

N o
L(r) = —Echem = — Z/o wi(y) dy.
i=1

The stoichiometric matrix is split into a forward S and
backward S part, which correspond to the reactants and
products of each reaction, as S = S® — S(). With this,
we can define the chemical affinities

AN — (S(f))Tu, A — (S(b))Tu.

They represent the driving forces of systems and are
connected to the fluxes via the resistive relation

A
s

e (i)
®) AP

with the constants ~;. The inverse relations define the
Lagrangian forces for the system as

0
~R'TLog(K o)
~R*TLog (K*lv“’))

0
AN
A®)

(o), u®) =

* We thank the Research Center Dynamical Systems — Biosystems
Engineering, Otto-von-Guericke-Universitat Magdeburg, for funding.
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2. THE LAGRANGE-D’ALEMBERT-PONTRYAGIN
PRINCIPLE

Without going to much into detail, we define a geometric
formulation of the system by collecting all admissible
concentrations x in a manifold, and show that the fluxes
a part of an according tangential space. The affinities and
the potentials are collected in a cotangential bundle. This
gives us the elements of the Pontryagin bundle TZ $T*Z
as
(27 27 Z*) = (l’, y(f)7 y(b)7 j;7 y(f)7 ?J(b)7 /J’7 A(f)7 A(b))

We define a Dirac structure D = A(z) & A°(z) on the
bundle to express the stoichiometric constraints on the
bundle

Alz) ={: e T.Z|li = SHY) —y®)
A°(z) = {27 € 22|14 = (8U) Ty, AW = ()T ).

Finally, we can apply a variational method, namely the
Lagrange-d’ Alembert-Pontryagin principle, to derive from
the Lagrangian and the Lagrangian forces the equations
of motions for the system. The principle reads

tend tend
5 / L(z,7) fp<,é’ f@) dt + / fo(2,8)02 dt = 0,
0 0

for constrained variations §. This leads us to the stoichio-
metric implicit Fuler-Lagrange in the form

<s<f>>%<x>> J— ((S(b))Tu(x)

T=SKExp ( T T
3. CONCLUSION

with K = diag(k;).

We have derived the equations of motion for a reaction
network on the Pontryagin bundle. The resulting equations
incorporate thermodynamic constraints by construction.
The fomulation also allows us to construct variational (and
thereby symplectic) integrators of an arbitrary order, as
shown in the full contribution. Furthermore, the implicit
Euler-Lagrange equations contain the Legendre transfor-
mation naturally. This means, our description allows to
incorporate a connection between the fluxes and a form of
“kinetic energy”, without the need for many adjustments.
We are working right now on an approach, which includes
heat as secondary energy form.
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Abstract:

Case-Based Reasoning (CBR) is an effective technique for solving cognitive problems. It
maintains old experiences which are encountered in various problems and presented as cases
in a case-base (Bergmann et al. (2005)). Consequently, indexing the cases in memory is an
important issue in enhancing retrieval and learning performance in a cognitive system. This
paper focuses on this issue and proposes an approach by integrating fuzziness for case indexing
in CBR. Generalization and fuzzification of similar cases are the main properties of this approach
in improving the performance of retrieval as well as reducing the size of case-base. Also, the
connection between signal-based measurement level and problem-oriented behavioral level of
the system which is a missing level in actual approaches is realized from a principle point of
view in this study. In addition, Situation Operator Model (SOM) proposed by Soffker (2008)
as a knowledge representation model is applied to CBR to model the events, related actions,
and their effects in term of cases. As an application experiment, COLIBRI developed by Diaz-
Agudo et al. (2007) is utilized as a CBR reference platform. A data set generated using a driving
simulator is utilized to learn two different classes of cases (start passing, end passing) generated
from maneuvers of drivers. Finally, the performance of retrieval process and similarity error
on fuzzy and conventional indexing approaches are measured to reveal the effectiveness of the
presented approach.

Keywords: Case-Based Reasoning, Situation Operator Model, Retrieval, Case indexing, Fuzzy
approach.
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1. MOTIVATION

An important condition for safe human interaction with
the environment is an entire and correct perception of the
actual situation. Particularly in complex dynamic situa-
tions the human cognitive abilities like planning, making of
situated decisions are important for the realization of safe
actions. Especially in safety-related activities or working
situations with high risk potential the correctness and
reliability of situated actions is of great importance. The
number of human errors or the related failure rates should
be minimized to ensure safe and correct actions and action
sequences. Supervising systems should help the human
operator dealing with complex management tasks. Those
systems have the tasks to increase the human perception
to detect possible or upcoming errors in time, and to
support human decision processes. Therefore an assistance
system must be able to capture relevant information and
interaction of the related environment, to structure, and
to evaluate them. Suitable aspects and characteristics of a
situation must be interpreted with respect to the available
knowledge, the appropriate and available actions, as well
as with respect to the intended aims and goals. Besides,
it is important not only to ”understand” the current sit-
uation, but also the possible changes, consequently also
predictions about the development of the situation and
future states. Therefore the understanding of the situa-
tion requires abilities like perception, interpretation with
respect to the task set or aim, as well as the prediction
of future states. These abilities are summarized under the
concept ”Situation awareness” given in Endsley (1995).

2. METHODS

In this contribution, the merging of modeling assumptions
is introduced as well as the common application for techni-
cal situation recognition in complex scenarios (Fig. 1). By
using a driving simulator, the typical behavior of human
driver is determined using a help of Hidden-Markov-Model
(HMM) approach, introduced in Rabiner (1989). The re-
lated Situation-Operator-Modeling methodology, which is
introduced in Soffker (2008), allows determining human
behavioral errors with respect to actions and decisions
using a situated calculated action space. Theoretically this
can be done in the complete action space. The combination
and fusion of both reliable prediction are to be used for
supervision of individual human interaction behavior. The
merged supervision and prediction will be presented in this
contribution based on the data using a driving simulator.

26

Observable
states

_~

Change lane
to left
(decelerate)

Changé lane

hange lane
N to left
. (accelerate) toleft
! Drive /Decelerate
. hange lane Changg lane
! to right Change lane to right
+ /(accelerate) (decelerate) |

Accelerate

to right

Fig. 1. Example for stochastik state automata
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Adaptive neuro-fuzzy approach to predict tool wear accurately in turning
operations for maximum cutting tool utilization
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Abstract: In industry, the capability to predict tool wear is an essential matter as the quality
and performance of a cutting tool directly affect the product quality. Developing a model to
predict tool wear can help control tool wear and maximize tool utilization. Therefore, this
study presents a method of predicting tool flank wear of coated carbide inserts while
machining AISI 1050 low carbon steel with a turning operation. The adaptive neuro-fuzzy
approach (ANFIS) was implemented in this research. Experiments were conducted based on
the Design of Experiments (DOE) technique by developing experiments with four factors at
four levels corresponding to the L;¢ (4*) experimental array to measure tool flank wear. At the
end, a verification test was conducted to illustrate the effectiveness of this approach. Using
ANFIS, average prediction accuracy of 92.42% was obtained and the ANFIS tool wear model
developed indicated how the interaction between factors influenced tool wear.
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1. ABSTRACT

Layering growth processes in fluidized beds are applied
in many industries, e.g. the pharmaceutical and food
industry, to produce free-flowing and dust free particles.
In fluidized bed layering, a liquid containing solid material
is sprayed onto particles. The liquid part evaporates and
the remaining solid builds a layer around the core particle.
This layer can be used to protect an active ingredient (odor
or taste masking) or it can contain the active substance
itself.

The modeling of particle growth processes in fluidized
beds is often done using population balance equations,
which require a mathematical formulation of the process
kinetics. In many cases, the resulting equations need to be
solved numerically. Therefore a discretization is required,
which may influence the solution. In this contribution it
is presented, how a stochastic modeling approach based
on a Monte Carlo method can be used to model a layering
growth process by describing micro-scale processes. In case
of layering growth in a fluidized bed, the considered micro-
processes are droplet deposition on a particle, droplet
drying and solidification, see Fig. 1.

In the simulation, droplets are deposited randomly on the
particles. After the drying time of a deposited droplet,
which is calculated using heat- and mass-transfer corre-
lations, has passed, it is considered to be dry. Then, its
remaining solid volume is added to the particle volume.
Those micro-processes are executed sequentially in the
simulation until a given process time is reached. The
presented method allows multiple droplet deposition (a
wet droplet can be deposited on a solidified droplet) and
accounts for the increase of the particle surface area due
to growth in the droplet deposition algorithm.

In order to check the developed algorithm we used a simple
population balance model for the dry solid. Both models
were fed with identical process parameters and the results
were compared. It is shown, that the results obtained with
both models are in good agreement with each other. Ad-
ditionally, the presented Monte Carlo algorithm is tested
with experimental data. The experiments were performed
in a lab-scale fluidized bed, in which 1 kg of non-porous
glass beads were coated with sodium benzoate solution.
The initial particle size distribution and the distribution at
the end of the process were measured using a particle size
analyzer (Retsch Technology GmbH, type: CAMSIZER).
The measured particle size distributions and the particle
size distributions obtained with the Monte Carlo algorithm
are also in good agreement.
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Fig. 1. Scheme of the three micro-processes considered in
this study.

The presented algorithm is limited to non-porous parti-
cles, which will be solved in the future by including the
imbibition of liquid droplets into the porous structure of
particles. Another effect which can be included is rewetting
of solidified droplets. Due to the deposition of a wet droplet
on a dry droplet, solid material may be dissolved leading to
changes in the coating layer porosity. Further properties,
such as coating uniformity and layer thickness distribution,
shall be predicted by this model.
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Abstract: This study presents an experimental investigation
of wire electric discharge machining (WEDM) for improving
the process performance. The effects of the machining
parameters were investigated on the machining performance.
Adaptive neuro-fuzzy inference system (ANFIS) was applied
to determine the effect of significant parameters on WEDM
performance. In addition, ANFIS was used to predict the
cutting speed (CS), surface roughness (Ra) and heat affected
zone (HAZ) in WEDM. The predicted CS, Ra, and HAZ
were compared with measured data, and the average
prediction error for CS, Ra, and HAZ were 3.41, 3.89, and
4.1 respectively.

Keywords: WEDM, Cutting speed, Surface roughness, Heat-
affected zone, ANFIS

1. INTRODUCTION

WEDM is an electro-thermal machining process for
conductive materials. A metal wire electrode with de-ionized
water is used to machine metal by the heat produced from
electrical sparks (Maher et al., 2014). Several approaches
have been used in modelling of WEDM process for
improving the productivity and achieving high quality. Fuzzy
logic, feed forward neural network, and ANFIS were used to
model the process and correlate the input parameters with the
performance measures. Because the WEDM involves a lot of
machining parameters and multi-performance characteristics,
the objective of the present study is to investigate the effects
of three machining parameters including peak current (IP),
pulse on time (Ton), and wire tension (WT) and develop
ANFIS model for improve the performance characteristics
namely CS, Ra, and HAZ for AISI 1050 carbon steel.

2. EXPERIMENTAL WORK

The levels of machining parameters were chosen according to
machining recommendations as shown in Table 1. The other
machining parameters were kept constant as a fixed value
during experiments to optimize the process. The experiments
were performed using Sodick ASOOW WEDM machine tool.
Hard brass wire with a diameter of 0.2 mm and tensile
strength of 1000 N/mm2 was used for machining blocks of
AISI 1050 carbon steel. The CS is recorded directly from the
WEDM machine tool monitor. The Ra was measured with a
stylus-based profilometers. Scanning electron microscope is
used to examine the surface characteristics of the machined.
Eighteen sets of data were used for training ANFIS.
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Table 1. Levels of machining parameters

Machining parameter Levels
Pulse on time (us) 0.15 0.20 0.25
Wire tension (g) 300 350 400
Peak current (A) 16 17 -

3. ANFIS MODELING AND DISCUSSIONS

Two membership’s functions (MF) of peak current and three
MFs of the other two parameters were chosen for creating the
ANFIS model. The generalized bell membership function
(gbellmf) was adopted for the ANFIS training process. The
fuzzy rule architecture of ANFIS when gbellmf is adopted
consists of 18 fuzzy rules based on the Sugeno fuzzy model.
During training, the 18 performance measure values were
used to conduct 50 cycles of learning with an average error of
8.37x10-7, 2.6x10-6, and 1.5x10-5 for CS, Ra, and HAZ
respectively. Four random readings were used as the testing
data set to verify the ANFIS model. The obtained average
percentage error is 3.41, 3.89, and 4.1 for CS, Ra and HAZ
respectively. The low error level signifies that the proposed
model can predict CS, Ra, and HAZ satisfactorily. As
conclusion from the ANFIS model results; the CS, Ra, and
HAZ thickness increase as Ton and/or IP increase. The WT
had a minor effect on CS and HAZ, but it has considerable
effect on Ra where, Ra decreases when WT increases.

6. CONCLUSIONS

ANFIS was successfully used to develop an empirical model
for modelling the relation between the predictor variables and
the performance parameters. ANFIS model with gbellmf is
accurate and can be used to predict CS, Ra, and HAZ in
WEDM operation. Moreover, this study concludes that the IP
and Ton are the most significant parameters affecting the CS,
Ra and HAZ. The WT has minor effect on the CS and HAZ
but it has great effect on the Ra.
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1. ABSTRACT

Modern equation based modeling languages like Modelica
offer convenient and safe methods to create large differential-
algebraic equations (DAEs). The composition of those equations
from reusable parts routinely yields systems that are not directly
applicable to efficient numerical simulation. Implementations
like Dymola rely on sophisticated symbolical transformations of
the model in question. These symbolical transformations have
become absolutely essential when it comes to simulation of
non-trivial DAEs, as both users and language rely on them.

This leads to the situation that the symbolic transformations
limit the modeling paradigm. One example for this are large,
homogeneous systems: A model might contain a large amount
of the same sub-components (i.e. to allow for finer granularity
in space) and allow for fast (e.g. linearly scaled) simulation.
But since index reduction often shows a super-linear asymptotic
runtime, the quite bizarre situation might occur that symbolic
analysis needs more time then simulation (or fails completely).

Therefore, we consider any optimization in index reduction as
highly relevant, especially for systems that might be scaled
depending on some structural parameters (i.e. a level-of-detail).
As we will show, hierarchic modeling yields the ability to
drastically reduce the computational effort necessary for index-
reduction by the compression of the input problem.

On a high level, structural analysis by the X-method can be
summarized as follows:

(1) Construct a structure-matrix X = (o;;) € Z"" of the model,
where every o;; indicates the highest derivative of unknown
Jj in equation §

Find a maximum-value perfect matching (called a highest
value transversal, or HVT in the original work) on the
induced weighted bipartite graph

Given that HVT, find the smallest optimal dual solution
c¢,d eN"

¢; is the number of times equation i needs to be differenti-
ated

2

3)

4

The static semantics of hierarchical modelig (i.e. the principles
of scoping and hiding) allow to reason about the outcome of the

* We acknowledge financial support from the German Research Foundation
(Deutsche Forschungsgemeinschaft DFG) within the project "Automatische
Modellierung und Simulation von technischen Systemen mit Unsicherheiten"
(AMSUN).
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structural analysis: We can enumerate all possible assignments
between protected variables and equations and be certain that
any assignment found for a larger model must contain one of
these sub-assignments. We know that each protected variable
can only be matched by an equation in the same instance and we
know all those equations. Therefore, given p protected variables
and e > p equations, there are at most (1‘;) possible assignments

between them. A component that fulfills e = p+ 1, is called
compressible, because exactly one equation must not be assigned
to a protected variable (as only equations inside the component
can “see” the protected variables).

To validate the optimization we implemented the compressed-
Y-method using a variant of the Jonker-Volgenant algorithm
for the LP solution search. We measured the runtime of the
structural analysis for different sizes of a simple example circuit
that contains many compressible components.

Compressing all sub-components of our example model reduces
the size of the structure matrix to only 20%. As table 1 shows,
the performance gain is quite impressive. This example is,
of course, quite well-posed for this kind of optimization (the
Jonkers-Volgenant algorithm required only 1 augmentation in
every experiment) and such drastic improvements should not be
excepted from every or even the most models.

n Compressed Analysis | Analysis w/o compression
500 10ms 50ms
2500 90ms 690ms
5000 210ms 2960ms
12500 660ms 17550ms
62500 10720ms /

Table 1.Runtime of model instantiation and com-
pressed X-method

Using this infomation, the size of a model’s structure matrix
can be reduced significantly, if the model consists of many
compressible sub-components. The compressed matrix yields
the same highest-value as the original one. Since the time needed
to search for a highest-value assignment grows super-linear
in the size of the structure matrix, our compression technique
significantly reduces the time needed to run a structural analysis
of large models.
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1. INTRODUCTION

Cellular automata are in many occasions perceived and
treated as natural systems consisting of a grid of cells
with locally characterised dynamic behaviour. A partially
different perception regards cellular automata as a method
for modelling and simulation. Of course in both cases
the basic ideas and the structure are mostly identical.
In the latter case the conception of cellular automata is
however used to depict a natural system as an abstract
conceptual model and to describe the simplified system in
a mathematical fashion. Also the term cellular automaton
itself is controversial in this case.

A more abstract approach to cellular automata can be
formalised in a functional analytic way as (locally char-
acterised) evolution systems or as strongly continuous
semigroups. This is the basis for connecting cellular au-
tomata and evolution systems with parabolic partial differ-
ential equations or abstract evolution equations (Goldstein
(1985); Engel and Nagel (2000); ...).

2. EXAMPLE: AGE-STRUCTURED SIR MODEL

An important demographic parameter in connection with
epidemiology is age. An age-structured population was for
example investigated by Iannelli and Martcheva (2003)
and modelled by the following partial differential equation
where S, I and R as well as P := S+ I + R are functions
T % [0, amax] — R4 where amax is the maximum age and
is the force of mortality (or age-dependent natural death-
rate).

S — 0,5 = —A(t,a)S — p(a)S
Ol — 0,1 = A(t,a)S — B(a)] — p(a)]
R — 0,R = p(a)] — p(a)R (1)
The parameter
At a) = /0 K(a, s)é(t, s)ds @)

depends on the contact behaviour (k) between different
age-groups (a and s) of the population.

However for real contact data between individuals with
specific age the corresponding evolution system is not lo-
cally characterised, because the typical contact behaviour

of a population (-, -) exhibits a shape as illustrated in
Fig. 1.

difference

Fig. 1. Typical form of a contact distribution x(a,a + -),
describing the likelihood of interaction of a person
aged a to other persons with age in [a — 100,a +
100]. This figure only shows the general form of a
contact distribution. For example ages below 0 are
not possible such that this function is not necessarily
symmetric. The peaks at —30 respectively 430 indi-
cate the interaction of children with their parents and
vice versa (i.e. generations).

3. CONCLUSION AND OUTLOOK

Analytic investigations often have to deal with nonlin-
earities (e.g. Tannelli and Martcheva (2003)). We try to
compare experimental data from a cellular automaton
implementation with analytic results for our application
example especially in context of local characterisation.
Also a stochastic cellular automaton model can be used
to simulate nonlinear systems. General methods for re-
lating cellular automata and parabolic partial differential
equations should be investigated.
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Abstract: This paper is concerned with the macroscopic modeling and simulation of traffic flow
on junctions. More precisely, we deal with a generic class of second order models, known in the
literature as the GSOM family. While classical approaches focus on the Eulerian point-of-view,
here we recast the model using its Lagrangian coordinates and we treat the junction as a specific
discontinuity in Lagrangian framework. We propose a complete numerical methodology based
on a finite difference scheme for solving such a model and we provide a numerical example.

Keywords: Traffic flow; junction; GSOM models; Lagrangian; numerical scheme.
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1. INTRODUCTION

In this paper we will not discuss different motivations
and applications of microscopic models, but are presenting
a technique to investigate the theoretical background of
microscopic models. In context of our work we use the term
microscopic model for dynamic (hereby used to indicate
temporal dependent) models, consisting of a high number
of similar sub-models, which will furthermore be denoted
as actors. By this term we want to cover big classes of
models like e.g. agent-based models, cellular automata or
microsimulation models. As a microscopic model does not
necessarily contain a spatial structure we will focus on
those kind of models though the presented technique can
also be applied on models without spatial relationships.

We furthermore lay special emphasis on the analysis of so
called aggregated numbers, typically some kind of sums or
statistics. We are analysing the behaviour of those quanti-
ties in case of a very large number, respectively in the limit
case, an infinite number of individual actors. We especially
focus on the influence of spatial relationships between the
actors on the aggregated number. Furthermore we apply
the results of the theoretical research on three different
microscopic models, each of them chosen to particularly
point onto an important observation.

2. METHODS

We use the diffusion approximation approach derived N.G.
Van Kampen (see Kampen, N. G. van (1982)) in order to
predict the temporal behaviour of aggregated numbers of
the model by differential equations. Diffusion approxima-
tion respectively at least its results are, by knowledge of
the author, still core of all theorems developed to per-
form aggregated analysis of microscopic models - so called
mean-field theorems (some examples: Boudec et al. (2007).
Benoit et al. (2006)).

Applying the method we derive the mean-field theorem

(1) to approximate the expectancy value ¢ (t) of the ag-
gregated microscopic model by the solution of a differential
equation and show some convergence results.

do o
a2

= =0 (;5(0)

(ei—ej)

$o- (1)

N
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Fig. 1. Left: Sample simulation runs of a modified ” Game
of Life” model for specific initial condition including
mean value (red). Right: Steady state analysis of (1).

3. TEST CASES

Furthermore three simple test cases are used to show
how the presented technique can be applied to especially
calculate means of counting variables for very simplified
toy-models. The three cases are chosen properly to draw
attention onto three different issues. A simple agent-based
model based on a SIR strategy will be used for a direct
verification of the mean-equation 1 an how it is applied.
A cellular automaton (CA) based on John H. Conways
Game of Life furthermore shows that the technique can
fail occasionally caused by clustering effects and spatial
relationships. A modification of the CA finally helps to
understand the value of the theoretical analysis as a
steady-state analysis of equation (1) needs to be performed
(see Figure 1).
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1. INTRODUCTION

The pollution of groundwater is an important field of interest
regarding the water supply of all countries no matter how
poor or rich. The analysis of this problem is based on the
study of partial differential equations. In this case it can be
restricted to the analysis of the convection diffusion equation.
Diffusion equations are not only used to describe distribution
of pollution. In biological fields of studies these equations
are used to model the development of pattern formation for
example in the fur of cats. There are also other fields which are
confronted with the analysis for example of reaction-diffusion
equation. In the chemistry the mixture of two substances can
be simulated using this equation. Also in the finance market
another form of the diffusion equation is used to predict the
behaviour of stock buyers. The following paper focuses on
the different possible approaches for pollution simulation. The
first part will deal with the derivation of the regarded equation.
Then there are three different types of approaches introduced to
analyse the behaviour of this equation. On the one hand there
are analytical and numerical methods to solve or approximate
the regarded partial differential equations. On the other hand a
more stochastic approach will be introduced.

The starting point of this research was a Benchmark of EU-
ROSIM. In this Benchmark a rectangle is given. There is a flux
along the x—axis which is constant. The given diffusion coef-
ficient is constant as well. Therefore the convection diffusion
equation will be analysed in a two dimensional rectangular area
with a constant flow along the x—axis.

2. CONVECTION DIFFUSION EQUATION

The needed convection-diffusion equation can be separated in
two parts, each describing a different process. One the one hand
there is the oriented movement, called the convection. On the
other hand there is a chaotic behaviour which describes the
diffusive motion. This movement is characterized by minimal
randomized motion of small particles. A transport of particles
from regions with high concentration to areas with low con-
centration can be observed. This behaviour is mathematically
formalized in Fick’s First Law:

Ji:R" = R" with  Jy(x) = —D(x) - Ve(x) ()
It declares that the flux is proportional to the concentration
gradient going from regions with high concentration to regions
with low concentration as described in Larsson et al. (2005).

The variable J; stands for the diffusive flux. This can be a
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function of space x. The flux is also influenced by the diffusion
coefficient D and the concentration c.

The oriented movement, the convection, accrues due to a flux.
The flux is described with a velocity field v. This vector field
contains the flow movement in every possible direction. It
can, as well as before, depend on space variables. Due to flux
velocity the concentration c of a certain substance at point x will
be transported to the place x +¢v after time step z. Therefore the
convective flux of mass J. : R — R" can be written as:

Je(x) =v-c(x). 2)
Due to the fact that a closed system is considered the conser-
vation law can be used. In this case it means, that the regarded
property does not change. It describes the relation between the
time rate of change regarding the concentration of a certain
quantity ¢ and the change in space regarding the flux J.

dc

ot

The combination of the equations (1) and (2) results in the
replacement of the the flux J in equation (3) with J = J. + J;.
This leads to the diffusion equation.

+V-J(x)=0 3)

dc dc
E+V-J=O:>E+V(—D~Vc—|—v-c):0 4
é%:V(D~V0)7V(V~C) 5)

3. DISCUSION

The main point of this paper is a comparison of different meth-
ods simulating convection-diffusion equations. There are three
different approaches explained. At first a analytical solution
is given. Unfortunately this may not be possible in any given
scenario. Therefore the second approach deals with numerical
methods solving the partial differential equation. In order to
evaluate the results of all approaches properly the analytical
solution can be used. The third method covers a stochastic
approach, well known as Random Walk. In the paper not only
the results but also the advantages and disadvantages of the
methods are discussed.
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Abstract: Aggregation is an important size enlargement process in many industries. The
modelling and design of the process can be done using the population balance framework,
however, in almost every case a numerical solution of the equations must be obtained. In
this paper, we present a new numerical scheme (NFVS) for the one-dimensional aggregation
population balance equation or Smoluchowski equation on non-uniform grids. We compare the
new scheme with a current scheme by Forestier-Coste and Mancini (FVS) considering some
classical examples. The simplicity and generality to apply on uniform and non-uniform meshes
are main features of the new scheme. Furthermore, the proposed new numerical scheme not only
conserves the total volume of individuals in the system and is consistent with the total number
of individuals, also higher-order moments are predicted well by the new scheme.

Keywords: Aggregation, population balance modelling, finite volume scheme, non-uniform
meshes
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The necessity of applying algorithms based on explicit
methods appears in numerical large-scale stiff problems
solving as shown in. Integration methods on a base of implicit
or semi-implicit numerical schemes usually use the
decomposition of the Jacobi matrix, that is a separate time-
consuming task. In such a situation, the algorithms based on
explicit formulas are more efficient if stiffness of the problem
allows to get an approximation to a solution in a reasonable
time.

The step control algorithm is usually based on accuracy
control of a numerical scheme. It is natural, because the
accuracy of the approximation is the main requirement of
calculations. However, applying the integration algorithms
based on explicit methods to stiff problems leads to the loss of
efficiency and reliability. The reason is the contradiction
between the accuracy and stability in a settling region which
leads to a large amount of the recomputed solutions, whereas
the step is much less than the maximum allowable one. The
additional stability control of a numerical scheme allows to
avoid this problem. At the present time, there are two common
approaches to the stability control, based on application of the
Dahlquist test equation.

The first is connected with the estimating the maximum
eigenvalue of the Jacobi matrix using its norm with the
subsequent (in addition to the accuracy control) control of the
inequality h||f,||<D, where h is an integration step, |f,|| is a
Jacobi matrix norm of an ODE system. Here, D is a positive
constant correlated with the size of a stability domain. It is
known, that explicit numerical schemes do not involve the
Jacobi matrix. Therefore, applying the approach mentioned
above leads to the additional calculation of the Jacobi matrix
and, consequently, to the increase of computational costs.
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The second approach is based on the estimation of the
maximum eigenvalue Anax Of the Jacobi matrix by the power
iterations using the increments of the right-hand part of the
system of ordinary differential equations with the subsequent
control of the inequality hjAn<D. This estimation does not
lead to the increase of computational costs in all the
considered situations.

In this paper, the stability control inequality for the second
order Ceschino method is constructed. The first order method
based on the stages of the numerical Ceschino formula with a
stability interval extended to 32 along the real axis is
constructed. A new integration algorithm of alternating order
and step formulated. The numerical results of stiff problems
solving, confirming the increase of the efficiency due to
alternating order and the stability control are given.

This work was partially supported by Project 14-11-00147 of
Russian Scientific Foundation.
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In this contribution, a step toward the immediate usage of Modelica models in the solution of optimal
control problems is demonstrated. For this purpose, a model of a steam boiler in a power plant taken from
literature was implemented in the high-level modeling language Modelica. The optimal control problem
of the steam boiler start-up is formulated and solved using the JModelica framework with the Optimica
extension. The results demonstrate the effort saved in solving an optimal control problem when using the
JModelica framework in comparison to individual, case- specifically arranged solutions.
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1. INTRODUCTION

Equation based object-oriented modelling languages such
as Modelica are increasingly used for modelling complex
electro-mechanical systems. Although compiling and ex-
ecuting a Modelica model can in some cases take many
days, the performance characteristics of Modelica models
and compilers are not well understood.

Many simulators have been developed, and in this arti-
cle we focus on simulation of systems described in the
Modelica language (Fritzson, 2010). Simulation of Mod-
elica models is a complex process consisting of numerous
distinct phases. At an abstract level, there are two main
phases, compilation and execution. Compilation translates
the Modelica source code, consisting of a differential alge-
braic equation (DAE) representation of a model, into a
natively executable program for a particular architecture.
Once compiled, the program can be run to simulate the
model’s behaviour.

The compilation phase can be subdivided into several more
phases, which are to some extent compiler-specific. This
paper focuses on the OpenModelica implementation of
Modelica (Fritzson, 2013), and we discuss the phases of
that compiler; other compilers (e.g. Dymola and jModel-
ica) follow a similar pattern.

Modelica allows models to be specified by interconnect-
ing components or model sub-systems. Component mod-
els may vary significantly in terms of their underlying
equations, leading to significant variance in simulation
demands. We address two aspects of models, to study their
role in simulation complexity: component model specifi-
cations, and model structure, based on interconnections
of components. In this article, we hence focus on three
aspects of Modelica inference:

Compilation Phases By recording timings for individ-
ual compilation phases, we highlight the phases that
contribute most to compilation time, giving useful in-
formation about which sections of code are most worth-
while targeting for future performance improvement.
We show that both the Modelica and C compilation
phases are critical, with the interactions being model-
specific; this indicates that one also needs to examine
the interactions between the Modelica and C compilers,
and not just the Modelica compilation process.

Model Components Different components may vary in
their contribution to simulation performance, so we
compare models with different component classes. We

* This work is supported by SFI grant 12/RC/2289.

show that different components may have a significant
impact on compilation and simulation times.

Model Topology Our experiments analyse differences in
performance arising from variation in model structure.
We show that different topologies may have a significant
impact on compilation and simulation times.

2. CONCLUSIONS

To date, most effort has been focused on optimising
the Backend phase, e.g. Frenkel et al. (2011, 2012). Our
experiments indicate that the Frontend, SimCode and
Compile phases can also be critical, with the relative
importance of each phase being dependent on the model
topology.

Our data show very large differences introduced by vari-
ations in network topology, while changes to compo-
nent types have comparatively little impact. While all
model variations considered showed exponential growth
in compilation-simulation time (when compilation suc-
ceeded), wide differences in their growth rate were ob-
served. The high exponential growth seen in linear circuits
of this class can be mitigated through topological inference
prior to Modelica simulation. OpenModelica does per-
form BLT transformations, which is a form of topological
inference; however, this inference is done at the equa-
tion/variable level, and not at the component-topology
level. As a result, BLT transformation does not avoid expo-
nential blowups, and component-topology transformations
are needed.
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Abstract:

Mathematical modelling of CO, capture from industrial flue gas by absorption into amine solutions such
as monoethanolamine (MEA) has been undertaken for decades and steady state, rate-based and dynamic
models have been constructed to predict the changes in the process. Recently, dynamic models have been
used to predict the effect that physical operational changes have on the absorption process. As more is
learnt about the chemistry of MEA and CO, it becomes evident that the absorption system is losing
available MEA, by degradation and by vaporization into the gaseous phase. This paper describes a
dynamic model of the absorber column that can be used to predict the reduction of available MEA, the
loss of MEA to the atmosphere, and the build-up of heat stable salts. The proposed mathematical model
consists of a system of partial differential equations to represent the change of each component with
height of the column and with time. It has been validated with data from a pilot capture plant located at
the brown coal fired Loy Yang power station in Australia.
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Abstract: The initial intention of this essay was to compare our environmental code PRIMO with the
commonly accepted code COSYMA. All basic output radiological variables are in very good agreement
after our careful mutual tuning of all input parameters of both products. However, a certain disproportion
was encountered when proceeding to the estimation of radiation doses. It became apparent that due to the
hidden variability of the parameters of the dosimetric model, the estimation of the radiological impact on
the human body can be generated with a different degree of conservatism. These effects should be
accounted for when using the environmental codes for assessment of the radiological impact on a
population. An alternative approach of the assessment taking into consideration the variability and
subsequently uncertainty of the input parameters can afford more informative answers to the evaluation
questions. From this point of view, the PRIMO algorithm follows the research trend of progress from the
deterministic calculations towards the probabilistic approach of the consequence estimation.

The early stage of a radiation accident has been verified with help of the PRIMO code. This code can be used by the potential
authorised contracting authorities planning the construction and operation of a nuclear facility when compliance with the strict
obligatory governmental regulations has to be proved. The product was submitted to the Czech Standardisation Board and
approved (2013) for its use in the field of nuclear safety. The “worst case” analysis should be performed for a set of prescribed
Design Basis Accidents (one of them was the SBLOCA examined here). Before using PRIMO, one must be aware of all
pitfalls of the assessment and undertake responsibility for delivery of the relevant input data and correct interpretation of the
results. The variations of the inputs should be adjusted with regard to the parameter distributions. In the simplest case the
interval of the potential minimum and maximum values based on the expert elicitation procedures can be assumed. If the
parameter is assumed to be random, the values should be sampled from its probability density function. We are thus entering
the area of the sensitivity and uncertainty studies and up-to-date trends of the probability approach can be followed. The HARP
code is designed for either deterministic or probabilistic analysis (HARP, 2013). Simulation of the uncertainty propagation
through the model also provides a basis for another main task of the analysis called assimilation of the model predictions with
the real measurements coming from the terrain. Data assimilation represents the way to progress from a model to reality and
can substantially improve the quality of the model predictions (ASIM, 2012).

The environmental program product HARP (HARP, 2012) includes segmented Gaussian algorithms in the PRIMO and SGPM
modifications. The latter version can respect time and spatial weather changes. The complicated scenario of the release
dynamics is thus synchronized with the available meteorological forecasts. The SGPM is aimed at detailed modelling in the
data assimilation procedures (ASIM, 2013). In the following tests we are using the simpler PRIMO component for description
of straightforward radioactivity propagation in the air prospectively proposed for the fast sensitivity analysis and "worst case"
studies. The safety studies are also incorporated in the EIA Reports within the licensing process when the operational safety
should comply with the obligatory governmental regulations. The detailed comparative study of the PRIMO and COSYMA
results is presented here. Possible pitfalls associated with the estimation of radiological burdens on population are
demonstrated.
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Abstract: : Phytoplankton are ectotherms and are thus directly influenced by temperature.
They experience temporal variation in temperature which results in a selection pressure. Using
the Adaptive Dynamics theory and an optimization method, we study phytoplankton thermal
adaptation (more particulary the evolution of the optimal growth temperature) to temperature
fluctuations. We use this method at the scale of global ocean and compare two existing models.
We validate our approach by comparing model predictions with experimental data sets from
57 species. Finally, we show that temperature actually drives evolution and that the optimum
temperature for phytoplankton growth is strongly linked to thermal amplitude variations.

Keywords: phytoplankton, temperature, evolution, Adaptive Dynamics, microalgae, modelling
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Abstract: The capture zone equations of a multi-well system in bounded confined and
unconfined aquifers are derived. The aquifer is rectangular shaped in plan view and bounded
along all four sides. The boundaries could be in-flow (constant head) or no-flow (barrier) or a
combination of both and hence six boundary configurations are formed. Using the image well
theory the flow field in bounded aquifers is first transformed to its equivalent in extensive
aquifers and then the complex velocity potential theory is applied for the generation of stream
function delineating the capture envelope. We show that the derived solution is general and it
may be easily reformulated for some existing solutions of capture zone. Our solution is flexible
in terms of well number, well location, well type, extraction/injection rate, uniform regional
flow rate and direction and number of boundaries. The derived equations are presented in
form of dimensionless capture type curves that may be used for the remediation of
contaminated groundwater project design, containment of contaminant plumes and the
evaluation of surface-subsurface water interaction.
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EXTENDED ABSTRACT

To increase the dynamic performance and to minimize the
steady-state control error, many modern control schemes
rely on model knowledge of the plant. Especially in the
field of robotics, model based control strategies were often
used, including computed torque, adaptive and impedance
control (see e.g. Chapter. 9-11 in [1]). These control
schemes, where the model parameters have to be a priori
known, require the knowledge of the model structure and
a parameter identification method [6].

Due to the kinematics of spatial rotations, the inverse-
dynamic equations of multi-body systems are strongly
non-linear w.r.t. the state variables. It is a well known
fact that, deriving the inverse-dynamic model by the La-
grangian formalism (or by means of the iterative Newton-
Euler algorithm), the inertial parameters appear linearly
[3]; consequently, the identification model can be formu-
lated linearly w.r.t. the unknown parameters. This prop-
erty allows the identification of the inertial parameters
using linear least-squares methods.

When formulating a robot identification model, a challeng-
ing property of multi-body systems has to be considered:
the inertia of consecutive bodies is coupled via joints, i.e.,
in general the set of standard inertial parameters (i.e.,
mass, mass moment first and second order for each body)
consists of dependencies. Furthermore, some parameters
do not affect the dynamics. In the case of using the
standard inertial parameters, the observation matrix of
the identification model is singular and not invertible.
Therefore, only the set of identifiable parameters can be
estimated, which correspond to non-zero and linearly in-
dependent columns of the observation matrix.

To calculate the minimal set of identifiable parameters,
which are often referred to as base inertial parameters
(BIP), several algorithms have been proposed, i.a. [2-5].
Most of these algorithms use a manual search strategy
which can be applied to a special class of robot structures
and aim to derive the identifiable parameters in symbolic
form. By the mentioned method several algorithms are
derived to calculate the BIP of robot structures, where
only single degree of freedom joints connect apparent
bodies. Two numerical approaches to calculate the BIP
have been proposed in [2|. Both methods are applicable
for a large class of mechanical systems and straightforward
to implement. The set of BIP is obtained in numeric
form. The numeric approach given by [2] can be extended
to obtain the BIP in symbolic form [4]. Herein also the
structure of the dynamic model has to be taken into
account.

In this paper, we present a general algorithm to derive the
symbolic expressions of a unique set of identifiable param-
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eters and the corresponding reduced regressor matrix of
general linear parameter models. We propose to transform
the unknown parameter vector into the row space of the
initially rank deficient observation matrix. This leads to
a minimum set of identifiable parameters, fully describing
the model, and thus to minimum degrees of freedom in
the solution of the linear least-squares problem. Regarding
the exemplified derivation of the set of BIP of robots,
the non-singular linear row space transformation is de-
rived symbolically, without analyzing the structure of the
model, in contrast to [3-5]. Furthermore the method ap-
plies to complex multi-body structures with multi-degree-
of-freedom joints. In addition, as exemplified in the experi-
mental part, the method can be applied to dynamic models
with non-collocated placement of the position and torque
sensors. Therefore, the proposed closed-form approach is
more general than the methods in [3-5]. In contrast to
the numeric approaches [2], the output of our algorithm
is the identification model in symbolic form. This is an
advantage, since the resulting model can be further used,
for instance, to find optimally exciting observations for
the identification procedure, e.g. robot trajectories [6] or
to reduce the computational costs to compute the model,
e.g. )the inverse dynamics of the robot (cf. derivation of
BIP).

The paper contains theory of the new method to determine
the identifiable parameter model. The procedure of the
closed form algorithm is exemplary demonstrated for the
double pendulum dynamics. In addition we validate the
performance of the method in experiments with a complex
structured robotic system. Finally a brief conclusion is
given.
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1. INTRODUCTION

Insights about the structure of the equations have turned
out to be of great usefulness when dealing with floating
base robots. In this paper a coordinate transformation is
proposed that provides an inertially decoupled structure
for the equations of motion of this class of systems. We
show that the conservation of momentum directly implies
orthogonality relationships between some of the matrices
of the dynamic model. These can be used to perform a co-
ordinate transformation that leads to inertially decoupled
equations, since in the new coordinates the transformed
inertia matrix will be block diagonal. As the center of mass
(CoM) has been used both for locomotion and balancing
of legged robots because of its decoupled dynamics from
the rest of the system, we expect to benefit from our coor-
dinate transformation since it allows to separate the linear
and angular centroidal dynamics from the joint dynamics.
As an example of application, the proposed transformation
is used in the derivation of a humanoid balance controller.

2. MAIN RESULT

For floating base robots the state is usually defined by
the variables & and v, being x the complete configuration
coordinates with dimension n, and v € R™ the complete
velocity coordinates, i.e. including both the floating base
and joint coordinates. Indicating with 7 € R™s the torques
provided by the motors and with w; € R® one of the m
contact wrenches, then the dynamic model can be written
as

m
M(z)o + C(z,v)v+g(x) = Q"+ Y J] (@)wi , (1)
i=1
where @ is the matrix that selects the joint velocities
g € R" out of all the velocity coordinates, i.e. ¢ = Qu.
Moreover, it is always possible to express the generalized
momentum h € RS ie. the linear and the angular
momentum stacked together, as

h=A(x)v . (2)

From the conservation of the generalized momentum and
of the angular momentum, orthogonality relationships
between matrices of the dynamic model can be derived.
As in Ott et al. (2008), these orthogonality relationships

* This research is partly supported by the Initiative and Networking
Fund of the Helmholtz Association through a Helmholtz Young
Investigators Group (Grant no. VH-NG-808).

are used to derive a velocity coordinate transformation,

namel
yE = {Z] = Ag(z)v Aq(z) = [Ag)}
v=A,(2)€ .

In the new coordinates the equations of motion are (omit-
ting the dependencies)

Ap 0 0 . I‘p;l% rpl qu geg
OAlOS—i——%l Iy Tg| €&+ 01
T
00l U T Tul L0
0
= 1|0 —I—Zj;r’wz
T i

where J;(z) = Ji(:c)Azzl(cc).
3. APPLICATION

We propose a balancing controller which exploits the
structure of (3). The control law is evaluated in an
experiment with the humanoid robot TORO, developed at
the German Aerospace Center (DLR) and shown in Fig. 1.

Fig. 1. Setup of the experiment
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Abstract: This paper develops the equations of motion in the reduced space for the wheeled
inverted pendulum, which is an underactuated mechanical system subject to nonholonomic
constraints. The equations are derived from the Lagrange-d’Alembert principle using variations
consistent with the constraints. The equations are first derived in the shape space, and then,
a coordinate transformation is performed to get the equations of motion in more suitable
coordinates for the purpose of control.

Keywords: Underactuated mechanical systems, nonholonomic constraints.
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1. SUMMARY

A common approach for modeling the dynamic behavior of
distributed parameter systems is the approximation through
finite-segment models. These models are able to accurately
predict the dynamic behavior of a system given that
“adequate” segments are included in the model. Frequency-
based methodologies can be used to address the complexity
of such models. The purpose of the current work is to address
the complexity of distributed parameter using the previously
developed activity metric. More specifically the complexity
of an Euler-Bernoulli beam model is considered. Bond graph
models of this system already exist in the literature and the
objective is to identify the necessary complexity (number of
segments). A new modeling procedure is proposed for this
type of systems where the model starts from simple and the
number of segments is increased until an activity based
criterion is satisfied. An illustrative example is provided to
demonstrate the effectiveness of this methodology.

2. ACTIVITY METRIC

The activity metric as shown in (1) has been previously
formulated for systems with nonlinearities in both the
element constitutive laws and junction structure. In this
work, the activity metric is applied to linear systems for
which analytical expressions for the activity can be derived,
and therefore, avoid the use of numerical time integration that
could be cumbersome. The analysis is further simplified if,
in addition to the linearity assumption, the system is assumed
to have a single sinusoidal excitation, and only the steady
state response is examined.

A= ﬂp(t)\ cdt = ]\e(t) (1) - dt 1)

3. MODEL COMPLEXITY METHODOLOGY

In this work the input activity, which provides a measure of
the overall system activity level, is used as the metric for
identifying the minimum number of segments. The input
activity changes as the number of segments varies and the
proposition of this new methodology is to increase the
number of segments until the input activity reaches a steady
state value. This approach is motivated from the principle of
the activity metric stating that low activity elements do not
contribute to the system behavior and should not be included
in the model. In this case the equivalent is that an increase in
model complexity producing a “small change” in the input
activity is not significant, thus such increase is not necessary
for the model accuracy. Again, based on the activity
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principle, a small change in the input activity is insignificant
and thus does not contribute to the overall system behavior.
This “small change” is defined through the relative activity
0A that is mathematically expressed in (2). The input and
relative activities vary with the frequency of the excitation,
and therefore, the optimum complexity depends on the
excitation frequency.

A® (w, n+ 1) — A" (w, n)
A* (w,n)

A (w, n) = (2)

4. RESULTS

The results for the optimum model complexity of the
transverse vibrations of a cantilever beam are shown in
Fig. 1. For low frequencies and up to 32 rad/s, 55 segments
are necessary to accurately predict the system response. As
the input frequency increases the number of segments
increases in order to maintain accuracy. It exponentially
increases as it approaches the first natural frequency at
262 rad/s and just before 236 rad/s the maximum allowable
number of segments is reached. More segments need to be
added at frequencies around the fundamental natural
frequency. At higher frequencies and after 285 rad/s the
number of segments reduces again reaching a minimum of
81 segments at 700 rad/s and then a similar pattern is
repeated for higher input frequencies. For simplicity the
optimum complexity is limited to 200 segments.
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Fig.1: Frequency response of optimum complexity

A new methodology is developed for the systematic
modeling of continuous systems that are modeled through the
finite segment approach. The previously developed activity
metric is used as the basis for determining the optimum
number of segments that are needed in order for the model to
accurately predict the system dynamic behavior. The activity
that flows through the input is used and the optimum
complexity model is shown to be accurately predicting the
system behavior over a range of input frequencies.
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. ABSTRACT

This work starts with the derivation of dynamical models
for bevel gear and epicyclic limited—slip differentials. These
models include losses and the capability of describing
asymmetric torque splitting. It is shown that two different
mechanical structures lead to a common system descrip-
tion. Additionally, the stationary torque splitting depend-
ing on the system parameters is determined. As Coulomb
friction is used to consider both losses and limited—slip
functionality simulation is difficult because of a disconti-
nuity at zero angular velocity. A method for overcoming
these simulation problems, based on force-balancing, is
presented. Simulation studies using the proposed simula-
tion strategy show striking similarities with measurement
data from a differential gear test bed.

2. MODELLING, SIMULATION

The paper presents two different structures for differential
gears, the bevel gear differential and a differential gear
based on a planetary gear set. For both types a second
order dynamic system model is presented. Both dynamic
models include limited-slip functionality, losses and asym-
metric nominal torque splitting and can be generalised by
the system description

Tyf _ Bu _ [ @2 Tr1(z1)

T2 B1 B2 ) |Tra(z2)|’
where u is the system input. Because the two friction
torques Tr1; and Tps may include static and Coulomb
friction this dynamic system belongs to the class of vari-
able dynamic dimension systems (Zanasi et al. (2001)). In
addition to modelling special focus of the paper is on the
simulation of this particular variable dynamic dimension
system. Based on previous work (Morselli et al. (2006)) a
simulation strategy for the second order variable dynamic
dimension system based on Force-balancing (Karnopp
(1985)) is presented. One substantial contribution is a
method for determining the friction torques Ty and Tro
required for simulation depending on the system input u
when both system states are zero.

(1)

* This work was supported by Kristl, Seibt & Co GmbH.
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3. RESULTS

Finally the simulation results are compared to measure-
ment data form a differential gear test bed. Fig. 1 shows
the rotational speeds measured at the differential gear’s
output shafts and additionally the rotational speed of the
differential cage. Fig. 2 shows the measured input torque

rot. speed n (rpm)
T

30 40 70

time ¢ (s)

Fig. 1. Measured rotational speeds

To (grey) scaled by the factor two and the transmission
ratio ¢ and a comparison of measured and simulated output
torques, showing a very good match.
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Fig. 2. Measured and simulated torques
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Hydrostatic drives constitute an advantageous alternative
to conventional mechanical gears with a fixed transmission
ratio. In a typical setup of a hydrostatic drive train, the
energy delivered by an internal combustion engine (ICE)
on the primary side of the system is transmitted across
a hydraulic circuit to the output on the secondary side.
The infinitely variable transmission (IVT) allows to run
the ICE in a set point which is optimal from an ener-
getic point of view. Furthermore, recuperation of braking
energy can be done in a very efficient way by loading
a hydraulic accumulator, see, e.g., Erkkild et al. (2013).
For this reason, hydrostatic drives are a well-established
concept, in particular in the field of mobile working ma-
chines such as lift trucks or excavators. Current research
is concerned with the exploitation of these advantages for
passenger vehicles. The hydrostatic drive train represents
an alternative concept for automotive manufacturers com-
pared to conventional hybrid drives with electric engines.
These serial hydraulic hybrid vehicles (SHHVS) require
sophisticated control strategies which translate the torque
request of the driver into a suitable actuation of the sys-
tem by simultaneously fulfilling performance and energy
efficiency demands. The basis for the controller design are
mathematical models which are tailored to the considered
drive train.

Various configurations of SHHVs exist in the litera-
ture. Typically, like in Deppen and Alleyne (2012),
swash plate controlled variable displacement axial piston
pumps/motors are used to control the hydraulic flow be-
tween the primary and secondary side of the drive. In
most contributions it is assumed that the control of the
axial piston units is performed by standard displacement
controllers and therefore the underlying dynamics are not
accounted for. For the design of highly dynamic torque
control strategies, this simplification is not feasible and
yields a limited control performance. For this reason, the
present contribution deals with the mathematical model-
ing of an SHHV, where the essential nonlinear dynamics
of the axial piston units are taken into account.

The mathematical modeling of variable axial piston pumps
is discussed extensively in the literature. In Fuchshumer
(2009), a dynamic mathematical model, consisting of the
equations of motion of the pump, the swash plate mech-
anism and the actuating valve, is presented. Because of
the different hydraulic and mechanical setting compared
to Fuchshumer (2009), a detailed model of the axial piston

* The authors from Vienna University of Technology highly appre-
ciate the technical and financial support provided by Robert Bosch
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units of the considered SHHV is derived in the first part
of this paper, which captures the essential dynamics of
the pump, the displacement system and the actuating
valve. Besides, in order to account for the mechanical and
hydraulic efficiency of the axial piston units, the torque
and volumetric losses are approximated by polynomials
which are fitted to stationary measurements. The detailed
model thus obtained is suitable to validate different control
strategies for the SHHV and to study the influence of
model parameters. However, it entails a high computa-
tional burden, in particular if it serves as a basis for nonlin-
ear MPC (Model Predictive Control), see, e.g., Griine and
Pannek (2011). For this reason, the present contribution
demonstrates how the complexity of the detailed model
can be reduced successively by exploiting the singular
perturbation theory, see, e.g., Kokotovic et al. (1999).
Thereby, the fast dynamics of the detailed model are
considered in a quasi-stationary manner, thus leading to
a reduced-order model which is suitable for the controller
and estimator design. Both the detailed and reduced-order
model are validated by measurements on an industrial test
bench. It is shown that the reduced-order model almost
preserves the accuracy of the detailed model for a quasi-
stationary and a dynamic actuation scenario of the system.
Current research is directed to the application of nonlinear
MPC to the considered system. Thereby, the reduced-
order model serves as a perfect basis for the controller
design.
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Constraints and friction both exist in almost every me-
chanical system. However, even on their own, both effects
are not easy to describe in a dynamical model of a multi-
body system without losing numerical stability. Therefore,
constraints with friction, i.e. friction only occurring while a
constraint is active, is especially challenging. In literature,
the combination of constraints and friction is mostly lim-
ited to the contact of simple single-body systems. More
complex scenarios for multiple contacts with friction of
multi-body systems are rather sparse. Approaches in liter-
ature that try to deal with those problems are complicated
to handle. However, there exist a lot of modeling theories
for the single problems of impact or friction.

Regarding dynamic impact models, many approaches can
be found in literature. For unilateral contacts, two different
kinds of approaches can be distinguished. On the one
hand, rigid body impacts are based on the conservation of
momentum, being derived from the closely related impact
models of Newton or Poisson for single-body systems.
This approach approximates the impact by two perfectly
smooth and rigid bodies, allowing no deformation or inden-
tation. Extensions are available to introduce dissipation
as well as for multi-body systems. On the other hand,
continuous force models assume elastic objects and de-
scribe the force counteracting the impact in relation to
the elastic deformation. These models are mostly based
on the Hertzian spring theory and can also be extended
by dissipative elements like dampers. Enhancements for
multi-body systems are also available.

Both classes of approaches show several problems within
the application in multi-body systems and incorporating
friction. Due to the lack of a persisting contact within
rigid body impact theory, friction can hardly be handled
in these approaches. Additionally, the switching behav-
ior of the impact model can cause numerical problems,
becoming even worse in multi-contact scenarios of multi-
body systems. Although the continuous force models are
suitable for multiple contacts also including friction in
theory, the exponentially growing modeling effort due to
underlying piecewise-defined functions and the necessity of
considering every contact combination makes the approach
very or even too complex in practice.

These disadvantages are avoided by a recently developed
modeling approach for unilateral constraints using power-

* The authors thank the German Federal Ministry of Economics and
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based restriction functions. Within this approach, each
constraint is approximated by the multiplication of a con-
tinuous activation function and a continuous restriction
function, whereas each of them can be adapted to the
real constraint behavior by two physically interpretable
parameters. These restriction functions can easily be inte-
grated in the Lagrangian equations of the second kind, and
a calculation of the normal force is also available, which
allows the direct integration of additional friction.

Concerning friction, several static and dynamic modeling
approaches have been developed since the early works of
Coulomb. Static friction models usually comprise Coulomb
(or dry) friction, Stribeck friction, and/or viscous friction.
Certainly, these static models are not able to describe
hysteresis or memory effects, which are dynamically caused
by friction. These dynamic effects can be covered by more
complex dynamical models, which introduce one or more
additional states. Besides other individual disadvantages,
these approaches share the usage of stepping or absolute
value functions at the zero crossing of the velocity, re-
sulting in unstable numerical behavior in simulations with
larger sample times or observer applications.

Especially to overcome this numerical issue, a new dy-
namic friction model was proposed recently. The model
uses continuous functions only to approximate the com-
mon static effects. Furthermore, hysteresis and memory
effect are embedded by a first order linear parameter-
varying (LPV) lowpass filter, whose time constant depends
on the velocity. This yields high precision for high sample
rates, while for low sample rates the numeric stability is
guaranteed by rougher approximations.

In this contribution, the combination of this numerically
favourable friction model with the restriction function
approach for constraint modeling is presented. Inherited
from both underlying modeling methods, which are shortly
summarized in the contribution, the proposed combination
uses continuous functions only to describe or approximate
the effects of impact and of friction. It is shown that this
approach can be integrated within Lagrangian mechanics,
making it easy to use for any kind of mechanical system.
The approach is then used to simulate a double inverted
pendulum with friction being present if constraints are
active. This simulative experiment is described and the
results are discussed, showing that very good and re-
producible results can be achieved due to the numerical
stability of the proposed method.
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1. INTRODUCTION

It is known that the journal bearing with an oil film becomes
instable if the rotor rotation speed crosses a certain value,
which is called the Bently-Muszynska threshold. To prevent
the rotor instability, the active control can be employed. The
arrangement of proximity probes and piezoactuators in a
rotor system is shown in Fig. 1. It is assumed that the carrier
ring is a movable part in two perpendicular directions while
rotor is rotating. The carrier ring position is controlled by the
piezoactuators according to the proximity probe signals,
which are a part of the closed loop including a controller,
Ttma et al. (2013).

Fig. 1. Test stand for research of active vibration control of
journal bearings.

There are many ways how to model a rotor system, but this
paper prefers an approach, which is based on the concept
developed by Muszynska (1986, 2005) and Bently et al.
(1986), who were supported by Bently Rotor Dynamics
Research Corporation or on the lubricant flow prediction
using a FE method for Reynolds equation solution, Svoboda
(2007). The approach based on the Muszynska model enable
to describe dynamic behaviour by ordinary differential
equation while the other approach uses partial differential
equations which are for modelling more complicated.
Moreover both approaches achieved same results in
behaviour; differences are only for small values of rotor
rotation speed but the most interesting values are the high

value of rotor rotation speed in which the instability occurs,
Mendes et al. (2014).

2. SIMULATION STUDY OF THE MODEL BEHAVIOUR

As it was stated before the numeric solution of the journal
equation of motion is obtained by using Matlab-Simulink.
Thanks to the fact that Matlab-Simulink enables to work with
complex signal, it is possible to work with matrix
representation of equations describing behaviour of model
instead of creating differential equations for each coordinates
x and y. It is only necessary to separate signal to real and
imaginary part for operation which are not defined for
complex signal, like integration, see Fig. 2.

1
s —I_>
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ra Integrator Re S
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Fig. 2. Integrator calculation for complex signals.
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Many industrial applications require high performance
electrical drive systems. Among three-phase ac machines,
permanent magnet synchronous machines (PMSMs) are
very popular. The application of rare-earth permanent
magnets results in high torque-to-current ratios, whereas
the absent rotor windings reduce the overall construction
size and improve the energy efficiency. Mathematical mod-
eling of PMSM is still a challenging task and comprises
finite element (FE) analysis, magnetic equivalent circuit
(MEC) models and analytical models.

Appropriate models have to account for inhomogeneous
geometries typically occurring in interior permanent mag-
net synchronous machines (IPMSMs) and the nonlinear
behavior of the iron core material due to saturation. FE
models can accurately describe this behavior at expense of
high numeric complexity, see, e.g., Tomczuk et al. (2007).
The controller design for PMSM is mainly based on ana-
lytical models, in particular on fundamental wave models,
where homogeneous air gap geometries and a linear ma-
terial behavior are assumed, cf., e.g., Morel et al. (2008).
The MEC modeling approach gives a compromise between
model accuracy and model complexity, and is therefore
of interest for the development of dynamical simulation
models and for the controller design, see, e.g., Ostovic
(1989), Bash et al. (2010).

phase a

Fig. 1. Cross sectional view of the PMSM.

* The authors gratefully acknowledge the financial support provided
by Bernecker & Rainer Industrie Elektronik GmbH.

63

This paper presents an MEC model of a surface-mounted
permanent magnet synchronous machine (SPMSM) which
shows significant magnetic saturation in overload opera-
tion, see Fig. 1. Thus, classical linear fundamental wave
models are not capable to describe the behavior of the
motor in the whole operation range. Starting with a com-
prehensive permeance network, a minimal set of (nonlin-
ear) equations that describe the static magnetic behav-
ior of the permeance network is derived based on the
framework published in Kemmetmiiller et al. (2014). This
framework is based on network theory which allows a sys-
tematical derivation of the corresponding equations. The
static magnetic model is extended to account for the flux
dynamics corresponding to Faraday’s induction law, and
by equations which describe the electrical interconnection
of the coils of the motor. This results in a state-space
model with a minimum number of nonlinear equations and
state variables. It is further shown that the model can be
calibrated with measurment data, adjusting only the air
gap permeances of the permeance network. The accuracy
of the proposed model in the whole operation range of the
motor is proven by comparisons with measurement results
of an industrial test-stand.
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Abstract: In permanent magnetic machines the nonlinearity due to the quadratic terms of the
current makes difficulties in the control system. In order to cancel the nonlinearity, a controller
based on a controlled invariant subspace for the currents is proposed. Simulation results using
real data measurements are reported to validate the proposed technique.

Keywords: Modelling, permanent magnets motor, control.
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Abstract: As a generalization of the successful hidden Markov models, Dynamic Bayesian Networks
(DBNs) are a natural basis for the general temporal action interpretation task. This document provides a
conditional probabilistic approach to analyze the energy availability in electrical distribution networks by
using Bayesian networks (BN). Firstly a static BN modelling is presented to show the influence of the
switch behaviour on the energy availability. Then, the dynamic behaviour of the switch is cared by
switch reliability modelling using DBN which permits to predict the energy availability.

The prediction by DBNs discussed in the case study of this paper gives a strong contribution on electrical
network supervisory control and it can also be applied to transportation networks.

Keywords: Bayesian network; dynamic Bayesian network, switch reliability; electric power, availability
prediction
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INTRODUCTION

Parabolic Trough Receivers (PTRs) represent one of the key
components in Concentrated Solar Power (CSP) plants, as
their thermal performance significantly influences the solar
field operating temperature and thus the power plant overall
thermal efficiency. The development of an accurate in-situ
receiver heat loss measurement method requires a numerical
heat transfer model to separate heat loss mechanisms.

Several receiver heat transfer models have been published in
the literature. Two-dimensional heat transfer models based on
thermal resistance networks have been implemented
elsewhere with Engineering Equation Solver (EES) and
validated under steady-state conditions. More detailed three-
dimensional models combining Finite Element Method
(FEM), Computational Fluid Dynamics (CFD), and Monte
Carlo Ray-Tracing (MCRT) have also been implemented
with ANSYS and these models are more suitable for sun
irradiated receivers.

This paper describes a three-dimensional receiver model
library which has been extended from two-dimensional
models based on thermal resistance networks. This
thermodynamical model has been implemented with the
object-oriented programming language Modelica, designed
for modelling complex physical systems. Steady-state and
transient simulations have been performed for single
receivers within the Dymola simulation environment.

This receiver model has been validated for steady-state
temperature conditions and has been coupled to a derivative-
free hybrid optimization routine developed in Matlab in order
to identify receiver heat loss mechanisms on the basis of
transient measurements. The optimization routine combines a
Particle Swarm Optimization (PSO) algorithm and a Nelder-
Mead Simplex (NMS) optimization algorithm including
search space boundary constraints.

IDENTIFICATION RESULTS

Parabolic trough receivers with distinct absorber coating and
annulus properties have been tested with two different
transient excitation profiles, i.e. sinusoidal and ramp-and-
hold signals.

The identification of PTR key thermal properties was carried
out for laboratory sinusoidal measurements and documented
for three different receiver categories. Specific heat loss
experimental results are shown in Fig. 1 and compared both
with steady-state measurements and simulations based on
material data.
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The observed specific heat loss deviations between steady-
state and transient laboratory measurements respectively
range from 9% to 27% for evacuated receivers with selective
coating and from 1% to 9% for receivers with black painted
absorbers.

Specific heat loss [W/m]

S0 100 150 200 250 300

Absorber temperature [*C]

150

Car. A; Steady-State —a— Cat. B; Steady-State

Cat. A; - u~ Cat. B;

Car. A; Simulation a« Cat. B; Simudation

Fig. 1: Comparison between steady-state specific heat loss
measurements (Steady-State), transient derived specific heat
losses (Transient) and simulates specific heat losses based on
material data (Simulation).

CONCLUSION

The object-oriented model offers great flexibility and heat
transfer models can be further refined to capture detailed
dynamic heat transfer characteristics.

The optimization criterium and objective function could be
simplified further to allow a more direct identification of
receiver thermal properties for noisy datasets gained during
field measurements. This new procedure is being
implemented for noisy datasets where the derivation of
transient measurements is less trivial.
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We present atomistic simulations of III-V semiconduc-
tor materials, which provide an effective way to investi-
gate structural properties at a nanometric scale. Atom-
istic models cover the range between ab-initio density
functional theory methods and continuum-based models.
Chemical bonds are described through simplified inter-
action potentials, while the crystalline structure of the
material is preserved. This combination can provide an
in-depth description of strain or roughness at heterojunc-
tions, which both allow the optimization of optoelectronic
intersubband devices C. Deutsch et al. (2013).

The simulations, described in this work, are performed
in initially ideal zincblende lattice cubes with an edge
length of six unit cells, as shown in the inset in figure
1. Periodic boundaries in all three dimensions prevent
finite size effects. The crystal structure is relaxed using
a Metropolis Monte Carlo scheme H. Detz and G. Strasser
(2013b). Possible operations are the displacement of a
single random atom or a scaling of the whole simulation
box. Tersoff potentials are readily available for all binary
III-V compounds D. Powell et al. (2007). Although the
potentials were optimized for binary compounds, this
model was also found to reproduce bulk and shear modulus
of ternary alloys over the whole composition range with
maximum errors around 5 and 10 %, respectively.

Simulations on random alloys led to a compositon-
dependent bimodal bond length distribution, as plotted
in figure 1. This is stemming from the constituent binary
compounds, which was also observed experimentally. In
contrast to this, CuPt-ordered structures, which can form
spontaneously, were shown to exhibit a distinct fourfold
bond length pattern H. Detz and G. Strasser (2013a).
These bond deformations lead to built-in strain up to -
1.8% in the case of GaAsg 5Sbg 5.

The Metropolis Monte Carlo approach also allows mod-
elling at higher temperatures. The asymmetry of the em-
pirical potential function results in thermal expansion.
Calculated thermal expansion coefficients are of the cor-
rect order of magnitude, although they are in general
overestimated due to the missing Coulomb interaction,
which is characteristic of I1I-V materials.

* H.D. is a recipient of an APART Fellowship of the Austrian
Academy of Sciences. The authors furthermore acknowledge financial
support by the Austrian Science Fund (FWF): P26100-N27 (H2N)
and F2403-N17 (IRON).
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Fig. 1. Bond lengths in In,Gaj_xAs versus In content.

The model reproduces the experimentally obtained
bi-modal distribution, which on average agrees with
Vegard’s law. The inset shows the simulation box.

In conclusion, atomistic models based on empirical inter-
action potentials are shown as aviable way to model struc-
tural properties of III-V semiconductor alloys. The elastic
behavior of ternary alloys is reproduced with reasonable
errors. Furthermore, the thermal expansion coefficients
agree by orders of magnitude but will require modifications
to the potential functions for better accuracy.
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1. INTRODUCTION

When a description in the small-signal frequency-domain
is available, the standard approach for the analysis of
electrical networks that is well-known and widely used in
Spice-like simulation engines is to translate the frequency-
domain descriptions into linear lumped element circuits or
state space equations. This procedure may not be simple
and is often inaccurate, in particular when frequency-
domain characteristics based on measurements are used.

We describe how an arbitrary frequency-domain behaviour
can be described using a system task that makes the
current frequency available. This approach is in partic-
ular useful when the behaviour at higher frequencies is
of interest. Such problems occur when investigating the
EMC behaviour. This approach also allows for handling
small-signal noise straightforwardly. Furthermore, we can
establish a general approach to handle correlated noise
sources. This is important in modelling the noise behaviour
in systems (Domizioli et al., 2010) and the noise of tran-
sistors at higher frequencies (McAndrew et al., 2005).

We show how to make use of an extended small-signal
modelling approach to describe any small-signal be-
haviour, in particular correlated noise sources, using hard-
ware description languages (HDLs) such as the Verilog-
AMS and VHDL-AMS behavioural modelling languages.

2. EXTENDED SMALL-SIGNAL FREQUENCY
ANALYSIS

By application of a function that provides access to the fre-
quency f, we can apply an approach to extend frequency-
domain analysis as described by Haase et al. (2009) for
VHDL-AMS. We briefly sketch the main idea. The follow-
ing relation is given in the frequency-domain

Y(f) = (a(f) +3-b(f)) - X(f), (1)

where j is the imaginary unit, f is the frequency, X (f) and
Y (f) are the input and the output resp. in the frequency-
domain of an element described by the complex scalar
transfer characteristic a(f) 4+ 7 - b(f). The equation is
equivalent to

b(f)

Y(f) = a(f) - X(f) +bs(f) - jw- X (f)

with w 2 f. The coefficient bs(f) equals T

frequencies f > 0. It can be set to zero for the frequency
f =0. During a DC or transient analysis, f equals zero.

(2)

for

* Work was supported by the German Federal Ministry of Education
and Research (BMBF, Funding number: 16N12440).
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When FREQUENCY provides the current frequency in a si-
multaneous statement, then the following VHDL-AMS de-
scription in the frequency-domain is equivalent to equation

(2)
quantity X, Y;
Y == A(FREQUENCY)*X + BS(FREQUENCY)=*X’DOT;

where X’DOT describes the derivative of X w.r.t. time.
3. HANDLING CORRELATED NOISE SOURCES

Correlated noise sources are defined by a power spectral
density matrix Sxx(f). Since every correct power spectral
density matrix is a complex positive semi-definite Hermi-
tian, a diagonalisation is always possible as follows:

—T

Ssx (f) = H(f) - A(f) - H() (3)

Therefore, correlated noise sources can be described using

uncorrelated white noise sources, amplifications, and a

linear transfer matrix H(f) that can be expressed as

shown in the previous section. The subsequent figure
demonstrates the principle.

’ white_noise(1) H A () ’—» — X(f)

’ white_noise(1) H N/NED) ’—» — Xff)
. . H(f)

’ white_noise(1) H N/NED) ’—» — Xq(f)

Consequences for the standardisation of behavioural mod-
elling languages are discussed in the full paper.
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Abstract In the present work the pull-in range of the classical PLL with impulse signals
is studied. Numerical experiments in MatLab Simulink are presented and two analytical

approaches are discussed.

Keywords: phase-locked loop, nonlinear analysis, PLL, Best’s conjecture, hidden oscillations

1. INTRODUCTION

The PLL circuit has been invented by French engineer
Henri de Bellescize in 1932. Since then, various modi-
fications of PLL circuits (digital PLL, all-digital PLL,
software PLL, neuronal PLL and so on) were developed
and new circuits, based on PLL operation principles, were
invented (e.g., Costas loop and PLL with squarer). PLL-
based circuits are used for carrier recovery, demodulation,
frequency synthesis in telecommunications.

Rigorous analysis of PLL-based circuits is a complicated
problem, since the consideration of these circuits leads to
a system of nonautonomous differential equations. Numer-
ical simulation of PLL-based circuits is also a challenging
task since it is necessary to consider simultaneously both
high-frequency and low-frequency oscillations.

One important problem in the study of PLL based circuits
is to find a pull-in range. There are two effective analytical
approaches for the pull-in range estimation are developed.
The first one is based on the integration of separatrices
and the analysis of their behavior (see pioneering works
(Tricomi, 1933; Andronov, 1937; Gubar’, 1961)). The sec-
ond one is based on the frequency methods and Lyapunov
function constructions (Lyapunov, 1892; Gelig et al., 1978;
Leonov and Kuznetsov, 2014).

In the present paper the problem of the pull-in range
estimation is discussed. Simulation and two effective an-
alytical approaches for the pull-in range estimations are
discussed. The one of the analytical approaches is based
on the integration of separatrices and the analysis of their
behavior, while another one is based on the frequency
methods and Lyapunov function constructions. One of
the problems of the first method is that for any new PD
characteristic one has to do a lot of new cumbersome inte-

* This work was supported by Saint-Petersburg State University
(project 6.39.416.2014, s. 3-4; project 6.38.505.2014, s. 5.)

**The author acknowledge the support of Russian Scientific Foun-
dation (project 14-21-00041).
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grations (as it is demonstrated above). Another problem is
that while this approach is useful for the two-dimensional
models, its generalization for a multidimensional models is
a challenging task. The advantage of this approach is that
it allows to estimate also the lock-in range corresponding
to a domain of the phase space where the loop achieves a
lock without cycle slips. If the aim is to study the pull-in
range only then to avoid cumbersome integrations one can
use the approach based on Lyapunov function construction
for the cylindrical phase space. For the model considered
in this paper it is possible to construct Lyapunov function
of the type “quadratic form plus the integral of nonlin-
earity” (see, e.g., (Gelig et al., 1978; ?)). The advantage
of this approach is that it allows to consider various PD
characteristics at once.
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Abstract In this paper a short survey on two approaches to simulation of classical phase-locked
loop based circuits (PLLs) is provided. Nonlinear models of PLLs with mixer/multiplier phase
detector are considered. Computation of phase detector characteristics for non-harmonic and

non-squarewave signals is discussed.
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1. INTRODUCTION

The Phase-Locked Loop (PLL) circuits were invented at
the beginning of twentieth century and widely employed
in the radio and television (the demodulation and carrier
recovery, the synchronization, and synthesis of frequen-
cies). At present it can be found various types of PLL
circuits (analog, analog-digital, digital, software), designed
for the operation with different types of signals (sinusoidal,
impulse and so on). After PLL realization in form of single
chip, PLL started to be widely used in the telecommunica-
tion and computer architectures. At present various PLL
circuits are also applied to different mechanical devices,
location and navigational systems.

For the sake of convenience of the description of PLL
operation, it is typically divided into the following blocks:
phase detector (PD), low-pass loop filter (LPF), and volt-
age controllable oscillator (VCO, tunable generator). Such
a separation into functional blocks often turns out condi-
tional since in a certain physical realization of PLL it is
often impossible to find correct boundaries between these
blocks. PLL operation consists in automatic tuning of a
phase (frequency) of VCO signal to a phase (frequency) of
reference (master) generator signal. The reference gener-
ator is usually highly stable and a frequency of its signal
is assumed to be constant. The signals from tunable and
reference generators enter PD - a nonlinear element, which
output includes error signal corresponding to the phase
difference of input signals.

To separate high-frequency parasitic component (if such
component exists in the loop) from misphasing signal,
the signal at the output of PD passes through LPF.
A misphasing signal, obtained at the output of filter,
is used for the frequency control of tunable generator,
the output of which is connected with the control input
of the phase detector, providing a negative feedback.
After acquisition process the synchronization is achieved,
at the output of filter a constant signal is established.
This signal corresponds to the frequency deviation of
generators Engineers study of stability of the required

70

operating modes, the estimation of attraction domains of
these operating modes, and the estimation of the transient
time. Various mathematical models of PLL and their
numerical-analytical analysis is widely used. To describe
operation of PLL it is necessary to consider nonlinear
element (PD) operation and the passage from the signal
space to signal’s phase space and back. Thus, the rigorous
mathematical analysis of PLL requires the construction
of rigorous nonlinear mathematical models of PLL in the
signal space and signal’s phase space and justification of
the passage between these models. In spite of this, as
was remarked by D. Abramovich in his lecture at the
American Control Conference 2002, the main direction in
modern literature, devoted to the analysis of stability and
synthesis of PLL, is the use of simplified linear models,
empirical rules, and simulation. However, it is well known
that the application of the methods of linearization and
linear analysis without rigorous mathematical justification
can lead to wrong conclusions.

Precise simulation of the PLL models in the signal space is
a challenging task because of the nonlinearity of PD and
the high frequencies of the signals: usually a simulation
step, which must be sufficiently small to distinctly observe
the dynamics of phase detector, makes observation of the
dynamics of the whole system a difficult task. Following
the classical pioneering books by F.Gardner and A.Viterbi,
nowadays to overcame this problem the consideration of
the PLL models in signal’s phase space is widely used, but
it requires (as was remarked above) the construction of the
corresponding models of PLL and the rigorous justification
of the passage to them and also can lead to wrong
conclusion. E.g, in 1961 N. Gubar showed analytically the
possibility of the existence of hidden oscillations in two-
dimensional model of PLL: form a computational point
of view in the considered system all the trajectories tend
to equilibrium, but, in fact, the domain of attraction of
stationary set is bounded. The bifurcations, the study of
which requires the development and application of special
analytical methods, can also be observed even in the
simplest discrete one-dimensional models of PLL.
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Abstract: In this paper, we propose a hierarchical gradient based algorithm to identify
simultaneously the parameters of the linear and nonlinear blocks and the time delay of Wiener
time delay systems. We separate the nonlinear cost function into two cost functions and present
the gradient algorithm for estimating directly the time delay and the parameters. Furthermore,
we give an appropriate choice of convergence factor. Numerical simulation results are presented
to demonstrate the performance of the proposed method.

Keywords: Identification, Nonlinear systems, Wiener systems, Time Delay, Parameter
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Abstract: Identification models find out a wide application in modern control systems, decision support
systems, play a fundamental role in any activity concerned with the signal processing process. Methods
based on the wavelet analysis are characterized with a unique possibility to select «frequency-domain
windows». The paper presents methods of identification of non-linear systems, developed by the authors,
by using the multi-scale transformation.
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Abstract. The paper presents an approach to the statistical linearization of the input/output mapping of
non-linear discrete-time stochastic systems driven by a white-noise Gaussian process. The approach is
based on applying the contingency coefficient, a nonparametric measure of dependence. Within such an
approach, the statistical linearization criterion is the condition of coincidence of the mathematical
expectations of the output processes of the system under study and the derived model and the condition of
coincidence of the contingency coefficient of the input and output processes of the system and the
contingency coefficient of the input and output processes of the model. As a result, explicit analytical
expressions to derive coefficients of the weight function of the target linearized model are obtained. The
consideration is preceded with an analysis of applying consistent measures of dependence within the
system identification.

Keywords: consistent measures of dependence, input/output model, contingency coefficient, statistical
linearization, system identification.
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Abstract: In recent years, the artificial neural networks (ANNS) are used as an alternative to the
conventional type curve matching techniques for the determination of aquifer parameters. In this paper a
multilayer perceptron network (MLPN) is developed for the determination of leaky confined aquifer
parameters. Leakage into the aquifer takes place from the storage in the confining aquitard. The network
is trained for the well function of leaky confined aquifers. By applying the principal component analysis
(PCA) on the adopted training data sets, the topology of the network is reduced and its efficiency
increased considerably. The topology of developed network is fixed to (2x10x2) regardless of number of
records in the pumping test data. The network generates the match point coordinates for any individual
pumping test data set. The match point coordinates are incorporated with Hantush (1960) analytical
solution and the aquifer parameter values are determined. The performance of the MLPN is evaluated by
real field data and its accuracy is compared with that of the type curve matching technique. The proposed
MLPN is recommended as a simple and reliable alternative to the type-curve matching technique.
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In the paper several types of evolutionary algorithms have
been tested regarding the dynamic nonlinear multivariable
system model. We have defined three problems regarding the
observed system: the first is the so-called grey box
identification where we search for the characteristic of the
system’s valve, the second problem is black box
identification where we search the model of the system with
the usage of system’s measurements and the third one is a
system’s controller design. We solved these problems with
the usage of genetic algorithms, differential evolution,
evolutionary strategies, genetic programming and a
developed approach called AMEBA algorithm. All methods
have been proven to be very useful for solving problems of
the grey box identification and design of the controller for the
mentioned system but AMEBA algorithm have also been
successfully used in black box identification problem where
it generated a suitable model.
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1. ABSTRACT

This paper gives a brief survey of linear and nonlinear
Proportional-Integral-Observer design. This observer has
the ability to estimate simultaneously the states and un-
known inputs such as disturbances or model uncertainties
acting on the system. In literature different system types
have been considered for designing PI-Observer which are
introduced briefly in this survey. A general formulation of
linear and nonlinear systems in the combination with PI-
Observer is proposed. Several linear and nonlinear design
methods have been briefly introduced. Furthermore design
methods of Advanced PI-observer and Modified Advanced
PI-Observer are presented. Both approaches are based
on the PI-Observer but using adaptive gain scheduling
approach. Simulation results using American Control Con-
ference (ACC) benchmark are given to evaluate Modified
Advanced PI-Observer in comparison to PI-Observer and
Advanced PI-Observer. Simulation results illustrate the
advantages of Modified API-Observer in the comparison
to PI-Observer and Advanced PI-Observer.

2. INTRODUCTION

Two classes of observer design methods have been pro-
posed in literature. One is related to state estimation. The
well-known Kalman filter (Kalman (1960)) and its exten-
sions are based on a plant model, use or assume knowledge
about the measurement noise, are able to work with distur-
bance descriptions or disturbance model-based observers.
Other approaches are designed to estimate states resulting
from the underlying and assumed modeling, additionally
additional states used to model unknown inputs like dis-
turbances etc. This type can also be used for robust estima-
tion of states in case of modeling uncertainties or additive
nonlinear effects. The second type of observer is based on
Luenberger observer (Luenberger (1964)) approach and is
called Disturbance observer (DO) or later Proportional-
Integral (PI)-Observer. Even if an accurate model of the
system is available, in reality the system is affected by
unknown inputs, which may be disturbances or unmod-
eled dynamics. Because of non-efficiency of proportional
observers in the presence of unknown input acting to
the system, PI-Observer has been proposed to estimate
unknown inputs. Some extensions in the structure of PI-
Observer has been introduced by Liickel and Miiller (1979)
to improve the observer performance. Increasing the gain
of PI-Observer helps to increase the performance of the es-
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timation, however due to the high gain the performance is
influenced by the measurement noise. This result is firstly
proposed by Miiller (1988) and later including proofs by
Soffker et al. (1995). Advanced PI-Observer (APIO) al-
gorithm proposed by Liu and Softker (2012), is a method
used for optimal scheduling of the PI-Observer gain based
on a cost function using a bank of PI-Observers. It has
the capability to define the relative optimal gain at each
step size of the PI-Observer integration routine. Modified
Advanced PI-Observer (MAPIO) has been introduced by
Bakhshande and Séffker (2014) to achieve better estima-
tion performance during the numerical integration.
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This paper studies observers for multivariable systems with nonlinear components and unknown
disturbance inputs. In order to apply procedures dedicated to linear systems, the nonlinearity is first
modeled as an unknown input variable and an unknown input observer for multivariable linear
systems is studied. An integrated approach is proposed from modeling to observer synthesis with the
bond graph approach. This result is used to provide a methodology similar to the one applied for the
classical input-output decoupling problem in control theory. An application is proposed and
simulation results prove the validity of the approach.
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Abstract: In this paper the concept of an integrated optimal controller for polyvalent building
heating and cooling systems is presented. The controller is named energy optimizer and
employs control allocation for minimizing a cost function involving simplified models of several
heating/cooling sources while delivering demanded heating/cooling energy for a given building.
The cost function may be defined acc. to different objectives, for example to minimize energy
usage and energy costs or to maximize the usage of renewable energy sources. Simplified
simulation models for several components of a heating/cooling system (i.e. heat sources and
sinks, energy diverter and mixer, storage, etc.) were derived and implemented in a simulation
environment as well as in an automation station from the company SAUTER'. The concept
of the energy optimizer was validated using Model-in-the-loop (MIL) and Hardware-in-the-loop
(HIL), a detailed plant model was built using CARNOT (2013).

Keywords: Building automation, control allocation, optimal building control, control of energy
efficient buildings, smart buildings

1 http://www.sauter-controls.com
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In this paper a multivariate control strategy for regulating
generator power and minimizing rotor blade loads during
high wind speed is proposed. Due to high demand on
wind energy, the current trend is to manufacture larger
wind turbines with higher ratings. Consequently, struc-
tural loads and flexibility increase as the turbines size in-
creases. Notwithstanding these emerging challenges, wind
turbines have to cope with seasonal and intermittent wind
variability. For this reason, innovative control strategies to
limit power generated to the rated value and to mitigate
the structural load are required.

In recent years, a number of advanced control schemes
have been proposed, but most of them lack the capacity
to address the multi-objective problem since they con-
centrate only on particular objectives while disregarding
others. For instance, Xiaodong et al. (2013) and Yao
et al. (2009) designed a multivariable LQG optimal con-
troller with torque and common collective pitch angle as
the plant control input to realize the goal of regulating
power and torque. However, the controller did not take
into account the fluctuation of structural loads. Another
LQG controller for pitch regulated variable speed wind
turbine was introduced by Pintea et al. (2011) to regulate
power and reduce structural loads using collective pitch
control and torque control. Nevertheless, the performance
improvement was not demonstrated since the results were
not verified against any of the existing control methods.
From the foregoing discussion, it is clear that elaborate
control methods are required in order to balance between
reliability and quality of the power produced.

In this paper, generator torque is held constant at the
rated value, and a fusion of two control algorithms work-
ing in tandem is used for pitch control to achieve these
objectives. A proportional-integral (PI) baseline controller
is used to generate demanded collective pitch angle for
regulating generator speed and independent pitch control
(IPC) is utilized to reduce structural load. To compute
the overall instantaneous turbine control input, collective
pitch angle is added to the perturbed IPC pitch angle
demand input. The core contribution of this paper is
realization of a multi-objective control strategy using IPC.
The results indicate improved performance in terms of
controlling speed/power as well as mitigating structural
loads as illustrated in Fig. 1. Another performance criteria
which considers error and control energy as proposed by
Liu and Softker (2014) is also used to compare the two
control schemes. Here, the amount of energy exploited
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for each control scheme is compared with achieved load
reduction within a given time window 7.

It is important to mention that a fictitious 1.5 MW wind-
PACT wind turbine model developed at National Renew-
able Energy Laboratory (NREL) is used in this study. This
model is simulated in aeroelastic Fatigue, Aerodynamics,
Structural and Turbulence (FAST) design code.

Hub height wind speed

105 5 10 15 20 25 30 35 40
Blade 1 bending moment
1500 ! ! ™| - - - Baseline contr.
g . R ——IPC contr.
2 1000 f | ; . ,.,
=3
= 500}
£
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0 5 10 15 20 25 30 35 40
Time [s]

Fig. 1. Variation of blade root moment with wind speed
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1. INTRODUCTION

Flatness based control, see Fliess et al. (1995) and Lévine
(2009), is a method that is often applied to nonlinear
systems. In practice, flatness based control achieves precise
tracking performance of a flat system output. The desired
trajectory for the flat system output is designed with
respect to the experience of engineers and the system char-
acteristics. The main advantage of flatness based control
is the two-degree-of-freedom structure of the control loop
in terms of a feedforward and a feedback control path.

In this contribution flatness based control is applied to a
ball in tube system. A ball in tube system is a mechanical,
aerodynamical and electrical system that consists of a DC
motor that drives a fan for the purpose to lift a table
tennis ball in a tube. The ball in tube system is therefore
a nonlinear system and the control loop is implemented on
a programmable logic controller.

For this purpose the system equations are quoted, consid-
ering that the system properties are changing in depen-
dence on a positive or a negative fan acceleration. The
proof for the ball position as chosen output shows that
the system has the attribute flat. On the basis of this
proof a precontrol law is calculated, in order to track the
output to a predefined reference trajectory exactly, in case
of an ideal model and non-occurring disturbances. Within
the whole feedforward control the nonlinear static gain
of the DC motor is taken into account by the use of an
inverse measured characteristic. The feedforward control is
combined with a state feedback and an integral controller.

UZUFF+7“w'yrt—7“T'iE+k1~/(yrt—ylin)dt. (1)

In this evaluation the performance is compared using the
control concept with and without the integral controller.
Concluding the disturbance rejection of the ball in tube
system is examined.

For the evaluation of the flatness based control the ball in
tube system is tested with three different input trajecto-
ries. The selected trajectories are chosen as polynomials of
the ninth degree, as the relative degree for the ball in tube
system is r = 4. All trajectories have a transition time of
t, = 15s and an initial height of zg = 0.15m. The three
input signals solely differ in the final height z, and their
starting point tg. The result of one setpoint transition is
shown in figure 1.

0.5 ‘
=== UYpt
— Ylin

0 5 10 15 20 25
Time (s)

Fig. 1. Comparison of the measured ball position y);, and
the reference trajectory y,¢

2. CONCLUSION

This paper deals with the derivation and the implementa-
tion of a flatness based control for a ball in tube system.
The controlled ball in the tube follows a predefined refer-
ence trajectory. When the controller has no integral part,
the tracking perfomance is not satisfactory. The use of an
additional integral controller improves the accuracy of the
feedforward and feedback control. Although disturbances
can be compensated with the integral controller further
investigations may study the implementation of a distur-
bance attenuation controller on the testbed, see Brocker
(2002). Further investigations of the linearized ball in tube
system for the flatness based control can show differences
and similarities between the methods for nonlinear and
linear systems.
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1. INTRODUCTION

This contribution introduces a new control application.
The goal is to balance a bowling ball on top of another
bowling ball which rotates in three axes (see Fig. 1). The
first ball is placed on three so-called omni-wheels in a way
that it can rotate in all directions. The second ball moves
freely atop the first ball. The balls are ordinary bowling
balls without the drill-holes. A model based approach is
used for the controller design.

Figure 1. Front view of the Ball on Ball system.
2. MODELING AND MODEL ANALYSIS

The mathematical model for the two balls is derived using
the Lagrange equations with the torques on the lower ball
as inputs. These are generated by a power train, with a
servo motor, an angular gear and the omni-wheels. The
two balls are modeled as homogenous rigid bodies. There
are 8 generalized coordinates, 3 per ball for the rotation
and 2 for the position of the upper ball. The assumption
that the upper ball is rolling on the lower one, not sliding,
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gives 2 additional nonholonomic constraints, which reduce
the degrees of freedom to 6.

The mathematical model is simplified with a state trans-
formation and decoupled into subsystems and finally has
the form (details are in the full paper)

a =T (an)w
qz = w3
G = T;l (a2) Tp (az) w3
w1 =J7" (Z1 (qz) p + 71) (1)
w3 =M; " (qz) (—C3 (a3, ws) w3 — Gz (as) — Z3 (as) p)
wz—Jz (__ (Q27w2)w2—zzﬂ)

0=21 (az) w1 + Z3 (qz) w3 + Zy w>

This is a differential algebraic system with 16 differential
equations in 16 variables and 2 algebraic equations for
the restrictions. The equations for the angular position of
the balls are decoupled and can be omitted. This reduces
the system by 6 equations and 6 variables. Finally the
algebraic restriction are eliminated to get an explicit state
space model x = f (x,u).

3. CONTROLLER FOR THE LINEARIZED MODEL

A linear approximation of the model at the equilibrium
point is presented along with the controller design. Im-
plementation on the laboratory model demonstrate the
successful application of the model based control concept
(see the video [4]).
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1. EXTENDED ABSTRACT

In this paper, a multi-variable nonlinear control-oriented
model of a twin rotor aerodynamic system (TRAS) is
presented, see Fig. 1. The mathematical description of the
multibody system is derived using Lagrange’s equations.
Here, the former model of the TRAS developed in Butt
et al. (2014) is extended to include the moments of inertia
of the rotating beam. Based on the system representation,
a multi-variable integral sliding mode control is designed to
accurately track desired trajectories for both the azimuth
angle and the pitch angle. Due to unmeasurable states and
uncertainties stemming from simplifications at modelling
as well as unknown disturbance torques, a discrete-time
extended Kalman filter (EKF) is employed and combined
with a discrete-time implementation of the nonlinear con-
trol law. In Ahmed et al. (2009), a sliding mode control
that deals with couplings of the twin rotor dynamics is
considered. An adaptive second order sliding mode con-
trol has been proposed in Mondal and Mahanta (2012), Fig. 1. TRAS set-up at the Chair of Mechatronics, Uni-
however, no experimental validation is presented therein. versity of Rostock. ’

The proposed control strategy in this paper allows for an
excellent tracking behaviour as highlighted by experimen-
tal results. The desired and measured trajectories for the
azimuth angle and the pitch angle depicted in Fig. 2 are
in good agreement during both the transient phase as well
as in steady-state. Hence, a precise tracking behaviour is
obtained that outperforms the results achieved in Butt
et al. (2014).
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1. INTRODUCTION

Hang-gliding is a well-known sport in the Alpes and Fran-
conian Switzerland. Due to favourable thermal upwinds

Fig. 1. Path inclination ~y (state), azimuth angle x (state),
bank angle p (control).

induced through mountains and valleys interesting flights
for a long time or over a long range are possible. These
flights typically include spiralling trajectories in thermal
updrafts. The new enhanced 3d model is based on a pre-
decessor model developed by Bulirsch, Nerz, Pesch, von
Stryk. This predecessor model was restricted to the flight
in a vertical plane and could not capture spiralling tra-
jectories. Numerical solutions for several newly developed
thermal updraft models are presented.

2. OPTIMAL CONTROL MODEL

We use a point mass modell of the hang-glider with
pilot over a flat nonrotating earth. Different scenarios for
the thermal updraft are used, e.g. mountain and valley
breezes which develop along mountain slopes (Fig. 2).
This yields an optimal control problem which is solved

sunny
side

shady
slope
cold
air

Fig. 2. Mountain und valley breeze.

after a discretization of states and controls by a nonlinear
optimization software.
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Finally we present some of the numerical results. Fig 3
depicts the numerical solution for a mountain and valley
breeze.

h [m]
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Fig. 3. Flight path in the mountain breeze.

In the first maximum of the mountain breeze, the hang-
glider gains enough altitude in order to cross the valley
with the descending air current without violating the lower
altitude constraint. The additional altitude gain in the
second maximum of the mountain breeze is used for range
maximization. A more detailed view of the trajectory is
given in Fig. 4. Please notice that the maximum value of
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Fig. 4. Detail of Fig 3, left first maximum of mountain
breeze, right second maximum of mountain breeze.

the mountain breeze parallel to the y axis is used efficiently
in the shape of the loops.

In the presentation we also address the case of a thermal
updraft shaped as a flexible hose.
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1. INTRODUCTION

The problems of control of a pure electric vehicle and a
hybrid vehicle, however, are easier than a vehicle with an
internal combustion engine, because a power train induced
by an electric motor has a close affinity with a vehicle
control system Ousaka (2001). Steering a car by hand
means that the driver plans a path by preview and controls
the lateral deviation of the vehicle from the planned path
by the steering wheel. In an automatic steering system
of autonomous vehicles, this path following is automated.
The lateral deviation from the reference path is kept small
by feedback control via the steering motors. The reference
trajectory may be calculated from the data of a TV cam-
era or a CCD camera. In order to study automation of
car steering, the steering model must be extended. The
extended model must include not only velocities, but also
the vehicle heading and lateral position of the sensor with
respect to the reference path. For simplicity this extended
model will only be derived using the linearized model of a
nonlinear model that is valid for small deviations from a
stationary circular path. Introducing the curvature (= the
reciprocal of the radius for a circular path) as the input
that generates the reference path, the transient rolling
motion from straight line to circular path can be controlled
continuously. Although the dynamics of an automotive ve-
hicle are designed to be stable in the usual situation, they
are described by nonlinear equations. The conventional
controller for automatic vehicle steering is obtained via
the problem formulation using linearized steering models.
The H., optimal controller using nonlinear state feedback
to the strict nonlinear steering models for automatic ve-
hicle steering system is proposed and the validity of the
proposed controller is discussed.

2. NONLINEAR STATE FEEDBACK H,, OPTIMAL
CONTROLLER OF AN AUTONOMOUS VEHICLE

The vehicle system can be rewritten as
i(t) = Aizi(t) + Biui(t) + Dipreg(t)

+Gi(A)di(t) (1)

y(f,) = Cil‘i(t), (Z = 17 2)
where x1 := [T rT AYT yd' | 2T 07 wT ¢7'|T(: for high
velocity) and zy = [AYT I | 2T 07 wT ¢T]7(: for low

velocity).

* This work was not supported by any organization

We consider to construct the H., optimal controller so that
the output [AyT, yd]T can be driven to zero as t — oo,
where A1 is the deviation of yaw angle and yg is the
deviation from the reference path, respectively (Moriwaki
(2005, 2009, 2012)).

[Theorem 1] Consider the nonlinear system with distur-
bances (1). Let v > 0. Suppose there exists a C* solution
V' > 0 to the Hamilton-Jacobi equation

oV (x) 10V(z), 1 T T
o Ax+2 p [72G(A)G (A) — BB"]
V@) r 1 pr _
x ( e ) +§$CC$—O,V({L‘0)—O (2)
then the closed-loop system for the feedback
oV (x)
__pT T
5=-BT( ) 3)

has Ly - gain (from d to [y?, §]7) less than or equal to
7.

The subscript ¢ (= 1,2) in (1) is abbreviated in the
Theorem 1.

3. CONCLUSIONS

It has been considered the problem of automatic steering
of autonomous electric vehicles. The extended model in-
cluding small nonlinear factors of the steering motion is
derived. The optimal regulator for the extended steering
system is introduced so that the autonomous vehicle can
be driven along the reference path.
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1. INTRODUCTION

Underwater exploration is still a difficult task these days.
In this paper we suggest a swarm of Autonomous Under-
water Vehicles (AUVSs) for such tasks. These AUVs are
controlled by BEECLUST which is a swarm control algo-
rithm inspired by honeybee behaviour.This work discusses
the questions whether or not BEECLUST is adaptable for
a swarm of AUVs and if this algorithm can be utilized for
underwater exploring tasks. The BEECLUST algorithm
follows a few simple rules: (I) Robots move around ran-
domly; (IT) Whenever a robot meets an obstacle, the robot
checks whether the obstacle is another robot or a wall; (IIT)
If the obstacle is a wall, the robot turns and proceeds with
step I; (IV) If the obstacle is another robot, the robot stops
and calculates a waiting time. The deeper it is, the longer
the robot waits; (V) After the waiting time has expired,
the robot proceeds with step L.

2. METHODS

The following experiments were performed in ‘CoCoRoSim’,
a simulation environment which is specially designed for
simulations of AUVs (Read et al., 2013). This simulator
was completely written in NetLogo. For these experiments
we chose the ground level to be the decisive factor for
aggregation. We generated an environment with the di-
mensions of 100-100-42 patches (l-w-h). The ground is
designed to show a more or less irregular random pattern.
As aggregation spots we introduced two depressions in the
ground. One depression is located on the front left side
of the arena, the other depression is located on the rear
right of the arena. Therefore the left depression can be
considered to be the optimal aggregation spot whereas the
right depression can be considered to be the suboptimal
aggregation spot. Within the arena the AUVs moved along
the ground terrain using only buoyancy for changing their
altitude. At the beginning of each experimental run the
AUVs were spawned at random positions. We perfomed
experiments varying the size of the AUV swarm and the
waiting time.

3. RESULTS AND DISCUSSION

Figure 1 shows an example experiment using a waiting
time multiplicator of 7. We show that in groups of one to 30
individuals the fraction of aggregated AUVs correlates to

* This work was supported by: EU-ICT ‘CoCoRo’, no. 270382; EU-
ICT ¢ASSISIbf’, no. 601074
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Fig. 1. Fraction and standard deviation of aggregated
AUVs. The left target represents the optimal spot for
aggregation. n = 50 repetitions per experiment.

the total number of AUVs in the swarm: the more individ-
uals the better the aggregation quality. Beyond 30 individ-
uals the aggregation quality decreases. This means that we
found an optimal group size of 30 individuals for the given
experimental setup. In this case a fraction of 0.549 AUVs
(stdev = 0.122) aggregated at the left target. Figure 1 also
clearly shows, that in all cases the swarm aggregated in the
left target. The fact that the AUVs ‘chose’ the optimal
aggregation spot does not only show that BEECLUST
is suitable for aggregation tasks but proves that AUVs
using BEECLUST can also discriminate between different
environmental qualities. In our experiments the swarm of
AUVs was able to locate the deepest spot of the experi-
mental arena. However BEECLUST works with any given
environmental sensor which makes BEECLUST applicable
for manifold exploring tasks. Whilst a single AUV could
get stuck in a local optimum a swarm of AUVs controlled
by BEECLUST would be able to find the global optimum
even if the gradient is irregular and complex. The loss of
single individuals does not greatly influence the ability
to form aggregations (Bodi et al., 2012). Therefore we
consider BEECLUST to be a very potent and reliable
algorithm for all kinds of swarm robotic applications.
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Since the beginning of the 1 80’s, the design method
of finite-dimensional stabilizing controllers for infinite-
dimensional dynamical systems has been proposed by
many researchers. In general, when one constructs a finite-
dimensional model for an infinite-dimensional system and
applies a finite-dimensional controller designed for it to the
original infinite-dimensional system, spillover phenomenon
may be occured by the influence of unmodeled modes.
Sakawa firstly introduced two kinds of finite-dimensional
observers for linear diffusion systems to reduce the influ-
ence of unmodeled modes for the closed-loop system with
the finite-dimensional controller (Sakawa (1 83)). After
that, alas called one of them as the residual mode filter
(RMF), and clarified that the RMF plays an essential
role for the construction of finite-dimensional stabilizing
controllers ( alas (1 88)). On the other hand, Nambu gave
the design method of infinite-dimensional stabilizing con-
trollers applicable to a large class of linear parabolic sys-
tems, and further accomplished finite-dimensionalization
of the controllers (Nambu (1 85, 2005)). Recently, the
author showed that the method based on RMF by Sakawa
(1 83) was also applicable to a coupled transport-diffusion
system related to chemical reaction process (Sano (2012)).

In this paper, we try to extend the result of Sano (2012)
to a coupled transport-diffusion system related to parallel-
flow heat exchange process:

(9221

621

E(tﬁ) = Dﬁ(t,x) - @%(t’l“)
+hy(22(t, ) — 21(t, 2)),
822 o 6222 822
E(tﬂ?) = Dw(twf) - aj(t’ﬂﬂ)
Hha(a(h2) - ),
(t,x) € (0,00) x (0,1),
821
21(t,0) = u(t), ——(t,1)=0,
95 ox
22(t70) - 07 aij(ta 1) = 07 t> 07
21(0,z) = z10(x), 22(0,2) = 2z20(x), € 0,1,

where z1(t,x), 22(t,z) denote the temperatures of fluids
at time ¢ and at the point x € 0,1, and u(t) € R denotes
the control input added to the inlet z = 0 of tube 1. D > 0
is the heat diffusion coefficient, o« > 0 the fluid velocity,

* This research is supported by KAKENHI (Grant-in-Aid for Scien-
tific Research (C), No. 23540137), Japan Society for the Promotion
of Science.
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h1, ha > 0 the heat exchange rates between two tubes. For
system (1), we consider the output equation y(t) € R?:
yt) = 11 (t), () T = 21(t,1), 20, )T, t >0, (2)

u(1) n()
— Z(tx) —
Heat exchange
0 »(t)
— 2(t,x) e
Xx=0 x=1

In this paper, we show that the degree of stability of system
(1), (2) can be enhanced by using a residual mode filter
(RMF)-based controller which is of finite-dimension.
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The applicability of nanowire field-effect sonsors for the de-
tection of several types of biomolecules in liquids has been
shown experimentally, assuring fast, efficient and label-free
detection. However, optimal design is still a main topic of
research. Computer simulations are essential at this point,
since they enable effective and cheap prediction of the
sensor behavior, as has been shown for various types of
sensors (Baumgartner and Heitzinger, 2012; Baumgartner
et al., 2013; Tulzer et al., 2013).

In this work, we consider hybridization and dissociation
processes at a nanowire biosensor. These processes are
known to give rise to biological noise (Hassibi et al., 2004)
and should therefore be considered as stochastic processes
to take into account their random nature.

The stochastic approach for these reactions yields chemical
Langevin equations (Gillespie, 2008), which can be solved
explicitly under the simplifying assumption of constant
amounts of target molecules throughout the liquid. In the
more complicated situation of a limited number of target
molecules, one has to calculate the moments numerically.

Fig. 1. Evolution of the variance for different target
molecule densities, given in pM. At higher target
molecule densities, the variance is not monotone and
shows a maximum after a certain period of time de-
pending on the concentration.

* The authors acknowledge support by the FWF (Austrian Science
Fund) START project no. Y660 PDE Models for Nanotechnology.

94

The equations describing the surface processes are coupled
to a diffusion equation in the bulk liquid phase to model
the limited transport of DNA oligomers, which is also
considered in a stochastic formulation. After we followed
a box-based approach in Tulzer and Heitzinger (2014) to
simulate the whole system, we here employ a random-walk
based algorithm to calculate the quantities of interest, such
as signal-to-noise ratio and response times.

This algorithm turns out to be a lot more efficient than the
box-based one. Furthermore, the sampling of realizations
can be parallelized very easily, and the implementation
of more complicated initial conditions is straightforward,
which further increases the applicability of this type of
simulations.

The numerical results show that in most cases there is
a significant maximum in the variance after a certain
period of time, depending on simulation parameters (see
Figure 1). The final equilibrium is reached at a lower value,
which means that the signal-to-noise ratio is optimal after
a certain period of time.
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Fig. 1. Pointwise intersection: state variables, example of
geometry

The object of this paper is to analyse the impact of
merges, lane drops and incidents on capacity drops, a very
important aspect for motorway operations.

The idea developed in this paper is that capacity drop
results essentially from the impact of conflicts which
reduce speed and from bounded acceleration effects which
reduce recovery. Traffic on links is assumed to be described
by a LWR model. The internal state intersection model
introduced and developed in Lebacque and Khoshyaran
(2002); Khoshyaran and Lebacque (2009) accounts for
conflicts. This model is modified in order to accommodate
the impact of the boundedness of traffic acceleration
(Lebacque, 2003). The model can be used for capacity
drops and merges, and also more complicated settings.

The node is viewed as a buffer which connects the demands
of the links entering the intersection with the supplies of
the links exiting the intersection. The physical extension of
the node is neglected, but it is assumed the node contains
vehicles, for instance N,(t) the number of vehicles inside
the node (z), N, ;(t) the number of vehicles inside the
node originating in link (¢). The node is assumed to be
endowed with physical properties such as: storage capacity,
maximum through-flow, etc... which are expressed by node
supply and demand functions

Zz(Nz(t)), Ez,i (NZ(t)sz,i(t))v AZ(NZ(t))

These supply functions are built on the same pattern as the
link supply functions. We consider node demand functions
which take into account the effects of bounds on accelera-
tion Lebacque and Haj-Salem (2004), i.e. modified demand
functions, (refer to figure 2). The model recaptures hys-
teretic cycles due to variations in upstream demand and
recaptures capacity drop (the node output drops when the
node becomes congested, as figure 2 shows).

Comparisons are carried out between the model and data
collected on the Boulevard Périphérique in Paris for traffic
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Flow
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Fig. 2. Node supply and demand functions for different
node behaviours

Fig. 3. Hysteresis cycle induced by a peak of demand (top
right) on the node outflow: the node state N as a
function the upstream demand value ¢ (center)Top
left in red: node supply

management and driver information and show that the
model recaptures capacity drop satisfactorily.
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1. INTRODUCTION

The design of control strategies for dynamic systems with
distributed parameters has been actively developed in
recent decades. Optimization of elastic structure dynamics
is an important part of a large variety of applications
in science and engineering. Two different methods to the
control design for distributed parameter processes can be
emphasized. In the first approach, co-called late lumping,
the control is directly designed for distributed parameter
models and then converted to a finite approximation.
In applications, the second approach, early lumping, is
used for numerical control design. Accordingly, the initial-
boundary value problem is first discretized and reduced to
a system of ordinary differential equations.

One of the disadvantages of the early lumping is that it
is rather difficult to relate the discretized system with
its original distributed model. However, this connection
can be estimated by following the method of integro-
differential relations (MIDR) [1]. These estimates allow
us to qualify finite-dimensional modelling, refine a coarse
solution and make necessary corrections of the control law.
The MIDR was extended in [2] to the optimal control
design of elastic rod motions. In the paper, this approach
is combined with the Ritz method and FEM to minimize
the mean energy distributed in an elastic structure during
controlled processes.

2. PROBLEM STATEMENT

Longitudinal displacements of a thin rectilinear elastic rod
are considered. One end of the rod at x = 0 can move in
accordance with some control law u(t) whereas the other
end at x = L is free of load (2). In accordance with the
MIDR, the controlled motions of the elastic rod can be
describe in the variational form

Olp*, 5", w] = min Bfp, s,uw] = 0

(p(x)n* + K(2)€?) ,

Pd=0, p= (1)
Q
n(t,x) =w, —plx) " 'p, {(t,z) =w, —k(z)'s.

N =

P[p, s, w] =/

with Newton’s second law, the initial and boundary con-
ditions as the local constraints
Pt =258z ,t=0:p=po(x), w=wo(z);

x=0:w=wy(0)+u(t),u0)=0;z=L:s=0. (2)

* This work was supported by the Russian Foundation for Basic Re-
search, project nos. 13-01-00108, 14-01-00282, 15-01-00827 the Lead-
ing Scientific Schools Grants NSh-2710.2014.1, NSh-2954.2014.1.
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Here, Q = (0,T) x (0,L) is the time-space domain with
the time interval T, p denotes the function of rod linear
density, x is its distributed stiffness. The linear momen-
tum density p(t, x), the normal forces in the cross section
s(t,x), and the displacements w(t,z) are unknown func-
tions.

The control problem is to find such a function u*(t) € U
that moves the elastic rod at the fixed time instant T to
the finale state

t=T: p=0, w=wr (3)

and minimizes the mean energy F of the rod

(4)
(5)

J[u”] = min Jlu] ,

[

3. NUMERICAL APPROACH AND RESULTS

= 1
J:Ezi

2
5T + Kwy) dt .

Numerical algorithms for direct and inverse dynamical
problems are developed based on the Ritz method and
finite element technique with spline approximations of the
unknown functions in the space-time domain. The energy
error functional T~'® is used to design integral criteria of
the solution quality relying on the extremal properties of
finite-dimensional variational problems.

The efficiency of the estimates proposed are demonstrated
on a example of controlled motions for a homogeneous elas-
tic rod. The piecewise polynomial control of longitudinal
displacements is investigated. After FEM discretization,
the original optimization problem is reduced to successive
solving of two linear algebraic systems. The obtained nu-
merical results are analyzed and discussed.
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Abstract: Simulations are increasingly employed to evaluate alternative planning strategies.
With the number of model parameters and their interdependencies grow challenges regarding
the validation and calibration of simulation systems. A major challenge lies in calibrating models
that include emergent phenomena, as is a frequently stated feature of agent-based simulations.
Here heterogeneous groups of agents are directly modeled to enable the consideration of agents’
impact on the planning solution and its success. Difficulties in calibration arise as the system’s
behavior emerges from agents’ individual decisions and actions, which cannot be fully observed.
In the following we present a novel approach for calibrating agent input parameter values of
agent-based simulations for decision support. The approach is based on a game-theoretic model
representing an approximation of the dynamic simulation system. Its performance is tested in a
meta-simulation framework on the example of a market simulation with a monopolist supplier.
The meta-simulation setting allows us to compare calibration results to actual input parameters.
The presented work provides an outline for efficient calibration of agent-based simulations in
general using a game-theoretic model.

Keywords: Agents, Calibration, Decision support systems, Game theory, Integer programming,
Simulation.
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A time series is a sequence of observations that are measured at successive times. One of the most
common examples of time series is the closing price of stock market indices such as S&P 500 index, Dow Jones
index etc. Time series analysis refers to methods used to develop models for analyzing the data and to extract
meaningful statistics and other characteristics of the data. Time series forecasting is the use of a model to
forecast future values based on some known past data values before they are measured.

Methods used to study time-series can be broadly classified as parametric methods and non-parametric
methods. Several parametric and non-parametric modeling and forecasting methods can be found in the
literature. Most methods are based on predictors. In this paper, we propose a method for associating a measure
of reliability to a predictor based on the statistical metric space theory. We illustrate it utilizing measures of
concordance. In order to accomplish this, we assume a forecasting approach that determines a predictor and
constructs forecasting functions that map the predictor to a “current segment” / target and then extend the map
to obtain forecast values.

A statistical metric space S is a set of points with a probability distribution function zz(x; p,q) of the

variable x associated to points p and ¢g in S subject to certain conditions. The function 7 is interpreted as the
probability that the distance between p and ¢ is less than x. The forecasting approach taken in our research has
an algorithmic slant, we interpret a time series T as a one-directional stream of numbers being printed, one at a
time at uniform time intervals. Then, the forecasting problem is to estimate a set of (say m) numbers to be
printed next. From the known stream, we construct a set of n-tuples of the form p =< p,, p, ,...., p, >. Each
tuple is a continuous segment of the already printed stream and is a subsequence of the stream. Let S, denote
the set of all n-tuples constructed from T. Let ¢ be the member of S, consisting of the most recently printed »
numbers. We call ¢ the target sequence. We call S, —{¢}a predictor set. The basic forecasting idea is to identify
a member p in S, — {t} similar to the target ¢ that is the best predictor candidate (predictor tuple). Then, find a
mapping % : p —t (prediction/forecasting map) which is extended to calculate the future values of T as the
forecast. We define a SMS structure on S, with a distribution 7(x; p,q) where p, g € S,. Then, we interpret
7(x; p,t) as a measure of reliability of the forecast.

To implement the approach, a pattern space of dimension n(n-1)/2 is constructed from S,. This could be
a many-one mapping M, from S, to P,. (This essentially partitions S, into clusters.) Choose a predictor p such
that the distance between M(?) and M(p) is a minimum (assuming a suitable metric). Once a predictor p is
determined, construct a mapping /4 : p —¢ and a distribution 7 (x; p,#) which imposes a SMS structure on
S». The distribution will be interpreted as a confidence measure or measure of reliability. In short, the
methodology consists of four steps namely, predictor set construction, determination of the optimal
predictor, construction of prediction map, and construction of a distribution function. Three algorithms
are proposed to implement the method. The concordance measures Kendall’s7 and GINI’s mean
difference are used in the identification of predictor and construction of distribution function. The time
complexities of Algorithm 1 and Algorithm 2 are O(n?) where n is the length of the target sequence.
The complexity of Algorithm 3 depends on the method used to construct the mapping function. In the
future, we expect to improve the complexities of the algorithms.
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1. INTRODUCTION

The paper focuses on Petri net (PN) models of scheduling
problems in manufacturing and explores the possibilities
of use of PN models in conjunction with state-of-the-art
local search algorithms. The previous works on parameter-
ized conflict resolution strategy and neighbouring solution
generation procedures are generalized, so besides stan-
dard flow-shop and job-shop problems also less restricted
problem classes can be addressed. This way the proposed
approach brings PN based scheduling methods closer to
the practical needs in manufacturing and services.

2. PN REPRESENTATIONS OF SCHEDULING
PROBLEMS

Petri nets (Murata, 1989) can be used to effectively model
all standard scheduling problem classes (Musi¢, 2012).
Nevertheless, Petri nets can model a much wider variety
of scheduling problems so here some generalizations of the
previous work are presented.

PN modelling of manufacturing scheduling problems is
based on representation of job orders, workpieces and
resource availability by places, and manufacturing actions
by transitions. Operation processing times are assigned to
transitions and a timing principle described in Napalkova
et al. (2014) is used. Depending on the level of details ad-
ditional places can be used to model activities in progress,
intermediate buffers, etc.

3. A GENERALIZATION OF PN BASED
NEIGHBOUR SOLUTION GENERATION STRATEGY

Local search moves from one candidate solution in the
search space S to another as long as necessary. A Petri net
extension by predefined sequences (Loscher et al., 2007)
enables to parameterize the transition firing sequence and
changes in sequence vector can be used to explore various
PN-represented schedules by the sequence-supervised sim-
ulation. The search for an optimal schedule is then driven
by stepwise modifications of feasible firing sequences. A
PN based neigbour solution generation strategy was pre-
sented in Musi¢ (2012) where a new solution is obtained
by permutation of the jobs sequence for a chosen shared
resource. The strategy works well for standard job-shop
and flow-shop problems. Unfortunately it fails for more
general cases so a generalized solution generation strategy
is proposed here.

A process net is derived as a PN model of the scheduling
problem without resources. A single sequence vector is
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used, which is determined by projecting last feasible firing
sequence to the set of schedule relevant transitions 7).
Given a feasible firing sequence o, a neigbour solution is
constructed by applying one of the following steps:

Change in resource allocation is made by a choice of
transition in the projected firing sequence o, = Prr;, (o)
that has an alternative. The alternative transitions are
found as conflicting transitions in the process net that
are also linked to resources in the full model. The chosen
transition is then substituted by one of its alternatives,
and the resulting sequence is used for a sequence-
supervised simulation run of the original PN.

Change in the processing order. A transition ¢ in
the projected firing sequence o, = Prr;, (o) is chosen as
an initial swap candidate. Then a search for a precedence
relation with t5; within the remaining part of o, is
performed. The precedence check is made by the use
of the process net and because of inherent parallelism of
transition paths that belong to different jobs in such a
PN model, only a small part of the PN graph needs to
be examined. If a transition ¢,; in a precedence relation
with ¢4 is found the transitions between ty; and t,;
become swap candidates Th,. An additional precedence
relation check is then made for every swap candidate
tsoc € T., with the section of o, between tg; and tsac.
The transitions with no detected precedence relations
form a final set of swap candidates Tso. A tgo € Tyo is
chosen and a new o is obtained by exchange of t;; and
tso in 0., and a sequence-supervised simulation run.

The frequency of application of each of the two steps and
transition choice rules depend on the implementation of
the optimization algorithm.
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1. INTRODUCTION

In the preparatory phase of solving an architectural task, the
definition of relationships between functional units - usually
provided by the client, the staff and/or the architectural
planners - plays a central role especially in the case of
complex buildings, such as hospitals. Typically recorded in
the form of a spreadsheet, information is mapped to relative
weights between each pair of units in the range [-1, 1] which
are put into a (symmetric) adjacency matrix (Fig.1 left). This
paper deals with an effective method to automatically
translate the matrix into a representation of nodes
(corresponding to functional units) and edges (their
relations), also called bubble diagram in architectural terms
(Fig.1 right). The authors understand their tool as an addition
to their proposed early-stage conception rather than for late-
stage verification and optimization (Wurzer, Lorenz 2012).

Fig. 1. Simple adjacency matrix (left); Possible spatial
solution (right).

2. THE MODEL

The authors’ method links together three steps of preliminary
design: the adjacency matrix, the bubble diagram and to a
limited extent, the zoning diagram (White 1986). The goal is
to get a preliminary distribution of spaces (bubbles) inside a
well-defined area once the adjacency matrix is defined by the
client or the planner. As shown in Figure 1 (right) zoning
corresponds visually to groups of nodes that stick together.

1.1 Background

Spatial relationships are often considered as spatial
constraints during automated floor-plan generation for the
final design (e.g. Elezkurtaj 2002), also taking into account
parameters other than spatial relationships (e.g. noise or
proportions). However, key point is that there is no “unique
optimal  solution  for  over-constrained  problems”
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(Balachandran and Gero 1987) and design tasks are over-
constrained especially when thinking of hospitals. Thus we
seek to establish a planning process where each task is
handled only once and in the correct phase of a project
(Lohfert 1973).

1.2 From adjacencies to spatial distribution

The basic model, implemented in NetLogo already arranges
entities spatially and incorporates the requirements directly
into the design, allowing an immediate verification (Fig.1
right). The advanced model behaves according to Newton’s
laws of gravitation and propagates changes to a single
relationship immediately to the whole space layout.
Considerations, finally, lead to the following second order
differential equations:

T X € Q°. (3)
x|

In order to avoid standstills a Monte Carlo simulation
(rerunning) is proposed, which come up with several results.
The final verification is then performed by other (design)
criteria.
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Abstract: Discrete-event simulation of hospitals typically specifies flow by means of a process graph
through which patients are routed. While this is generally fine for models in which processes are clearly
defined, e.g. smaller units such as emergency departments, it falls short of capturing the fact that a patient
can in principle go from one unit to any other unit if medical procedure requires it. This problem
becomes even more evident when modeling a whole hospital, at which level specifying each individual
treatment through directed edges and nodes becomes unviably complex. In the past three years, we have
been developing a combined hospital simulation/space design tool in which processes are defined
individually by patient, as sequence of visited units imported from the Hospital Information System
(treatment chains). The major advantage of this approach lies in the fact that we can now design a future
space layout in which assumed capacities (staffing, equipment, required space) can be tested against the
recorded patient volume, using an Agent-Based Simulation to re-enact each treatment chain. In contrast
to other hospital simulations, this approach targets early stages of architectural conception, during which
the actual building structure is elaborated. Using the method, we can compare and contrast different
layouts during that stage, making simulation a driver for design rather than a tool for late optimization

within the final floor plan.

INTRODUCTION

In this paper, we draw together the lessons learned during the
development of our combined hospital simulation/space
design suite called Modular Dynamic Planning and
Simulation for Health Care Facilities, (MODYPLAN) which
is based upon the idea of schedule-based simulation (see
section 2) using the actual treatment data of a clinic, even
though in anonymized form. One of the main realizations
leading to the development of the tool was that the hospitals
are not conceived from scratch - they are based on pre-
existing spatial templates (e.g. Neufert 2000) which are
adapted to fit the expected patient volume and specialization.
There are, nevertheless, a variety of possible options to
choose from, leading to the questions of “How to compare
two spatial layouts?”, which is where simulation comes into
play: By letting agents simulate their individual schedule
(coined as treatment chain, see section 3), they utilize spaces
which have a finite capacity. By recording this utilization,
space occupancy and agent histories among different layouts,
the program can compare the “performance” of each of them.

From a project view, we have just finished the core
implementation and are currently modeling a hospital as a
testcase. Our hospital simulation method relies on treatment
chains stemming from a Hospital Information System. In
contrast to classical process- based simulation, we have no
notion of edges; the transitioning between nodes is rather
based on an agent’s prescribed schedule, making it easy to
capture the real flow between different units, departments or
even hospitals. The approach has been implemented as our
own simulation suite, (MODYPLAN)), which we will bring
to the market in spring of next year.
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Stochastic model for HIV dynamics in HIV
specific helper cells
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Abstract: In this paper, we analyse a mathematical model for the dynamics of CD4™ T cells in
human immunodeficiency virus (HIV) transmission. The model includes antiretroviral therapy
(ART), combining reverse transcriptase inhibitors (RTIs) and protease inhibitors (PIs), and drug
resistance. We modify a deterministic model proposed in the literature to include stochasticity
in the mortality rates of CD4™ T cells and of virus particles. We approximate the probability
distributions of the time ¢ to elimination of drug-sensitive infected CD4% T cells and virus

particles, using gamma or lognormal functions.

Keywords: HIV, mathematical model, deterministic models, stochastic models

1. INTRODUCTION

HIV/AIDS epidemics is characterized by a progressive failure of
the immune system. AIDS leaves the human body vulnerable to
life-threatening opportunistic infections and lymphoma. CD41t T
cells are important helper cells that organize the immune system’s
response to bacteria, fungi, and viruses, namely the HIV virus. A
CD4*1 T cells count lower than some value, usually 600 cells/mm3
indicates the individual is infected with HIV. The treatment for HIV
consists of antiretroviral drugs (ART) that reduce HIV transmission
and AIDS-related mortality. These drugs work in the body by slowing
down the replication of HIV. In the last 2 or 3 decades researchers
focused in developing mathematical models for the dynamics of
CD471 T cells in HIV infection (Wodarz and Hamer [2007]). Wodarz
and Hamer [2007] proved that HIV virus ability to infect CD4* T
cells influences HIV infection patterns. Namely, the spread of infected
CD41 T cells fuels the virus spread, at higher virus loads, and the
infected T cells provide shelter for virus during ART. The framework
of the paper is as follows. In Section 2, we describe the deterministic
and proposed stochastic models. In Section 3 we present numerical
simulations of the model. In Section 4, we conclude our work and
provide future research lines.

2. DESCRIPTION OF THE MODELS

In this section we describe the proposed stochastic model based on
the deterministic model studied in Wang et al. [2014].

2.1 Deterministic model

The deterministic model describes the dynamics of the populations
of uninfected CD41 T cells, T, drug-sensitive infectious virus, Vs,
drug-resistant infectious virus, V;., drug-sensitive infected CD4t T
cells, Ts and drug-resistant infected CD4T T cells, T-.

The epidemiology of the disease is as follows. The uninfected CD4+
T cells, T, are produced at a rate A and die at a rate d. These cells,
when in contact with HIV, get infected, at a rate ks, by drug-sensitive
viruses and move, 7 time units later, to the 7 class. Moreover, T'
cells may be infected, at a rate k., by drug-resistant viruses and move
to the T; class, after 7 time units later. The term e~ ™" represents
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the probability of Ts and T} cells surviving in the interval 7, where
1/m is the average life time of infected CD4+ T cells, before they
become actively productive.

The proportion of Ts and T, cells that after contact with the virus is
not eliminated by RT1Is is 1—nJ, and 1—n7,, respectively. Parameters
n?, and n], Throughout the infection, a proportion u, (0 < u < 1),
of Ts cells can become T cells.

The infected CD41 T cells and the virus particles die at rates &
and c, respectively. The Vs and V,. particles are produced by the
corresponding infected CD41 T cell populations, with bursting sizes
of drug-sensitive strain, Ng, and of drug-resistant strain, N,. The
proportion of virus particles that is not eliminated by PIs is 1 — n,
and 1 — ny, where n;, is the efficacy of Pls for wild type strain,
and ny, is the efficacy of Pls for mutants. 1 The following nonlinear
system of ordinary differential equations describes the dynamics of
the deterministic model Wang et al. [2014]:

dj(;it) = A—dT —ks(1 =} )Ve(O)T(t) — kr(1 —m, )V (£)T(t)
dq;;;t) = (1—wkse " (1 —n )Vt —7)T(t —7) — §Ts(t)
dvs(t) s

Fran Ns6(1 —ny)Ts(t) — cVs(t) )
dj?;t(t) = ukse  "T(1—ni,)Vs(t —T)T(t —7)

+hre " (L =n, Vet —T)T(t — 1) — 6T (¢)

av.(t) -

prani Nrd(1 = ny,)Tr(t) — cVi(r)

2.2 Stochastic model

CD4% T cells death and virus’s clearance rates are affected by
complex biological phenomena (Perelson et al. [1996]). Thus, it is
believed that there is randomness involved in these mortality rates.
Taking this into account, we include randomness in the previous
model (1), replacing parameters d, § and ¢ by d+o01 B (t), 6401 B (t)
and ¢ + ong(t), respectively. Thus, the corresponding system of
stochastic differential equations is given by:
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dT(t) = (A —dT —ks(1 —n,,)Vs(£)T(t) — k(1 — n,, ) Ve (£)T(t))dt
—UlT(t)dBl(t)

dTs(t) = ((1 —w)kse” ™" (1 —n),)Vs(t — 7)T(t — 7) — 8T (t))dt
701T(t)dBl(t)

dVs(t) = (Ns6(1 — n;)TS(t) — cVs(t))dt — o2 Vs (t)dBa(t) (2)

dT,(t) = (ukse” ™" (1 —n,,)Vs(t —7)T(t—7)
+kre” T (1 —n, . )Ve(t — T)T(t — 1) — 5T (¢))dt
—UlTT(t)dBl(t)

dV,.(t) = (N.6(1 — n;)TT(t) — Vi (r))dt — o2 Vi (t)dBa(t)

Bi(t) and Ba(t) are independent standard Wiener processes. Note
that the noise intensity o and the Brownian motion B(t) are the
same for uninfected CD4%" T cells and infected CD41 T cells, but
different for virus particles. It is assumed that biological factors
affecting mortality rates of infected CD4% T cells and uninfected
T cells are similar.

3. NUMERICAL RESULTS

In this section we present the numerical results for the stochastic
model (2). The parameters used in the simulations are in Table (1)
and the initial conditions are set to 7(0) = 1000, Ts(0) = 1 and
Vi (0) = T,(0) = V;(0) = 0.01.

Parameter Value Reference

A 100 Luo et al. [2012]

d 0.1 Althaus and De Boer [2011]
m 0.01 Wang et al. [2014]

ks 2.4 x 1076 Luo et al. [2012]

kyr 2x 1076 Luo et al. [2012]

u 3x 1075 Wang et al. [2014]

é 1 Althaus and De Boer [2011]
N 4800 Luo et al. [2012]

Ny 4000 Luo et al. [2012]

c 23 Althaus and De Boer [2011]
T 1 Wang et al. [2014]
ne, 0.4 Wang et al. [2014]
nr, 0.2 Wang et al. [2014]

ny 0.1 Wang et al. [2014]

ny, 0.1 Wang et al. [2014]

o1 0.1 Wang et al. [2014]

o2 0.1 Wang et al. [2014]

A¢ 0.001 Wang et al. [2014]

Table 1. Parameters used in the numerical simulations
of models (1)-(2).

We estimate the probability of the time ¢ to elimination of drug-
sensitive infected CD41 T cells in the body. From the observation
of Figure 1, it is more likely that the body kills all drug-sensitive
infected CD4T T cells in 65 days. One can approximate this proba-
bility function by a gamma function of the form I'(20,0.197), or by
a lognormal function Y = log(X), where X ~ N(1.35,0.23).

Next, we estimate the probability of the time ¢ to elimination of drug-
sensitive virus particles in the body (Figure 2). We observe that in
55% of the trajectories, the body eliminates the drug-sensitive virus
particles in less than 70 days. Moreover, in 22% of the trajectories
virus persist 75 days and in 18% of the trajectories virus is killed
at 65 days. This probability of the time ¢ to elimination of drug-
sensitive virus particles may be approximated by a gamma function
T'(15,0.1905), or by a lognormal distribution, ¥ = log(X), where
X ~ N(1.1,0.247).

4. CONCLUSIONS

We proposed a stochastic model for CD4T T cells dynamics in HIV
transmission. The model includes ART, combining RTTs and PlIs,
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Probability of the time to elimination of drug-sensitive infected CD4" T cells in the body
05

I Estimated values
——— I(20,0.197)
10g(N(1.35,0.23))

0.45

0.4

0.35

o
w
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a

0.2

50 55 60

65
Time

70 75 80 85

Fig. 1. Probability distribution of the time t to elimination of drug-
sensitive infected CD41 T cells in the body, for parameter
values given in Table 1 and given initial conditions.

Probability of the time to elimination in the body of drug-sensitive virus particles
071

I Estimated values
— I'(15,0.1905)

0.6 log(N(1.1,0.247))

Probability
o 1)
kS 13
T T

o
w
T

o
N
T

60

80
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Time

Fig. 2. Probability distribution of the time ¢ to elimination in
the body of drug-sensitive virus particles, for parameter values
given in Table 1 and given initial conditions.

and drug resistance. We approximate the probability distributions
of the time ¢ to elimination of drug-sensitive infected CD4% T cells
and virus particles by gamma or lognormal functions. Future work
will focus in verifying predictions from the model with real data.
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Abstract: In this paper, we analyze a stochastic model for the dynamics of CD4™ T cells in
immunodeficienvy virus (HIV) transmission. The model includes antiretroviral therapy (ART),
combining the reverse transcriptase inhibitors (RTIS) and the protease inhibitors (PI), and drug
resistance. The stochastic terms are placed in the mortality rates of the CD4% T cells and of
the virus particles. The model is simulated for different values of the noise intensity. We observe
that as the noise intensity is reduced, the model approaches the patterns of the deterministic

model.
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1. INTRODUCTION

The human immunodeficiency virus (HIV) is a retrovirus
that causes acquired immunodeficiency syndrome (AIDS)
characterized by progressive failure of the immune system,
in particular by depleting the CD4% T cells.

Mortality rates of CD4" T cells and the clearance rate
of HIV involve many complex biological phenomena. For
instance, the clearance rate of HIV could be attributed
to binding and entry into CD4% T cells Perelson et al.
[1996]. Thus, it is fairly accepted that there is randomness
involved in these mortality rates. The mathematical mod-
elling of these phenomena involve stochastic terms (that
add noise to the system), thus the models are known as
stochastic models.

Bearing these ideas in mind, the paper is organized as
follows. In Section 2, we briefly describe the stochastic
model, a modification of the deterministic model proposed
in Wang et al. [2014]. In Section 3, we present the results
of the numerical simulations. Finally in Section 4, we
conclude our work.

2. DESCRIPTION OF THE MODEL

The model describes the dynamics of the populations
of uninfected CD4™ T cells, T, drug-sensitive infectious
virus, Vs, drug-resistant infectious virus, V., drug-sensitive
infected CD4% T cells, T,, and drug-resistant infected
CD4*1 T cells, T,. The uninfected CD4T T cells, T, are
produced at a rate A and die at a rate d. These cells,
when in contact with HIV, get infected, at a rate ks, by
drug-sensitive viruses and move, 7 time units later, to the
T, class. Moreover, T cells may be infected, at a rate k,,
by drug-resistant viruses and move to the T, class, after 7
time units later. The term e~™7 represents the probability
of T and T, cells surviving in the interval 7, where 1/m is
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the average life time of infected CD4™ T cells, before they
become actively productive. The proportion of Ty and T;
cells that after contact with the virus is not eliminated by
RTIs is 1 — n;, and 1 — n,,, respectively. Parameters n},
and n7, are the efficacy of RTIS for wild type and mutants,
respectivety. Throughout the infection, a proportion wu,
(0 < u < 1), of Ty cells can become T, cells. The infected
CD4*% T cells and the virus particles die at rates § and
¢, respectively. The Vi and V,. particles are produced by
the corresponding infected CD4" T cell populations, with
bursting sizes, Ny and N,., respectively. The proportion of
virus particles that is not eliminated by Pls is 1 — n and
1 — ny, where n;, and n} are efficacy of Pls for wild type
and mutants, respectively. It is considered that there is
randomness in mortality rates, replacing the parameters,
d, § and ¢ for d + 01 B (t), § + 01 B1(t) and ¢ + 02 Bs(t),
respectively. Functions Bj(t) and Bs(t) are independent
standard Wiener processes. Thus, the system of stochastic
differential equations is as follows:

dT(t) = A—dT — ks(1 —ni)Ve(O)T(t) — k(1 — my, ) Ve ())T(t))dt

—UlT(t)dBl(t)

AT (t) = (1 — wkee ™ (1 — n,)Vi(t — 7)T(t — 7) — 6T, (t))dt
70’1T(t)dBl(t)

AV, () = (No8(1 = n3)Tu(t) — eVi(8))dt — o2 Vs ()dBa(t) (1)

dT(t) = (ukse™ ™7 (1 —ni,)Vs(t — T)T(t — 7)
+krem"T(1 = nl Vet —1T)T(t — 1) — 8T, (t))dt
70’1Tr(t)dBl (t)

AV, (t) = (Np8(1 = n)Tr(t) — cVin(r))dt — 02V, (t)dBa(t)

3. NUMERICAL RESULTS

In this subsection we present numerical simulations of the
model (1). We apply the Milsthein method Mackevicius
[2011]. The parameters used in the simulations are in Table
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(1) and the initial conditions are T'(0) = 1000, T5x(0) = 1
and V4(0) = T,.(0) = V,.(0) = 0.01.

Parameters Value

A 100

d 0.1

m 0.01
ks 2.4 x 10~
kr 2x 1076
u 3x107°
J 1

N 4800
Ny 4000

c 23

T 1
n, 0.4
ny, 0.2
nf) 0.1
n; 0.1
Ay 0.001

Table 1. Parameter values.

We decrease the values of o7 and o3, the noise intensi-
ties. In Figure 1, we observe that the stochastic model
approaches asymptotically the disease free equilibrium.

Fig. 1. Dynamics of the variables’ averages of the stochastic model
(1) using the method of Milsthein, for parameter values of Table
1 and given initial conditions. Blue - noise o1 = o2 = 0.1, red
- noise o1 = o2 = 0.05, green - noise 01 = o2 = 0.01.

In Figure 2, we observe that the stochastic model (1)
converges to the drug-sensitive endemic equilibrium.

Figure 3 shows the drug-resistance endemic equilibrium of
the stochastic model (1).

4. CONCLUSIONS

We proposed a stochastic model for CD4™ T cells dynam-
ics in HIV transmission. The model includes ART, combin-
ing the RTIS and PI, and drug resistance. We simulated
the model for different values of the noise intensity. We
conclude that as the noise intensity decreases, the variabil-
ity of the stochastic model decreases and approaches the
deterministic model dynamics. This study will continue,
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Fig. 2. Dynamics of the variables’ averages of the stochastic model
(1) using the method of Milsthein, for parameter values of Table
1, except ks = 2.4 x 1075, kr = 2 x 1072, u = 3 x 10710,
N = 4600 and N, = 2300, and given initial conditions. Blue -
noise 01 = o2 = 0.1, red - noise 01 = o2 = 0.05, green - noise
o1 = o9 = 0.01.

Fig. 3. Dynamics of the variables’ averages of the stochastic model
(1) using the method of Milsthein, for parameter values of
Table 1, except ks = 2.4 x 107°, k = 2 x 1072, Ns; = 4700

and N, = 7500, and given initial conditions. Blue - noise
o1 = o2 = 0.1, red - noise 01 = o2 = 0.05, green - noise
o1 = o9 = 0.01.

in a near future, with the comparison of these results with
data from real patients.
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Abstract: We study a fractional complex-order (FO) model for drug-resistance in HIV infection

during therapy. We simulate the model for different values of the fractional derivative of complex

order (FD) D% where o, f € RT. The FD is a generalization of the integer order derivative

where @« = 1 and § = 0. The FO system reveals rich dynamics. The novelty of the paper

is attributed to the dynamics of the model promoted by the variation of the complex-order

derivative. The obtained interesting dynamics may point in other directions to model the

intracellular delay.

Keywords: HIV, integer order model, fractional order model, drug-resistance

The human immunodeficiency virus (HIV) is a retrovirus that
impairs the immune response system, by targeting the CD4% helper
T cells. The treatment for HIV/AIDS relies in antiretroviral drugs
that suppress HIV viral load below the limit of detection. Some
drug classes are the reverse transcriptase inhibitors (RTT) and the
protease inhibitors (PI). In the last few years, the mathematical
modeling of HIV epidemics and the efficiency of ART regimens
has become a reality. Fractional calculus, i.e., non-integer order
calculus, has been largely studied by mathematicians and engineers.
In our work, we consider the Griinwald-Letnikov formulation. The
fractional derivative of complex-order a4 38 € C, when applied to a
system of equations, results in complex valued outcomes. Hartley et
al [1999] proposed the association of two complex-order derivatives.

One of these associations is given in equation (2).
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In this paper, we study a FO model for drug-resistance in HIV
infection, during therapy. In Section 2, we describe the model. In
Section 3, we simulate the model for distinct values of «. In Section

4, we conclude our work.

1. DESCRIPTION OF MODEL

The model describes the dynamics of the populations of the CD4+
T cells and virus populations. The uninfected CD41 T cells, T, are
produced at a rate A and die at a rate d. When in contact with HIV,
they get infected, at a rate ks, by drug-sensitive viruses, Vs, and move
to the drug-sensitive infected CD41 T cells class, Ts. Moreover, T
cells may be infected, at a rate k,, by drug-resistant viruses, V;., and
move to the drug-resistant infected CD41 T cells (1) class. The

proportions of Ts and T} cells that, after contact with the virus,

T

T4+, respectively.

are not eliminated by RTI are 1 —n, and 1 —n

Parameters n7, and n], represent the efficacy rates of RTI for
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Z {3 [D9Pa(t) + Do Pa(t)] } ~ 7 {sin [BIn(F)] [Bz71 4+ 28(1 —20)27 2+ -+ | +cos [BIn(F)] [-1+az"! = 18(a® —a— B2+ )] X(2) (2)

wild type and mutants, respectively. Throughout the infection, a

proportion u, (0 < w < 1), of Ts cells can become resistant to

drugs and move to the class T;.. Ts and T’ cells die at a rate § and

cellsT

viruses are cleared at a rate c. Vs and V. particles are produced by

the corresponding infected CD471 populations, with bursting sizes

of drug-sensitive strain, Ng, and of drug-resistant strain, N,. The '

proportion of viruses that is not eliminated by PI is 1 — ny and o

1 —ny, where nj is the efficacy of PI for wild type strain, and nj, is

the efficacy of PI for mutants. The nonlinear system describing the

dynamics of the fractional model of complex-order is: b S R — PR
1 (Dot98 4 DA=IB) T(t) = XN —dT — ks(1 —n3,)Vs(OT(t) — k(1 = n7,) Vi ()T (1)
1 (D98 + D=98) Ty(t) = (1= wks(1 — 05 Vs (OT() — 5T5(t) m
1 (D98 1 D98 Vi(t) = Nab(1 - n)Tu(t) — cVa(t) (3) a2
1 (D98 4 DAIB) To(t) = wks(1 = 3, )Vs()T() + ke (1 = nZ)Vi()T() — 5T5(2) 3
1 cofl
3 ( )

De+IB 4 Da=IB) Vi(t) = Npo(1 —np)Tr(t) — cVi(r) \
aofll
|

2. NUMERICAL RESULTS

In this section we simulate model (3). The parameters are A = 75,
d = 0.1, r =0.03, Tynaz = 1500, ks = 2.4 x 1076, k,, = 2 x 1072,

uw=3x10"5,§ = 1, Ny = 4800, N, = 4000, ¢ = 23, ns, = 0.4,

nr, = 0.2, ny = 0.1, nj; = 0.1. Initial conditions are 7°(0) = 1000,

Ts(0) = 1 and Vi(0) = T-(0) = V;-(0) = 0.01. We simulate the

model (3) for fixed f = 0.8 and vary a € {0.5,0.6,0.7,0.8,0.9,1.0}.
In Figure 1, we observe that the model (3) approaches asymptotically

the disease free equilibrium. Faster transients are seen for decreasing

values of a. The slowest evolution to equilibrium occurs for oo = 1.0,

whereas the fastest transient is for @ = 0.5. This property of the . . o
Fig. 1. Disease free equilibrium of the model (3).
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Modeling the dynamics of the three stages

of HIV infection
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Abstract: We study the dynamic of HIV epidemics in the three stages of infection. The proposed mathematical

model includes macrophages, CD41 T cells and CTLs, and drug-resistance. Numerical simulations of the model

show the disease free equilibrium. Future work will focus on the analyses of the equilibria of the model and on

the dynamics of the model in the different stages of disease.

Keywords: HIV, helper cells, macrophages, CTL, treatment, drug-resistance

The human immunodeficiency virus (HIV) is a deadly disease in
the lack of treatment. Time since the initial infection till death
in an untreated patient is 9-10 years. HIV infection dilapidates
patient’s health, since it attacks three extremely important cell
populations, the CD4T T cells, macrophages and dendritic cells.
The later help to establish the immune system’s responses in the
presence of viruses and bacteria. The cytotoxic lymphocytes (CTLs)
or immune response cells, are the cells set out to eliminate infection
by killing infected cells. The treatment for HIV/AIDS relies in
antiretroviral drugs that suppress HIV viral load below the limit of
detection. The most adopted treatment is a combination of different
drugs, such as reverse transcriptase (RTI) and protease inhibitors
(PI) that prevent the connversion of HIV RNA to HIV DNA and the
production of infectious viral particles, respectively. In the last few
years, there has been a major breakthrough in the mathematical
modeling of HIV epidemics and the efficiency of ART regimens.
Hadjandreou et al Hadjiandreou et al [2009], propose a model for

long term HIV dynamics, subjected to continuous and treatment
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interruptions. In this paper, we study a model HIV epidemics that
includes macrophages, CD41 T cells, CTLs and drug-resistance. In
Section 2, we describe the model. In Section 3, we simulate the model.

In Section 4, we conclude our work.

1. DESCRIPTION OF MODEL

The model describes the dynamics of the populations of the un-
infected CD4% T cells, T, susceptible T cells, Ts, resistant T
cells, T,, macrophages, M, susceptible macrophage, Ms, resistant
macrophages, M, CTLs, Z, and susceptible, Vs, and resistant, V.,
virus populations. The first two terms in the equations modeling
the T and M cells, represent the source of new 7" and M cells,
respectively. CTLs are generated by the first three terms of the
corresponding equation. The infection parameters ki, k2, ks denote
cells’ infection by viruses and infected macrophages. Rates k3, ks
denote the killing of the infected helper and macrophage cells by
CTLs. Death rates are represented by d;. Viruses are cleared at a

rate c. The dynamics concerning drug-resistance are as follows. The
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proportions of Ts and T cells that, after contact with the virus, are
not eliminated by RTI are 1 —n;, and 1 —nJ,, respectively. Param-
eters n;, and n], represent the efficacy rates of RTI for wild type
and mutants, respectively. Throughout the infection, a proportion w,
(0 <u < 1), of Ts cells can become resistant to drugs and move to
the class T;.. Vs and V; particles are produced by the corresponding
infected CD41 and macrophages populations, with bursting sizes
of drug-sensitive strain, Ng, and of drug-resistant strain, N,. The
proportion of viruses that is not eliminated by PI is 1 — nj and

1 —ny, where nj is the efficacy of PI for wild type strain, and ny, is

the efficacy of PI for mutants. The proposed model introduces some
novelty in the equations concerning virus’ populations. It is, to our
knowledge, the first model combining in this way the dynamics of
the several cells. It is a different approach with promising results.
The nonlinear system describing the dynamics of the model is:

T(t) =M\ —6T— (1= nl) (k1 Vio(t) + ko M, (6)T(t)+
BT (1) T () (1= (1) + Tu() + T(1))/ Tina)

To(t) = (1= u)(1 = n3) (kaVa(t) + ko Mo(6))T() = 02T5(t) — ks Ts(8) Z(1)

Tp(t) = w(l = n3,) (ki Vi(t) + k2 My ()T (8) + (1 = nf) (k1 Vi (8) + ke M (6))T (1) = 82T5(t) — kaTo (1) Z(2)

M(t) =X+ %M( ) — ka(1 —ns) Vs ()M (t) — ka(1 — 02 )V (£) M () — 63 M (t)

M(t) = (1= uka(1 = n5) Vi (£) M () — 63 M(t) — ks M, (£)Z(2)

M (t) = uks(1 = ns)Va(£)M(t) + ka(1 — 0l Ve (8) M (£) — 83M,.(t) — ks M,(t) Z(t)

Va(t) = No(L—n3) (T4 (t) + 63 M, (1)) — V(1)

Ve(t) = Np(1 = np)(02T(t) + 03 My (1)) — cVi(r)

Z(t) = Ag+ ko(To(t) + To(t) Z(t) + ke (M (t) + M (t)) Z(t) — 84 Z(1)

(1= n3) (k1 Va(t) + k2 M(0)T(t) —

=

2. NUMERICAL RESULTS

We simulate the model (1). The parameters are A1 = 10, §; = 0.02,
k1 =24x107°% ko = 1 x 1075, nS, = 0.4, n7, = 0.2, p1 = 38,
C1 = 300, r = 0.03, Tmas = 1500, u = 3 x 1072, 5o = 0.28,
ks = 4.5 x 1074, Ay = 16.3, p2 = 35, C3 = 220, ky = 4.33 x 1078,
83 = 0.0285, ks = 3x 1075%;, N, = 200, nj = 0.1, N, = 50, nj = 0.1,
¢=2.39, A3 =5, kg = 3.3x107%, k7 = 6x10~9 and 64 = 0.05. Initial
conditions are T'(0) = 1000, Ts(0) = T(0) = Ms(0) = M,(0) =
V-(0) = 0, M(0) = 30, V5(0) = 0.001 and Z(0) = 333. Parameters
and initial conditions are based in the literature. In Figure 1, we

observe that the model (1) approaches asymptotically the disease

free equilibrium.
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Disease free equilibrium of the model (1).

3. CONCLUSIONS

Fig. 1.

We proposed a model for drug-resistance during HIV therapy.
Simulations of the model show the disease free equilibrium. Future
work wil focus in the analysis of the stability of the distinct equilibria

and on the dynamics of the model in the different stages of disease.
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Data-driven model reduction for weakly nonlinear systems: A summary*

A.C. Antoulas’2

Abstract— Model reduction seeks to replace complex dy-
namical systems with simpler ones, having similar character-
istics. One approach is data-driven reduction based on system
data which are either measured or computed. In this regard
the Loewner framework is a powerful tool for dealing with
the reduction of both linear and nonlinear systems.

OVERVIEW

In broad terms model reduction seeks to transform
large, complicated models of time dependent processes into
smaller, simpler models that are nonetheless capable of
representing accurately the behavior of the original process
under a variety of operating conditions. The goal is an
efficient, methodical strategy that yields dynamical systems
evolving in substantially lower dimension spaces (hence
requiring far less computational resources for realization)
yet retaining response characteristics close to those of the
original system.

Interpolatory MOR methods have matured quickly in
the last decade. They have emerged as one of the leading
choices for truly large-scale problems. These methods
have their roots in numerical analysis and linear algebra
and are related to rational interpolation. In the case of
linear dynamical systems, the main idea behind these
methods is to generate a reduced model whose transfer
function interpolates that of the original system at select
interpolation points. These methods typically require only
the solution of large sparse linear systems and are capable
of producing locally optimal, high-fidelity, reduced models.
Recently, major advances showed how to apply interpola-
tion methods to classes of nonlinear systems.

SOME DETAILS

We begin by listing the classes of systems which can be
treated in our approach. The fist class is composed of linear
systems whose dynamics are described in generalized state
form as

Ei(t) = Az(t) + Bul(t),

*This work was supported by NSF Grants CCF-1017401 and CCF-
1320866, as well as DFG Grant AN-693/1-1.

I Department of Electrical and Computer Engineering, Rice University,
Houston (aca@rice.edu).
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Bremen.
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where x(t), u(t) are the generalized state, input or ex-
citation, of dimension n,m, respectively. Consequently
E, A, B are matrices of size n X n, n X n, n X m. Recall
that if £ is singular we are dealing with a descriptor or
differential-algebraic representation. The next class is that
of bilinear systems, described by

Eix(t) = Ax(t) + Na(t)u(t) + Bu(t),

where N is square of size n, and for simplicity we have
assumed that m = 1. Finally we consider quadratic
bilinear systems (QB), described (for m = 1) by

Ei(t) = Az(t) + Fz(t) ® z(t) + Nx(t)u(t) + Bu(t),

where I has size n x n? and *®’ denotes the Kronecker
product. In all these cases the output or observation equa-
tions are assumed linear in the (generalized) state:

y(t) = Cz(t), C e RP*"™.

An important recent development is the observation that all
nonlinear systems containing analytic nonlinearities can be
expressed as quadratic bilinear systems, at the expense of
increasing the dimension of the generalized state of the
system. Hence QB systems form a very general class of
dynamical systems [7].

Model reduction involves approximating the above sys-
tems by systems with generalized state Z(¢) of dimension
k < n. For instance, in the linear case we seek matrices
A, E, B, C, of dimension k x k, k x k, k x m, p X k,
respectively, such that for the same input u, the output of
the original system y and that of the reduced system ¢
are "close’ (i.e. an appropriate norm of the error ||y — ||
is small). All the above categories of systems can be re-
duced using so-called rational Krylov methods. For details
concerning linear systems see [1]. For details concerning
bilinear and analytic nonlinear systems, see [2], [3], [4],
(51, [61, [7].

One shortcoming of these methods is that it is not a
priori clear how the dimension of the reduced system
should be chosen, so that certain accuracy requirements are
met. In model reduction there are two classes of methods
which achieve this a priori objective. The first is balanced
truncation and is applicable mostly to linear systems (see
[1] for details). The second approach is more recent and
is a data-driven approach. This is the Loewner framework
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introduced and elaborated in [9], [10], [12], [13], [14], [15],
[16], [11].

The purpose of this presentation is to illustrate some
of the features of this approach by applying the Loewner
framework to weakly nonlinear systems, that is, nonlinear
systems with analytic nonlinearities.
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Abstract: Iterative Rational Krylov Algorithm (IRKA) of Gugercin et al. [2008] is an effective
tool for optimal H rational approximation. Beattie and Gugercin [2012] has recently developed
a new formulation of IRKA that only uses transfer function evaluations, without requiring
any particular realization; thus extending IRKA to Hy approximation of irrational, infinite-
dimensional dynamical systems. The main computational cost of this new framework is the
need for repeated transfer function evaluations. In this paper, based on the reproducing kernel
formulation of the underlying Hilbert space, we introduce a quadrature-based formulation of
IRKA where a number of transfer function evaluation are computed only at the beginning (the
offline phase) and the IRKA steps (the online phase) never revisit the original transfer function
performing all the computations in the reduced order dimension.

1. INTRODUCTION

Let H(s) be a Hy function where Ho denotes the set of
scalar valued functions, H (s), that are analytic for s in the
open right half plane, Re(s) > 0, and such that for each
fixed Re(s) =2 > 0, sup,~ [ o |h z +1y)|? dy < co. Ha
is a Hilbert space with the Hs-inner product

of 1
(G, H),, S / G(w) H(w) dw (1)
def 1 +oo 1/2
and the Ho norm ||H||ly, = (277 T H(w) 2 dw) .
Given an order r, our goal is to ﬁnd a reduced model
H,.(s):=C,(sE, — A,)"'B, (2)
with A,, E, € R™", B, € R™*! and C, € R'", such
that H,(s) is an optimal s approximation to H(s):
|H — H |3, = I1H = Grlla,- 3)

min
G .:stable
Let A; denote the poles of H,.(s). Then, H,(s) satisfies
H’r’(_)\i) = H(—)\l) and H;«(_)\z) = HI(—AZ) (4)
for i =1,...,r. For details on the optimal Hy approxima-
tion, see Gugercin et al. [2008], Antoulas et al. [2010].

1.1 Realization-independent IRKA

Given the interpolation points s1, . . ., S, construct H,.(s) =

C,(sE, — A,) !B, using
s
(A, = =IO it i (A, = = Lo
Cr = BT = [H(s1),..., H(s,) %)

* This work was supported in part by the National Science Founda-
tion through Grant DMS-1217156.
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Then, H,(s;) = H(s;) and H/(s;) = H'(s;) for i =
1,...,r. This is the Loewner framework Mayo and An-
toulas [2007], Antoulas et al. [2010] for interpolation, only
requiring H(s) and H'(s) evaluations. Then, by incor-
porating this framework in the implementation of IRKA,
Beattie and Gugercin [2012] developed a realization in-
dependent formulation of IRKA to tackle the optimization
problem (3) by only requiring transfer function evaluations
H(s) and H'(s) as outlined in Algorithm TF-TRKA below.

ALGORITHM: TF-IRKA
IRKA using transfer function evaluations
Given: H(s); and initial interpolation points {s1,...,sr} .
Return: Hy(s) = Cr(sE; — A;)"1B,., a reduced system
realization satisfying Ho-optimality conditions (4).
(1) repeat until convergence
(a) Construct E,, A,, C, and B, as in (5).
(b) Compute A, x; = \E,x;
(¢) si+ =N fori=1,...,7.
(2) Construct E,, A,, C, and B, as in (5).

Upon convergence, the reduced model H,(s) satisfies the
Ho optimality conditions (4). There is no structural re-
striction on H(s); it can correspond to, for example, ir-
rational, infinite-dimensional dynamical systems such as
those with delays.

2. QUADRATURE-BASED IRKA

The main computational cost of Algorithm TF-IRKA is
the repeated evaluations of H(s;) and H'(s;) throughout
the iteration. Our goal in this paper is to reduce this
cost drastically. The reproducing kernel structure of the
underlying Hs space is the first step in achieving this goal
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by replacing function evaluations by a linear functional.
Using the Ho inner product definition in (1), it readily
follows that for s, € C,,

-1

H(sp) = <S +15kH> and H'(sy) = <(s+sk)2’H>('6)

In other words, the transfer function evaluations can be
considered as an inner product evaluations. We note that
other kernel choices are possible, such as the Poisson
kernel; see e.g. Hoffman [1962]. We leave these details to
the full paper.

Next, we approximate these inner-products by a numerical
quadrature. For simplicity, consider only H(sj) computa~

tion.
1 [ 1
,H>/ ——— H(w)dw
21 J_ oo w + Si

H(sy) = < !
~ ZPJ _.

S + Sk
where, p; and §; denote, respectively, the quadrature
Welghts and nodes, and M is the number of quadrature
nodes. We denote the quadrature approximation to H (sy)

by H(Sk) 1€
the quadrature approximation H'(sg) to H'(s). Various
options are available for the quadrature selection such
as Clenshaw-Curtis, Gauss-Legendre, or Gauss-Hermite
quadrature rules. Due to page limitations, details are left
to the full paper. Now, given the interpolation points

(7)

A similar approximation is used to obtain

{51,82,.. 2 S construct the quadrature—based reduced
model H,(s) = C (sE — A,) !B, using
~ H(sz) - (S) e . . =~ T
(Br) == s (B, =—H)
~ Siﬁ(Si)—ﬁ(S')S' . . e T ’
(AT,)M —_— P 27 i £ g, (Ar)i,i == [HG)Y| .
C, =BT = [H(s1),..., H(s/)] (8)

This construction dlrectly leads to a quadrature-based
formulation of IRKA for Hs model reduction problem as
outlined below in Algorithm Q-IRKA.

ALGORITHM: Q-IRKA
IRKA using quadrature-based function evaluations
Given: H(s); and initial interpolation points {s1,...,sr} .
Return: ﬁr( )= C. (SET - bfA )~ 1B,, a reduced system
satisfying Ha-optimality conditions (4) within quadrature error.
(1) Evaluate H(s) at the quadrature nodes &,
for k=1,.
(2) repeat untll convergence
(a) Construct E,«, AT, C, and B, as in (8).
(b) Compute A,x; = NE,x;
(c) i< —Nfori=1,...,r.
(3) Construct E,, A,., C,. and B, as in (8).

Note that H(s) is computed only initially (the online
phase) at the quadrature nodes; the rest of the iteration
(the offline phase) never evaluates H(s); only uses the
precomputed values. Upon convergence, the reduced-order
model satisfies the Ho optimality conditions to the accu-
racy of the underlying numerical quadrature.
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x107° Relative H2 error during TF-IRKA and Q-IRKA
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Fig. 1. Evolution of the relative Hy error

Numerical Example: ~ We apply Algorithm Q-TRKA to
reduce the Heat Model with n = 197 from the NICONET
Benchmark collection Chahlaoui and Dooren [202]. We use
M = 64 nodes; but due to the conjugacy symmetry, only
32 H(s) evaluations are needed. We reduce the order to
r = 5 using both Algorithm Q-IRKA and the exact IRKA
implementation Algorithm TF-IRKA. The resulting relative
Ho errors due to Q-IRKA and TF-IRKA are, respectively,
7.3592 x 10~ and 7.3637 x 10™%; thus Q-IRKA almost ex-
actly replicates the accuracy of the true optimal reduction.
The evolution of the Hs error depicted in Figure 1 also
shows the effectiveness of Q-IRKA.

3. CONCLUSIONS AND FUTURE WORK

In this note, we have introduced a quadrature-based im-
plementation of IRKA. The proposed approach, Q-IRKA,
removes the need for repeated function evaluations during
the iteration and only uses a set of precomputed values. A
numerical examples is used to illustrate the effectiveness of
the proposed approach. Due to the page limitation, several
details are omitted. These details will be included in the
upcoming full paper.
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Abstract: We present the application of Balanced Truncation (BT) for linear time-varying
(LTV) systems. This directly leads to the solution of the controllability and observability
differential Lyapunov equations associated to the LTV system. For large-scale dynamical systems
the main task is to efficiently solve these equations with respect to computational cost and
memory requirements. Thus, efficient strategies exploiting the low-rank structure of the systems
are applied in the context of the matrix-valued time integration schemes. In particular, an
LDL"-type low-rank splitting is considered in order to avoid the problems arising from the
indefinite right hand sides of the algebraic Lyapunov equations that have to be solved inside

the time integration schemes.

Keywords: Balanced Truncation, model order reduction, time-varying systems

1. INTRODUCTION

Many physical phenomena are naturally modeled in terms
of linear time-varying (LTV) systems of the form

E(t)i(t) = A(t)z(t) + B(t)u(t), x(to) = xo, (1)
y(t) = C(t)x(t),

where E(t), A(t) € R"*™ B(t) € R™*™ and C(t) € R?*",
x(t) € R™ defines the state vector, u(t) € R™ the
inputs, and y(t) € RY? are the outputs of the system.
The system matrices E(t), A(t), B(t),C(t) are assumed
to be continuous and bounded, and E(t) is non-singular
for all t € [to,ts]. Models of dynamical systems of the
form (1) originating from complex physical and technical
processes such as mechanical systems, fluid flow or chip
design simulation are often of very large dimension n. In
order to perform real time simulations or controller design,
model order reduction (MOR) becomes very important.
The goal of any model order reduction procedure is to
find a reduced order approximant

Et)a(t) = At)z(t) + B(t)u(t), @(to) = o, @)
j(t) = C(H)a(t),
of (1) with
E@t)=W®)TEV(t) e RF*F,

Aty =W TAV () = W()TEV (t) € RF*F,
B(t) =W (t)TB e R¥>™  C(t) = CV(t) € R7*F,
and projection matrices W (t), V(t) € R™** such that

k < n and the output § of the reduced order model (ROM)
yields a significantly small approximation error ||§—y| in a
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suitable norm. In the remainder, we consider the Balanced
Truncation MOR method applied to LTV systems.

2. BALANCED TRUNCATION FOR LTV SYSTEMS

The theoretical application of Balanced Truncation (BT)
model order reduction for standard LTV systems with
E(t) = I is deeply studied in the literature, see e.g.,
Sandberg (2002); Shokoohi et al. (1983) and the references
therein. Its main ingredients are the controllability and ob-
servability Gramians P(t) and Q(t) given as the solutions
of the differential Lyapunov equations (DLEs)

A(t)P(t) + P(t)A(t)" — B(t)B(t)" = P(¢), )

P(to) =0,
ATQ) + Q(HA() — C(t)TC(t) = —Q(1), (4)
Q(ty) =0,

associated to (1). Note that the observability Lyapunov
equation (4) has to be solved backwards in time.

Given the solutions of (3) and (4), a ROM of the form (2)
can be computed via a generalization of the Square Root
Balanced Truncation method developed, e.g., Laub et al.
(1987) for linear time-invariant (LTI) systems based on
a factorization of the Gramians P(t) = R(t)R(t)T and
Q) = L(t)L(t)T. In practice we often observe that
P(t),Q(t) are of low numerical rank. Therefore, efficient
algorithms exploiting the low-rank property can be used
in order to obtain R(t) € R™ " and L(t) € R™* with
r,¢ < n. Furthermore, the DLE can be considered as a
special case of the differential Riccati equation (DRE).
That is, any integration method for DREs, e.g., discussed
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in Benner and Mena (2013); Lang et al. (2014) can also be
employed in the DLE setting.

3. SOLVING DIFFERENTIAL LYAPUNOV
EQUATIONS

In this contribution, we consider the backward differentia-
tion formulas (BDF) and the Rosenbrock methods applied
to the generalized DLE

E)X(t)E™(t) = F(t,X(t)), X(0)

=0, (5)

with

F(t,X(1))=AO)X ) ET(t)+E)X () AT(t)+N({t)N(t).
Further, let 7, = t; — tx_1 be the time step size, where
0 =t <t < - < tg,.. = tf denote the discrete
time instances. These may be determined adaptively. We
abbreviate Ey = F(tg), A = A(tr) and N = N(t) in
the remainder for easier reading.

Backward Differentiation Formulas: The p-step BDF
method applied to equation (5) has the form

P
Ek (Z Oz]‘Xk_j)Eg = TkﬂF(tk, Xk),
j=0

where X} is an approximation to X (t;). The coefficients
o and [ are chosen such that the p-step BDF method has
the maximum possible order p, see Hairer and Wanner
(2002). Assuming that Xo,..., X,_1 are already known,
the matrix X}, can then be determined from the algebraic
Lyapunov equation (ALE)

p
A XiEl + E XRAL = =N N + B, () 0 Xi_j) EF.

=1
N (6)
with Ay = m7.BA, — %aoEk. Note that, since for p > 2

some of the coefficients «;, j = 1,...,p, are positive,
the right-hand side of (6) may be indefinite. Assume that
the matrices X;, 7 = 0,...,k — 1, admit a low-rank

LDL™ decomposition X; ~ LjD]-L;F with L; € R"¥4,
D; € R%*% and £; < n. Then the right-hand side of the
ALE (6) takes the form

p
—NeN{ + B (D 0 X ) Ef = —GpSiGY

j=1
with G, = []\7]€7 EyLg_q, ..., EkLk,p] and
I
—a1 D1
Sk =
—apDk,p

In this case, an approximate solution of the ALE (6)
can be determined in the factorized form X, ~ LkaLf
Ly, € R D, € R%*% using the LDL"-type ADI or
Krylov method presented in Lang et al. (2014) based on
earlier ideas in Benner et al. (2009).

Rosenbrock methods: Following the statements in Ben-
ner and Mena (2013) for DREs, the general p-stage Rosen-
brock method applied to the DLE (5) reads
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P
X1 = X+ Y m;Kj,
j=1

i—1
ANkKZE]?—‘r Eszziz:—F(tk’“Xk-‘rZ (IUKJ)

=1

(7)

i—1
Ci
Jj=1

where A, = Ay — 2%ﬁfgk, tk,i = tp + o7, 1=1,...,p,
and 7, @ij, Cij, Vi, Mj, a; are the method coefficients,
that are available in text books as, e.g. Hairer and Wanner
(2002). We denote by K; the n x n matrix representing the
solution of the i-th-stage of the method and abbreviate
F, = %—f(tk,X(tk)). Again considering a right hand side
factorization —GySkGT in (7) yields an approximate solu-
tion X ~ LkaLg to (5) at time step tx. The particular
representations of the several Rosenbrock methods and
the corresponding low-rank factors Gy, S; in the stage
equations for K;, ¢ = 1...,p depend on the order p and
the choice of the coeflicients v, aij, cij, i, m; and «;.
Details on the particular formulations will be presented
elsewhere for reasons of space.

4. CONCLUSION

The BT MOR method for LTV systems is deeply studied
in the literature. Still, as far as the authors know, there is
no suitable procedure that is applicable for large-scale LTV
systems. Therefore, the authors investigate the application
of low-rank based solvers for matrix differential equations
previously mentioned for solving large-scale DREs. It is
briefly shown that the ideas for DREs also apply to the
DLE case. Also the origin of the initial and final conditions
for the controllability and observability DLEs will be
addressed.
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Numerical simulation of large-scale complex systems is challenging, especially when such a task needs
to be done many times under parameter variations, e.g., in the context of optimization, control, and
parameter estimation. Model order reduction (MOR) is a useful technique for constructing a low-cost
surrogate, i.e., a reduced order model (ROM), which can reproduce the input-output response of the
original large-scale system, with compromise on the accuracy to an acceptable extent. To compute
a ROM, an efficient a posteriori error estimation is crucial because it enables the computation to be
reliable and automatic.

In this work we propose an efficient output error estimation for projection based MOR methods
applied to parametrized nonlinear evolution problems. For (nonlinear) evolution equations, time-stepping
schemes are often used to solve them, and error estimations for reduced basis methods have been studied
in recent years [1, 3]. The error estimator may loose sharpness when a large number of time steps are
needed, because the error estimator is actually a summation of the error over the previous time steps.
To circumvent this problem, we introduce a dual system at each time instance in the evolution process.
With the help of the dual system and under suitable assumptions, the output error of the reduced model
can be estimated more sharply. The proposed output error bound is independent of the choice of the
projection matrix, and hence is independent of the MOR methods.

The proposed error estimation is applied to two kinds of evolution problems arising from chromato-
graphic separation processes. One is batch chromatography with bi-Langmuir isotherm equations, which
is a nonlinear parametric evolution problem. The other is a linear parametric periodic switching sys-
tem, the model of simulated moving bed chromatography with linear isotherm equations. Reduced basis
methods are used to construct the reduced order model. More precisely, the POD-Greedy algorithm [2] is
employed to generate the reduced basis. Figure 1 illustrates the decay of the error bounds and the corre-
sponding true error during the reduced basis extension process for the batch chromatographic model. It
is seen that the proposed output error bound (ErrorBound-2) is much sharper than ErrorBound-1 [1, 3].
The resulting reduced models are employed to solve the underlying optimization problems. Employing
the reliable compact reduced models, the optimization problems are solved much faster with sufficient
accuracy. The results of the optimization of batch chromatography are summarized in Table 1. It is seen
that the optimal solution of the ROM based optimization converges to the full order model (FOM) based
optimal solution, and the runtime is significantly reduced. The speedup factor (SpF) is 58.

Table 1: Results of the optimization based on the FOM (A = 1500) and the ROM (N = 45).

Models Objective  Optimal solution  #Iterations Runtime [h]/SpF
FOM-Opt. 0.020264  (0.07964,1.05445) 202 33.88 /-
ROM-Opt. 0.020266  (0.07964,1.05445) 202 0.58 / 58
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Figure 1: Tllustration of the decay of the error bounds and the corresponding true error during the reduced
basis extension process for the batch chromatographic model. ErrorBound-1 refers to the output error
bound used in [3], while ErrorBound-2 is the proposed output error bound.
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1. INTRODUCTION

Particle processes are very important for chemical and
pharmaceutical industries. The vast majority of products
in these industries is produced in particulate form (Win-
termantel (1999)). Main examples of such processes are
crystallization, granulation, and polymerization.

Particle processes typically consist of the actual dispersed
phase and a fluid phase, which stands in exchange with the
dispersed phase. Essential processes within the dispersed
phase are formation of particles (nucleation), their division
into smaller particles (breakage) and union of particles
into larger units (aggregation). The dispersed phase with
a large number of particles can be described by population
balance equations (Ramkrishna (2000)). The equation for
the description of behavior of the dispersed phase reads:

on 0

——

o, (vkn + Ji)
—_—

growth convection/dif fusion

hyrdVy, + RaggdVeL
QL QL

(1)

breakage agglomeration

In Eq. (1) n is the number density function of the particle
population. This function depends on time, and in addition
on external x; and internal L; coordinates which usually
describe a geometry configuration and some properties of a
system, respectively. The function GG denotes the growth
rate of particles in the direction of internal coordinate
L;. vy is the fluid velocity in the direction of internal
coordinate L; and J£ is the diffusion flow in the direction
of external coordinate xj,. The nonlinear functions hy,
and hage denote breakage and agglomeration of particles
respectively.

The numerical solution of such systems with several in-
ternal and external coordinates is hardly possible in real
time. To enable model-based process design and process
control of systems with particle population in fluid flow,
there is a need for reduced models. The reduced models
should have much lower system order than the reference
models. In this paper Proper Orthogonal Decomposition
(Kunisch and Volkwein (2003)) is used for the development
of an automatic procedure for model reduction.
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2. MODEL REDUCTION

Considering only linear models as the simplest case, a
linear variant of the population balance equation (1) can
be approximated by a set of ordinary differential equations

dn(t
dt

)

= Lun(t), (2)

where n(t) is the discretized state vector, and L,, denotes
a system matrix of the reference model.

As a starting point, the detailed reference model has to be
solved numerically. Snapshots for each state of the model
n(t1),n(tz),... are collected and arranged as a matrix

N = (n(t),nlta), ...).

A reduced basis for the snapshot vectors is constructed
from the singular value decomposition

N=UxV" (3)

The new basis vectors are taken as

where U; denotes the ¢ th column of U, and N™ is the
dimension of the reduced basis and correspondingly the
order of the resulting reduced model.

The state vector n(t) can be approximated by the following
expression:

n(t) = ¢"¢"(t) (5)

where " (W7, .., ¥m), and ¢"(t) is the coefficient
vector of the reduced basis; ¢™(¢t) will become the state
vector of the reduced model.

In order to obtain equations for ¢"(t), the approximation
for the state vector (5) is inserted into the discretized
population balance equation (2). To make the projection
of the residuals on the reduced basis vanish, Galerkin’s
method of weighted residuals is applied, which leads to

99" (1)

ot

Y Lay" 9" (1) (6)
———

=:L’
The matrix L’ on the right-hand side of (6) is a constant
matrix and has to be evaluated only once.
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3. AUTOMATIC PROCEDURE FOR MODEL
REDUCTION

An automatic procedure for the reduction of linear models
is implemented in the modeling and simulation environ-
ment ProMoT /Diana. ProMoT is a modeling tool written
in Common Lisp (Ginkel et al. (2003)). ProMoT provides a
general modeling language and outputs to different numer-
ical solution tools. Diana (Krasnyk (2009)) is a simulation
tool for the solution and nonlinear analysis of differential
algebraic systems.

The developed automatic tool for model reduction is a
part of the ProMoT project and hence is written in
Common Lisp. One uses Diana simulation tool only as
an intermediate step for the numerical solution of the
reference model. The main parts of the tool so far are
the snapshots reader, the generator of basis functions, the
extractor of the system matrix of the reference model and
the generator of reduced model.

Via a Python script the user has to define model parameter
values, a time range, and an output time interval for
collecting snapshots to which the POD method is to be
applied. After reading of all necessary information, the
snapshots reader runs the C++ code generator for Diana
and translates the reference model for which we want
to produce a reduced model. Then the snapshots reader
runs Diana to generate snapshots and writes them into
an output file. The last step of this part is to read
the snapshots from the output file into the ProMoT
environment and to arrange them into a matrix N

(n(t1),n(ta),...).

When the work of the snapshots reader is finished, the
automatic tool starts building the system matrix of the
detailed reference model. The main idea in extracting the
system matrix is a search of coefficients in the ordinary
differential equations which correspond to the desired state
variables of the reference model. The general form of an
element of the system matrix of a linear autonomous
system can be expressed by the following equation:

OODE;

Ln i, —
5]
3sj

(7)

In Eq. (7) Ly, ;; is an element of the system matrix at ¢ th
row and at j th column. ODE; is the right-hand side of the
ordinary differential equation corresponding to ¢ th state
variable, s; is an symbolic name of j th state variable.

In ProMoT all modeling data is stored in symbolic form.
To preserve generality and to preserve the dependency of
the reduced model on the model parameters, the system
matrix has to keep the elements in a symbolic form.
For this purpose the computer algebra system Maxima
is used. Since it is written in Common Lisp and can
be called directly from Lisp code, Maxima is embedded
into the ProMoT core. For convenience of use of the
computer algebra system a program interface between
ProMoT and Maxima has been developed. The interface
allows to convert internal data structures of ProMoT into
corresponding Maxima representation and vice versa.
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In order to generate the equations of reduced model, it
is necessary to calculate the reduced basis of model. A
complicated mathematical apparatus is needed to accom-
plish this, in particular to calculate singular value de-
composition of snapshots matrix. For these purposes it
was decided to use a specialized software as an external
tool. GNU Octave is a high-level interpreted language,
primarily intended for numerical computations. To use
this numerical tool externally a program interface between
ProMoT and Octave has been developed. The interface
allows to run Octave in interactive mode, send and receive
data, and to apply all the built-in mathematical functions
of Octave.

After completion of the above parts it is possible to
calculate the system matrix L’ of the reduced model from
Eq. (6). The generator of the reduced model creates a
new modeling file into which it writes the set of ordinary
differential equations in the following form:

d9P(t) _ N~
i :;Lz—mj(t) (8)

In Eq. (8) ¢7 is a coefficient of the reduced basis and N
denotes the number of basis functions.

For reconstruction of actual states of the given model
n(t1),n(t2), ... one has to evaluate Eq. (5).

4. OUTLOOK

The automatic tool for reduction of linear models has
been developed by using proper orthogonal decomposition
(POD). The implemented approach has to be extended for
nonlinear systems. For these purposes, automatic splitting
of the ride-hand sides of differential equations into linear
and nonlinear terms has to be done.

REFERENCES

Ginkel, M., Kremling, A., Nutsch, T., Rehner, R., and
Gilles, E.D. (2003). Modular modeling of cellular sys-
tems with ProMoT/diva. Bioinformatics, 19(9), 1169
1176. doi:10.1093/bioinformatics/btg128.

Krasnyk, M. (2009). Ph.D. Thesis. Otto-von-Guericke-
University Magdeburg.

Kunisch, K. and Volkwein, S. (2003). Galerkin proper
orthogonal decomposition methods for a general equa-
tion in fluid dynamics. SIAM Journal on Numerical
Analysis, 40(2), 492-515.

Ramkrishna, D. (2000). Population balances: theory and
application to particulate systems in engineering. Aca-
demic Press.

Wintermantel, K. (1999). Process and product en-
gineeringachievements, present and future challenges.
Chemical Engineering Science, 54, 1601-1620. doi:
10.1016/50009-2509(98)00411-4.



MATHMOD 2015 Abstract VVolume

A Black-Box Method for Parametric Model
Order Reduction

M. Geuss™* B. Lohmann * B. Peherstorfer ** K. Willcox **

* Institute of Automatic Control, Technische Universitdt Minchen,
85748 Garching, Germany (e-mail: matthias.geuss@tum.de).
** Department of Aeronautics and Astronautics, MIT, Cambridge, MA
02139, USA
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1. INTRODUCTION

With increasing demands on accuracy for optimization,
simulation or control, the modeling of complex systems
results in large-scale systems of ordinary differential equa-
tions. For many engineering applications the large-scale
systems additionally depend on parameters, for example
geometry or material parameters, which results in linear
time-invariant (LTT), parameter-dependent systems

[ E(p)x(t.p) = A(p)x(t, p) + B(p)u(t)
Gp): { y(t,p) = C(p)x(t, D).

where the system matrices depend on the vector of pa-
rameters p € D with domain D C R The vectors
u(t) € R™, y(t,p) € RP and x(t,p) € R™ denote the
inputs, outputs and states of the system, respectively.
Methods of parametric model order reduction (pMOR)
have been developed to construct a parameter-dependent,
low-order system which approximates the large-scale sys-
tem G(p). One can distinguish between global basis ap-
proaches such as global POD and local basis approaches
such as interpolation of bases, transfer functions or system
matrices. Greedy adaptive parameter sampling based on
error indicators such as the residual can be applied to
the global basis approaches. However, efficient adaptive
selection of grid points (model refinement) has not been
explored in the literature for local basis approaches due
to missing error indicators. Additionally, it is an open
question how the optimal interpolation method can be
chosen in advance (method selection). In this contribution
we propose a cross-validation-based error indicator for
efficient method selection and model refinement for local
basis approaches and demonstrate the method for the case
of the interpolation of local reduced system matrices.

(1)

2. PMOR BY MATRIX INTERPOLATION

The method of interest interpolates local reduced system
matrices to construct a parameter-dependent, reduced
system, see Degroote et al. (2010); Panzer et al. (2010);
Amsallem and Farhat (2011); Geuss et al. (2013). In the
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offline phase of the method the parameter domain D is
sampled with a uniform distribution for a set of vectors
P = {p1,...,pn} and system G(p) is computed for
parameters in the set P. The resulting local systems are

G(pi) : (2)

(3)

reduced individually to order ¢ <« n. After adjustment
of the bases of the local subspaces using transformation
matrices T(p;) and M(p;), one finally obtains N reduced,
nonparametric systems G(p;) with¢=1,..., N:
{ E(p:)x(t,p;) = A(py)%(t,p;) + B(ps)u(t)
y(t,pi) = C(pa)X(t, pi),

where %X(t, p;) € R? is the reduced state vector and

E(p;) = M(p:)" Erea(p:) T (1),

A(pi) = M(p:)" Area(Pi) T (pi),

B(pi) = M(p:)" Brea(pi),

C(p:i) = Crea(p:)T(p:)-
Then, an interpolant is constructed for every matrix el-
ement of parameter-dependent, reduced system matrices
E(p),A(p),B(p),C(p). For example, the interpolant of
the jk-th coefficient of A(p) is a’*(p) = Ef\il W (p)ad®
with basis functions w/*(p) : D — R and coefficients o".
For a cardinal function basis the procedure can be sim-
plified to one interpolant A(p) = Zi\il w;(p)A(p;). In
the online phase, to obtain a reduced system G(p), the
interpolants are evaluated at the parameter vector p € D
and their outputs are assembled again into system matrices
E(p),A(p),B(p),C(p). Alternatively, interpolation can
take place in the tangent space of a matrix manifold.

3. BLACK-BOX METHOD

The black-box method automatically selects the interpo-
lation method, performs the refinement in the parameter
space and stops when the maximum predicted error of the
interpolated system falls below a given error tolerance. The
method is based on a new error indicator.
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3.1 Cross-validation-based error indicator

We introduce an error indicator which is based on available
information at grid points in P. For that we assign a
leave-one-out cross-validation error to each grid point, see
e.g. Bishop (2006). For example, if this error indicator is
supposed to be calculated for grid point p;, one leaves out
this point from set P, builds new interpolants from the
matrices at the remaining grid points in P\{p;}, evaluates
them at p; and computes the error of the interpolated
system with respect to the reference system at p;. For error
indicators at grid points from P we build in the following
an aggregated error measure or construct a surrogate
model to obtain the error indicator for parameters in D.

3.2 Method selection

Interpolation methods for pMOR offer a variety of proper-
ties. Firstly, there are different basis functions. Secondly,
the basis functions can additionally depend on a parame-
ter. Thirdly, the interpolation can take place in different
manifolds. This results in a large number of candidate
interpolation methods. In order to select the method with
the smallest error between the interpolated and directly
reduced system for parameters in D, we first assign a cross-
validation error to each grid point in P. The interpolated
system is compared to the directly reduced one. Finally,
an aggregated error measure such as the root-mean-square
error is calculated for the error indicators at grid points in
P for all candidate interpolation methods. The method of
interest is then the one with the minimum error measure.

3.8 Model refinement

Methods of pMOR based on interpolation require a regular
or irregular grid of the parameter domain D. In order to
decrease the error of the interpolated model, new grid
points are inserted. An refinement scheme identifies re-
gions with high error between the interpolated system and
the original system and inserts new grid points there. We
again use the cross-validation-based error indicator and
assign a cross-validation error to each grid point from P.
In contrast to Section 3.2 the interpolated system is com-
pared to the high-order one as we are interested in the
overall error and not only in the error due to interpo-
lation. Afterwards, we build a surrogate of the error for
parameters in D. This surrogate model is then used to
identify regions in D with high error indicator. Depending
on the grid type we distinguish between two procedures.
For a regular grid we build a surrogate model by linearly
interpolating the error indicators at points from P and use
a gradient-based approach to find the parameters for which
the model predicts the maximum error. As a constraint
we have to consider that the inserted grid points preserve
the structure of the regular grid. For an irregular grid
we construct a Kriging surrogate model and use Efficient
Global Optimization (EGO) from Jones et al. (1998),
where we maximize the Expected Improvement using a
gradient-based multistart solver. Additionally, we avoid
clustering by introducing constraints into the optimiza-
tion. For parameters corresponding to the newly added
points we perform local model order reduction and update
the parameter-dependent, reduced model with the new
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local reduced systems. As the procedure is iterative, these
steps are repeated until the maximum predicted error
falls below a given tolerance, which will be explained in
Section 3.4. For every grid point high-dimensional opera-
tions have to be performed only once and corresponding
quantities can be stored and reused in every iteration for
the calculation of the cross-validation errors.

3.4 Model error prediction

So far we used the cross-validation error in the surrogate
model just as an indicator for the (unknown) error. Now we
want to predict the maximum error so that we can assess
the accuracy of the interpolated system and can stop the
refinement procedure in Section 3.3 when the maximum
predicted error falls below a given tolerance. The cross-
validation error indicator is in most cases larger than the
true error because the cross-validation error was computed
with one grid point less. Furthermore, we observed in
numerical examples an approximately linear dependence
between the cross-validation-based error indicator and
the true interpolation error. Therefore, we propose a
linear error model like the one suggested by Paul-Dubois-
Taine and Amsallem (2014) which is obtained via linear
regression of an error pool. We save in every iteration
the cross-validation-based error indicator and the true
interpolation error which are calculated at the new grid
points. This gives an error pool which grows with an
increasing number of iterations. The maximum predicted
error can then be calculated by inserting the maximum
cross-validation error into the linear error model which
delivers an increasingly accurate prediction with growing
error pool.
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1. SUMMARY

Model-order reduction provides an appealing approach to
solving parametric large-scale models stemming from spa-
tial discretization methods. The high-dimensional system
at the fields-level is replaced by a surrogate model that is
fast to evaluate, at a controllable level of error. This paper
presents an interpolation-based order-reduction method
for systems with non-affine parameters. The main novelty
is the construction of the parameter-dependent projection
matrix. For a given error level, the suggested approach
reduces the number of instantiations of the fields-level
model compared to state-of-the-art methods.

The behavior of physical structures generally depends
on a number of parameters, such as materials or shape.
Spatial discretization methods, like finite elements (FE),
are proven numerical techniques for analyzing physical
structures at the fields-level. The resulting models are
high-dimensional systems of equations which have to be
assembled and solved separately for each considered con-
figuration. Although one single evaluation may not be
particularly demanding on modern computers, large eval-
uation counts, as encountered in parameter studies or nu-
merical optimization, may rapidly exhaust computational
resources.

Methods of parametric model-order reduction (PMOR)
provide a possible remedy. They approximate the original
large-scale model by a cheap reduced-order model (ROM)
of low dimension but very similar response. Most PMOR
methods are of projection type, i.e., the fields-level model
is projected onto a carefully chosen low-dimensional sub-
space. A necessary condition for the efficient application
of this approach is the presence of affine parameter depen-
cence: The parameters must appear explicitly in the fields-
level model. Typical affine parameters are the frequency
and material properties. Geometrical parameters usually
enter the fields-level model in a non-affine way. In recent
times, projection-based PMOR methods have been ex-
tended to systems with non-affine parameters: The PMOR
method proposed in this paper constructs a parameter-
dependent projection matrix by interpolating projection
spaces with respect to the non-affine parameters. This ap-
proach offers the possibility to make the dimension of the
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ROM independent of the number of non-affine parameters.
To render the local projection bases compatible for inter-
polation, a novel projection-and-scaling step is introduced.
The present method improves subspace interpolation com-
pared to prior works and achieves higher convergence rates
than methods that interpolate ROMs.

Fields-Level System: We consider a linear and time-
invariant numerical model ¥ with ¢ inputs and outputs,
which depend on vectors s € Q@ C R? and p € P C R, of
affine and non-affine parameters, respectively. To simplify
presentation, let the input matrix B € CN*? depend on
s only, B B(s), and the system matrix A € CNV*¥V
be complex symmetric, A = AT. Moreover, let (s, p)
possess the symmetric structure
A(s,p)x(s,p) = B(s)u, (1a)
y(s.p) = B(s)"x(s, p), (1b)
where x € CV, y € C9, u € C? are the solution vector,
the output vector, and the input vector, respectively.
Let B,, € CV*9 denote coefficient matrices, @k,ém :
Q — C scalar functions of the affine parameters, and
Ay (p) € CV*N matrix-valued functions of the non-affine
parameters. Then A(s,p) and B(s) may be written as

A(s,p) = Zk O (s)Ax(p), s€cQ, peP,
B(s) =) Oum(s)Bum, seQ.  (3)

Reconstruction of affine parametrization: It was pro-
posed in Grepl et al. (2007) and Dyczij-Edlinger and Farle
(2009) to replace the coefficients Ay (p) in (2) by affine
interpolations A" (p) ~ A (p) with

AP(p) =3 Ti(P)Asu @
where I';: P — R are multivariate interpolation func-

tions and Aj, € CNVN*N matrix-valued coefficients.

The resulting interpolated model X" (s, p) exhibits affine
parametrization only. It reads
(5a)

A™(s,p)x'(s,p) = B(s)u,
y/(s, p) = B(S)TX/(57 p)’ (5b)
with solution x'(s, p) € CV, output y’(s,p) € C?, and

A(s,p) = Ok(s)A} ().

(2)

(6)
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Order reduction by projection: Let us restrict the do-
main of the solution x/(s,p) to a parameter-dependent
subspace S(p) € Gr(N,n) of dimension n of the Grass-
mann manifold Gr(N, n); see Edelman et al. (1998). Given
a basis V(p) € RV*" for S(p), i.e., S(p) = range {V(p)},

Galerkin testing by V(p) leads to the ROM (s, p)
A(s,p)%(s. p) = Bls)u, (72)

¥(s,p) = B(s)"X(s,p), (7b)
with X(s,p) € C*, y(s,p) € C?, and the reduced matrices

A"(s,p) = VT (p)A"(s,p)V(p), (3a)
B(s,p) = VT (p)B(s). (8b)

Construction of parameter-dependent subspaces:  The
domain of non-affine parameters P is equipped with a grid
G of interpolation points p;, at which the fields-level model
3(s,p) is instantiated. Since X(s,p;) depends on affine
parameters only, standard PMOR methods can be used to
generate orthogonal projection matrices V; € RV*" with
rank(V,;) = n, at the grid points p;. The next step is to
choose a reference basis V., € R¥*" of rank n for each P-
cell of the grid. Let £s, (V) € RV*" denote the orthogonal
projection of V. to the subspace S; = range{V;}. Then
we require of V. that

rank (s, (Vo)) =n Vi (9)
holds. With interpolation functions €2; : P — R such that
Qi(pj) = dijs (10)

a parameter-dependent basis V(p) is given by
V(p) =) Qp)bicobs (Vo).

Herein, the scalings 6; . : RM*" — RNX" are provided
to normalize the column vectors after the projection step.
Hence the interpolated matrices of (11) take the form

(11)

Oicols, = ViViV.D;., withD;.=diagt;., (12)
and the resulting ROM is given by
ZZ_ ey Qi(p)T;(p)Ok(8)u(P)As j i X (s, P) =
> Qi(p)Om(s)Bimu, (13a)
7= Q(Pp)Ou(s)B],X(s,p), (13b)
where
Akl :(ViViTVcDi,c)TAj,k(VZVITVCDLC), (14a)
= T
Bi,'m :(V7V2TVCDZ,C) Bm- (14b)

Since the coefficients A; j ; € C**™ and B; ,, € C*"*? do
not depend on s and p, they can be computed in an offline
step, and the evaluation of (13) becomes independent of
the dimension of the fields-level model.

Implementation details: The interpolation grid G is
taken to be a tensor grid, and the interpolation functions
for the non-affine parameters, I';(p) of (4), are products of
Lagrange polynomials. Thanks to I';(pg) = d;x, we have
Aj,k = Ak(paf)' (15)
For subspace interpolation, we employ piecewise multi-
linear interpolation functions whose support is given by

the hypercubes adjacent to the interpolation point. They
are built from univariate hat functions.
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~ -~ X Interpolated FE model
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10 T = Interpolation of univariate ROMs
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Fig. 1. Convergence of interpolated FE model, present
approach, and interplation of univariate ROMs. Di-
mensions in cm: e = 1.5, lg; = 0.5, wgy = 0.1, h = 2.2,
d=1,b=3.2,t=0.288,a =345 wr =0.2,ds =0.9.
Material: €, qir = 1, €r subst = 2.2, 0 =0, p, = 1.

im)

sonvaz'

(a) Resistance R. (b) Reactance X.

Fig. 2. Input impedance versus length [ and frequency f.
2. NUMERICAL EXAMPLE

The inset of Fig. 1 shows the Vivaldi notch antenna of Shin
and Schaubert (1999). We consider the taper length [ €
[3.5,6.5] cm as a non-affine parameter and the frequency
f € [0.5,5.5] GHz as an affine one. FE discretization
leads to a model X(f,1) of N = 1,045,577 unknowuns.
Fig. 1 presents the average error 8 versus the number of
hierarchical refinement steps of G, the refinement level r:
The rate of convergence of the present technique is higher
than with a competing method and, up to r = 2, FE matrix
interpolation is the dominant source of error. The following
data are for r = 2: e®¥& = 4.25-10~4, which is below typical
FE discretization error; off-line time for PROM generation
is 50.02 min, and PROM evaluation takes just 525 us.
Thus, computing the impedance surfaces of Fig. 2 from
3182 points is accomplished within 53.04 s.
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1. INTRODUCTION

Crash simulations are one of the most computer time-
consuming tasks in car design. The use of model order
reduction (MOR) for speedup and data reduction is a
logical consequence. For crash simulations however, MOR
is predominantly used in its traditional modal forms,
e.g. the Craig-Brampton substructure reduction method,
if at all. In this research, MOR methods from system
dynamics and mathematics are tested with regard to
their use in LS-Dyna or Radioss. Contrary to modal
reduction methods, MOR techniques, based on moment
matching or singular value decomposition (SVD), have
error bounds and can be tuned in a certain frequency
range. For the application of non-modal MOR techniques
it is necessary to couple LS-Dyna and Radioss with an
external MOR program. Here, Morembs is used, see Fehr
(2011). The focus of this discussion is the implementation
and validation of the workflow, excluding the development
of a new MOR technique. Therefore, we refer to e.g. Fehr
(2011), Holzwarth and Eberhard (2014) for theoretical
aspects.

2. IMPLEMENTATION AND VALIDATION OF
MOR WITH MOREMBS

Our objective is the use of Morembs for MOR of crash
models in explicit integrators. In this context, the toolbox
is extended with a feature to import FE data from the
explicit FE code LS-Dyna. For linear MOR it is necessary
to import the system matrices of the linear FE equation

Me'd+De'q+K8L'q:.fa (1)
the symmetric mass matrix M., the at least positive
semidefinite linear stiffness matrix K., a velocity de-

* The authors would like to thank the German Research Foundation
(DFG) for financial support of the project within the Cluster of
Excellence in Simulation Technology (EXC 310/1) at the University
of Stuttgart.
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pendent damping term D, - q, the applied forces f and
the nodal information, into the external MOR program.
Initially, the full FE model is modeled in LS-Dyna. Subse-
quently, the system matrices of the FE body are dumped
onto the disk in the Harwell-Boeing format. This is
achieved by using the implicit solver options of LS-Dyna.
Following the dump of the system matrices, all the nodal
information plus the system matrices are imported into
Morembs. Unfortunately, in Radioss it is not possible to
gain access to the assembled system matrices. Therefore,
the full FE body needs to be modeled with another FE
program, e.g. Abaqus, as used in this discussion. After-
wards, all the MOR features of Morembs can be used to
reduce the full FE body. The final step is the simulation of
the reduced elastic body with an explicit FE solver used
for crash simulations. Therefore, the reduced FE system,

Vvl .M. V-qt)+ V' .D.-V-q(t)+
— —
M., D.
VI.K. - V.qt)y=VT.f,

KE f

where V is the Galerkin projection matrix calculated by
the various reduction approaches, is exported into Ls-Dyna
and Radioss and simulated thereafter.

In Ls-Dyna, the reduced elastic body is implemented
as a superelement based on the Component Mode Syn-
thesis (CMS) approach, see Craig (2000). The CMS-
superelement is represented in the Nastran DMIG-format.
For this reason, a new converter is written which ex-
ports the reduced elastic body (reduced system matrices)
into the ASCII Nastran DMIG-format and enables the
reduced elastic body to be simulated in LS-Dyna. The
use of standard second order Krylov or Gramian MOR
procedures as explained in Fehr (2011) is not feasible.
The lack of feasibility stems from the fact that LS-Dyna
requires the reduced model given in a CMS-based for-
mat. In order to use CMS-based reduction with input-

(2)
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output-based MOR methods, like SVD- and Krylov-based
reduction, the method of Holzwarth and Eberhard (2014)
is facilitated. This allows using SVD- and Krylov-based
reduction methods in combination with the CMS approach
see Holzwarth and Eberhard (2014).

The implementation of the reduced elastic body in Radioss
is not based on a CMS but on a floating frame of reference
approach, see e.g. Flidrova et al. (2010). Such an approach
allows a correct consideration of the large nonlinear ro-
tations of an elastic body. In Radioss the procedure is
based on the four masses approach, see e.g. Flidrova et al.
(2010). It implies that the nonlinear rigid body movement
of the elastic body is represented by the movement of four
masses, described by 15 ansatz functions. An explanation
how these ansatz functions are calculated can be found
e.g. in Flidrova et al. (2010). Finally, a .fxb file which
contains all the necessary information needed to simulate
the reduced elastic body in Radioss is obtained.

With the converters implemented, it is examined if the
reduction with Morembs yields to the same results as
the reduction with traditional workflow in LS-Dyna and
Radioss. The application example is the model of a stabi-
lization linkage of a car front suspension. In this example,
the displacement of node 20 in z-direction is chosen as
output of the system. The linkage is excited at node 20
by a sinusoidal force F' with a frequency of 1 Hz and an
amplitude of 100N in z-direction. In Fig. 1, a compar-
ison between the full and the reduced model is drawn.
The models are reduced either in Radioss, LS-Dyna or
Morembs. Subsequently, the reduced models are simulated
with either Radioss or LS-Dyna. Both implementations
lead to the correct results.

[ I I
T —o— Radioss Expl.
g —=— Radioss Mod 12
= —e— Morembs Mod 12
é 4 _ o~ LS-Dyna Expl.
3 -~ Dyna CMS16
% - ®- Morembs CMS16
% g =.
N —50 | s
| | | |
0 0.2 0.4 0.6 0.8 1
time [s]
Fig. 1. The displacement of node 20 in z direction is

plotted. The original unreduced Radioss —— and
LS-Dyna- - models are compared with the reduced
models. The reduced model is calculated once with
the traditional workflow —8—/- - and with the new
workflow in Morembs —e—/- e-.

3. CONCLUSION

After the successful coupling of LS-Dyna and Radioss to
Morembs it is now possible to use non-modal MOR tech-
niques for the simulation of linear reduced elastic bodies
within Radioss and LS-Dyna. That is why a sensitivity
analysis of the simulation results based on different re-
duced models is conducted. The influence of the coupling
of the flexible body on the environment (a free vs. a fixed
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Radiosss Fixed
20 - modal 12 H
R —— modal 50
15 . -o- Krylov 12
2

error in displacement [mm)]

time [s]

Fig. 2. Displacement error of node 20 in Radioss for
different reduced models

approach) and the influence of the different reduced mod-
els on the runtime of the reduced models are examined. As
an example of the conclusions/results in Fig. 2 the absolute
error in the displacement is plotted. In a free system, 50
modal ansatz functions ( line ——) are necessary to achieve
the same approximation quality as achieved with 10 ansatz
functions in a fixed system (line ). In addition for
the free system, it is revealed that input/output-based
reduction methods, like Krylov (line - £-) and Gramian
based reduction methods (line - -) reach a better ap-
proximation compared to modal reduction methods. With
10 - ¢ - respectively 12 - v~ ansatz functions better results
are achieved than with 12 modal ansatz functions ——.
Regarding the input/output-based reduction methods the
x-,y-,z- degree of freedom at node 1 and node 20 are
considered as input and output. Concerning the Krylov
reduction method the first two moments at expansion
point sy i 2pi1Hz are matched. The Gramian-based
reduction is based on a POD-based approximation of the
frequency weighted second order position Gramian ma-
trix P’ where the interesting frequency range is between

[fmin7 fmax] = [O, 20 HZ].
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1. INTRODUCTION

Model order reduction (MOR) techniques are state of the
art and well established in control theory and likewise in
structural mechanics, whereof this article focuses the lat-
ter. Applications are found in Elastic Multi-Body-Systems
(EMBS), where flexible bodies are represented by reduced
Finite-Element (FE) models.

Since years, Krylov-subspace-based reduction techniques
are common practise. Especially Krylov-subspace-methods
(KSM) based on the second-order Arnoldi-algorithm
(SOAR) stand out of the broad range of reduction methods
available. Besides the classic KSM formulation, a Ratio-
nal KSM (RKSM) with variable expansion points gives
promising results.

But no matter which reduction technique is utilized, the
main objective lies in finding a minimal reliable model di-
mension with desired quality within a predefined frequency
range. Current research concerning optimal MOR, usually
based on the Hs-error, can be found in Bunse-Gerstner
et al. (2007) and Gugercin et al. (2008). The works of Eid
et al. (2009) and Fehr et al. (2013) deal with generating
an optimal reduced model based on RKSM by iteratively
choosing the expansion points. In all works, the dimension
of the reduced model is fixed by keeping the number of
expansion points and the order of the series expansion con-
stant. The drawbacks are the expensive iteration process,
since the Krylov-modes need to be recalculated, and the
fixed dimension, which is difficult to choose in advance.

The novel approach presented consists of a two-stage
strategy and is based on a RKSM reduction with fixed
expansion points. Firstly, the reduction is only performed
once for an extended order of the series expansion resulting
in a fairly large reduced model, called reference model.
Secondly, this reference model is improved by iteratively
truncating unnecessary Krylov-modes until a minimal
reduced model with desired quality is reached. Due to a
convergence observation, a reliable model dimension can
confidently be determined.

In contrast, two-step reduction methods use two sequen-
tial reduction schemes, e.g. KSM followed by Balanced
Truncation (BT). The novel approach does not belong to
this category, since the second step exhibits no projection
matrix. Its benefit is the generation of a minimal possible
dimension at a physical error value.
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In this article, KSM techniques based on a SOAR-algo-
rithm according to Lehner (2007) pp. 144-146 are consid-
ered. The effort of the new method lies in calculating the
Krylov-modes onetime, which is potentially faster com-
pared to an iterative calculation of Krylov-modes.

2. NOVEL APPROACH
2.1 Iterative Mode-Truncation

The distribution of expansion points represented by fre-
quencies f. ; affects the quality of the reduced model. The
novel approach constitutes of successively reducing the
order j by keeping number and distribution of expansion
points s.; = (2w f.;)? constant. Within the desired fre-
quency range [fo, fena] the frequencies f. ; are distributed
equidistantly according to the following formula:

Af:fend_fo ’

Ne

fei=fo+(E—05)-Af . (1)

For quantifying the differences in natural frequencies the
Natural Relative Frequency Difference (NRFD) is applied,
which compares the natural frequencies of the original and
of the reduced model fy; and fo; for the p first modes
within a desired frequency range:

o

NRFD; = ’1
0,i

, i=1...p . (2)

The order of series is truncated iteratively at all expansion
points until the predefined NRFD-limit is reached, see
Fig. 1. The quadratic mean value of the NRFD should
be below 0.001%. Alternatively, a maximal NRFD-error
below 0.1% can be used, giving more conservative results.

Fig. 1. Schematic diagram of iterative mode-truncation
after KSM-reduction, 3 iterations
(ne=4,7=6—->3,n=24—12)
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The calculation of the reference model is the main cost,
which only needs to be done once in advance. The iterative
truncation means no additional cost, if the reordering
scheme is applied. The kernel for this fast approach is
the orthogonalization sequence. Simply neglecting Krylov-
modes in V requires the reordering of the projection
matrix according to the order of series expansion. For
that reason, the SOAR-algorithm is performed for each
expansion point separately.

Finally, the reordered matrix is orthogonalized under ap-
plication of an overall deflation strategy. Since the orthog-
onalization does not influence the subspace spanned and
only partitions the basis vectors, the following theorem
holds: The sequence of vectors before the orthogonaliza-
tion does not affect the spanned subspace. That way, only
the last Krylov-modes are dropped and a recalculation of
the whole projection matrix can be avoided. Note that
dropping any Krylov-modes departing from the prescribed
order would require an expensive and additional orthogo-
nalization.

The principle of reordering after the KSM-reduction is
shown in Fig. 2. The Krylov-modes in the projection
matrix are sorted in ascending order for each order of the
series expansion. Three steps are required:

(1) Calculation of Krylov-modes by SOAR including a
block-orthogonalization,

(2) Reordering of Krylov-modes (Fig. 2),

(3) Orthogonalization of all Krylov-modes including an
overall deflation strategy.

Fig. 2. Reordering scheme for projection matrix
(ne=4,j==6,n=24)

The procedure of the novel approach is illustrated in Fig. 3
and can be summarized as follows:

(1) Definition of frequency range of interest [fo, fena] and
number of expansion points n.,
(2) Generation of fairly large reduced reference model of
dimension n by RKSM,
(3) Tterative procedure:
(a) Truncation of Krylov-modes based on reduced
reference model,
(b) Eigenanalysis of truncated model,
(c) Correlation of truncated model and reference
model via NRFD, according to (2),
(d) Break if error limit is reached and at least three
results are below error limit (to ensure conver-
gence).

2.2 Conwvergence

The important issue for the success of the novel approach
is the existence of a distinct convergence behaviour of the
truncated results against the reference model. Convergence
is reached, if the NRFD-error is below an error limit and
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Fig. 3. Schematic diagram of novel approach by conver-
gence observation

monotonically decreasing towards the reference dimension.
Otherwise no minimal reliable dimension of the reduced
model is ensured. Therefore, the rough size of the reduced
reference model must be estimated in advance; If too small,
no convergence is achieved, if too large the calculation
effort is vast.

3. CONCLUSION

Numerical experiments at a framework and a gear box
housing show, that minimal models with a reliable dimen-
sion are generated. The calculation overhead is adequate
and can be compensated by the time saving when fur-
ther using the smaller reduced models. Due to a reliable
model dimension, an expensive eigenanalysis of the origi-
nal model is avoided.

Extensions could be made by truncating single Krylov-
modes instead of dropping the complete order of the
series expansion. In principle, the novel two-stage strategy
could be applied to nearly any reduction technique, even
presumably for a non-orthogonal projection, as long as
an iterative truncation of modes is admissible, e.g. CMS.
Apart from this, RKSM followed an iterative BT-step in
combination with the proposed convergence criterion could
lead to sophisticated minimal models.
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Abstract: We consider model reduction of Maxwell’s equations arising in magneto-quasistatic
problems. A finite element discretization of such equations leads to large-scale differential-
algebraic equations of special structure. For model reduction of linear systems, we employ
a balanced truncation approach, whereas nonlinear systems are reduced using a proper
orthogonal decomposition method combined with a discrete empirical interpolation technique.
We will exploit the special structure of the underlying problem to improve the performance of

the model reduction algorithms.
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1. MAGNETO-QUASISTATIC SIMULATION

The dynamic behaviour of electromagnetic devices can
be described by Maxwell’s equations coupled with circuit
equations. In magneto-quasistatic (MQS) problems, the
contribution of the displacement currents is negligible
compared to the conductive currents. A finite element
discretization of the resulting Maxwell equations combined
with the circuit coupling equations yields a nonlinear
system of differential-algebraic equations (DAEs)

Ei = A(x)x + Bu,

y=Cx (1)

with the state vector # = [aT,iT]T, the output y = i, and
M 0 —K(a) X 0
EZl:XT 0:|’ A(x):|: 0( )_R:|7 B:CT:|: :|7

1
see, e.g., Schops (2011). Here, a € R™ is a semidiscretized
vector of magnetic potentials, ¢, u € R™ are vectors of cur-
rents and voltages of voltage sources, M is a conductivity
matrix, K (a) is a curl-curl matrix, X is a coupling matrix,
and R is a resistance matrix. Substructuring the spatial
domain into conductive and non-conductive subdomains
and reordering the state variables accordingly, we can
partition the state vector a and the matrices M, K(a)

and X as
a1 | M1 0 Ki1(a1) Ko 11Xy
a/_|:a2:|a M_|: 0 0:|? K(a) |: K21 K22 I X_ AX’2 ’

where a; € R™, ay € R™, M;; € R™ ™ is nonsingular,
K12,K2Tl € R™"™ and Kyy € R™:™2 are constant, and
X5 € R™™ has full column rank. Let the columns of the
matrix Y € R"™™27™ form an orthonormal basis of the
nullspace of XJ. Then for Z = Xo(X7 X,)~ /2, the matrix
[Z,Y] is orthogonal. One can show that if YT KyY is

* Supported by the Research Network KoSMos: Model reduction
based simulation of coupled PDAE systems funded by the German
Ministry of Education and Science (BMBF), grant 05M13WAA.
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nonsingular, then the DAE (1) has index one. Considering
the state transformation

I, OT 0 a1

o 0 7 0 @21
T = 0 YT o asz |’ (2)

0o 0 I, )

where I, denotes a k X k identity matrix, the transformed
state vector can be partitioned into the differential and
algebraic components given by [a{, a3 ,]" and [a3 5, i"]"
respectively.

)

Unfortunately, the numerical solution of the MQS sys-
tems requires an enormous amount of storage and large
computational time. Model order reduction has proved to
be an effective tool in analysis and simulation of complex
systems. The goal of model reduction is to replace a large-
scale system by a reduced-order model which captures the
dynamic behaviour of the original system and preserves es-
sential physical properties. Model reduction of a linear part
in the MQS system has been considered in Schmidthausler
et al. (2014). In this contribution, we show how the special
structure of the MQS system can be exploited to construct
efficient model reduction methods for linear and nonlinear
problems.

2. MODEL REDUCTION OF LINEAR SYSTEMS

If K11(a) does not dependent on the potential a, then we
obtain the linear time-invariant DAE system

Ei = Ax + Bu, (3)

For model reduction of such a system, we can use balanced
truncation as described in Stykel (2004). This approach
requires the computation of the spectral projectors onto
the deflating subspaces of the pencil AE — A corresponding
to the finite and infinite eigenvalues. To overcome this
difficulty, we exploit the structure of the DAE (3) and
transform it to the ODE form

y=Cz.
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Fig. 1. 2D transformer (left) and transformer model (right).

(4)
where z; = [af,al|]7 € R™*™™ and E; is nonsingular.

In balanced truncation model reduction applied to (4), we
have to solve the generalized Lyapunov equations

A PET+ E,PAT= B, BT,
ATQE, + F{QA, = —clc,.

For this purpose, we can use the low-rank alternating
direction implicit method, e.g., Benner at al. (2013). In this
method, the computation of the matrix-vector products

(TEl —|—A1)_1U, Al_lElv, El_lAﬂ] (5)

is required. Note that in contrast to the sparse matrices
E, A, B and C in (3), the system matrices F1, Ay, By and
Cy in (4) are, in general, dense. Therefore, neither these
matrices nor the inverses in (5) will be constructed expli-
citly. Instead, we will exploit their block structure in order
to compute the products A7'Ejv and E;'Aj;v. More-
over, the calculation of (7E; + A;)~tv with v = [v], 0]
can be reduced to solving a sparse linear system
(TE+ A)z = [vT, (Zvy)T,0]7.

€1 €

D

u2

Ra
L

®
O
—-

L2
up

Ei1 = A1z1 + Biu, y = Cizy,

]T

3. MODEL REDUCTION OF NONLINEAR SYSTEMS

For model reduction of the nonlinear DAE (1), we use
the proper orthogonal decomposition (POD) method, e.g.,
Volkwein (2013). This method consists in constructing
a snapshot matrix X = [z(t1),...,z(t;)] and computing
a singular value decomposition (SVD)

X = [Vu VO] dlag(za Z’0) [W7 WO]T )

where ¥ contains the dominant singular values of X'. Then
a reduced-order model can be determined by projection

Ei = A(2)i + Bu, §=Ci (6)

with # € R", E=VTEV, A(&#)=VTA(V#)V, B=VTB,
and C=CV. The columns of V are referred to as the
POD basis of X. This naive model reduction approach
has several disadvantages. First note that the differential
and algebraic components of the state vector z are mixed
in the reduced-order model (6). Secondly, it is well known
that the reduction of the algebraic components and the
algebraic constraints in DAEs may lead to inaccurate and
physically meaningless results, see Stykel (2004).

As an example, let us consider a single-phase transformer
with a nonlinear iron core shown in Fig. 1, see Schops
(2011). The upper plot in Fig. 2 presents the relative errors
in the output components of the POD-reduced transformer
model. In our experiments, the dimensions are n, = 7821,
n1 = 3264, ny = 4557, m = 2, and the reduced dimension
is r = 362. One can see that the relative errors are quite
large.

136

Fig. 2. Relative errors in the output components for
different model reduction approaches.

In order to improve the approximation quality, we propose
to transform the DAE (1) to the ODE

Eiiy = Ay(z1)71 + By, y=Cixy (7)
with nonsingular Ey and 21 = [af,af,]" and reduce the

vector a; remaining as; unchanged, since it usually has
only a few entries. For this purpose, we first determine the
snapshot matrix X by solving the DAE (1) and compute
the POD basis V,, of the matrix [I,,, 0]X. Then the
reduced-order model (6) can be obtained from (7) by

projection E =VTEV, A(2) =VTA,(V2)V, B=VTB,,
and C=C1V with V = diag(Vy,, In).

To speed up the simulation of the reduced-order model
(6), we employ discrete empirical interpolation method,
see Chaturantabut et al. (2010), for the efficient evaluation
of the nonlinearity VT A, (V#)V 3.

The lower plot in Fig. 2 shows the relative errors in
the output components for the reduced model of order
r = 62 computed by our model reduction approach. One
can see that the reduced ODE system is about factor 6
smaller than the reduced model obtained by the naive
POD method and has the relative error of 2 orders of
magnitude smaller than that of the first reduced model.
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Abstract: In an electromagnetic machine with permanent magnets the excitation field is
provided by a permanent magnet instead of a coil. The center of the generator, the rotor,
contains the magnet. Our optimization goal consists in finding the minimum volume of the
magnet which gives a desired electromotive force. This results in an optimization problem for
a parametrized partial differential equation (PDE). We propose a goal-oriented model order
reduction approach to provide a reduced order surrogate model for the parametrized PDE
which then is utilized in the numerical optimization. Numerical tests will be provided in order
to show the effectiveness of the proposed method.
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1. SUMMARY

Wireless power transfer (WPT) systems have experienced
a rise in popularity, because recent developments in power
semiconductors have enabled high efficiency in addition
to the apparent advantages of contactless systems. Most
WPT systems operate in the magneto-quasistatic regime;
they utilize magnetic coupling between planar coils. The
present paper focuses on the inductive subsystem of a
WPT as defined in the Qi standard by the Wireless Power
Consortium (2012), specifically the configuration of the
power transmitter and receiver coils. The efficiency of
WPT systems generally depends on the inductive coupling
factor and the losses present in the system. Since the
operating frequency is in the upper kHz to MHz range, the
direct-current (DC) losses due to the finite electric conduc-
tivity of the wires are dominated by alternating-current
(AC) losses caused by eddy currents, specifically by the
skin effect and the proximity effect; see Dixon, Jr (1988).
Since the magnetic cores are never driven into saturation in
such applications, magnetic losses and non-linearities are
of minor importance. To reduce AC losses, the coils are
usually wound from litz wire, which consists of bundles of
thin braided strands. These are individually isolated and
change position periodically within the wire. Thus, the net
current carried by each of the parallel-circuited strands is
expected to be the same. Typical strand diameters are in
the range of 10 — 100 pm; the number of strands per wire
may exceed several hundred. AC losses mainly depend on
frequency, number and configuration of the coil windings,
and the micro-structure of the litz wire.

The goal of this paper is to provide a numerical method
for predicting the electromagnetic response as a function
of frequency and the position of the receiver coil relative
to the transmitter. The model must thus include both the
macroscopic geometry of the overall WPT system as well
as the micro-structure of the litz wire.

Thanks to its flexibility in modeling geometry and ma-
terials, the finite-element (FE) method is generally well-
suited for analyzing such systems. However, the presence
of litz wires makes a brute-force approach impractical:
Constructing a FE mesh that captures the exact paths
of all the braided strands is unrealistic. Besides, the di-

* Work in cooperation with RRC power solutions GmbH. Supported
by the German Federal Ministry for Economic Affairs and Energy.
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mension of the resulting FE matrices would be excessive.
As a remedy, we employ a homogenization approach for
the micro-structure of the litz wire and model the domain
of the coil windings on the macroscopic scale by a uniform
bulk of meta-material, cf. Bossavit (1994), Gyselinck and
Dular (2005). The meta-material has a complex reluctivity

V(W) = v () = jvy, (@) (1)
which depends on the angular frequency w in a plane
tangent to the winding direction, and a real-valued reluc-

tivity v, along the winding direction. Homogenization also
introduces one series impedance Z(w) per coil.

Using homogenization, a single FE model is solved with

ease on a modern computer. However, constructing an

entire response surface for a broad parameter domain is

still a formidable task, because the number of sampling

points and, thus, FE solutions is usually very large. In our

case, the FE model for one parametric configuration leads

to an N-dimensional linear system of the form

H

My + wM; + Z (1/,};(0./)MZ1 + VfMg) x = Bi, (2a)
h=1

u = jwBTx + diag Z), (w)i, (2b)

has to be solved. The vectors i and u denote the coil
currents and voltages, respectively. All M; € CNY*N and
B € CV*H are sparse matrices, and x € C¥ is the solution
vector. When a single coil is excited by a unit current,
[i]n = 1A, the output is the corresponding column of the
impedance matrix Z of the system.

Methods of parametric model-order reduction (PMOR),
such as Rozza et al. (2008), Panzer et al. (2010), greatly al-
leviate computational costs: Since the dimension of the re-
sulting parametric reduced-order model (PROM) is much
smaller than that of the underlying FE system, solution
times improve by orders of magnitude. Besides, the error
of the PMOR process is controllable and can be made of
the same order as that of the FE solution. We employ the
method from Burgard et al. (2015), which is applicable
to affinely parameterized systems. Since geometry varia-
tions cause non-affine parameter dependencies in (2), the
original model is replaced by an interpolated model

(X2, @@l )x (@, p) = B(w)i,
u'(w,p) = B(w) %' (w,p) + D(w)i.

(3a)
(3b)
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Table 1. Litz Wire Specifications

Transmitter  Receiver Unit
Coil type A5 #5
Litz diameter 80 30 pm
Conductivity 5.8-107 5.8.107 S/m
Filling factor 11663 75917 cm—2
Strands per wire 105 240
Turns 20 18
Winding layers 2 2
Table 2. Computational Data®
Model PROM FE model
Dimension 8 65,878
Model generation 1.25h -
Model evaluation 2.94-107% s 5.02 s
Simulation time for
1013 sample points 5.05 min 59,80 db
Estimated avg. error in Z 4.29-10~ 1% -

@ Performance on Intel Xeon E5620 using Matlab R2013b with
-singleCompThread option and Pardiso as linear solver.
bExtrapolated.

Herein, p is a parameter vector, and ¢; and I'; are scalar-
valued functions. The matrices M! are constant with
respect to p.

2. NUMERICAL EXAMPLES

Fig. 2 shows a WPT system with two litz wire coils
specified by the Wireless Power Consortium (2012): The
lower one is the Power Transmitter A5 (part 1, p. 28)
and the upper one is the Power Receiver #5 (part 3, p.
18). Windings and litz wire data are presented in Table 1.
The system parameters are given by the frequency f, the
vertical displacement t,, and the axial mismatch t:

e [1,300] kHz, (4a)
t, € [4,12] mm, (4b)
ty, € [0,12] mm. (4c)

The output of the PROM is the parameter-dependent
impedance matrix of the system Z(w; p), with p = (¢, tp)-
Simulation times and model sizes are given in Table 2.
The PMOR process reduces the dimension of the FE
system from 65,878 to 8. The generation time for the
PROM is about one and a half hour, which is well-invested:
Speed-up in evaluation time, compared to FE model, is in
the order of 17,000. A parametric sweep based on 1013
sampling points for (w,,,t;) takes only five minutes with
the PROM; conventional FE analysis would take nearly 60
days.

Fig. 1 shows the equivalent relative complex permeability
and the skin effect impedance of the wires used in the
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Fig. 1. Homogenization results for transmitter coil.
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Fig. 2. Coupling factor k£ and errors at f = 300 kHz.
Parameter: vertical coil displacement ¢,.

transmitter coil, obtained by homogenization on a hexag-
onal unit cell. To validate the reliability of the suggested
approach, we compare the PROM solutions to reference
values obtained by conventional FE simulations for a large
number of parameter points. Fig. 2 gives results for the
coupling factor: The maximum error is 1.7-1072, and typ-
ical errors lie in the range of 1-107%.
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In many cases, complex dynamical systems consist of
separable components. In the context of finite element
substructuring techniques and elastic multibody systems,
this separation is maintained in a simulation environment.
With this modular setup, single components can be ex-
changed without having to re-model the whole system.
Thus, a numerical optimization of substructures can be
performed with an admissible computational effort. In or-
der to obtain reliable simulation results, the description of
the interface or port that is used for the connection is very
important. The assumption of non-deformable interfaces
is a simplification that generates so-called RBE2-elements,
which are widely used in practice.

In many cases, however, this assumption of rigid interfaces
is not valid and increases the stiffness of the overall system
significantly. In this contribution, new interface definitions
based on system-level snapshots, Legendre polynomials,
compare Fig. 1, and the ESVDMOR approach presented
in Benner and Schneider (2012) are derived. All presented
methods share the basic idea that deformations of the
interface are restricted to a specific set of deformation pat-
terns, which is automatically determined by the respective
interface definition algorithm. This can be considered as
a generalization of the RBE2-elements, which use a rigid
motion of the interface as admissible deformation pattern.

The usage of densely meshed finite element models leads
to differential equations of large dimension. A reduction of
the degrees of freedom is necessary to make sophisticated
dynamical simulations, e.g. a time integration, computa-

0 0 0 0
1 -1

4

-1 -1 -1 -1

Fig. 1. Two-dimensional Legendre polynomials of orders
[0,0], [1,0], [2,1] and 3, 2].
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tionally affordable. The specific interface definitions must
be considered in the model reduction algorithms. Node-
based reduction algorithms, such as the Craig-Bampton
scheme (Craig and Bampton, 1968) as as well as the CMS-
Gram reduction (Holzwarth and Eberhard, 2015) require
an adaption if specific interface definitions are used. The
CMS-Gram algorithm is a hybrid reduction method that
guarantees interface compatibility and is characterized by
a very fast error convergence due to the use of frequency-
weighted Gramian-matrix based reduction augmented by
static correction modes.

The advantages and drawbacks of the presented interface
formulations are explained and demonstrated for an exem-
plary model, shown in Fig. 2.

[coupled surfaces]

Fig. 2. Straight and curved beam (FE models) and cou-
pling conditions.
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Abstract: Modeling and Simulation of fluids in large network is a rather challenging problem. We
provide an approach combining techniques in Model Order Reduction (MOR) and implicit-explicit
(IMEX) integration to create efficient and stable simulations.
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1. INTRODUCTION

The simulation of fluids within a large network of pipes poses
several mathematical challenges. Typically after spatial dis-
cretization the resulting mathematical system is a nonlinear dif-
ferential algebraic system. Standard techniques are often slow
due to the stiffness of the equation. We will show a several step
process on how to improve on the timing. A first and major
step in order to achieve stable and fast simulators for these
problems is what we call the decoupling step. In that step we
are able to model the system as a discrete index 1 DAE. This
step is only possible due to the choosen discretization we use.
Next we use a combination of Model Order Reduction (MOR)
methods in order to create a smaller scale index 1 Differential
Algebraic Equation. And last but not least we use an implicit-
explicit (IMEX) integration method to reduce the time-step for
the stiff nonlinear differential equation. We will only present
a simplified network here which includes pipes, reservoirs and
so called demand nodes. This system will actually result in an
ODE which simplifies the discussion.

2. MODELING

It is common to define a connected and directed simple graph
G = G(V,E) representing the pipe network. This allows a more
compact representation of the model equations. The set V are
the nodes and E are the edges and we will describe the different
node and edge elements in the following.

2.1 Node Elements

Reservoirs are water sources with unlimited capacity. Thus, we
assume that they have a constant pressure p;. Furthermore no
balance equation holds at a reservoir, since an arbitrary amount
of water may leave or enter the reservoir.

7

In contrast to reservoirs, tanks have limited capacity. Never the
less, pressure can in- or decrease even though the tank is full or
empty respectively. We will not talk about tanks in more details
here.

P = Ds
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A demand node has a given demand ¢s: I — R. Thus, the
difference between the amount of water flowing towards a node,
and the amount of water flowing away from the node has to be

q

Y dy— ¥ dhu=ast)

i€lip i€lour

with ¢, and ¢',,, being the incoming and outgoing flow of edges
connected to the demand node, respectively. It is possible that
gs(t)=0forallt €.

2.2 Edge Elements

First we will discuss the pipe model. The behavior of a pipe
is described by a continuity equation and an equation describ-
ing the movement inside a pipe. We consider circular pipes
with diameter D, cross-section A = %Dz and length /. The
independent variables are space x € [0,¢] := Q C R and time
t € [to,T] :=1 C R. The time dependent variables are the mass
flow m: Q x I — R and the pressure p: Q x I — R. The
parameters a, p and ¢ depend on material properties of the pipe
and the gas. o is the angle of the pipe and g is the gravitational
constant. With this, we get the following partial differential
equation, which describes the behavior in pipes

dp a* dm
E(x,t) + Xa(&’) =0 "
8—m(x,t) —|—Aa—p(x,t) + pAgsina + c|m(x,t)|m(x,t) =0
ot dx
pipe: *— Hyperbolic PDE

Further edge elements are valves and pumps, which we also
omit in this extended abstract.

2.3 Network Model

From now on we consider a network with n, many pipes and
ng many demand nodes and n,; many reservoirs. For each pipe
i, we getaflowm;: Q;xI — R, Q; =[xz, xg] CR,[=[to,T]
and a pressure p;: Q; x I — R both depending on space x € Q;
and time ¢t € I. The node variables are p;: I — R and
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Prs: I — R the pressures at demand nodes and reservoirs.
We define

mL<t) = (mi<xL17t))ie,Q/pi ’mR(t> = (mi(ant))ig,gfpi'

pL(t) = (pl'(ant))ieg{pi 7PR(I) = (pl'(wat))ieg{pi .
my, being the vector with all pipe flows at their tail-node and
mp the flow vector at their head-nodes and similarly for p; and
pr- Note, that the node pressures coincide with the head- and

tail pressures of the pipes. We call the vector of demand and
reservoir pressures by p.

Last we define the following incidence matrices

1 if reservoir node j is head of pipe i

AR € R (AR)ij = {0 else

—1 if reservoir node j is tail of pipe i

ag errmapy; ={ g

1 if demand node j is head of pipe i

Ag € R""4,(Ag)ij = { 0 else

—1 if demand node j is tail of flow i
AL € Rnpxnd7(AL)ij — { 0 else J
We can combine them all and get the full incidence matrix A
A= (AR +AF Ap+AL) € Rt

With the help of these matrices we can write the spatial dis-
cretized system of equations as

PR+ Do (mp—mp) =0 2

iy, +DgA" p+y+G(my)my =0 (3)
ArRmg +Apmp = qse 4

ARpa = PR )

ALpa =pL (6)

A;esprs = PR (7)

AZSPrs =PL (8)

Prs = Pset (9)

To obtain these equation it is crucial to chose a suitable spatial
discretization. In particular the time derivative of the pressure
is evaluated at the right end of the pipe and the time derivative
of the flux at the left end. The size of the first two equation
is the number of pipes, equation (4) the number of junction,
(5,6,7,8) number of pipes and the last equation number of
tanks. Dy, is a diagonal matrix containing o; = a?/A;/{; on
the diagonal and Dpg similar with ; = A;/¢;. y is a vector with
Y = piAigsina; and G(myp) is a diagonal matrix function such
that G(mg); = ¢;m}. The matrix A is the incidence matrix as
described above. The vector g, has an entry for every demand
node showing the given demand at that particular node given by
gs(t) and similar is py, the vector of the given pressures p; at
the reservoirs. In the modeling of the graph it is crucial to pick
the direction of the edges such that every demand node has a
right end of a pipe. This is possible for any topology as long
as one of the nodes in the graph is not a demand node which
means in our case it has to be a reservoir. We furthermore want
all pipes the end in a reservoir to end in a left node there.

3. DECOUPLING
By selecting a matrix A,y Which picks one pipe for each node

that has a right end in that given node we can rewrite the system
of equation in the variables p; and my.
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Pd +AselectDoc(_CCISet +CAmL) =0
ny, +DBAT <pd > +v+ G(mL)mL =0
Pset

We will explain in detail how we create the matrix C which is
the crucial part in this decoupling process. This resulting ODE
is of size ng +n, and has the general structure

*=Tx+gxt) = f(x1), (10)

where the matrix 7 is given by

T — 0 AselectDalphaCA
Dg(Ar+AL)" 0 '

and the vector x is combined by p; and my.
4. IMEX

In order to solve this stiff and nonlinear ODE we make use of
implicit-explicit IMEX) integration methods. This allow us to
deal with the stiffness in an efficient way while not having to
solve large-scale nonlinear problems. First order methods are
of the flavor

LI ()T T+ ()

for y € [0, 1] and time setp k, which leads to the iteration

Yoyt = (1— h’yT)il (X0 + (1 = ¥)Txn + hg(xn).

We study convergence properties of that by analyzing the
matrix 7 and the function g as well as the differences for several
values of y. If y =0 we get explicit Euler and if y =1 we get
a combination of implicit Euler for the linear part an explicit
Euler for the nonlinear part. We will also show the differences
within this class of methods as well as the difference to second
order methods following Ascher et al. (1995).

Y

5. MODEL ORDER REDUCTION

On the resulting ODE (10) we use the Model Order Reduc-
tion techniques Proper Orthogonal Decomposition (POD) to-
gether with Discrete Empirical Interpolation (DEIM) by Chat-
urantabut and Sorensen (2010). POD is a projection-based
method where we find a projection matrix W such that the
solution of (10) x =~ WX for £ in a lower dimensional space.
The resulting low-dimensional ODE is then given by

F=WITWi4+WTg(Wi,1).
DEIM is then used to create a truely low-dimensional function
approximating W7 g(Wx,1).

6. CONCLUSIONS

The combination of POD-DEIM with the IMEX integration
results in a significant speedup of simulation time.
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Optimization strategy for parameter
sampling in the reduced basis method
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UniversitatsstraBe 10, D-78457 Konstanz, Germany; (E-mail:
{Laura.Iapichino, Stefan. Volkwein} @uni-konstanz.de).

Abstract: The reduced basis (RB) method is an efficient technique to solve parametric partial
differential equations in a multi-query context, where the solution has to be computed for many
different parameter values. The RB method drastically reduces the computational time for any
additional solution (during the so-called online stage) once an initial set of basis functions has
been computed (during the so-called offline stage) still retaining a certified level of accuracy.
The greedy algorithm is the classical sampling strategy to select parameter values that define the
set of basis functions. Here, an alternative and competitive approach for choosing the parameter
values is presented. The new approach is based on an optimization problem for the parameters
that allows to reduce the computational complexity of the offline stage of the RB method and
improve its effectiveness.

Keywords: PDE-constrained optimization, reduced-order models, reduced basis method,
greedy algorithm, parametric distributed function
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Basis generation approaches for a reduced
basis linear quadratic regulator
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Many technical, biological or economical phenomena can
be modeled in terms of partial differential equations
(PDE). Often those models depend on one or more param-
eter describing for example material coefficients or other
design parameters. An important task in applications is
the control of the systems in order to achieve certain goals
such as stability. One common way to do this, is to de-
sign a linear quadratic regulator (LQR) feedback control,
cf. Knobloch (1986). To apply this technique, the PDE is
spatially discretized, which yields a very high dimensional
system of ordinary differential equations. The solution
of the control problem then requires the solution of a
nonlinear high dimensional matrix equation, making the
procedure very expensive and hence infeasible for multi-
query scenarios. We therefore are interested in applying
the Reduced Basis (RB) method to accelerate the proce-
dure, cf. Patera and Rozza (2007).

The systems under consideration can be written as linear
time invariant (LTT) systems

Lot ) = Apye(t, ) + Blpyu(t)

dt
(0, p) = wo(p),

where the system matrices have the dimensions A(u) €
R™*™ and B(p) € R™ ™ with a probably very large
dimension n. The function u(t) € R™ is called control and
should be determined in such a way, that the system (1)
is stable and the following cost functional is minimized

/ et )" QU (t, 1) + u(t) R(pu(t) dr,

for positive definite matrices Q (), R(pt). Furthermore the
control should be a linear feedback control, i.e. it must
have the form u(t) = —K(p)z(t, ). This problem can be
solved by finding the unique positive definite root P () of
the Algebraic Riccati Equation (ARE)

A(p)" P(p) + P() A(p) + Q(p) @)
— P(u)B(p)R(p) "' B(p)" P(p) = 0,
that stabilizes the closed loop (all real parts of the eigen-
values are in the left open complex half plane)

@(t, p) = (A(p) + B(p) K (p))z(t, p),

with K(p) = —R(p) 'B(u)T P(p). Equation (2) is a
quadratic matrix equation with n? unknowns and hence

(1)

* The authors acknowledges funding by the Landesstiftung Baden
Wiirttemberg gGmbH and would like to thank the German Research
Foundation (DFG) for financial support within the Cluster of Excel-
lence in Simulation Technology (EXC 310/1) at the University of
Stuttgart.
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expensive to solve. We thus are interested in accelerating
the computation by employing the Reduced Basis (RB)
method. The goal of the RB method is to divide the
computation in an arbitrary complex offline stage, where
a problem adapted solution space is constructed from
carefully chosen solution snapshots, i.e. correct solutions to
the high dimensional problem. The reduced space is then
spanned by the columns of a matrix V € R"*". By means
of another matrix W with WIV = I..., a Petrov-Galerkin
projection of (1) is performed, resulting in

it ) = At ) + Bluyi(t)

20, ) = Whao(p),

where A(p) := WTA(p)V and B(p) := WT(p). In the
online phase the reduced ARE

AT P(p) + P()A(k) + Q(n)

— P(p)B(p)R(p) "' B(p)" P(p) = 0,
is solved for P(p) € R™ " and the approximation to the
full dimensional solution is defined as P(u) := VP(u)V7T.
There are now two main questions arising naturally. How
can a good basis be constructed and how big is the error
between the correct solution and the reduced solution,

measured by the deviation in the controlled state and the
feedback gain K (p).

We build the basis by applying a greedy-like algorithm
that successively adds the worst approximated element to
the basis. Two algorithms are compared. The first algo-
rithm is a standard POD-Greedy procedure based on state
snapshots. Although a good space for the uncontrolled sys-
tem is constructed, we found out that this approach does
not capture the feedback information in a satisfactory way.
This is why we extend the algorithm by adding parts of the
feedback gain matrices K (u) to the basis, resulting in the
K-POD-Greedy algorithm. A numerical example, based on
the 2D heat equation, shows the improved performance of
the second algorithm.
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Abstract:

In this talk, we consider the efficient and reliable solution of distributed optimal control
problems governed by parametrized elliptic partial differential equations involving constraints
on the control. The reduced basis method is used as a low-dimensional surrogate model to
solve the optimal control problem. To this end, we introduce reduced basis spaces not only
for the state and adjoint variable but also for the distributed control variable and propose
rigorous error bounds for the error in the optimal control. The reduced basis optimal control
problem and associated a posteriori error bounds can be efficiently evaluated in an offline-online
computational procedure, thus making our approach relevant in the many-query or real-time
context. We present numerical results for a model problem to show the validity of our approach.

Many problems in science and engineering can be mod-
eled in terms of optimal control problems governed by
parametrized partial differential equations (PDEs). While
the PDE describes the underlying system or component
behavior, the parameters often serve to identify a partic-
ular configuration of the component — such as boundary
and initial conditions, material properties, and geometry.
In such cases — in addition to solving the optimal con-
trol problem itself — one is often interested in explor-
ing many different parameter configurations and thus in
speeding up the solution of the optimal control problem.
However, using classical discretization techniques such as
finite elements or finite volumes even a single solution is
often computationally expensive and time-consuming, a
parameter-space exploration thus prohibitive. One way to
decrease the computational burden is the surrogate model
approach, where the original high-dimensional model is re-
placed by a reduced order approximation. These ideas have
received a lot of attention in the past and various model
order reduction techniques have been used in this context.
However, the solution of the reduced order optimal con-

* This work was supported by the Excellence Initiative of the
German federal and state governments and the German Research
Foundation through Grant GSC 111.
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trol problem is generally sub-optimal and reliable error
estimation is thus crucial. Besides serving as a certificate
of fidelity for the sub-optimal solution, our a posteriori
error bounds are also a crucial ingredient in generating
the reduced basis with greedy algorithms.

A new approach for efficient computation of error bounds
for unconstrained distributed control problems was pro-
posed in Kércher et al. (2014). This approach, however,
and all other existing approaches in the literature, see
e.g. Negri et al. (2013); Negri (2011); Rozza et al. (2012),
are not directly applicable to the important case with
additional constraints on the control.

In this work we extend the methodology presented in
Zhang et al. (2014) to consider PDE-constrained optimal
control problems. The authors in Zhang et al. (2014)
develop a certified Reduced Basis (RB) method that
provides sharp and inexpensive a posteriori error bounds
for variational inequalities. In particular, the approach
has advantages compared to prior work on variational
inequalities with the RB method Haasdonk et al. (2012).
The methodology in Zhang et al. (2014) not only (%)
provides sharper error bounds that mimic the convergence
rate of the RB approximation, but also (i) does so at an
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online cost that is independent of the high dimension of
the original problem.

In particular we use the approach presented in Zhang
et al. (2014) (%) to construct a feasible RB approximation
of the control and (i) to derive efficiently computable a
posteriori error bounds. The main idea is to generate two
RB-systems. The first one is “standard” and is used to
construct low dimensional approximations for the state
and the Lagrange multiplier. In the second one we con-
struct nonnegative slack variables for the control and so
can generate feasible low dimensional surrogates for the
control. Finally, we extend the proof of the a posteriori
error bounds from Kércher et al. (2014) to derive efficient
a posteriori bounds for the control error in the constraint
case.
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We consider variational inequalities with different trial and
test spaces and a possibly noncoercive bilinear form. Well-
posedness has been shown under general conditions that
are e.g. valid for the space-time formulation of parabolic
variational inequalities. Using space-time formulations,
we do not have a time-stepping scheme anymore, but
take the time as an additional variable in the variational
formulation of the problem. As an example for a parabolic
variational inequality, we may think about time-dependent
obstacle problems or option pricing, e.g. for American
Options.

Fine discretizations for such problems resolve in large scale
problems and thus in long computing times. To reduce the
size of these problems, we use the Reduced Basis Method
(RBM)[Patera and Rozza (2006)]. The objective of the
RBM is to efficiently reduce discretized parametrized
partial differential equations. Problems are considered
where not only a single solution is needed but solutions
for a range of different parameter configurations.

Combining the RBM with the space-time formulation, a
residual based error estimator has been derived in [Glas
and Urban (2014)]. In this paper, we provide correspond-
ing numerical results for a parametrized heat inequality
model. Particularly, we perform two experiments concern-
ing the error estimator. In the first one, we focus on rigor
and efficiency of the error estimator depending on the
specific method used for the basis generation and on the
shape of the obstacle. In the second one, we show the
quantitative reduction using the RBM in this setting.
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Abstract: The cross gramian matrix can be used for model order reduction as well as system
identification of linear control systems, which are frequently used in the sciences. The empirical
cross gramian is solely computed from trajectories and hence extends beyond linear state-space
systems to nonlinear systems. In this work the applicability of the empirical cross gramian also
for parametrized systems is demonstrated and assessed using a nonlinear benchmark problem.

Keywords: Model Reduction, Controllability, Observability, Nonlinear Systems, System

Identification, Cross Gramian

1. INTRODUCTION

Large-scale parametrized state-space systems such as mod-
els of neuronal networks often require model order reduc-
tion to accelerate the evaluation, especially in a multi-
query setting when varying parameters for example during
optimization.

For a square linear control system, a linear control system
with the same number of inputs and outputs,

x(t) = Ax(t) + Bu(t),

y(t) = Cx(1),
dim(u) = dim(y), the cross gramian matrix, reviewed in
Antoulas (2005), enables the computation of a reduced

order model, based on the systems controllability and
observability.

The system gramians, the controllability gramian and
observability gramian, used in balanced truncation, and
the cross gramian classically exploit the linear control
system structure for computation. The empirical gramians
Lall et al. (1999) extend this concept to nonlinear systermns,

@(t) = f(x(t), ult)),
y(t) = g(x(t), u(t))-

In this work, for parametrized square nonlinear systems:

z(t) = f(z(t),u(t), ),

y(t) = g(x(t), u(t), ),
the empirical variant of the cross gramian Himpe and
Ohlberger (2014a) is demonstrated to compute a reduced
order model that is valid over a given parameter space,
around a steady state Z, exemplary for a benchmark
model.

* This work was supported by the Deutsche Forschungsgemein-
schaft, DFG EXC 1003 Cells in Motion Cluster of Excellence,
Miinster, Germany, as well as the Center for Developing Mathematics
in Interaction, DEMAIN, Miinster, Germany.
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2. CROSS GRAMIAN

The cross gramian W is defined as the product of control-
lability operator C(u) := [;* e** Bu(t) dt and observability
operator O(zg) := Ce?ay,

Wx :=CoO = / e BCeAt dt,
0

which is classically computed as the solution of a Sylvester
equation: AWy + Wx A = —BC. If the underlying system
is symmetric: OC = (OC)*, then the following property
relates the cross gramian to the controllability gramian
We := CC* and observability gramian Wy := O*O,

W2 = coco
—CCT OO = Wl (1)
= [AWx)| = VAWcWo).

The singular value decomposition of the cross gramian
then yields a projection which can be truncated to generate
a reduced order model similar to balanced truncation.

3. EMPIRICAL CROSS GRAMIAN

The empirical cross gramian from Himpe and Ohlberger
(2014a) is an empirical gramian based on computing
trajectories for perturbed input v € @y and initial
states o € Qx. Additionally for parametrized systems,
trajectories for perturbed parameters § € Qo can be
computed:

[QUl Qx| Qe

1 e hij
= oTanel X o - [, vwar

h=1 i=1 j=1
i i - iy -

Wy () = (2 () — 2e) (! () = Gn),
with xzj(t) being the k-th component of the state tra-
jectory with perturbations from Qu and Qe around the
steady state z, and y;’(t) being the h-th component of
the output trajectory with perturbations from @Qx and

—

Wx
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Fig. 1. Nonlinear resistor capacitor network ! .

Qo with steady state output . The number of perturba-
tions |Qu|, |@x],|Qe| depends on the operating region of
the system. For linear systems the (linear) cross gramian
equals the empirical cross gramian as shown in Himpe and

Ohlberger (2014a), hence we use Wy = Wx. But, since
the computation of the empirical cross gramian requires
only simulations of the underlying system, this approach
also extends to nonlinear systems. The (empirical) cross
gramian is only applicable to square systems and exhibits
its core property (1) for symmetric systems. The nonlinear
extension of linear symmetric systems are gradient systems
Scherpen and van der Schaft (2011), and only for gradient
systems this empirical cross gramian is expected to yield
workable results.

4. NUMERICAL RESULTS

The model reduction capabilities of the empirical cross
gramian for parametrized systems are tested on a nonlin-
ear benchmark problem listed at (MORwiki community,
2015, Nonlinear RC Ladder); a resistor-capacitor cascade
with nonlinear resistors (see also the circuit schematics in
Figure 1):

—g(z1(t)) — g(@1(t) — z2(t)) + u(t)
g(z1(t) — x2(t)) — g(za2(t) — z3(1))

&(t) = (2)

9@ (B) — 20(8)) — g(an(t) — zap1 (D) |

glen—1(t) —zn(t)
y(t) = z1(1),
with gg : R — R given by:
go(x) = exp(10x) + Oz — 1.
The linear part of the resistor network is parametrized,
with 0; describing the i-th resistor’s linear resistance value.
Since (2) is a SISO system, the empirical cross gramian

applies here, because all SISO system are gradient systems
as noted in Scherpen and van der Schaft (2011).

For the following experiments?, the empirical cross
gramian (WX) is computed using the empirical gramian
framework from Himpe and Ohlberger (2013); Himpe
(2015) and compared to balanced truncation (BT) of the
empirical controllability gramian and empirical observabil-
ity gramian introduced in Lall et al. (1999). The number of
states is set to dim(z) = 1000, the input signal is selected
as u(t) = e”! and the test parameters are drawn from
a uniform distribution P(¢) = U(3,3). Figure 2 shows,
while both methods require nearly the same offline time to
assemble the reduced order model, that the output error
of the empirical cross gramian’s reduced order model, is

1 Adapted from “Nonlinear RC Ladder”, MORwiki http://
modelreduction.org/index.php/Nonlinear_ RC_Ladder

2 The companion code to reproduce these results can be found at
http://www.runmycode.org/companion/view/1084
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Fig. 2. Relative Ly and L., output errors for the first
hundred reduced states and offline time required to
compute the associated gramians.

about five orders of magnitude below the output error of
the reduced model computed by balanced truncation.

5. REMARKS AND OUTLOOK

As demonstrated, the empirical cross gramian can be ap-
plied to parametrized nonlinear systems with an improved
performance over balanced truncation. Future extensions
will include expanding the scope of the empirical cross
gramian beyond symmetric linear systems as in Himpe
and Ohlberger (2014b), or gradient nonlinear systems to
more general (non-symmetric) configurations Himpe and

Ohlberger (2015).

REFERENCES

Antoulas, A. (2005). Approzimation of large-scale dynam-
ical systems, volume 6. STAM.

Himpe, C. (2015). emgr - Empirical Gramian Framework.
http://gramian.de.

Himpe, C. and Ohlberger, M. (2013). A Unified Software
Framework for Empirical Gramians. Journal of Mathe-
matics, 2013, 1-6.

Himpe, C. and Ohlberger, M. (2014a). Cross-Gramian
Based Combined State and Parameter Reduction for
Large-Scale Control Systems. Mathematical Problems
in Engineering, 2014, 1-13.

Himpe, C. and Ohlberger, M. (2014b). Model Reduction
for Complex Hyperbolic Networks. In Proceedings of the
FEuropean Control Conference, 2739-2743.

Himpe, C. and Ohlberger, M. (2015). A Note on the
Cross Gramian for Non-Symmetric Systems. Submitted.
Preprint at arXiv, math.OC(1501.05519), 1-6.

Lall, S., Marsden, J., and Glavaski, S. (1999). Empirical
model reduction of controlled nonlinear systems. In
Proceedings of the 14th IFAC Congress, volume F, 473~
478.

MORwiki community (2015). Model Order Reduction
Wiki. http://modelreduction.org.

Scherpen, J. and van der Schaft, A. (2011). Balanced
model reduction of gradient systems. Information and
Software Technology, 12745-12750.



MATHMOD 2015 Abstract VVolume

Interactive Simulations Using
Localized Reduced Basis Methods *

Andreas Buhr* Mario Ohlberger *

* Institute for Computational and Applied Mathematics
University of Minster
Einsteinstrafle 62, 48149 Miinster, Germany
(e-mail: andreas.buhr@uni-muenster.de).

Abstract: An interactive simulation tool should allow its user to change the geometry of the
simulation and present an updated solution within a very short time span. To achieve this, the
Reduced Basis Method can be used. For problems described by parametrized partial differential
equations, it allows for very fast recomputation of the solution after parameter changes. In
many cases, changes in the geometry can be accounted for by parametrization. However, this
approach has two drawbacks: First, not all geometric variations can be described efficiently by
parametrization. Second, the parametrization and thereby the type of changes possible has to
be specified before the setup phase. The user is then restricted to these.

To overcome these limitations, we propose to localize the basis generation in the Reduced Basis
Method. Using basis functions having support only on a small subset of the domain, one can
react to arbitrary local geometry modifications by recreating only the basis functions in an

environment of the modification.

Keywords: Reduced-order models, Parametrization, Maxwell equations, Localization, Error

estimation, Domain Decomposition

1. INTRODUCTION

For problems which can be formulated as parametrized
partial differential equations, the Reduced Basis Method
(RBM) has proven to be an effective tool to accelerate the
simulation (see e.g. Patera and Rozza (2007)). At the cost
of a long ’offline’ computation, one gains the possibility
to change parameters ’online’ and obtain results quickly.
Publications on the RBM often show speed-ups of orders
of magnitude.

The changes to the simulated model which are possible
during the ’online’ phase are however limited to parameter
changes. This implies that all modifications which should
be possible during the ’online’ phase have to be formulated
as parametrizations of the problem. Parametrization of the
geometry is possible (see e.g. Drohmann et al. (2009)), but
this is not always efficient. Furthermore, these approaches
often fail to describe topology changing modifications of
the geometry. An even larger problem in the context of
interactive simulations with the RBM is the fact that
the parametrization has to be specified before the ’offline’
phase and cannot be changed during the ’online’ phase.
In order to combine the possibility for arbitrary geometry
changes with the speed of the RBM we propose to use basis
functions with localized support for the reduced basis.
Using basis functions which have support only in a small
subset of the domain which is simulated, one can reuse
a part of the basis functions after a geometry change.
In case of localized changes, which are typical for many
engineering workflows, most basis functions can be kept.

* This work has been supported by CST - Computer Simulation
Technology AG
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After calculating some new basis functions, an updated
solution can be calculated. Because basis functions have to
be regenerated after geometry changes, this approach blurs
the clear separation between ’offline’ and ’online’ phase.

2. EXISTING METHODS

Many numerical multiscale methods like e.g. the Multi-
scale Finite Element Method as introduced in Hou and
Wu (1997) involve the calculation of localized ansatz
functions and a subsequent Galerkin projection into the
space spanned by these functions. The combination of
the RBM with numerical multiscale methods leads to a
method suitable for parametrized multiscale problems. For
problems without scale separation, an adaptive enrichment
of the approximation space, steered by a-posteriori error
estimators, leads to an efficient method as realized for the
Generalized Multiscale Finite Element Method by Chung
et al. (2014) or for the Localized Reduced Basis Multi-
scale Method by Albrecht and Ohlberger (2013). These
methods could be extended for interactivity in our sense.
Another method aiming at larger freedom for the user
during the ’online’ phase is the Static Condensation Re-
duced Basis Element Method introduced in Phuong Huynh
et al. (2012). While allowing arbitrary recombination of so
called ’components’ online, it does not allow for arbitrary
geometry changes.

3. PROPOSED LOCALIZATION

We consider a parametrized problem described for any
parameter p in the parameter space P by a sesquilinear
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form a, : V x V — C and an antilinear form f, : V — C
emerging from the weak formulation of the time harmonic
Maxwell equation. We assume a,, to be inf-sup stable for
all parameter values with arp as a lower bound for the
inf-sup constant:

0<arp < inf sup M Yu € P. (1)
P16V poev ||p1]|v|p2lv
#1705 #£0
The solution u,, € V is the solution of
au (U, v) = fu(v) Vv eV (2)

Here the space V is a discrete ansatz space spanned by
basis functions {¢1, ..., ¥y }. Both the standard RBM and

the proposed method construct a reduced space V CVas
the span of constructed basis functions

N
‘7 = Span{&la .. 7&/]’{}}3 1;2 = Z bjidjj' (3)
j=1

In the standard RBM, the space ‘~/R B is constructed as the
span of solutions to carefully selected parameter values:

VrB == Span{uuv ne Esn'a»pshot}- (4>
In contrast, in our approach, the construction of the
reduced space is a four step procedure: The localization
is introduced by first defining a direct decomposition of
the ansatz space V i.e.

V= EB Vi (5)
k=1

where each Vj, is a subspace of the original ansatz space V.
To construct the spaces V;, we introduce a non overlapping
domain decomposition and group the ansatz functions of
V by the domains they have support in. Then we define
each space Vj as the span of one group of ansatz functions.
We also introduce projection operators Py : V' — V), which
are uniquely defined by

soziPk(sO) VoeV. (6)
k=1

In a second step, for each space V, we construct a subspace
Vk C V. (7)

The way of constructing these subspaces is crucial for the
performance of the method. The spaces are constructed it-
eratively by solving local problems on overlapping patches,
steered by an a-posteriori error estimator. Note that the

spaces V}, are subspaces of V.

In a third step, we mix these spaces using linear extension
operators. Let £ : {1,...,Ns;} — Pow({l,...,Ns}) be
the function defining the extension set for each space. Let

Ey; : Vi = Vj be linear extension operators. The extended
spaces are defined as

VP i=span{o+ Y Eyle) leeW} )
JeE(k)
In case £(k) = 0 it holds ‘7kE = V. In any case, the spaces

VkE are subspaces of V. While this step is not necessary
for the method, it leads to smaller basis sizes.

In the fourth step we combine the spaces to the resulting
global solution space

151

N
VLrB = @VkE 9)
k=1
and then solve

au(ﬂwm = fu(a)

Note again that f/LRB is a subspace of V.

Yo € IN/LRB. (10)

4. A-POSTERIORI ERROR ESTIMATOR

From standard RB theory it is known that the error can be
bounded using the dual norm of the residual R, (u,) € V'

(11)

The calculation of the dual norm of the residual usually
involves the calculation of global Riesz representatives for
all parts of an affine decomposition of the residual. To
localize this step, we use localized dual space norms. One
can show that for any F' € V' and therefore also for the
residual R, (u,) it holds

N, N.
[Ellvr <D exl[Fllvy < (Z Ck) [El[y (12)
k=1 k=1

- 1 -
Huu - UMHV < 7HRH(UM)HV"
QLB

where the computable constants ¢j are defined by

1Pl

lellv (13)

C := max

5. NUMERICAL VALIDATION

A parallel and efficient implementation of the proposed
method for the two dimensional time harmonic Maxwell
equation was written. It allows its user to change the
geometry of the simulation interactively in any way and
presents updated results quickly for localized changes.
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1. INTRODUCTION AND MOTIVATION

State-of-the-art tools to simulate declarative, Object-
Oriented (OO) models, in particular Modelica tools such
as Dymola or OpenModelica, follow several steps to
achieve their goal. Starting from the differential-algebraic
equations (DAEs) that describe the system, they first
symbolically remove trivial equations such as a+b = 0 and
a = *b from the system, then apply sophisticated symbolic
simplifications, including symbolic index reduction. The
system model is thus brought to a simpler, index-1 DAE
form
F(z,z,v,t) =0,

where F'(-) is a vector function, x is the vector of state
variables, v the vector of algebraic (i.e., non-state) vari-
ables and t is time. Efficient code is then generated to
solve this system for (&,v) assuming (z,t) known; thus,
the system is conceptually brought into state-space form
with explicit ordinary differential equations (ODEs) and
output equations

&= f(z,1)

v =g(x,t).
This code is then linked to ODE solvers to numerically
compute the system transients.

State-of-the-art ODE integration algorithms employed for
this purpose are currently of the single-rate type, which
evaluate the entire vector of derivatives f(x,t) at each time
step. As the size of the system grows, this approach can
become increasingly inefficient for models characterised
by dynamic behaviour on different time scales and/or by
a large number of loosely interacting sub-systems with
uncorrelated local activity.

In both cases, assuming adaptive error control is used,
when the system shows fast changes in one of its local
or fast subsystems, short time steps are taken to limit
the error below the given tolerance, and this requires
recomputing the entire derivative vector f(z,t) at very
closely spaced time steps. This can be extremely inefficient,
as the derivative of all other slow and/or loosely coupled
sub-systems will hardly change over such a short time
span, so that most of those computations will not in fact
bring any new useful information to the solver.

A recent paper by Ranade and Casella (2014) proposes to
introduce multi-rate algorithms in these scenarios. Multi-
rate algorithms have been studies since the early sixties,
see, e.g., Rice (1960), Gear and Wells (1984), Engstler
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and Lubich (1997), Savcenco et al. (2007), but haven’t
found use in OO simulation tools so far. A representative
case study presented by Ranade and Casella (2014) shows
that the number of evaluations of individual components
of f(x,t) during the simulation of a transient scales up
with the square of the system size, compared to the cubic
increase obtained by standard single-rate algorithms. It
is then apparent that these methods can provide huge
advantages in simulation speed as the size and degree of
detail of the model increases.

A basic requirement for the use of multi-rate algorithms
is that at each time step, only a sub-set of the state
derivative vector f(z,t) needs to be computed. The goal
of this paper is to show that this can be accomplished by a
suitable extension of the code generation techniques which
are currently adopted by state-of-the-art OO tools.

2. MAIN CONTRIBUTION

The paper shows how to build a particular equation
dependency graph starting from an index-1 DAE model
of the system. From this graph, it shows how to extract
all the information that is required to support multi-rate
ODE solvers. In particular, it shows how to generate code
to efficiently compute any sub-set of the state vector.

The proposed algorithms are applied to a simple exem-
plary test case, showing the dependency graph and the
generated pseudo-code.
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Feed drives have major influence on the performance,
reliability and cost of machine tools and production plants.
Oversized components lead to high costs, not only with
regards to purchase, but more importantly with regards to
energy consumption over the lifecycle. With undersized
components the machine will not be able to meet performance
or reliability requirements. Moreover, feed drive components
have to be chosen with regards to their dynamic properties to
account for size tolerances of the work piece.

The problem of quickly comparing different feed drive design
concepts and choosing adequate components remains largely
unsolved. The approach that is presented in this paper aims to
close this gap by leveraging object-oriented physical
modelling languages in combination with optimization
techniques for parameter and component determination.

The approach is based on intuitive and re-useable object-
oriented behavior models in Modelica that are augmented with
requirements. For automatic component selection and
parameter optimization the simulation platform has been
coupled with the simulation frameworks NOMAD and
DAKOTA. We demonstrated that this approach is able find the
optimal combination of components within a time of less than
1 minute. In comparison to existing sizing tools it is not only
possible to choose a motor for a given mechanical
configuration, but the motor and the mechanical system are
optimized at the same time. Thus, it is easier for the engineer
to design a feed drive concept that fulfills the requirements in
an optimal way.

So far, three different optimization algorithms were
considered, where the Mesh Adaptive Direct Search (MADS)
in NOMAD is the fastest and most robust. A review showed
that different algorithms from the commercial optimization
framework TOMLAB perform well in comparison to other
implementations (Rios & Sahinidis, 2009). A future
comparison of different solvers should therefore include this
framework. For all solvers it is essential to constrain the search
space by pre-selection. This manual step could be supported
by a rule-based approach. Further improvements in solving the
optimization can be expected from a two-step approach, where
first only the algebraic design equations are considered and
second the system of differential algebraic equations. To
visualize results the methods developed in (Eppelt & Al-
Khawli, 2014) can be used. In a subsequent paper optimization
with regards to the frequency domain is discussed. To obtain
the frequency response from the Modelica model we applied a
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method that is described in (Biinte, 2011). The approach of this
paper is naturally not restricted to the design of feed drive
systems. Other applications may include hydraulics,
pneumatics and mechatronic systems in general.
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The aim of our research is to develop an All-Terrain
Mobile Robot (ATMR), based on a commercial All-Terrain
Vehicle (ATV), suitable for a wide range of different
outdoor operations (Figure 1). The ATMR should be able
to operate in any natural environment with a high level of
autonomy. The advantage of using ATVs is represented by
their good traversability potential for poorly traversable
terrains, as well as by the possibility to operate in unsafe
environments. On the other hand, the main disadvantage
of ATVs is their low stability margin due to dynamic
constraints, roll-over risk, and excessive side slip.

Fig. 1. The ATMR.

These characteristics call for the adoption of suitable
control systems, whose aim is not only to fulfil the ATMR,
mission, but also to ensure the vehicle safety. When the
vehicle stability is concerned, however, the design and
testing of the control system is a critical task, as it may
require to drive the vehicle at (or very close to) its stability
limit. Nevertheless, even the experimental testing of a
trajectory tracking system, though less critical, poses some
difficulties. To mention just a few, it must be considered
that testing the trajectory tracking controller at high
velocity requires a wide area and specific safety devices
in order to protect the vehicle and people who perform
the experiment in case of an accident. As a consequence,
in order to support the design phase and the preliminary
validation of an ATMR, the development of an accurate
dynamic simulator of the vehicle is of utmost importance.
To this extent, a multi-body simulator, namely Modelica,
has been chosen. Moreover, in order to better structure
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the simulator and maximise code reusability, the model
has been developed starting from the Vehicle Dynamics
Library.

Fig. 2. The ATMR model without the cover.

The model (Figure 2) aims at replicating the behaviour
of a Yamaha Grizzly 700 ATV (Figure 1), focusing on the
dynamics that are relevant to the design and test of the
vehicle control system.

A thorough experimental validation of the simulator,
demonstrating its accuracy in reproducing the behaviour
of the experimental system, is also presented (Figure 3).

Fig. 3. The experimental vehicle path (blue line) and the
simulated path (red line).
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1. INTRODUCTION

DASSL
Generating stochastic input signals such as noise in physical . 10°
systems is traditionally implemented using discrete random E 107
number generators based on discrete time-events. Within E
the Modelica community, random number generators free of E 10°
time-events have recently been proposed in order to increase % No interpolation
the performance of system simulations Klockner et al. £ 10° Linear interpolation
(2014). However, the impact of such signals on commonly E = Sinc interpolation

used solvers, such as DASSL or Radau ITA, is still under 10!
discussion. In order to provide better understanding for 1071 107 107 107 107*
modeling practitioners, we examine the influence of event-
free noise models on simulation performance. To this
end, we conduct practical simulation experiments with
systems of three sizes, two solvers, and different parameters.
Results indicate that step-size control can handle event-free
noise generators well and that they outperform sampled
generators. The findings can be related to other time-
dependent system inputs.

Simulation time / s

2. RESULTS 1071 1072 1074 10-6 10-8

Radau ITA
An excerpt of the results is shown in Figure 1. It shows the 108
number of function evaluations and the simulation time as
functions of the integrator tolerance for a simple system.
The results are produced using different interpolation

é
E
s 100
methods for the noise signal. Dashed lines represent the g
sample-based noise generation method. Solid lines represent § 108
the sample-free DIRCS method proposed in prior work. The g
results show that the sample-free noise method reduces = Lot
computational costs, especially with loose tolerances. 10-1 10-2 10-4 10-6 10-8
REFERENCES 103
Klockner, A., van der Linden, F.L.J., and Zimmer, D. 2 - i
(2014). Noise Generation for Continuous System Sim- g FTT-S-=========2-°
ulation. In Proceedings of the 10th International Mod- B
elica Conference, 837-846. Modelica Association and é
Linkoping University Electronic Press, Lund, Sweden. <107
doi:10.3384/ECP14096837. mﬁ |
1073 : : :
1071 1072 104 10-¢ 10-8

Relative tolerance of solver

Fig. 1. Function evaluations and simulation time as a
function of the integrator tolerance. Dashed lines:
sample-based noise generation method. Solid lines:
sample-free DIRCS method proposed in prior work
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1. INTRODUCTION

Model-based design (MBD) is a common and wide-spread
approach in various areas of application. Over time,
MBD processes have received more and more attention
in medium-sized and small businesses in order to improve
the efficiency of the development processes. However, the
pricing of existing commercial software-tools like Mat-
lab/Simulink or Dymola may easily surpass necessary bud-
gets, for small companies in particular. That is the ratio-
nale why we initiated to create a free alternative that may
help small companies getting started in MBD processes.
In Grabmair et al. (2014) an open source tool-chain for
model-based design of embedded systems was presented.
The focus of the contribution was on code generation.
In contrast, to Grabmair et al. (2014), this work extends
the free tool-chain by the generation of optimal excitation
signals in combination with the solution of optimal control
problems (OCP), and parameter estimation.

It is very common that trajectories for mechanical systems
are generated by solving a particular optimization prob-
lem. For decreasing mechanical wear in the plant these
profiles need to provide, for example, smooth (rest-to-rest)
movement in accordance with restrictions in jerk, acceler-
ation, and velocity. However, smooth trajectories tend to
contain insufficient excitation information for identifica-
tion. To this end, we propose to exploit a measure for the
information content concerning some unknown parameters
in the optimal control problem.

2. METHODS

Continuous-time system identification can be done by
minimizing a cost function. The cost function becomes
zero in the case when the deviation between measurement
¥,, and simulation signal y is zero on [to, t.] (undisturbed
case). This is fulfilled when the model is parametrized with
the correct parameter values.

To ensure an input signal with sufficient ‘information’ for
identification we propose to combine the standard optimal
control problem (OCP) with an input design approach.
For analyzing the information content of a measurement
we resort to the Fisher matrix F(u, p), see Majer (1997).

* We gratefully acknowledge the support from the Austrian funding
agency FFG in Coin-project ProtoFrame (project number 839074).
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Step 2:
Simulation

Modelica-model

Step 1:

JModelica-
platform

Step 3:
Input-design

Plant-modelling
Scilab/Xcos

Step 4:
Parameter-
estimation

Fig. 1. Tool-chain for MBD process with focus on input
design and parameter estimation

This matrix indicates how much information a number of
n, measurable system outputs contain about n, unknown
system parameters.

3. SOFTWARE TOOLS

The tool-chain we present in this paper aims to cover
plant modelling (Step 1), basic model verification (Step
2), optimal excitation signal calculation (Step &) and
parameter estimation (Step 4), see Fig. 1.

For Step 1 we use the open source software Scilab/XCos.
It serves as model editor. The platform for Step 2—4 is
JModelica. It is mainly used to solve the highly nonlinear
optimization problem for input design and the parameter
identification optimization problem.

4. EXPERIMENT

The whole tool-chain is tested by the well-known cart
and pendulum example in gantry crane configuration in
simulation with additional output noise.
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1. INTRODUCTION

We are motivated to apply a multiscale model to solve
Langevin equations. The Langevin equations are used to
simulate the characteristics of Fokker-Planck equations
with Coulomb collisions, see Cohen et al. (2010). Such
models are applied to simulate sufficient dense plasma
applications, e.g., magnetic fusion and inertial fusion prob-
lems.

In our paper, we consider a simpler model of a single
particle density f in a dense plasma problem and apply the
appropriate description with a one-dimensional Fokker—
Planck (FP) equations in the phase space (z,v):

0 0 0 0 0

8_{ + “a_i + E(m,e)a—i = %(—yvf + 6_178—5), (1)
where we assume to have a nonlinear and singular per-
turbed electric-field E(z,€) = e — 2z, € € (0,1] and € is
the perturbation parameter.

The underlying Langevin-like equations of the Fokker-
Planck equation (1) are given as (see also Bou-Rabee et al.
(2012)):

e Ordinary differential equation (ODE)
de _ dv
at ~ " dt

e Stochastic differential equation (SDE)

d
d—f =0, dv = —yvdt + /28" 1dW,  (3)
where W is a one-dimensional Brownian motion.

= E(zﬂ€)7 (2)

Based on the different time-scales of the underlying ODE
(smooth time-scales) and SDE (rough time-scales), we

have to consider effective multiscale methods, see Geiser
(2013).

2. MULTISCALE SPLITTING METHODS

We propose modified splitting methods to resolve the
different behaviors of the ODE and SDE parts. Splitting
methods are important when we can split into different
equations-parts with different behaviors, e.g., multiple
time-scales, see McLachlan et al. (2002).

The proposed splitting method is based on a multiple scale
method and we apply the following hierarchical ordering:

z(t,€) = xo(t) + ex1(t) + O(€?), (4)
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with the initial conditions z(0, €) = 2:(0) and % = v(0)
and we obtain a system of first order different equations:

dxo = vo dt, (5)

doy = vy dt, (6)

dvyg = —2x¢ dt — yvodt + /28~ LydW, (7)
2

dvy = =221 dt + — dt —yv1 dt + /2B 1vdW, (8)
Lo

9)

20(0) = z(0), vo(0) = v(0),21(0) =v1(0) =0. (9

Such an extension of the original Langevin equations
(2)-(3) is called multiscale Langevin equations and can
be solved with respect to the different time-scales. The
underlying Lie-Trotter splitting method, see Geiser (2011),
is modified to an improved predictor-corrector splitting
method (PC-AB splitting method), which embeds the
method of multiple scales.

3. CONCLUSION

In the numerical experiments, we obtained a more de-
tailed resolution of the multiscale problem with the novel
splitting method. We apply different scales based on an
electric-field, that covers blow ups (impact oscillators) and
also oscillating scales (harmonic oscillator). Further we
propose to develop general methods for realistic multi-
particle collision operators of the Fokker—Planck equa-
tions.
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With the aim to propose minimal models of vertebrae formation, we
present two kinds of reaction-diffusion models, the first one of clock-and-
wavefront type [1] and the second one of Turing type [2]. A correspon-
dence between the species of the reaction schemes and biologically relevant
molecules known as morphogens will be proposed and the robustness of the
spatial structures to internal fluctuations will be examined. The ability of
the model of Turing type to reproduce experiments involving grafting of mor-
phogen sources or sinks into embryos will be shown [3].
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Abstract: Modeling the interaction of fluids with moving, flexible structures is a major and
still very challenging subject in the field of multi-physics problems. In this work, an efficient
computational approach based on the coupling of modally reduced flexible multibody systems
with fluids modeled by means of smoothed particle hydrodynamics is outlined.

Keywords: flexible multibody dynamics, fluid-structure interaction, generalized component
mode synthesis, smoothed particle hydrodynamics, simulator coupling

1. INTRODUCTION

The interaction of fluids with solid structures—briefly
referred to as fluid-structure interaction (FSI)—can be
observed on all length scales in nature, science, and en-
gineering ranging from biomechanics of blood cells in
micro-capillares to turbulent flow around flexible compos-
ite blades of high-power wind turbines.

FSI problems are multi-scale problems in several respects.
Fluids typically require a much finer spatial resolution as
compared to the solid domains and also the time scales
differ in several orders within both domains.

In order to tackle the complexity of FSI problems, numer-
ous computational approaches have already been applied,
in particular, during the last decade, see Hou et al. (2012).
The lack of methods that are equally versatile as efficient,
however, still is a significant drawback of today’s approach
that is addressed by the ideas presented in what follows.

Subsequently, we present an overview of a partitioned
approach to FSI, in which the mechanical subsystem is em-
bedded in the framework of flexible multibody dynamics,
while the fluid part is modeled by means of the “smoothed
particle hydrodynamics” (SPH) method. The focus lies
both on modal reduction in the context of coupled FSI
simulations, and the underlying modeling of the interac-
tion between the components of the multibody system
and the fluid continuum represented by SPH particles,
see Schorgenhumer et al. (2013, 2014).

2. COUPLING MULTIBODY SYSTEMS AND FLUIDS
In general, a multibody system is a mechanical system

consisting of rigid and flexible bodies, joints and external
forces. Especially for transient simulations of complex real-
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world applications with flexible components and a large
number of degrees of freedom, techniques for model-order
reduction need to be employed to increase efficiency or to
allow transient simulations in the first place.

The idea of model-order reduction is to reduce the involved
degrees of freedom by projecting a high-dimensional, say
finite element, model onto a lower-dimensional approxima-
tion space that captures all important features with suffi-
cient accuracy. In multibody dynamics, a component mode
synthesis approach is frequently employed for this purpose.
The idea is to use a selected number of mode shapes for the
representation of the flexible deformation relative to the
individual bodies’ rigid body motion, which is represented
by a floating frame of reference. In the present approach,
however, we rely on a generalized modal basis that en-
ables the interpolation of absolute displacements avoiding
a relative description and, thus, the complex structure of
the inertia terms, see Pechstein et al. (2013). The linear
mapping between the full set of degrees of freedom x; and
the generalized coordinates gq,.,

(1)

with constant reference positions ,.¢ and transformation
matrix N, is implemented within the parallelized fluid
code of our co-simulation approach. Such approach allows
the computationally demanding coupling terms to be ef-
ficiently evaluated in parallel since interface positions be-
tween solid and fluid domains are immediately accessible.

Ls = Lref + qu,

Boundary conditions and the interaction of a multibody
system with its environment are realized by appropriate
external forces and constraints. In particular, for the
interaction with a viscous fluid, the following conditions
must be satisfied on the surface I' of any body in contact
with the fluid: The kinematic boundary condition,



MATHMOD 2015 Abstract VVolume

vy, =vy onl, (2)

with the velocities of solid and fluid vy and vy, respec-
tively, and the equilibrium of forces,

o,-n=05-n onl, (3)

where o, and o denote the solid and fluid stress tensor,
and n the outer surface normal.

Strictly speaking, Egs. (2) and (3) must be satisfied at
all times. Depending on the numerical implementation of
the coupled problem, this may be actually enforced in
each discrete time step (monolithic approaches, strongly-
coupled partitioned schemes), or only hold approximately
(weakly-coupled partitioned schemes). The latter is the
case for our co-simulation-based coupling of the multibody
dynamics with the fluid dynamics.

3. SPH AND THE FSI CONDITIONS

In contrast to the widely-used finite volume and finite
element methods of fluid dynamics, the particle-based SPH
method does not depend on a spatially fixed or moving
mesh. In SPH, unordered SPH particles fill the role of
the volume elements or nodes from these classical mesh-
based approaches, i.e., they are used for the discretization
of the fluid continuum and the spatial interpolation of the
field variables, see, e.g., Monaghan (2005) or Liu and Liu
(2010). Owing to its meshless character the strengths of
SPH lie in its versatility and simplicity, particularly, in
case of problems with significantly changing fluid domains,
e.g, free-surface problems and FSI applications.

The coupling conditions (2) and (3) are implemented in
the sense of a penalty approach by the introduction of
appropriate repulsive and viscous forces, F .., and F;s,
which act between the boundaries and any SPH particle
in range. These FSI forces are computed numerically
from convolution integrals of force densities f,.., (") and
S vise(Trels Urel) over any boundary or surface of a body in
contact with the fluid, cf. Schérgenhumer et al. (2013),

FTGP = /frep(rrel) dS7 (4)
T
Fvisc = /fuisc(rrela vrel) dS, (5)
T

with 7., and v, denoting the relative position and
velocity of the corresponding SPH particle and the local
integration point (cf. Fig. 1).

Furthermore, we are currently developing an alternative
approach based on a consistent extension of the SPH
formulation at boundaries.

4. EXAMPLES AND CONCLUSIONS

One of the main features of our approach is its flexibility:
Complex mechanical systems can be efficiently modeled
within the framework of flexible multibody dynamics com-
bined with modal reduction, while SPH is able to capture
fluid dynamics in basically arbitrarily moving or changing
domains, and, moreover, is well suited for parallelization.
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Fig. 1. Sketch of the FSI forces between a discretized
surface and an SPH particle.

We have applied our approach to various examples and
test problems. For illustration, Fig. 2 shows a screenshot
of an impact simulation of a deformable rocket on a free
water surface.

Fig. 2. Impact of a flexible rocket shell on a water surface.
The particle colors correspond to the flow speed.
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1. INTRODUCTION oUL(t
O _ avi(e) + BUOW) @)
We are motivated to apply a modelling approach for
mobile and immobile transport problems. Such modelling :
problems are applied in porous media models, e.g., bio- oU (t)
remediation, fluid-solid interactions, see Bear (1972). We ot AU, (t) + BU -1, (5)

apply a modelling approach after Coats et al. (1964), which
allows to decouple mobile and immobile fluids in porous
medium. Therefore, we can deal with different time-scales
of the mobile parts (smooth scales) and immobile parts
(rough scales). For such a decomposition, it is important
to consider multiscale methods to resolve the various
time-scales. For such methods, we propose fast iterative
splitting schemes.

2. MULTISCALE SPLITTING METHODS

Splitting methods are important for decompositions into
simpler equation parts, while each part can be solved more
accurate and faster as the original equation, see Geiser
(2011).

In our case, the modelling equations consists of a system of
convection-diffusion-reaction equations. We apply spatial
discretization methods to the spatial operators, for exam-
ple with Finite Volume methods (see Eymard et al. (2000))
and obtain a system of ordinary differential equations:

t
ag—i) — AU(t) + €BU(t), with U(") = U™, (1)
where U™ = (u,g)! = (u1,...,Um,g1,---,9m)" is the

vector of the mobile and immobile solutions. Furthermore,
the small scale is given by ¢ = 8. Now, we have A as an
operator for the smooth time-scale of the mobile-immobile
part and B as an operator for the rough time-scale of
between the mobile and immobile parts.

The method of multiple scales is applied and we obtain a
multiscale solutions U (¢, €), which is given as:

Ul(t,e) = Up(t) + eUr(t) + €Us(t) + ... + 7 Us (1), (2)
with the initial conditions U(0,e) = U(0), and where
J € INT is a fixed number of iterations.

We gain an underlying hierarchical equation system, which
is derived as:

AU, (t
at

~—
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where the initial conditions are Up(0) = U(0) and U,;(0) =
0, Vj=1,...,.J.

Such an hierarchical equation system is equal to an ef-
fective so called iterative operator splitting method, see
Geiser (2008). Therefore, we could solve our multiple
time-scale approach of a mobile and immobile transport
problem with an effective and fast iterative scheme. Such
a direct application to fast iterative schemes allows to
embed multiscales and also has the benefit of fast splitting
algorithms, see Geiser (2011).

3. CONCLUSION

In the numerical experiments, we apply the fast iterative
splitting scheme to coupled transport-reaction problems
with multiple scales. The results present the benefit of
such fast splitting approaches and we obtained accurate
solutions of the full problem. In the future, such splitting
approaches allow a direct combination of multiple-time
scales and iterative splitting schemes, which are important
for solving large systems of convection—diffusion-reaction
equations.
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Abstract: This paper is devoted to the problem of linking the dynamics at kinetic scale,
described by a retarded thermostatted kinetic equation, with the dynamics at macroscopic
scale. Specifically the macroscopic equation is derived by considering a scaling parameter into
the underlying retarded equation and considering the related convergence when the scaling
parameter goes to zero. The results show the onset of diffusion at macroscopic scale.
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Abstract

A large number of engineering applications involve granular material or a particulate phase in combination with a
gaseous or liquid phase. Predominant applications are as diverse as pharmaceutical industry e.g. drug production,
agriculture food and processing industry, mining, construction and agricultural machinery, metals manufacturing,
energy production and systems biology. In order to predict and analyze relevant phenomena accurately, tailored
algorithms that resolve dominant length scales are required. A novel technique referred to as Extended Discrete
Element Method (XDEM) has emerged only recently that offers a significant advancement for multi-physics
applications. It is based on a coupled discrete and continuous i.e. Lagrange-Euler numerical simulation concept.
XDEM treats the solid phase representing the particles and the fluid phase or a structure as two distinguished
phases that are coupled through heat, mass and momentum transfer. An outstanding feature of the numerical
concept is that each particle is treated as an individual entity that is described by its thermodynamic state e.g.
temperature and reaction progress and its position and orientation in time and space. The thermodynamic state
includes one-dimensional and transient distributions of temperature and species within the particle and therefore,
allows a detailed and accurate characterization of the reaction progress. Thus, the proposed methodology provides
a high degree of resolution ranging from scales within a particle to the continuum phase as global dimensions.
These superior features as compared to traditional and pure continuum mechanics approaches are applied to
predict drying of wood particles in a packed bed and impact of particles on a membrane as shown in fig. 1.

Gas temp
363

Faeo
joo0
340

334

Figure 1: Particle resolved properties and air temperature during drying in a packed bed reactor and deformation
of a membrane due to impacting particles

Fig. 1 shows the rather inhomogeneous drying process in the upper part of the reactor with higher temperatures
around the circumference of the inner reactor wall. The latter is due to increased porosity in conjunction with
higher mass flow rates than in the center of the reactor, and thus, augmented heat transfer. A further application in
fig. 1 depicts the deformation of a surface under the impact of particles discharged from a hopper. Due to an
increasing vertical deformation particles roll or slide down toward the bottom of the recess, where they are
collected in a heap. Hence, the Extended Discrete Element Method offers a high degree of resolution avoiding
further empirical correlations and extends the knowledge into the underlying physics.

Keywords: Discrete Element Method (DEM), Computational Fluid Dynamics (CFD), Finite Element Analysis
(FEA), High Performance Computing (HPC)
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Abstract: Arbitrary power law attenuation and dispersion in medical ultrasound and elastography can
be modeled with temporal memory operators in the wave equation. Here four alternative interpretations
are given. Power laws for attenuation with exponents other than 2 correspond to the use of convolution
operators expressible as fractional derivatives. The corresponding constitutive equation can be verified by
time domain measurements. A framework with multiple relaxation processes can be formulated via the
complex compressibility. The constitutive equation can also be expressed with higher order derivatives.

Keywords: Wave equation, attenuation, dispersion, power law, fractional derivative.

1. INTRODUCTION

The viscous wave equation

1 0%u

2oz gy M
where u(x,t) is compressional or shear displacement and ¢y is
the zero frequency phase velocity given by the elasticity and
the density, c(z) = E,/p. It results in a power law attenuation
o (®) = ap®? and a constant phase velocity for ®Ts < 1 ina
homogeneous and isotropic medium. For high relative frequen-
cies both the attenuation and the phase velocity are o« @~ This
does not fit well with measurements of compressional waves
in medical ultrasound at MHz frequencies. Neither does it de-

scribe all shear wave measurements in elastography (10-1000
Hz) (Holm and Sinkus (2010); Holm and Nésholm (2014)).

d

Viu Vu=0,

Eq. (1) can be derived from a viscous constitutive equation:
de(t
E, [8([) ( )} ) 2)

T _
o5,
where £(¢) is strain, o (¢) is stress, and 75 = 1 /E, is the ratio of
viscosity and elasticity. Let the compressibility be ky = 1/E,,
then the complex compressibility in the frequency domain is:
Ko Ts Ko
g — (3
+ l(O’L'g l + leo'
These derivations are more fully found in Holm et al. (2013).

o(t)

K(w) =¢(w)/o(w) =Ky)—i®

Here we will generalize these equations to fit better to medical
ultrasound and elastography. However, the acceptance of in
particular fractional models has been slow in these fields, often
due to a weak link to the physics. Therefore alternative formula-
tions will be given. The paper starts with the frequency domain
with more general power laws and then moves to time and
more general constitutive equations than Eq. (2). An alternative
formulation can be given via more general expressions for the
compressibility than Eq. (3), and finally via a formulation in
terms of constitutive equations with higher order derivatives.

2. FREQUENCY DOMAIN: POWER LAW ATTENUATION

A wave equation with a convolution loss operator is the most
versatile formulation (Mainardi (2010), Sect. 4.2.2):
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1 %u
T2 @

where ®(t) = [dG(t)/dt]/G, is the rate of relaxation, G(t) is
the relaxation modulus, G, = G(07) is the glass modulus, and
E, = G(o0) is the equilibrium modulus. One particular form of
the convolution operator is a power law memory in time. The
operator is given by an order parameter m — 1 < o < m where
m is the smallest integer larger than the order:

d"f(t) 1
D)« f(t) = 1% * . 5
( ) f( ) S dqm F(m— a),aﬂfm ®)
This operator is of particular interest since its Fourier transform
is a power law also (Podlubny (1999), sect. 2.9):
1
F () = (i)*". 6
<F(m—a)t0‘+1*m) ( ) ©)
This ensures that the solution has power law attenuation with
an exponent in the most interesting range (0,2]. Due to the
similarity between this Fourier transform and that of the integer
order derivative, the time domain operator can also be written
as a non-integer order or fractional derivative:

@) 1) =182, )

The viscous wave equation, Eq. (1) is a special case with ¢ = 1.

VZu +®(1)*Vu =0,

The power laws motivate their inclusion in Szabo (2014), ch. 4.
Similar models based on the fractional Laplacian are also used
in the k-Wave MATLAB toolbox (Treeby and Cox (2014)).

3. TIME DOMAIN: CONSTITUTIVE EQUATION

The constitutive stress-strain relation corresponding to this gen-
eralized wave equation is the fractional Kelvin-Voigt equation:

oe(t 2%e(t

85) =E, {e(t)+r§‘ aﬂg )} . (8
This model and its generalization, the fractional Zener model
with fractional derivatives on both sides of the equal sign, fit
well for biological materials such as brain, human root dentin,
cranial bone, liver, arteries, breast, and hamstring muscle. They
also fit other materials such as metals, doped corning glass,

o(t) =E.e(t)+G(r) %
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rubber, and polymers (see Niasholm and Holm (2013) and
references therein). Most of these references apply to low
frequency rheology, i.e. shear waves.

4. A DISTRIBUTION OF RELAXATION PROCESSES

Acoustic media such as salt water and air can be accurately
described by a viscous part plus two physical relaxation pro-
cesses (Salt water: boric acid (B(OH)3) and magnesium sulfate
(MgSOQy). Air: nitrogen (N>) and oxygen (O3)). Similar models
of low order can be used to model arbitrary power law attenu-
ation for more complex media over a limited frequency range
(Tabei et al. (2003)). In that case, the parameters of the model
are not taken from physical processes, but rather selected to
minimize a model fit error over the desired frequency range.

In general an N’th order relaxation process consists of N spring-
damper terms, each one with relaxation time 7, = 1, /Ey.
This is the Maxwell-Wiechert model of Fig. (1) which can be
expressed as a sum of compressibilities like that of Eq. (3):

N

. Ky Ty

Ko—i0 Y
v=1

x(®)

€))

~ 1+ioTt,’
where the compressibilities are x, = 1/Ey.

The fractional Zener model can be interpreted as a distribution
of an infinite number of relaxation models, Mainardi (1994).
That means that N — « in Eq. (9) and the sum can be turned
into an integral. The particular weighting, k,(Qy),Q, = 1/1y,
of each relaxation process follows a Mittag-Leffler function
as a function of relaxation frequency, Q. This function has
a power law tail and thus indicates fractal properties in the
medium, Nisholm and Holm (2011). These properties can also
be used for optimum selection of a few number of relaxation
processes when a power law is to be approximated over a
limited frequency range, Ndsholm (2013).

5. HIGHER ORDER DERIVATIVES

The Maxwell-Wiechert model of Fig. (1) is also equivalent to
a linear differential equation of order N (Tschoegl (1989), sect.
3.7, Mainardi (2010), Sect. 2.4)):

N 9"o(t)

B d"e(t)
an o —Zf]n .

n=0 n=0 oar
This is an alternative to Eq. (8) for a generalization of Eq. (2).

N

(10)

When N — o and the coefficients are chosen using similar
reasoning as in the previous section this constitutive equation

Fig. 1. Maxwell-Wiechert model (Ndsholm and Holm (2013)).
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can describe a fractional one like Eq. (8). Higher order deriva-
tives are conceptually simple and may offer a more intutive
explanation than one using fractional derivatives.

However the advantage of the fractional description is parsi-
mony, i.e. a minimal number of parameters. As an example Eq.
(8) requires only E,, T and o while Eq. (10) in principle re-
quires an infinite number of parameters. In practice this number
can probably be truncated, but nevertheless it will exceed three.

A fractional derivative expressed with higher order derivatives
can also be found in Oldham and Spanier (1974), sect. 3.5, from
a mathematical point of view.

6. CONCLUSION

One way to model arbitrary power law attenuation is via tem-
poral memory operators. In order to further the understanding
of this point of view, four interpretations have been given here
with the hope of contributing to an increase of the acceptance
of these models in applied fields.
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1. INTRODUCTION

This abstract outlines results in fractional-order modeling
for networked Cyber-Physical Systems (CPS) and Lin-
ear Friction Welding (LFW) in manufacturing which are
new applications for fractional-order modeling. For dis-
tinct types of linear systems with integer-order component
dynamics, the interaction among the components leads
to fractional-order dynamics. Recognizing this fractional-
order nature of the dynamics is important because: 1) it
leads to a deeper understanding of the system and broad-
ens the “toolbox” of control possibilities for multi-robot
systems; 2) it provides for substantial model reduction
and computational savings for modeling and controlling
the system; and, 3) when considering loop shaping, large
frequency ranges characterized by non-integer order dy-
namics (non-integer magnitude slopes and non-multiple of
90° phases) may need to be addressed by fractional-order
control methods.

Fractional calculus has a long history which dates back to
near the foundations of calculus, and it has been used in
engineering applications for at least several decades. Books
on the subject include Baleanu et al. (2011); Ortigueira
(2011) and review articles include Ortigueira (2008);
Machado et al. (2011). Other related studies include Silva
et al. (2004) (walking robots), Delavari et al. (2013); Zhao
et al. (2005) (flexible manipulators), Chen and Moore
(2002) (time delays) and control using fractional-order
PID control Zhao et al. (2005); Monje et al. (2008). Studies
in other areas such as visco-elastic phenomena can be
found in Heymans and Bauwens (1994); Mayes (2012).

2. MULTI-AGENT SYSTEMS

Consider the two systems illustrated in Figures 1 and 2.
For the first system, based on a self-similarity analysis, if
there are an infinite number of generations, it is easy to

* The support of the US National Science Foundation under the
CPS Large Grant No. CNS-1035655 is gratefully acknowledged.
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Fig. 1. Structure of robotic formation.

show that the transfer function relating the difference in
applied force at the input and output levels is given by

X1(s) = Xiast(s) :< 1 > 1

) Vi) V5 @)

Simulations show that this is a good approximation even
for a relatively small number of generations, such as four
or five generations.

Motivated by self-similarity leading to fractional-order dy-
namics for the tree structure, because scale free networks
are also characterized by self-similarity, we have investi-
gated whether fractional-order effects are present in such
networks. For the specific scale-free network illustrated in
Figure 2, if the blue node is displaced by a unit step, a
graph of the response of all the other nodes is illustrated
in Figure 3. In that plot, the thicker blue line represents
the unit step response for the equation

dsx 3 3

at D 5570 = 5

Clearly, most of the other nodes respond in a fractional
manner due to the change in the input.

3. LINEAR FRICTION WELDING

Friction welding is a process for joining two pieces of
metal where the heat for the process is generated by
friction caused by the parts rubbing together rather than
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Fig. 2. Scale-free network.
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Fig. 3. Step response of scale free network.

by an external source as in traditional welding. Most
friction welding is rotary, where parts rotating relative
to each other are brought into contact; this requires axi-
symmetric parts. In contrast, in linear friction welding
(LFW), the parts are brought into contact and oscillated.
A complication inherent to LEFW is a need for controlling
actuators that, in the absence of model-based control,
must be very large. This creates a cost barrier; at present,
LFW is only commercially deployed for the titanium stages
in jet engine compressors. Model-based control algorithms
will make smaller LFW machines possible, reducing cost
and enabling other industries to use the process.

Fractional-order modeling is suitable in developing such
algorithms for physical reasons; at first contact between
the parts, the force resulting from the relative motion is co-
dominated by Coulomb friction and elastic effects. As the
parts are heated, this force transitions to a more viscous-
like effect. In other words, there is a transition from zeroth-
order forces to first-order forces dominating the process.
The following discussion of system identification results
from LFW experimental data shows that the process can
be modeled effectively by fractional-order equations.
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The data contain the input oscillation force, wu(t), and
output position of the welded part, x(t), both sinusoids.
The median absolute value of the extrema in each plot
is considered the amplitude; the median phase difference
between output and input is taken as a constant, ¢.

Accounting for inertia, the fractional-order model is

A2z diz

mﬁ(t) + bﬁ(t) = u(t)

(2)
with 0 < ¢ < 2 and m, b, ¢q real. In steady state, the
fractional derivative of z(t) = A cos(wt + ¢) is given by
dd
ﬁj(t) = AwY cos (wt + o+ gq) )
which, along with the second derivative of z(t) and u(t) =
F cos(wt), are substituted into Equation 2. For any choice
of ¢, matching amplitude and phase on both sides of
Equation 2 yields m and b. If m and b share sign, the
equation is physically plausible. This is the case for 10
welds of varied process parameters when 0 < ¢ < 0.8.
Therefore, this model is a viable candidate for LFW
because it offers governing equations that imply a stable
process and follow from the data.
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1. INTRODUCTION

Efficiency, pollutant emissions, and consumptions of diesel
engines are affected by the metering of the air/fuel mix-
ture. Thus, automotive industry advanced the common rail
(CR) technology for a better accuracy in fuel metering.
In this context, new electro-injectors improved injection.
However, an accurate model is necessary for the nonlin-
ear fuel dynamics and for the mechanical deformation of
relevant parts of injectors. The model should allow us to
identify faults, analyze different configurations, but also
an easy implementation of control algorithms. To this
aim, a new mathematical model of the CR diesel electro-
injector is proposed. First, the CR injection system and its
main components are described. Then the model employs
a fractional-order representation of the propagation of fuel
pressure wave in the CR and pipes of diesel injection
systems. Simulation validates the model by comparison
with real data and results given by an integer-order model.

2. FRACTIONAL-ORDER MODEL OF THE
ELECTRO-IN ECTOR

A CR diesel injection system includes a high pressure
pump that sends fuel to the CR volume, which is directly
connected to the electro-injectors. These elements control
the amount of fuel injected into the combustion cham-
ber and shape the flow rate, provided that an electronic
controlled solenoid valve regulates the CR pressure. An
electro-injector consists of a control circuit and a feeding
circuit. The first includes a control chamber, whose pres-
sure is changed by an electro-hydraulic valve. The feeding
circuit ends the flow path, where the injector nozzles are
located. The two circuits are connected by an annular
pipe. A plunger-needle element lies between the circuits
to regulate the injection flow. The plunger-needle lift de-
pends on the difference between pressures in the control
chamber and in the feeding circuit. Then the injector is
opened (closed) by properly reducing (increasing) the first
pressure by means of the electro-hydraulic valve.

Modeling is done by dividing the injector into different vol-
umes. The continuity equation, the momentum equation,
and the Newton’s second law of motion are applied for
each subsystem, resulting in lumped or distributed param-
eters representations. A uniform, time-varying, pressure
distribution is assumed in large accumulation volumes,
for which a lumped parameters model is obtained. The

177

considered laws provide ODEs to describe the fuel pres-
sure dynamics inside each volume. The instantaneous flow
sections and volumes depend on the axial displacement of
moving parts. Moreover, the plunger-needle is modeled as
a series of mass-spring-damper systems.

Instead, a time-varying and nonuniform pressure distribu-
tion in a volume yields PDEs to describe pressure wave
propagation. In details, a fractional-order model for the
main propagation of pressure wave in the annular pipe
is deduced as follows. Propagation in high-pressure pipes
is expressed by the Navier-Stokes (N-S) equations, i.e.
nonlinear PDEs. A linearization of the continuity and
momentum equations for the flow of fluids is extrapolated
from the N-S equations. Simple arrangements and sub-
stitution of the integer-order by the fractional-order time
derivative lead to the fractional-order model:
op , 0°P R 0% [0°P 1
otz ~ © 9r2 p Otr <8x2> (1)
where P and p are the fuel pressure and density, c is the
sound speed in the fluid along direction x, R considers
the fuel kinematic viscosity, and v is the fractional order.
Moreover, the annular pipe is spatially discretized into n
elements: the instantaneous pressure P; in the i-element
depends on P;y; and P;_;. Laplace transform leads to:

s"R + pc? (2)
sZp x2 4 sY2R + 2pc?

= H(s) Posa(s) + Pioa(s) (3)
The complete fractional-order transfer function of the
whole pipe is obtained by a recursive procedure. For n = 6
(1—4H2+3H4)HPAV H6PCR

1—-5H2+6H*— HS 1—5H2+6H4—H?')
4

The operators s” and s2” are approximated by rational
transfer functions. The nonlinear model of the injector is
implemented in the Matlab/Simulink environment. Simu-
lation results are compared with experimental data from
a real injector: they show a good match and the improve-
ment by the fractional-order model is clear.

Pi(s) = Piy1(s) + Pi—1(s)

Ps =

3. CONCLUSION

The fractional-order model of electro-injectors for CR
diesel engines well predicts the injected flow rate in several
working conditions. The model is suitable for optimizing
the injector configuration and parameters and for deriving
better fuel rate shaping strategies.
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Abstract: An enhanced model for the heating process on heterogeneous materials based on fractional
order PDEs has been identified through an optimization algorithm. Experimentation has been carried out
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1. INTRODUCTION

The association between the heterogeneous materials and
Fractional Order Systems is an actual research issue
involving investigation at the micro- and macro-scale
(Caponetto et al.). This research follows the increasing
interest for heterogeneous and composite materials. They are
becoming more common in a wide range of functional
devices, particularly those involving energy transport,
conversion, and storage (Srivastava et al.). Modeling and
controlling such properties becomes therefore crucial for the
optimal materials design. In particular the fractional order
nature of heat transfer model in heterogeneous, porous, or
composite materials (Sierociuk, D.et al.) (Kulish et al.) is the
main focus of this work in which the advantages of
optimization methods for modeling heat transfer phenomena
on non-homogeneous beam heating process have been
presented.

2. FRACTIONAL MODEL

Non-homogeneous beam heating is associated to the effect of
anomalous diffusion, due to part of the heat flux dispersed
into the neighbouring environment (Sierociuk et al.). The
diffusion heat equation applied to a semi-infinite bar is
described in (1) in the time domain. Considering the initial
condition in (2) , the boundary conditions in (3) and (4), and
the Laplace transform it is possible to obtain the transfer
function G(x,s) in (5) (Sierociuk et al.). H is the heat flux, T
the temperature, A is a normalized distance from the heat
source.

2 92T (x,t)
dx2

T (xt) _
at

1)
T(x,t = 0) = 0 temperature along the tube at t = 0 (2)
H(x=0,t) = —Kg—i(atx =0), heat flux at x = 0(3)

T(x - o,t = 0) = 0 temperature at x - o (4)
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T(x,s) _ Ty
H(x,s)  (T35)05+1

3. EXPERIMENTATION

G(x,s) = A9 (5)

Experimentation has been carried out in order to support the
model identification process. The thermal system (Fig.1)
consists of a metal beam filled with composite material made
of 50:50 mixture of buckshot and couscous particles
(Sierociuk, D.et al.). One end of the metal beam is connected
to a Peltier cell which is integrated in the heat pump
assembly. Such assembly contains a heat sink and the fan:
they are used to control the temperature of the cell cold side
and to maintain it approximately constant at the ambient
temperature. The heat flux out of the Peltier module is
controlled by the input current signal. Three temperature
sensors (LM35DH) are positioned at fixed distances from the
heat source (sensor 1 at dj; =2.5cm, sensor 2 at d,,=3.8 cm,

and sensor 3 at d)3=4.9cm,).
4. MODEL IDENTIFICATION
4.1 The Optimized Identification Process

Identification of the model was performed in the frequency
domain. Sinusoidal signals at different frequencies have been
used for the model identification in the frequency domain. In
particular sinusoids with frequencies 1mHz, 3mHz, 5mHz,
7mHz, 9mHz, 10mHz,20mHz, 30mHz, 50mHz where used,
with a heat flux peak to peak amplitude of 80W.

Given the spatial dependence of the model, the identification
process is performed in two steps. First, a multi-objective
Nelder Mead simplex optimization algorithm was used in
order to identify the model parameters by fitting the model
response (module and phase) to the experimental data for
sensor 1 at the normalized distance A1l. Then, in order to
validate the identified model at different distances from the
heat source, the same optimized identification algorithm has
been used in order to identify the A2 and A3 parameters by
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comparing the model output (T) to the experimental
temperature measured respectively at distances dy, and da.
The quality of the identified model on the spatial domain has
been measured by comparing estimated distances d,,and d, 3
(corresponding to the identified A2 and A3) with the real
ones.

4.2 The Ideal Model Identification

First, the identification of the ideal model (5) parameters T1,
T2 and T3 has been performed (Fig. 2(a)) at distance A1l.
Bode diagrams of the identified model are presented in Fig.3.
Then the distances dy, and d,; where estimated. Estimated
dy, was 3.19 cm, against the real one at 3.8 cm. Estimated
d, 5 was 3.9 cm, against the real one at 4.8 cm.

> dir,=25cm A =1 -
dAr,=3.8 cm Ay =1,52
< > dn=4.9cm A3 =1,96

<€ >

Fig. 1. Experimental setup: Beam photo.

Tis, ) T A by T(s,4 T *l% @
G(A,8) = = (Taa)™" T 1 — A% (Tys)!
&)= F6.0) - Tore It CODe0 = b &
" ] A1=1
Fitting Module Fitting Module

T2=5.0722
T3=1294

T2=28.1
T3=1.575e6 @=0.8047
«1=0.8546
2,22,
Fitting Module

A, =1,227 =>d A,=3,19cm

(3,8 cm) A =1 > dA\j=2.5cm

A =1.561=> d A,;=3,9 cm dA,= d\, *A,=3.7 cm (dA,=3.8 cm)
(4.9 cm); dAg=dA; * A;=4.8 cm  (dA;=4.9 cm)
(@) (b)

Fig. 2 Identification process. (a) ideal heat transfer
model.(b) enhanced heat transfer model for
heterogeneous materials

2.1 The Enhanced Model Identification

The ideal model in (5) was enhanced for heterogeneous
materials obtaining (6) in order to better fit the
experimental data for all the three sensors. In particular
the fractional order of the system (a;) was also left as
parameter to be identified. First, the identification of the
enhanced model (6) parameters T1, T2, T3, a;, o has been
performed (Fig. 2(b)) at distance A1. Bode diagrams of
the identified model are presented in Fig.4.
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Then the distances d)2and d) ; where estimated.

1
T1*A2

T(s,)) =—F—

(T3*A2xs)*1+1

x e (2% « H(s,0) (6)

The optimized model better fits the experimental data
measured for sensor 2 and 3. Estimated d,, was 3.7 cm,

against the real one at 3.8 cm. Estimated d)3 was 4.7 cm,
against the real one at 4.8 cm.

o

a

BES
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p—— (b)

Fig. 3. Ideal Heat Transfer Model: (a) Module and (b)
Phase Bode diagrams

naisz [
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esei)
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Fig. 4 Optimized Heat Transfer Model on Sensor 1 (A 1):
(a) Module and (b) Phase Bode diagrams
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1. INTRODUCTION

The Port Hamiltonian framework is based on a geometric
description of physical systems and is particularly useful
for the modeling and control of multi-physics, network and
distributed parameters systems (Duindam et al., 2002).
Since its definition and its extension to distributed param-
eter systems it has been widely and successfully applied
to classical mechanical and electrical systems, both in
finite and infinite dimensions. The application of Port
Hamiltonian formalism to thermodynamic systems is much
more tedious as in the general non isothermal case the
link between energy and irreversible phenomena cannot
be associated to a linear geometric structure.

The idea of this paper is to propose a proper decompo-
sition of thermodynamic phenomena in the case of non
isothermal distributed reaction diffusion systems in order
to highlight the inherent interconnection structure, called
Stokes Dirac structure. The irreversibility is taken into
account through an appropriate non linear closure relation
between extended port variables, as it can be done for
purely dissipative systems.

2. MODEL OF DIFFUSION REACTION PROCESS

The model for the reaction diffusion system under consid-
eration is given by:

pOwa = =0, f5 — Mavar

path = —3fo —g Mpvpr

pOys = =0, f° — Tj+0
where w; represents the mass fraction of the species ¢ (
i = A, B) and s is the entropy per mass unit. M; is the
molar mass of species ¢, T} is the distributed temperature
of the jacket, f* =>"._, g fis; + fi is the total entropy
flux where f7 = fTF is the entropy flux due to conduction

fe fTF and s; the partial mass entropy of species i.
r represents the chemical reaction and v4, vg > 0 are
the stoichiometric coefficients. ¢(z) is the distributed heat
transfer ¢(z) between the reactor and its jacket. o is the
irreversible production of entropy.

(1)

* This contribution has been done within the context of the
French National Research Agency sponsored projet HAMECMOP-
SYS (ANR-11- BS03-0002)

183

3. PORT HAMILTONIAN FORMULATION FOR
DIFFUSION REACTION PROCESSES

The model of reaction diffusion system given in (1) can be
rewritten as:

with some appropriate choices of E and F, the extended
] )

03
). J is a skew-symmetric differential

F=JFE+ Beu

y=-BE @

05

effort and flow variables, w = —Z&, y =T and B, = <
0
0

&

operator given by:

where B

J=P0,+ P, (3)
with P; a symmetric matrix and Py a skew symmetric one.
Proposition 1. The linear subset D:

F F

D:{(u , y)egx.ﬂF:JE—i—Beu,
fo s

y = —B.FE , for some appropriate boundary port variables

o

K

Furthermore the irreversible feature of the system is de-

fined by:
-F ( ) F>0

4. CONCLUSION

} is a Stokes Dirac structure.
(0,L)

03 00
000
001

(4)

This paper is a first attempt to the port Hamiltonian
representation of a tubular reactor. It remains to show how
the convection phenomenon can be integrated in such for-
mulation. This formulation could be advantageously used
for control purposes using the passivity based methods.
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In this paper, an IDA-PBC design for infinite dimen-
sional PHS with both finite rank distributed control and
boundary control is proposed. The controls are designed
in such a way that the matching error from the distributed
control is compensated by the boundary control. More
precisely, while keeping the geometrical interconnection
structure (namely the Dirac structure) unchanged, we
propose energy shaping and damping assignment to match
a restricted class of closed loop port-Hamiltonian systems.
Because of the system constraints on the design parame-
ters, there is no exact solution for the matching equation.
Therefore we use a finite rank distributed control in the
state equation and a boundary control simultaneously.
We propose an approximated solution to the matching
equation such that the error (with respect to some “exact
solution”) may be compensated by another boundary con-
trol via a “propagation function” (or backstepping control)
to be determined.

Our application case concerns the control of the radial pro-
file of the magnetic flux in tokamaks (cf. Wesson [2004]),
the experimental facility for nuclear fusion reaction. The
aim to reach some specific internal radial plasma profiles
in order to avoid magneto-hydrodynamic (MHD) insta-
bilities and to improve the plasma confinement stands
an outstanding challenge in tokamak control recently. In
our previous works Vu et al. [2013], the IDA-PBC laws
were derived to the finite-dimensional PCH system of the
tokamak plasma. In this example, the infinite-dimensional
PCH of the resistive diffusion equation (cf. Vu et al. [2014])
will make title for the control synthesis. Both boundary
(coils) and distributed (antennas) actuators are indeed
available. A non-inductive current injection plays the role
of the finite rank distributed control while the loop voltage
generated by the transformer effect of the central solenoid
coil realizes the boundary control. The distributed control
is finite rank since only the total incoming power and the
angle for the injected waves are controlled while the radial
distribution (shape) of the control action is fixed for a
given actuator. This feedback distributed control is em-
ployed to match a system with a homogeneous state equa-
tion. The boundary control here is unlike the “traditional”
methods where the boundary action is homogenized in sys-
tem state evolution equation. This new boundary control
action includes both the original boundary control and the
propagation of the distributed control.
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Most of the current research on the stability and stabilisation of distributed port-Hamiltonian systems deals with
the development of boundary controllers. This task has been usually accomplished by looking at, or generating, a
set of Casimir functions in closed-loop that robustly (i.e., independently from the Hamiltonian functions) relates
the state of the infinite dimensional port-Hamiltonian system with the state of the controller, which is a finite
dimensional port-Hamiltonian system interconnected to the boundary of the distributed parameter one. The shape
of the closed-loop energy function is changed by acting on the Hamiltonian of the controller e.g. to introduce a
minimum in a desired configuration. As discussed in [5, 7], this procedure is the generalisation of the control by
interconnection via Casimir generation (energy-Casimir method) developed for finite dimensional systems. The
result is an energy-balancing passivity-based controller that is not able to deal with equilibria that require an infinite
amount of supplied energy in steady state, i.e. with the so-called “dissipation obstacle.”

In this paper, it is shown how to enlarge the class of boundary energy-shaping controllers beyond the dissipation
obstacle by focusing on the trajectories that correspond to a particular Hamiltonian, rather than on the geometric
structure (i.e., the Dirac structure), of the system only (see e.g., [3,4]). Since the state dependent control action
obtained thanks to the energy-Casimir method is able to shape the Hamiltonian function, the idea is to procede in
a more direct manner, i.e. by determining a feedback law that maps the open-loop trajectories into the trajectories
of a target system with the same port-Hamiltonian structure (i.e., Dirac and resistive structures are not modified),
but characterised by a shaped Hamiltonian with the desired stability properties. This is the same concept adopted
in finite dimensions in case of stabilisation with state-modulated sources discussed in [5], or with the more general
IDA-PBC control technique presented in [6].

In this paper, then, the boundary control via energy-shaping is developed for the class of linear, distributed, port-
Hamiltonian systems presented in [1,2]. By transforming the original system via state feedback into a new one
with an Hamiltonian function that has an isolated minimum at the equilibrium, simple stability is obtained. To
have asymptotic stability, it is necessary to add damping by means of a further control loop. In this respect,
another important contribution of this paper is to show that, if it is possible to impose full boundary dissipation
to the port-Hamiltonian system resulting from the energy-shaping procedure, then the desired equilibrium can be
proved to be asymptotically stable. It is worth noting that the proposed techniques can be easily extended to the
nonlinear case: the difficult part is then to prove existence of solutions for the set of coupled PDEs and ODEs
associated to the closed-loop system, and the invariance properties of the steady state trajectories determined by
the damping injection loop.
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Annealing plays an important role in the production of
high-quality steels. While the temperature evolution of
steel strips in continuous annealing furnaces is a well
studied field, the development of experimental reheating
and annealing devices is less frequently explored. This
is especially true when dealing with batch-type furnaces
heated by electrically driven infrared (IR) radiators, where
spatial temperature distributions in a steel strip arise due
to relative positions of the IR-radiators and the specimen.

In this contribution, a 1-dimensional distributed-parame-
ter model of the spatial-temporal temperature evolution
in a steel strip is proposed. A cross-section of the an-
nealing furnace geometry under consideration is shown
in Fig. 1. It mainly consists of a water-cooled housing
with a steel specimen inside and two arrays of IR-lamps
(horizontal and vertical) mounted on gold-coated water-
cooled reflectors. The lamps are separated by the quartz
glass plates from the annealing chamber filled with an
inert atmosphere. The steel strip is clamped by two water-
cooled specimen holders, which can be vertically moved.
By supplying electric power to the IR-lamps, the specimen
is heated by means of thermal radiation.

The goal is to derive a mathematical model, which can be
used to control and maintain the temperature uniformity
in the steel specimen during the heating-up process. The
model takes into account heat conduction in the specimen,
thermal radiation in a partially specular enclosure, free
convection and in-domain heat losses in the specimen
holder. Here, the vertical IR-lamps are assumed to be
inactive. As a consequence, the heating chamber of the
furnace is considered infinitely wide and all variables are
assumed to be invariant w.r.t. the specimen width. This
also justifies a 2-dimensional interpretation of the radia-
tion problem. Moreover, halogen IR-lamps, which serve as
distributed heat sources, are modeled for simplicity as in-
finitely long opaque cylinders. The temperature evolution
within the specimen fillet is of particular interest.

For the determination of heat flows by radiation, the eval-
uation of view factors between surfaces of an enclosure is

* The financial support by the Austrian Federal Ministry of Science,
Research and Economy, the National Foundation for Research, Tech-
nology and Development, and voestalpine Stahl GmbH is gratefully
acknowledged. The second author gratefully acknowledges financial
support provided by the Austrian Academy of Sciences in the form
of an APART-fellowship at the Automation and Control Institute of
Vienna University of Technology.
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Fig. 1. Cross-section of the annealing furnace.

required. When dealing with enclosures including specular
surfaces, it is essential to take into account the specific
directional paths that the reflected radiation follows. This
can be achieved by means of radiation exchange factors,
which describe how diffuse energy leaving a surface arrives
at a second surface directly and by all possible intermedi-
ate specular reflections. In enclosures with many specular
surfaces, the computation of specular exchange factors
can be laborious, in particular, when multiple reflections
occur. Hence, in view of the complex furnace geometry,
the FE software ANSYS is utilized for the computation of
the exchange factors. A successful verification of the model
for both temporal and spatial temperature evolution in the
specimen has been carried out based on measurements.
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Abstract: The choice of the state for a distributed-parameter system has some subtleties.
The group of structure preserving maps or bundle morphisms, which map states to states
and state and inputs to inputs is often rich enough for explicit control systems described
by ODEs. In contrast the group of admissible maps is not limited to morphisms in the
PDE case. The best known example is the wave equation, where two different descriptions
in electrical and mechanical engineering are used, which are not linked by a bundle morphism.
This contribution is limited to Hamiltonian and Lagrangian systems, where it is shown, how
different descriptions can be derived from the same variational principle by standard and non
standard transformations. In particular, we consider beams and plates.

Keywords: Lagrangian systems, Hamiltonian systems, variational principle, jet structures

1. INTRODUCTION

If one combs through the literature on geometric modeling
of distributed-parameter systems, then one finds a lot of
contributions related to Lagrangian or Hamiltonian sys-
tems. In contrast to the lumped or ODE case, where the
picture is settled, one finds several apparently different ap-
proaches in the PDE case, see e.g Macchelli and Melchiorri
(2004), Macchelli et al. (2005), Schoberl and Siuka (2013)
for mechanical systems. More general approaches or other
types of systems are considered e.g. in van der Schaft and
Maschke (2002), Macchelli et al. (2004), Macchelli et al.
(2004), Schlacher (2008),Schéberl and Siuka (2014).

The goal of this discussion contribution is to show, that
some of the pictures from above have a common origin,
which is related to the variation principle of classical
physics. In Sec. 2 the ODE case is shortly illustrated to
introduce the mathematical machinery. Sec. 3 deals with
PDEs, where we show, that the same machinery offers
significantly more choices. Throughout this contribution
we use the language of differential geometry and apply
the standard tensor notation, see e.g. in Giachetta et al.
(1997).

2. THE ODE CASE

We consider the ODE case first to make the differences
to the PDE case better visible. Therefore, we repeat the
derivation of the Lagrangian equations shortly. Let £ = B
be a bundle with coordinates (t) for B and (t,x,...,Xx")
for £. The first jet manifold of £ is denoted by J (&), where
we use the (t,x!,...,x", xi,...,X?). A section o € I'(§)
of £ is a map o : B — &, which meets m o 0 = idp.
Its extension to a map j(o) : B — J(&) is given by
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Xi = 010%(t). Let L(t,X,Xo) € C°(J(€)) denote the
Lagrangian. An admissible variation is described by a flow
¢ : R x & = &, which does not change the time. The
infinitesimal generator of ¢, is the vector field a = a’0,: =
T(T(€)). A section o is called critical, iff

ae/TLoj(qbew))\e:o:o

is met. Short calculations lead to

0 :/ 80 (0L — 0,(9,;L)) 0 J2(0)dt + @D, L o (o) or
T

The Euler-Lagrange equations follows from the require-
ment that this relation holds for any a. Here, d; = 0; +
X{0pi + X402, is the total time derivative, T denotes the
interval [ty,tp] and OT its boundary, where the variation
vanishes.

An alternative approach to the problem from above follows
from the idea to hide the jet variables in the Lagrangian !

L by the substitution X/ = u. Let Z2 2 & be the
bundle with coordinates (t,x!,...,x",ul,...,u") for Z.
An admissible variation is a flow ¢, : R x 2 — Z|

which does not vary the time t and the relation X} = u.
Instead of determining such a flow, we take a flow with
infinitesimal generator v = a'd,: + b‘d,; € T'(T(Z)) and
use the technique of Lagrange multipliers A; € C*°(Z2).
After a short calculation we get the relation

Oz/(ai(axiL—dt()\i)—kbi(auiL—)\Z—))oj(a)dt

+(\a) oalar ,

1 Roughly speaking we convert the classical variational problem to
an optimal control problem.
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which is supposed to vanish for any V. Please note
that one gets a set of PDEs, because the multipliers
A; are functions. Continuing this way, one comes to the
Hamilton Jacobi approach. Now, we assume, the rela-
tion p; = 9,:L(t,X,u) is solvable with respect to u
I(t, X, p). Let us introduce the bundle P £ € with coordi-
nates (t,x,...,X",p1,...,Pn). We transfer the relations
di(\;) = 9L, \; = 9L, Xt = U? from J(Z) to J(P) and
derive the Hamilton equations

X! p, H(t, X, p)
p: —0,iH(t,x,p)

with H(t,x,p) = (p;u® — L)u=i(t,z,p)- Obviously, these
equations form a system of explicit first order ODEs.

u |u:l(t,m,p)
i Llu=1(t.2,p)

3. THE PDE CASE

Fortunately the PDE case is not much more involved than
the ODE case concerning the Lagrangian approach. We
replace the bundle from the previous section by £& = B
with coordinates (X°,...,X™) for B and (X,x!,...,x")
for £, where we use the convention X° = t. The first
jet manifold of £ is introduced analogously. We confine
ourselves to first order Lagrangians, where the Lagrangian
density L € T'(J(€)) depends on t, X, X and on first
order jet variables X?,. Performing the variation like in the
previous section we get the analogous result

O::/Ta%aﬂL——mxaﬁLDonQﬂdX
D

—|—/ a’BﬂL Oj(O’)@XaJdX
oD

with the volume form dX = dtAdX'A---AdX™ defined on
D =T x X with the spatial part X'. The total derivative
into the direction X is denoted by do = 0o + X0y +
Xgﬁﬁ% . Suitable boundary conditions have to be added
for the spatial boundary 0X.

In contrast to the Lagrangian approach, one has more pos-
sibilities to derive certain types of Hamiltonian equations.
To derive evolutionary equations in standard form, we add
the relations X} = U}, where U} are not jet variables.
Performing the variation analogously to the ODE case we
derive finally the following Hamiltonian equations

Xg = OpoH (6, X, X1, -+, X, P°)

p? —(5xiH(t,X,X11---erap0)

with the variational derivative d,; = 0, — d,05; and
Hamiltonian density H = (pfuf — L), —;(... p0), where |
meets p) = Oyilol= pY.

But there is no reason to hide time derivatives only. One
gets the polysymplectic approach by hiding all deriva-
tives. In this case we add the relations X, u?, and
perform the variation analogously to the ODE case. Please
note, that U?, are not jet variables. If the relations p® =
Dyi L(t, X, X, U), where U denotes the set of all U’ , are solv-
able with respect to U, then we are able to introduce the
H(t, X, X,p) = A¢u!, — L. The polysymplectic equations,
also known as De Donder—Weyl equations, follow as
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Xfl = ap;lH
e300 = —0,:H ,

where 07 denotes the Kronecker symbol. Obviously, in-
termediate approaches between the evolutionary and the
polysymplectic ones exists.

Finally, we consider the case, that the Lagrangian density
is independent of X*. This fact allows us to perform the
transformation X;, = g, where ¢, are not jet variables.
Blecause 40f Xo5 = X, We get the integrability conditions
a5 = U5, Again one can add this relation and perform

the variation. Obviously, we get here a third type of
Hamiltonian equations.

4. CONCLUSION

According to Sec. 2 the state of a Lagrangian system
follows as (x!,...,X",X{,...,X}). Any change of coordi-
nates  : J(£) — J(€), which preserves the jet structure
preserves the Lagrangian structure, too. The transition
to the Hamiltonian description (x!,...,x", xi,...,x}) —
(X', ..., X", p1,...,Pn) is not structure preserving, since
the jet structure is replaced by a symmplectic or more
general by a Dirac one. To preserve the Hamiltonian de-
scription by coordinate changes, one has to preserve these
structures. The main observation of Sec. 2 is, that the set
of possible and useful transformations is richer. We will
show, that at first glance different choices of states have
the origin in ones, which are even related to the variation
principle.
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1. INTRODUCTION

In the food and chemical industry, the extrusion processes
are mainly used for mixing, processing and moulding
of either polymers or raw materials for products such
as cereals, potato chips and cookie dough. Basically, an
extruder is made of a barrel, and a screw who rotates
inside and forces the product according to the Archimedes
principle. At the end of the barrel, there is a die where the
material comes out of the process. There exist two type of
extruders, the single screw and the twin-screw extruder.
Single screw extruders have poor mixing capability and
also they are limited in their ability to transport high
viscous materials. On the other side, twin screw extruders,
are divided in two additional types: counter-rotating and
co-rotating screws. The co-rotating extruders are by far,
the most used type thanks to its high mixing capabilities
and also because of the self-cleaning capability.
Modelling the extrusion process is very complex due to
the strong interactions that exist between the different
mechanisms of the process. This complexity has lead to
focus most part of the studies in literature on experimental
data obtained at pilot-scale (Janssen, 1998)(Garge et al.,
2012).There also exist several methodologies to model the
extrusion process such as a finite dimensional model based
on a flow representation of a series of Continuous Stirred
Tank Reactors (CSTR)(Choulak et al., 2004)(Ganzeveld
et al., 1994), a quasi-three-dimensional model (Das and
Ghoshdastidar, 2002), and a Dynamic Gray Box model
(Igbal et al., 2010).

This work deals with the modelling of the extrusion
process as a bi-zone model with moving interface. In this
particular case the extrusion process is simplified as a non-
linear infinite dimensional bi-zone model and only melt
conveying is considered. A novel presentation of the finite
volume method approach adapted to a moving interface
system is presented in order to discretize the model. In
order to illustrate the behaviour of the presented model,
a simulation was considered with variable screw speed Ny
and constant feed rate Fj,. The results show the dynamics
of the moving interface, filling ratio and temperature
along the process with physical coherence. Also it was

* This work was supported in part by the ANR sponsored project
HAMECMOPSYS under Reference Code ANR-11-BS03-0002 and by
the French-Chilean ECOS/CONICYT project C12E08.

189

possible to show on the simulation that the position of
the moving interface appears as a point of discontinuity.
Future works will consider variable viscosity and several
moving interfaces as well as the use of this model for
control purposes.
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1. INTRODUCTION

The analysis of vibrations in axially moving rods (strings
or beams) has a long tradition in many industrial applica~
tions like saw blades and continuous production systems
for paper or strip steel. There exist different mathemati-
cal modeling approaches. Two-degree-of-freedom (2-DOF)
models are obtained if axial displacements u and transver-
sal displacements w of the rod are considered. Simpler
1-DOF models capture only transversal displacements w.
Chen (2005) and Marynowski and Kapitaniak (2014) pro-
vided overviews of modeling strategies for axially moving
continua, i.e., strings, beams, and plates.

In view of the various existing modeling strategies, the
following research questions are posed:

(a) What are the conditions that render the use of 1-DOF
models tenable?

(b) What are the differences between the derivation of
such models by reducing a 2-DOF model and their
direct formulation using just 1 DOF?

Answers to these questions are the main findings that are
presented in this paper.

2. METHODOLOGY

A geometrically nonlinear 2-DOF model of an axially
moving rod with tensile and bending stiffness is developed.
For the derivation, shear rigidity is assumed and the
balance of momentum is used. It is then demonstrated that
Hamilton’s Principle yields the same model. In this model,
some forces can be attributed to the superimposed axial
motion of the rod. Moreover, the coupling effect between
axial displacements u and transversal displacements w
crystallizes in the form of the tensile force NV in the rod.

* The first author gratefully acknowledges financial support pro-
vided by the Austrian Academy of Sciences in the form of an APART-
fellowship at the Automation and Control Institute of Vienna Uni-
versity of Technology. The other four authors gratefully acknowledge
financial support provided by the Austrian Federal Ministry of Sci-
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It is shown that usually the stiffness against axial displace-
ments u is significantly higher than the stiffness against
transversal displacements w. This is the reason why the so-
lution of NV can be derived by integration a-priori. Together
with boundary conditions for longitudinal displacements
u, this facilitates the elimination of u from the equations
yielding a 1-DOF model. However, if u is of interest, it
can still be computed ex post. Depending on the boundary
conditions, the deduced 1-DOF model can have the form
of an integro-differential equation.

Alternative 1-DOF models are directly derived based on
assumptions concerning the tensile force N and the cor-
responding axial strains. However, in these models, the
axial displacement u is not explicitly used, meaning that
a second DOF is avoided in the model right from the be-
ginning. The axial strain can either be modeled as Green-
Lagrangian strain or Cauchy strain, which gives models
with a similar structure. Finally, a third option for directly
deriving a 1-DOF model based on Hamilton’s principle is
demonstrated. All directly derived 1-DOF models are sim-
ple boundary value problems and do not involve integro-
differential equations.

An example problem is solved using the obtained 2-DOF
and 1-DOF models in both steady-state and transient nu-
merical analyses. The accuracy of the models is assessed by
comparison with a known steady-state analytical solution,
i.e., the catenary.
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1. INTRODUCTION

In the present paper we numerically study transient dy-
namics of a belt drive based on the model, which has earlier
been presented by the authors in (Eliseev, 2009; Eliseev
and Vetyukov, 2012). Velocity and strain of the extensible
belt vary between the tight and the slack sides of the drive,
which leads to the sliding friction between the belt and the
pulleys. This model of creep of the belt near the points,
where it leaves the pulleys, was first studied by Reynolds
(1874) and is adopted in the engineering and technical
literature. Common assumptions ignore dynamic effects
due to the acceleration of the belt and involve assumptions
concerning tension forces at the slack and the tight sides.

Rubin (2000) used a model of extensible string for de-
scribing steady operation of a belt drive in the framework
of the creep theory. He consistently analyzes the fields
of velocity and strain of the belt in three qualitatively
different domains: at the free spans, at the zones of perfect
contact between the belt and the pulley, as well as at the
zones of sliding friction contact. Resulting relations for the
rotational moments at the pulleys, their angular velocities
and coeflicient of efficiency of the belt drive are shown to
be different from the results in the technical literature.

2. ANALYSIS

Eliseev (2009) suggested a novel approach to analyzing
an extensible belt, whose particles are moving along a
given contour. The equations are transformed from the La-
grangian description with the material coordinate s to the
Eulerian form with the spatial coordinate o (see Fig. 1).
Relatively simple treatment of unsteady regimes of motion
in both numerical and analytical contexts is possible with
the assumed idealized model of perfect contact of the belt
with the pulleys. The corresponding conditions of jumps of
the field of velocities and concentrated forces in the points
1 and 3, where the belt leaves the pulleys, are new for the
analysis of belt drives dynamics; see Irschik (2007).

* Support of Yury Vetyukov from the Austrian COMET-K2 pro-
gramme of the Linz Center of Mechatronics (LCM) is gratefully
acknowledged.
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Fig. 1. Scheme of a two-pulley drive with the domains of
motion of the belt: 12, 34 — straight free spans (slack
span and tight span respectively), 41, 23 — regions of
contact with the driving pulley A and with the driven
one B; the single arc coordinate o is counted from the
point 4; s is the material coordinate

In the present paper, we present the complete mathemat-
ical model including the quasilinear wave equations at the
free spans, the coupling conditions based on the transport
of the material particles by the pulleys and equations of
dynamics of the pulleys. Finite difference discretization
allows numerical analysis of the resulting system of partial
differential equations with delays. Example solution for the
case of start up and accelerated motion of a friction belt
drive is presented and discussed.
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The structural analysis of dynamical systems can be per-
formed in various ways and two prominent possibilities are
the Lagrangian and the Hamiltonian perspective. When a
systems allows to be analyzed in either of these two repre-
sentations this has desirable benefits regarding the model-
ing since then the physical properties are rediscovered in
the structure of the equations in a remarkable way, but also
for the control of the system a Lagrangian or Hamiltonian
representation can be beneficial. This observation holds
independent of the concrete character of the system, may
it be linear or nonlinear, described by ordinary differen-
tial equations (odes) or by partial differential equations
(pdes), see e.g. Giachetta et al. (1997); van der Schaft
(2000); Maschke et al. (2000); van der Schaft and Maschke
(2002); Macchelli and Melchiorri (2004); Schlacher (2008);
Schéberl and Siuka (2013) and references therein.

In this paper we will focus on distributed-parameter sys-
tems described by pdes that allow for a variational formu-
lation, hence they are described by their Lagrangian den-
sity. From the Lagrangian density one can derive the par-
tial differential equations on the domain and the boundary
conditions. However, the extraction of the boundary con-
ditions has to be performed with due care since it makes a
big difference whether the Lagrangian depends on first-
order derivatives (first-order field theory) or on higher
ones (higher-order field theory). In this contribution we
will focus on second-order field theory and we wish to
demonstrate how one can extract the physical meaningful
boundary conditions by posing extra conditions on the
set of possible boundary terms. The main difficulty in the
higher-order case is the fact that repeated integration by
parts cannot be performed uniquely for higher-order mixed
partial derivatives. This is a well-known problem in math-
ematical physics and has the consequence that the Cartan-
form approach in the geometric version of the calculus of
variations is only unambiguous for first-order field theories,
see e.g. Giachetta et al. (1997). A possible (non-intrisic)
extension to the higher-order case based on the so-called
extended Cartan-form can be found in Ennsbrunner (2006)
which makes use of the geometric shape of the boundary.
We will also use the geometric shape of the boundary to be
able to present a different (simpler) solution for the case
of second-order derivatives in the Lagrangian density.

Besides the Lagrangian formulation of field theories it
is also of interest to investigate possible Hamiltonian
counterparts, see e.g. Olver (1986); van der Schaft and
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Maschke (2002); Macchelli and Melchiorri (2004); Enns-
brunner (2006); Schéberl et al. (2008); Schiber] and Siuka
(2013, 2014). Also in the Hamiltonian scenario the case of
higher-order Hamiltonians causes the same mathematical
difficulties as in the Lagrangian approach, but fortunately
one is able to apply the same machinery also in the Hamil-
tonian setting to extract the boundary terms that may lead
to boundary ports.
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Abstract: We discuss the mechanical bases of cellular motility by swimming and crawling.
Special emphasis is placed on the connections between low Reynolds number swimming and
Geometric Control Theory, and on the geometric structure of the underlying equations of
motion. We examine some concrete examples, taken from the case studies that have been
recently considered by our group. These include reverse engineering of the euglenoid movement,
self-propelled droplets of active fluids, and one-dimensional models of slender crawlers.

Keywords: Modelling Applications in Mechanics, Mechatronics, and Robotics; Control Systems
and Real-Time Applications; Biology, Physiology and Medicine; Self-propelled locomotion;
Unicelluar swimmers; Biological Crawlers; Soft bio-inspired robotics.

1. INTRODUCTION

Motility of cells is at the root of many fundamental
processes in biology: from sperm cells swimming to fertilize
an egg cell, to leukocytes migrating towards newly opened
wounds to activate the response of the immune system, to
metastatic tumor cells crawling to invade nearby tissues.
These are achieved by cells whose size is a few tens of
microns at most.

While the idea of trying to mimic such remarkable capabil-
ities is quite natural, much remains to be done before we
can turn this idea into working engineering practice. For
this purpose, we still need to learn many things on how to
control and power these microscopic devices. It is the aim
of this communication to report on recent progress done
in our group to meet some of the challenges on the way
to make artificial motility at the micron scale a concrete
engineering possibility.

2. FROM LOW REYNOLDS NUMBER SWIMMERS
TO CRAWLERS ON VISCOUS SURFACES

In order to discuss the mechanical bases of cellular motility
by swimming and crawling, it is very instructive to start
from the mechanics of swimming of unicellular organisms.
Due to the small sizes and velocities involved, inertia is
negligible, and the relevant hydrodynamics is the one at
low Reynolds numbers (Re). In fact, we take Re=0, so
that the Stokes system is used instead of the Navier-
Stokes equations for the motion of the fluid surrounding
the swimmer.

As explained in detail in [1], a clear geometric structure
emerges when the swimming problem is looked at from the
perspective of Geometric Control Theory. This geometric
structure can be used to rationalise also the mechanics of
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crawlers on viscous substrates, and it allows us to discuss
such crawlers with exactly the same tools we developed in
the context of low Re swimmers.

To illustrate this point, we consider a one-dimensional
crawler on a flat surface, whose kinematics is described by
the position x1(t) of one of the two ends (the left one), and
by the function s(X,t) giving the current distance at time
t of the material point X from the left end. We assume
that the function s(X,t), giving the shape of the crawler,
can be prescribed at will. We are interested in calculating
the motion z1(t) resulting from a prescribed sequence of
shapes s(X,t).

The equation of motion determining x;(¢) is the force
balance

L
F(t) = / F(s(X. ), )8/ (X, T)dX = 0 (1)
0

where f describes the mechanical interactions between
the crawler and the surface, a force density per unit
current length, and s'(X,T) is the derivative of s with
respect to X, necessary to convert the integral over the
current configuration into an integral over the reference
configuration, given by the interval [0, L]. We assume that
f = f(s,t) is given at point s and time ¢ by f(s,t)
—pw(s,t), where v(s,t) is the velocity of point s at time ¢
and p > 0 is a viscosity coefficient.

Equation (1), which expresses Newton’s law in the inertia-
less degenerate case, turns out to be a non-holonomic
constraint relating position to shape. In fact, observing
that v(s(X,t),t) = @1(t) + $(X,t), where a superposed
dot denotes time differentiation, we can solve eq. (1) for
%7 obtaining
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Following [2], to which we refer the reader for further
details, we consider the special case in which the body
of the crawler is divided into two segments, to the left and
the right of a central point z*, in each of which /(X )
is affine. Thus, the two segments have lengths I (t), l2(t)
which oscillate in time between the two values 0 < a < b.
We obtain in this case

l
F(t)=0=i* = ——

i —
2(l1 + lg) !
It is convenient to introduce the notation

i'* S V(l) . 1 - Vl(ll, lz)ll + VQ(ll,lg)ZQ

Iy
2([1 + lg)

Iy (3)
(4)
where

I
Vi(ly, lo) = L

2([1 + lg) ’

ly

‘/2(11712) = 7@ .

()

A stroke is a closed curve in the space of shapes (I3,12),
obtained as the image of the map t — 1(t), where ¢ varies
in some time interval [0,T] and 1(0) = 1(T"). The image I’
of this map can be seen as the boundary 02 of a region
Q in the space of shapes. The net displacement Ax* at
the end of one stroke (tracing the curve I' = 9Q once
in the counter-clockwise orientation) is then obtained by
integrating eq. (4) over [0,T] and using Stokes theorem:

o= o

curl V =

/ curl V(Iy, 1) dlydl; (6)

where

Ve oW1

oly  0ly

1

=—\ 7

2(l1 + 12) @)
Just as in the case of low Re swimmers, the resulting
displacement is a geometric quantity, namely, it only
depends on the path traced in the space of shapes, and
not on the speed at which this path is traversed.

3. DISCUSSION

The geometric structure of the equations of motion, com-
mon to low Re swimmers and crawlers on viscous sub-
strates, allows us to discuss them in unified framework.

We will illustrate the advantages of such a unified per-
spective by examining some concrete examples, taken from
the case studies that have been recently considered by our
group. These include reverse engineering of the euglenoid
movement [3], one-dimensional models of slender crawlers
[4], droplets of active fluids [5].

The lessons learned in the context of biological cell motility
will then be re-examined, with the aim of building a
dictionary of elementary motility mechanism to be used in
prototypes of bio-inspired motile micro-robots. Again, case
studies from our recent research will be illustrated, such
as crawlers on directional substrates [6,7], and artificial
swimmers moving thanks to the active control of their
geometry [8,9].
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Abstract: We examine the problem of snake-like locomotion by studying a model system
consisting of a planar inextensible elastic rod that is able to control its spontaneous curvature.
Using Cosserat theory we derive the equations of motion for two special cases: one in which
the system is confined inside a channel with frictionless walls, and one in which the system is
placed on an anisotropic frictional environment with an infinite contrast between longitudinal
and transversal friction, so that the rod can slide longitudinally along its axis, but cannot slip
laterally (i.e., in the transversal direction). The results obtained by solving these equations of
motion are reminiscent of classical experimental results in the biological literature, and provide

a scheme to rationalise the observed behaviour.
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1. INTRODUCTION

Soft bio-inspired robotics is a new and recent paradigm in
robotic science whereby inspiration is sought from nature
to endow robots with new capabilities in terms of dexterity
and adaptability [1,2]. Examples include the manipulation
abilities of an elephant trunk or of an octopus arm, and
the ability of snakes to handle unexpected interactions
with unstructured environments and move successfully on
uneven terrains by adapting their gait to ground properties
that change from place to place in an unpredictable way.

Snake-like robotic locomotion is one of the first examples
of soft bio-inspired robotics, thanks to the pioneering work
of Hirose [3]. The way snakes move has been the subject
of seminal works by Gray [4] who described the mechanics
underlying snake locomotion inside closely fitting channels
and, more broadly, snake propulsion on a surface in the
presence of external push-points. More recently, the focus
has turned to the importance of frictional anisotropy of
snake ventral skin on flat surfaces as a mean of self-
propulsion, stimulating both experimental and theoretical
research [5,6].

Our approach to snake-like locomotion is based on mod-
elling the system (either snake or robot) as a planar inex-
tensible elastic rod that is able to control its spontaneous
curvature [7]. We use a Cosserat model, and derive the
equations of motion for two special cases: one in which the
system is confined inside a channel with frictionless walls,
and one in which the system is placed on an anisotropic
frictional environment with an infinite contrast between
longitudinal and transversal friction, so that the rod can
slide longitudinally along its axis, but cannot slip laterally
(i.e., in the transversal direction).
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2. A WARM-UP CASE: SLIDING INSIDE A
CHANNEL WITH FRICTIONLESS WALLS

In order to discuss the key elements of our approach, we
focus here on the case of motion inside a tightly fitting,
frictionless channel.

We consider an inextensible rod of length L, which back-
bone curve is described at every time ¢ by a planar curve
r(-,t) parametrised by arc-length. We associate to the
system a potential energy U and a kinetic energy 7T given
by the following expressions

L L
u:ﬂ/ (k(s,t>—a(s,t))2ds,7=3/ P
2 0 2 0

In the previous definitions FJ > 0 denotes the bending
stiffness of the rod, p > 0 is the mass density per
unit length, k(s,t) is the curvature of r at reference
coordinate s and time ¢, and «(s,t) is an assigned history
of spontaneous curvatures.

2

Or ds.

a(sat)

We place our rod inside a curved channel fitting exactly its
body. We model such a setting by imposing the backbone
curve r to be forced inside the graph of the planar curve
T, which we interpret as the central line of the channel.
Suppose I is parametrised by arc-length. The constrained
system can be described with only one degree of freedom,
namely, the curvilinear coordinate so(t) relative to I' of
the first end of the rod. In particular we have r(s,t) =
T(so(t) + s) and k(s,t) = kr(so(t) + s), where kr is the
curvature of I'. As a consequence, also the potential and
kinetic energies of the constrained system can be reduced
to functions depending only on sg, its time derivative $g,
and the time variable ¢. The same holds for the Lagrangian
function £ of the system, which is defined as £ :=T —U.
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The time-evolution of the (only) ‘generalised coordinate’ of
the system s is then given by the Euler-Lagrange equation

doc_oc
dt 830 o 88() ’
which can be rewritten as
. EJ
pLio(t) = == (kB(s0(t)) — K (s0(t) + L))

L Okr
+ EJ/ a(s,t) —=—(so(t) +s)ds.
0 Os

The equation above reduces the dynamic of the active
rod to that of a point particle of mass pL, subject to a
passive potential force of geometric origin (the difference
of curvature of the curve I' at the two ends of the rod), and
by an active term generated by the spontaneous curvature.

Let us consider only the passive term by setting o = 0. The
system described in this case is a passive elastic rod with
straight rest configuration placed inside a curved channel
with no frictional interactions. Because of inextensibility,
the driving force on the rod depends only on the curvature
of the channel at the two ends of the body. Moreover, the
sign of this force is such that the rod is always pushed
towards the region of smaller curvature. As an example,
consider the case of a spiral-shaped channel, where kr is a
strictly decreasing function. If we thread the rod inside the
spiral we need to perform a positive work since we have
to increase the curvature at every point of the body. If we
then release the rod it will accelerate towards the exit of
the channel, moving towards a ‘straighter’ configuration,
decreasing its elastic energy and therefore increasing its
kinetic energy.

Let us suppose now that a # 0. The active force term
can assume any value if we suppose that we have no
restrictions in the choice of «, and the active elastic rod can
slide inside the spiral without need of external pushing.
More generally, an active rod can achieve motion in a
predetermined direction when placed inside any channel
which does not present circular or straight sections of
length greater than L. This last result is reminiscent of
theoretical and experimental findings of J. Gray in his
study (4) of snake undulatory locomotion. Using an energy
balance argument, he concludes that it is possible for a
snake to slide inside a channel closely fitting its body only
provided such a channel exhibits a variation of curvature
along its track. He then shows experimentally that snakes
are able to move in sinusoidal closely fitting channels, but
not in straight (closely fitting) ones.

3. DISCUSSION

The full discussion of the locomotion problem requires
more than what it has been sketched in the previous sec-
tion. In particular, it is of crucial importance to determine
the forces transmitted by the rod (snake or robot) to the
environment, and to correlate them to muscular or motor
activity (the spontaneous curvature a(s,t)), and to the
geometry of the trajectory. For this purpose, it is necessary
to formulate and solve the full system of three differential
equations (balance of linear momentum and of angular
momentum) governing the dynamics of the Cosserat rod.
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Using Cosserat theory, we derive the equations of mo-
tion for the two special cases of interest, namely, one
in which the system is confined inside a channel with
frictionless walls and one in which the system is placed
on an anisotropic frictional environment with an infinite
contrast between longitudinal and transversal friction, so
that the rod can slide longitudinally along its axis, but
cannot slip laterally (i.e., in the transversal direction).

The presence of constraints leads in both settings to non-
standard boundary conditions. These allow us to close
the equations of motion and reduce them to a differential
and an integro-differential equation, respectively, for one
end point (the tail) of the active rod. In both cases
we also provide analytic solutions for a special class of
“serpentine” motions.

We highlight the role of the spontaneous curvature in
providing the driving force (and the steering, in the free-
path case) needed for locomotion. By solving the equation
of motions in some specific examples, we obtain results
that are also reminiscent of the experimental findings
that are presented in the zoological literature. Thus, our
analysis provides a scheme to rationalise the observed
behaviour.
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ABSTRACT

The dynamics of the rowing boats have been considered in a
number of papers (Cabrera et al., 2006, Formaggia et al.,
2009, Formaggia et al., 2010, Wingard, 1991). In these
papers, several models of rowing boats are introduced and
described, complex models of oar blade are considered.

In the paper, a simple model of a boat equipped with a pair of
two identical oars and moving in a fluid is considered (Fig.
1). The oars perform periodic translational motions relative to
the main body. The masses of oars are considered negligible.

y Ay
0 & LN
C / X
A, C1 > C

Fig. 1. Mechanical model.

Resistance forces acting upon the moving bodies are directed
opposite to their velocities and proportional to the squared
velocities. The resistance coefficients of the oars for the
direct and reverse strokes are different (for the direct stroke
they are greater than for the reverse stroke). The relative
velocity of the oars is assumed to be constant during both the
direct and reverse strokes (Fig. 2).

u A
uz— ﬁ
0 | s
0 T t
—ul_l

Fig. 2. Relative velocity of the oars
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The equations of motion are analyzed and solved. Certain
general properties of the rowing locomotion are established.

Series of numerical simulations are carried on. It is observed
that the velocity of the main body tends to the periodic
regime.

A special attention is given to cyclical motions in which the
velocity of the body changes periodically in time. The
conditions on the system parameters that ensure the existence
of cyclical motions are obtained.

Vo
0,8
0,6
0,4

0,2

0,0

0,0 0

0,2

04 06 08 1,0
Fig. 3. Initial velocity vs the moment of the switch for the

cyclical motion (T=1).
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Modelling of quasi-static motions for
three-body mobile robot
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Abstract: Quasi-static motion of a three-body mobile robot along a horizontal plane in
the presence of dry friction is considered. The control forces are due to pairwise interaction
between the bodies. For the quasi-static motion, the control forces should be chosen so that
the equilibrium conditions hold for each body and, hence, for the entire robot. The quasi-static
motions, for which one of the bodies is moving, while the other two bodies are in a state of rest,
are described. It is shown that if the products of the weight of each body by the corresponding
friction coefficient satisfy the triangle inequalities, then each body of the robot can be quasi-
statically moved to any prescribed position in the plane, whereas the other two bodies are at
rest. Thus, quasi-static controllability of the robot, subject to the aforementioned assumptions
about the parameters, is proved. An optimal control problem for the moving body is solved, and
the shortest (minimizing the work against friction) trajectory is shown to be a two-link broken
line or a straight line segment. An algorithm for transferring the mobile robot to a given state is
presented. The results obtained can be used for designing control strategies for mobile robotic

systems.

Keywords: multibody mechanism, control, optimization, dry friction, robotics.

1. EQUATIONS OF QUASI-STATIC MOTION

Let us consider the mobile robot consisting of three bodies
M; modelled as points with masses m; (bodies’ sizes are
neglected with respect to the distances between the bod-
ies), ¢ = 1,2, 3, on a horizontal rough plane (Figure 1). e-
tween each pair of bodies M;, control forces act, changing
the distances between the bodies. Such mobile robot can
move along a plane when changing its configuration due to
the friction forces between the bodies and the plane. We
study possible quasi-static motions of the robot, i.e. the
motions with infinitesimal velocities and accelerations of
the bodies.

Dry friction force F; exerted upon body M; is given by
equations

v
F; = _kimigﬁz vi # 0, [Fi| < kimig, vi =0, (1)

K3
where v; is the velocity of body M;, k; is the friction
coefficient, and g is the gravity acceleration. For any pair
of indices 7 # j, we have the interaction control force f;;
acting from body M; upon body M, and directed along

MiMj

fij=—fi, fiyx@i—r;)=0 4j=123, i#;j(2)
where r; is the radius-vector of point M;. We consider only
such control forces f;; that lead to quasi-static motion of
each body M;. In such motions, the equilibrium equations

hold

* This study was partly supported by the Russian Science Founda-
tion (project 14-11-00298).
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1
Fig. 1. Three-body system

Fz+sz+fk1 207 {7’)]7k} = {1a2a3} (3)

From equations (3), it follows
3 3

Y F;=0, ) rixF;=0. (4)
i=1 i=1

It is shown that if forces F; satisfy equations (4), and
points My, Ms, M3 do not belong to a straight line, then
the uniquely defined forces f;; exist such that equations
(3) hold. So we solve equations (4), instead of (3), taken
together with relations (1) and (2). We suppose that the
parameters of the system satisfy the following triangle
inequalities
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{a, 8,7} ={1,2,3} (5

It can be shown that each of the three inequalities (5) is a
necessary condition for the possibility to move body M,,.

kamea + kgmg > kym.y,

2. QUASI-STATIC MOTIONS WITH ONE MOVING
oDy

Let us find all quasi-static motions such that two bodies
of the system (for example, M; and M>) do not move,
whereas the third body (M3) moves. Let D be the inter-
section of the circles with centers in points M7 and My and
radii akymy/(ksms), akama/(ksms), respectively, where
a = |r; — ry is the distance between points M; and Mo.
Set D is not empty, according to inequality (5) with v = 3.

Proposition 1

Quasi-static motion of body M3 , with bodies M7 and M
fixed, is possible iff the straight line containing point M3
and parallel to its velocity intersects set D (Figure 2).

Fig. 2. Possible directions of body M3 motion

Corollary

Under conditions (5), the three-body mobile robot is quasi-
statically controllable, i.e., can be quasi-statically brought
to any preset position.

3. OPTIMAL QUASI-STATIC MOTIONS.

Let us consider optimal control problem for the moving
body. Let two points A and B be fixed on the plane. It
is required to move quasi-statically body M3 from point
A to point B with minimal work against friction, i.e., to
construct the trajectory of quasi-static motion for body
M3 with the minimum length.

Proposition 2

If the straight line AB intersects set D, then the trajectory
with the minimum length for body Mj; quasi-statically
moving from point A to point B is the segment AB. If
the the straight line AB does not intersect set D, then the
trajectory with the minimum length is two-link broken line
ACB with links AC and BC belonging to the supporting
straight lines of set D. Here, point A and set D are located
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on different sides of straight line BC', and point B and set
D are located on different sides of straight line AC (Figure
3).

Fig. 3. Optimal trajectory

The algorithm for the displacement of the three-body mo-
bile robot from any initial position to any given terminal
one is presented. At any moment, only one body is mov-
ing, and each body moves only during one time interval.
There exist six ways of displacement, corresponding to six
possible permutations of bodies’ numbers. If permutation
(4, ], k) is chosen, then bodies M;, M;, M} move one after
another, while two other bodies are at rest. During each
time interval, the moving body follows along the shortest
trajectory which is either a straight line or a two-link
broken line, according to Proposition 2. Comparing these
six ways of displacement, the algorithm corresponding to
the minimum work can be chosen.

4. CONCLUSION

Quasi-static motions of a three-body robot on a horizontal
plane in the presence of dry friction is analyzed. Interac-
tion forces between each pair of bodies are considered as
controls. The case in which one body is moving whereas
two others are at rest is considered. It is shown that, if
the triangle inequalities (5) for the masses and friction
coefficients holds, then the moving body can be relocated
from any initial position to any terminal one. Optimal
trajectory (minimizing the work against friction along the
trajectory) is found and is proved to be a a polygonal chain
of one or two line segments. Quasi-static controllability of
the system is established. The algorithm for relocating of
the system to the given state is presented. The case where
the distances between the bodies are bounded from above
and/or below is to be studied.
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The motion of a chain of bodies along a horizontal straight
line in a resistive environment is studied. The motion is
excited and controlled by changing the distances between
the adjacent bodies. Such systems imitate the locomotion
of worms that do not have extremities and move due to
redistribution of mass within their bodies and contact
with the environment. Therefore, investigation of the be-
havior of such systems may contribute to more profound
understanding of the principles of limbless locomotion
of living beings. On the other hand, these principles of
motion can be used for some kinds of mobile robots. The
advantage of such worm-like robots in comparison with the
conventional mobile mechanisms is that robots of this type
do not require special propelling devices (wheels, legs or
caterpillars) and transmissions, are simple in design and
easy to miniaturize. For a consistent presentation of recent
research results related to the worm-like locomotion, see,
e.g., the books by Zimmermann et al. (2009) and Steigen-
berger and Behn (2012).

In our paper, we consider a chain of three identical bodies
depicted in Fig. 1. The bodies are modeled by particles of
mass M each. The coordinates of the particles in a fixed
reference frame are denoted by x1, z2, and x3, respectively;
li = 9 — x1, lo = x3 — 2. Between the bodies of the
chain and the surface along which the system moves,
dry Coulomb’s friction acts. The quantities {; and lo are
specified by explicit T-periodic functions of time ¢ that are
related by

Lit)=Lt+71), |7|<T. (1)
For this type of excitation, the relative motion of the
bodies of the chain resembles a wave traveling with velocity

1/|7| leftward (from body 3 to body 1), if 7 > 0, or
rightward (from body 1 to body 3), if 7 < 0.

We assume that the forces of friction between the bodies of
the system and the surface along which it moves are small
in comparison with the forces of interaction of the chain’s
bodies. We introduce a small parameter and approximate
the equation of motion of the system’s center of mass by
the averaged equation obtained by averaging the primary
equation with respect to the explicit time. Based on the
averaged equation, we investigate the motion of the center

* This study was partly supported by the German Research Society
(DFG) (projects ZI 540/19-1 and SFB 622) and the Russian Foun-
dation for Basic Research (project 14-01-00061 and 15-51-12381).
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L@ (1)
M = M | — M

L ) L

0 X, X, X, X

Fig. 1. A three-body limbless locomotion system

of mass of the chain for the case where {1 (¢) and I5(t) are
specific piecewise linear or piecewise quadratic functions.

For these excitation modes, we established that the system
can start moving from a state of rest only if the propaga-
tion velocity of the excitation wave exceeds a threshold
value. The chain can move only in the direction opposite
to that of the wave propagation. The velocity of the center
of mass of the chain approaches a steady-state value, as
time elapses. The steady-state motion of the system is
asymptotically stable with respect to the velocity of the
center of mass. The steady-state velocity continuously de-
pends on the wave propagation velocity. The steady-state
velocity is close to zero, if the wave propagation velocity
is close to the threshold value or approaches infinity, and
has a maximum for some value of the wave propagation
velocity. The piecewise quadratic excitation is inferior to
the piecewise linear excitation in the range of the wave
propagation velocities at which the system can start mov-
ing from a state of rest for both types of excitation. In
this range, the piecewise linear excitation mode provides
higher value for the velocity of the steady-state motion
of the chain’s center of mass. The threshold values of the
excitation wave propagation velocity, until achieving which
the system cannot start moving, are the same for both
excitation modes. However, unlike the piecewise quadratic
mode, the piecewise linear mode has an upper bound for
the wave propagation velocity, beyond which the motion
of the system becomes impossible.
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Abstract: In this paper, a rigid body model of vibration-driven robots with bristles is presented and
studied numerically. Bristles provide asymmetric friction properties to transform the vibrations of
internal masses to a directed locomotion. The aim of this study is to investigate the motion principle of
robots with bristles based on mechanical models and to find the influence of system parameters to the

locomotion velocity.

Keywords: Mobile robots, Vibration, Robot dynamics, Bristle, Anisotropic Coulomb friction.

1. INTRODUCTION

Vibration-driven robots are excited by periodic oscillations of
internal masses. Asymmetric characteristics of the system are
required to transform the internal motion to a directed
locomotion. A common realization in nature and engineering
are bristles or spikes. They can mechanically interlock to the
surface and provide asymmetric friction forces. Zimmermann
et a. (2009), Behn and Steigenberger (2012), Bolotnik et al.
(2013) and Chernousko (2014) studied models of worm-like
locomotion systems. They consist of several bristle-attached
segments, which can move relative to each other in the
direction of motion. The impact of the bristlesis modelled by
Coulomb friction with the coefficient p, with different
vaues for the forward (+) and backward (-)
motions: 1, # K_. loi (1999), DeSimone and Tatone (2012),
Giomi and Hawley-Weld (2013) analysed vibration-driven
robots taking into account elastic properties of the bristles.
The present study follows the same approach for single-
segmented robots.

2. MODEL

To study the dynamics of vibration-driven robots with
bristles, the two-dimensional rigid body model, presented in
Fig. 1, is developed. Two Cartesian coordinate systems are
introduced the fixed reference frame (Oxy) and

ﬂ

Fig. 1: Model of avibration-driven robot with bristles
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the body-attached frame (0'én). The model consists of a
main body with the mass m, and two internal point masses
m and m,. They are excited kinematically with the periodic
functions &(t) and n(t). m vibrates in the horizontal
direction and m, in the vertical direction. To model the

bristles, a number n of weightless support elements with the
length | are connected to the main body by rotational springs
¢ and dampers k. @,,...,9, are inclination angles of the

bristles to the vertica direction. The endpoints have constant
contact to the surface. The system cannot rotate in the plane
(Oxy). Therefore,

y=h+lcose,
where ¢ =¢@,, withi=1,..,n.

All contact points have the same velocity X =x—|¢cose,

where x is the velocity of the system. Coulomb friction
forces are modelled as

:—u|N|sign(>?).

The coefficient of friction is determined by

-

With m, =m,+m +m, asthe overall mass of the robot, the
normal force is determined by

if x—Ipcosp <0,
if x—Ipcosep>0.

u,i
K.

N = mR(g—Iq')sin(p—I(‘p2 c03(p)+mzﬁ.

Using the Lagrange equations of the second kind, the
equations of motion can be given as

x+—.E_, ——u{ —lpsing—1¢? cos<p+%ﬁ}sign(>‘<),
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[épsin(pﬂ'p2 cosw—lg—%ﬁ}[sin(pﬂicoscp sign(i)]

nk nc

+ D+
EAE

((P_(po) =0.
@, isthe bristle angle in the unloaded state.

3. SIMULATIONS

The dynamics of the system is studied for two exemplary
model configurations (see Fig. 2) with the values of
parameters given in Table 1. Model A is a system with spikes

limited by the condition N>0. Fig. 2 shows that the
decrease of the system’s mass or the increase of the
excitation frequency leads to a faster locomotion. While the
motion direction of Model A is determined only by friction
conditions, Model B is more robust against surrounding
conditions. It can move forward, even if the friction
coefficient in the backward direction is considerably smaller.
Further results and comparison with experiments are given in
detail in Becker et a., 2014 (a). A prototype for the
inspection of pipelinesis presented in Becker et al., 2014 (b).

Table1l. Model parameters for the simulations

and horizontal excitation. N remains constant. The Overall mass Model A_| ) Modd B
locomotion is achieved by the anisotropy of . Model B Mk g
represents a system with long, elastic bristles, which deflect | !Mtema masses | m =m, 29
considerably while the locomotion. It is excited by the Length | 1mm | 10 mm
vertical vibration of m,. The locomotion depends on the Unloaded angle 0N 30°
periodic normal force. The displacement x of the system, the Stiffness n-c 02Nm | 0.02Nm
deflection ¢ of the bristles, the friction force F, and the Damping n-k 2.10" kgm?/s
normal force N are plotted over thetime t in Fig. 2. Friction I, 0.2
A Model configurations _ H 0.4 0.2
Horizontal | Vertical Excitation &) Asin(at) : 0
m, Excitation Excitation n(t) 0 Asin(ot)
D Spikes Long, elastic £ £ £ A > mm
" - bristles ® 2r-50Hz
Motion variables
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Fig. 2: Model configurations and results of the simulations
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dependency of the locomotion velocity on the anisotropy of
the friction coefficient, the excitation frequency and the mass
of the main body. As it is assumed that the system has
constant contact to the surface, the ranges of parameters are
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Abstract: This paper presents the trajectory tracking approach for a wall-climbing robot by using adaptive control schemes.
The most important consideration for controlling the wall-climbing robot is to make sure that the wheels can be always well
contacted to the wall regardless of the slope conditions without sacrificing robot’s mobility. To consider different slope
conditions of the wall, this paper proposes adaptive control schemes to alter the vacuum force so that different gravity effects
can be properly dealt with. Practically, pressure and IMU sensors are used to provide the vacuum force and spatial posture
information for realizing adaptive control schemes. Finally, MATLAB simulations and real tests for dealing with different
surface slope conditions were performed with the triangle trajectories.

Keywords: Wall climbing robot, adaptive control, trajectory tracking, inertial measurement unit

1 INTRODUCTION

The wall climbing robots are able to perform
dangerous operation, such as the inspection of high-rise
building, spray painting and sand blasting of gas tanks,
maintenance of nuclear facilities, surveillance and
reconnaissance,...etc. The robotics team of the City
College of New York (CCNY) has developed the wall
climbing robot with the function of transit from two
different surfaces, such as grounds, walls, and ceilings.

This paper proposes an adaptive control schemes to
alter the vacuum force, and different gravity effects can be
properly dealt with. In order to implement the adaptive
controller, the dynamic model of the robot as friction, slip,
and weight needs to be determined.

Traditional adaptive control is not sufficiently mature to
solve control problems with challenges which the strict
performance and the guarantees of robustness are required,
because set of unknown constants need to be estimated.
The parameter estimation needs an approach that explicitly

accounts for robust performance and stability specifications.

To achieve this goal, this paper proposes a
robust adaptive control approach, sliding controller. The
sliding controller is expected to avoid the slips of wheels,
as well as to reduce the power consumptions of the wheel
motors and the suction motor. The sliding controller design
provides a systematic approach to solve the problem of
maintaining stability and consistent performance while
facing to the modeling imprecision.

2 DYNAMIC MODELLING

The wall climbing robot has parameter variations and
uncertainties which are caused by friction, slip, and weight.
The suitable controller of the robot is determined according
to the dynamics model. In the project, the wall climbing
robot is capable to move on the surface with different
slopes.

Fig. 1. The cases of different surfaces, (a) on the floor. (b)
on the slope. (c) on the wall. (d). on the ceiling

The differential equations is expressed as

mj | =aP(O)U(1)-2p ¥
Jo d*0 1)
With
—sinf sind sind ,
P(0)=| cos® —cosf —cosﬁ—w
25
M
1 1 —sgn(f)——~
_ sen0) 7
)
U,
U@ =|U,()
2h
a €)

Where d is the distance of the tracked wheel from
CM; G is the weight of the robot; m is the mass of the
robot; fis the rolling friction between tracked wheel and

surface; M is the resistance moment produced by friction
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on surface. & (N/V) can be determined as ,, _ L

JR, g

where R, is the armature resistance of the motors; 7, is the
gear ratio; k, represents the torque coefficient; J denotes the
moment of inertia; U; is the voltage which applies to the i-
th motor, and v; is the velocity of the i-th wheel.

3 SLIDING CONTROLLER

This part describes the control of nonlinear systems
of the form which is derived in chapter II where the models
are imprecise. By defining the vector Z = [x y é]T, the

dynamic model (1) is rewritten as the following state space
equations:

MZ=bU~-f~f,-2 -1 g, )
Where :
—sin@ sind
b=a|l cos® —cos@|; f =BZ;f,=sing,
d d
28 0 0 sin @ 0
B=| 0 2ﬂ 0 ’gl = —COSQ g, = —GCOSZH ;
0 0 2,&1’2 —sgn(@) 0
m 0 0 2f 0 0
M={0 m O|; f£,=]0 2f 0 ;andﬂ:@
00 J 0 0 Mr JRa

Where e is equal to Z —Z , ; k. denotes the back-
emf coefficient; @ is x y plane attitude; ¢ is slop
attitude and the desired differentiable trajectory is
described by Z, = [x Ly, 0, ]T . A is a strict constant. The

controller design is translated in terms of finding a control
law for the vector U that verifies the individual sliding
conditions of the differentiable form of vector s:

§= [7M7]f1 ’Mil}hﬁzgl ’Milflyzgz 7211 +ﬂ'é]fjwilAizgl ’MilAl}zgz + MU

)

A 1s a strict constant. To eliminate the chatter, term
sgn(s) of U, is replaced by sat (%))

bl
U= —Mbil {[_Milfl _Milf’\zgl _Milfﬂxgz _Zd +/1é]+77'(%))}
(6)
2. Ifs|< @
U=t MM g - M g, - 7, + 26, sens))
(7
let’s pick :
m=a,+a,+n ;>0 ®
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4 EXPERIMENTS RESULT

Fig. 2 shows experimental and simulation result of
climbing robot triangle trajectory. The parameters in the
simulations are selected from datasheet as followings: a =
131.5363 N/v; B=71.1087 Kg/s; Upax =24.0 V; p=0.4; m
=17Kg; G=16.6 N; 1=58 mm; d=11.5 cm; p,=333.8
N/m; J = 1.08.10° Kgm* ® = 5000; L = 5000; n =
diag{0.1, 0.1, 0.1}, and suppose the actual values for
uncertain parameters are f, €[0,88], f, =44 Af, =a, =44 ,

[, e088] s f, =44, A, —a, =44, 1, clo88] 5 f, =44
A, =a, =44, f,e[-11], f,=0,a7 =5=1.

\ ’ N
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Fig. 2. Triangle tracking performance Result of the robot
on the different slope (a) Simulation Result on the wall, (b)
on ceiling, (c) Experimental result with A = 24000, (d)
Experimental result with PID Controller.

5 CONCLUSION

This paper presents a wheeled wall climbing robot
robust adaptive control method of trajectory tracking. The
second-order nonlinear dynamic model with two unknown
parameters and bounded uncertainties are constructed via
the Newtonian second motion law. Based on this dynamic
model, the adaptive robust controller is synthesized via
adaptive gain smooth sliding controller and achieves both
trajectory tracking and stabilization. A smooth sliding
controller with adaptively update the gains for the
switching functions is proposed in order to control the
nonlinear systems. Simulation and experiment confirm the
theoretical results and conform to the expected robot
trajectory planning.
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1. EXTENDED ABSTRACT

A cascaded control strategy for an innovative Duocopter
test rig as depicted in Fig. 1 — a helicopter with two rotors
combined with a guiding mechanism — is presented in this
paper. The guiding mechanism consists of a rocker arm
with a sliding carriage that enforces a planar workspace of
the Duocopter. The Duocopter is attached to the carriage
by a rotary joint and offers 3 degrees of freedom. The
derived system model has similarities with a PVTOL and
a planar model of a quadrocopter but involves additional
terms due to the guiding mechanism. In the paper, a
model-based cascaded control strategy is proposed: in the
outer MIMO control loop, sliding mode techniques are
employed to control both the horizontal and the vertical
Duocopter position. The rotation angle of the Duocopter
is controlled in a linear inner control loop using flatness-
based techniques. An additional feedforward control takes
into account all known parts of the coupling forces be-
tween the carriage and the rocker. The control structure
is extended by an unscented Kalman filter (UKF), see
Julier and Uhlmann (1997) and van der Merwe (2004),
that provides estimates for the state vector and, moreover,
estimates for remaining errors concerning the feedforward
coupling forces. The sum of the feedforward part and the
estimated part can be used to accurately compensate for
the impact of the guiding mechanism on the motion of the
Duocopter frame. The efficiency of the proposed control
strategy is demonstrated by experiments. As shown in
Fig. 2, it provides a precise tracking of desired trajec-
tories for the Duocopter position in both horizontal and
vertical direction that outperforms the results achieved in
Meinlschmidt and Aschemann (2014).
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Fig. 1. Mechanical structure and corresponding test rig.
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Fig. 2. Trajectory and tracking performance in the x, z-
plane: experimental results using the proposed sliding
mode control.



MATHMOD 2015 Abstract VVolume

Mathematical and dynamic model of the
lower limb exoskeleton and synthesis of
anthropomorphic gait *

Anton P. Aliseychik * Igor A. Orlov* Vladimir E. Pavlovsky *
Alexander K. Platonov * Alexander A. Ptakhin **

* Keldysh Institute of Applied Mathematics (Russian Academy of
Sciences), Russian Federation (e-mail: {aliseychik,
i.orlov} @keldysh.ru, vlpavl@mail.ru, akp31mail@gmail.com,).
** Lomonosov Moscow State University, Moscow, Russian Federation
(e-mail: aptakhin@gmail.com).

Abstract: Work deals with biped mechanical systems, so called exoskeletons. General purpose
of this work is to construct control for exoskeleton motion similar to human walking. In the
work the following problems are considered: kinematics synthesis based on motion capture
technology, solving direct and inverse dynamics problems for finding control torques and
forces, full control system elaborating and verifying constructed system in the program package
”Universal Mechanism”, which is intended for simulation of kinematics and dynamics of planar

and spatial mechanical systems.

Keywords: mathematical and physical modeling, direct and inverse dynamics problems, pulse
width modulation (PWM) control, pneumatic actuator, biomechatronics, exoskeleto