14" INTERNATIONAL INDUSTRIAL
SIMULATION CONFERENCE

2016

ISC'2016

EDITED BY

Nicolae Vasiliu
and

Daniela Vasiliu

JUNE 6-8, 2016

BUCHAREST, ROMANIA

A Publication of EUROSIS-ETI



Cover pictures of Bucharest are licensed under the Creative Commons Attribution-Share Alike



14" Industrial Simulation Conference 2016

BUCHAREST, ROMANIA
JUNE 6-8, 2016

Organised by
ETI - The European Technology Institute

Sponsored by
EUROSIS
University of Skévde

SIEMENS

Co-Sponsored by

Ghent University

Hosted by
University POLITEHNICA of Bucharest

Bucharest, Romania



EXECUTIVE EDITOR

PHILIPPE GERIL
(BELGIUM)

EDITORS

General Conference Chairs
Nicolae Vasiliu, University POLITEHNICA of Bucharest, Bucharest, Romania
Daniela Vasiliu, University POLITEHNICA of Bucharest, Bucharest, Romania

Past Conference Chairs
Carlos Enrique Palau Salvador, UPV, Valencia, Spain
Benjamin Molina, UPV, Valencia, Spain
Vicent Pla, Polytechnic University, Valencia, Spain

Publications Chairs
Peter Lawrence, Swinburne University, Australia
Yan Luo, NIST, Gaithersburg, USA

INTERNATIONAL PROGRAMME COMMITTEE

Discrete Simulation Methodology, Languages and Tools

Matthias Becker, University Hannover, Hannover, Germany

Helge Hagenauer, Universitaet Salzburg, Salzburg, Austria

Sophie Hennequin, ENIM, Metz Cedex, France

Bjorn Johansson, Chalmers University of Technology, Gothenburg, Sweden
Erik Lindskog, Chalmers University of Technology, Gothenburg, Sweden
Stefano Marrone, Seconda Universita di Napoli. Naples, Italy

Paulo Novais, Universidade do Minho, Braga, Portugal

Jiri Safarik, University of West Bohemia, Plzen, Czech Republic

Antonella Zanzi, Universita' degli Studi dell'lInsubria, Varese, Italy

Ambient Intelligence and Simulation
Selwyn Piramuthu, University of Florida, Gainesville, USA

Cyber Physical Systems Simulation

Track Chair: loan Dumitrache, The Romanian Academy, Bucharest, Romania
Adina Magda Florea, University POLITEHNICA of Bucharest, Bucharest, Romania
Cornel Burileanu, University POLITEHNICA of Bucharest, Bucharest, Romania
Corneliu Bilan, University POLITEHNICA of Bucharest, Bucharest, Romania

Simulation in Manufacturing

Pascal Berruet, Universite Bretagne Sud, Lorient, France

Peter Byrne, Dublin City University, Dublin, Ireland

Ana Camacho, UNED, Madrid, Spain

Eduardo Castellano, IKERLAN Technol. Res. Centre, Mondragon-Arrasate, Spain
Remy Dupas, Universite Bordeaux 1, Bordeaux, France

Alexander Felfernig, University of Klagensfurt, Klagensfurt, Austria
Michel Gourgand, Universite Blaise Pascal, Clermont-Ferrand, France
Frank Heinze, (RIF) e.V., Dortmund, Germany

Pouria Homayonifar, Acona Flow Technology, Skien, Norway

Imed Kacem, Université Paul Verlaine Metz, Metz, France



INTERNATIONAL PROGRAMME COMMITTEE

Carlo Meloni, Politecnico di Bari - DEE, Bari, Italy

Pascal Meyer, Forschungszentrum Karlsruhe, Karlsruhe, Germany

José A V Oliveira, University of Minho, Braga, Portugal

Marina Valles, UPV, Valencia, Spain

Markus Vorderwinkler, PROFACTOR GmbH, Steyr, Austria

Roland Wischnewski, (RIF) e.V., Dortmund, Germany

Farouk Yalaoui, Universite de Technologie de Troyes, Troyes Cedex, France

Simulation in Steel Manufacturing
Brian Hollocks, Bournemouth University, Bournemouth, United Kingdom

Simulation in Automotive Systems
Naoufel Cheikhrouhou, EPFL, Lausanne, Switzerland
Julien Richert, Daimler AG, GR/PAA, Sindelfingen, Béblingen, Germany

Simulation in Robotics

A. Chatzinikolaou, Athens, Greece

Andrzej Dzielinski, Warsaw University of Technology, Warsaw, Poland
Markus Koch, Orga Systems GmbH, Paderborn, Germany

Martin Mellado, UPV, Valencia, Spain

Bogdan Raducanu, Computer Vision Centre, UAB, Barcelona, Spain
Sergiu-Dan Stan, Technical University of Cluj-Napoca, Cluj-Napoca, Romania

Simulation in Electronics, Computer and Telecommunications
Teresa Alvarez, University of Valladolid, Valladolid Spain

Christos Bouras, University of Patras, Patras, Greece

Adnane Latif, Cadi Ayyad University, Marrakech, Morocco

Silvia Mirri, University of Bologna, Bologna, Italy

Maurizio Palesi, Universita di Catania, Catania, Italy

Marco Roccetti, University of Bologna, Bologna, Italy

Fernando Boronat Segui, UPV, Valencia, Spain

Renate Sitte, Griffith University, Gold Coast, Australia

Simulation in Electronics Manufacturing
Theresa Roeder, San Francisco State University, USA
Gerald Weigert, Dresden University of Technology, Germany

Simulation of Complex Multiprocessor Systems
Orhan Gemikonakli, Middlesex University, London, United Kingdom

Simulation in Computer Science

Lipika Deka, Tezpur University and IIT Guwahati, India

Ernst Kesseler, NLR, Amsterdam, The Netherlands

Wolfgang Kreutzer, University of Canterbury, Christchurch, New Zealand

Simulation in Logistics, Transport and Harbour Simulation

Christian Almeder, European University Viadrina, Frankfurt (Oder), Germany
Maria Sameiro Carvalho, University of Minho, Guimaraes, Portugal

Isabel Garcia Guttierez, Univ. Carlos Il de Madrid, Madrid, Spain .

Dmitry lvanov, Chemnitz University of Technology, Chemnitz, Germany
Peter Lawrence, Swinburne University, Lilydale, Australia

Marie-Ange Manier, UTBM, Belfort, France

Roberto Montemanni, IDSIA, Manno-Lugano, Switzerland

Guilherme A B Pereira, University of Minho, Braga, Portugal

Roberto Razzoli, University of Genova, Genova, Italy

Rosaldo Rossetti, University of Porto, Porto, Portugal

Hans Veeke, TU Delft, Delft, The Netherlands

Pengjun Zheng, University of Southampton, Southampton, United Kingdom



INTERNATIONAL PROGRAMME COMMITTEE

Simulation in the aviation sector
Gabriel Lodewijks, Delft University of Technology, Delft, The Netherlands

Hospital Logistics Simulation

Track Chair: Giorgio Romanin-Jacur, University of Padova, Vicenza, Italy
Antonio Abelha, Universidade do Minho, Braga, Portugal

Jose Machado, University of Minho, Braga, Portugal

Peter Summons, University of Newcastle, Australia

Complex Systems Modelling

Track Chair: Igor N Litvine, Nelson Mandela Metropolitan University, Port Elizabeth, South Africa
Frantisek Capkovic, Slovak Academy of Sciences, Bratislava, Slovak Republic

Alexandre Nketsa, LAAS, Toulouse, France

Miguel Rocha, University do Minho, Braga, Portugal

Alfonso Urquia, UNED, Madrid, Spain

Apparel and Textile Simulation
Track Chair: Jocelyn Bellemare, University of Quebec in Montreal (UQAM), Montréal (Québec) Canada

Simulation in Aerospace

Reza Azadegan, Urmia University, Urmia, Iran

Wolfgang Kuehn, University of Wuppertal, Wuppertal, Germany
Martin Spieck, DLR, Goettingen, Germany

Marine Simulation
Sergeij Kalashnkikow, DANFOSS, Austria

Simulation in Industrial Design and Product Design
Chiara Catalano, IMATI-CNR, Genoa, Italy

Yan Luo, NIST, Gaithersburg, USA

Catarina Rizzi, University of Bergamo, Bergamo, Italy

Simulation in Engineering Processes

Chrissanti Angeli, Technological Institute of Piraeus, Athens, Greece
Alejandra Gomez Padilla, University of Guadalajara, Mexico

Jan Studzinski, Polish Academy of Sciences, Warsaw, Poland

Joao Tavares, University of Porto, Porto, Portugal

Henk Versteeg, Loughborough University, Loughborough, United Kingdom

Civil and Building Engineering
Alistair Borthwick, Oxford University, Oxford, United Kingdom
Graham Saunders, Loughborough University, Loughborough, United Kingdom

Simulation in Energy and Power Systems
Sergeij Kalashnkikow, DANFOSS, Austria
Janos-Sebestyen Janosy, KFKI Atomic Energy Research Institute, Budapest, Hungary

Simulation in Multibody Systems
Ignacio Garcia-Fernandez, University of Valencia, Valencia, Spain

Simulation in Chemical, Petroleum and Mining Engineering
Mohamad R. Riazi, Kuwait University, Kuwait

Simulation in Military and Defense

Roberto de Beauclair Seixas, IMPA, Rio de Janeiro, Brazil

Carlos Palau, UPV, Valencia, Spain

Matthias Reuter, CUTEC Gmbh, TU-Clausthal, Clausthal, Germany

\



INTERNATIONAL PROGRAMME COMMITTEE

Virtual Reality and Graphical Simulation in Industrial Simulation

Track Chair: Guodong Shao, NIST, Gaithersburg, USA

Emilio Camahort, Universidad Politecnica de Valencia, Valencia, Spain
Anders Hast, University of Gavle, Gavle, Sweden

Fabrizio Lamberti, Politecnico di Torino, Turin, Italy

Christoph Laroque, University of Paderborn, Paderborn, Germany

Sudhir Mudur, Concordia University, Montreal, Canada

Marta Pla-Castells, Universidad de Valencia, Valencia, Spain

Marcos A.Rodrigues, Sheffield Hallam University, Sheffield, United Kingdom

Simulation of Complex Multiprocessor Systems
Peter Kvasnica, Alexander Dubcek University of Trencin, Trencin, Slovakia

Verification, Validation and Accreditation
Roberto Revetria, University of Genoa, Genoa, Italy
Agustin Yague, Technical University of Madrid, Madrid, Spain

Simulation and Training

Manuel Alfonseca, Universidad Autonoma de Madrid, Madrid, Spain

Wenji Mao, Chinese Academy of Sciences, Beijing, P.R. China

Eshan Rajabally, Loughborough University, Loughborough, United Kingdom
Gerhard Schreck, Fraunhofer IPK, Berlin, Germany

Workshops

Simulation-based evaluation in Living Labs
Stefan Hellfeld, FZI - House of Living Labs, Karlsruhe, Germany
Benjamin Herd, King's College, London, United Kingdom

Workshop on Intelligent Transport Systems

Track Chair: Anna Syberfeldt, University of Skovde, Skovde, Sweden
Paul Davidsson, Blekinge Institute of Technology, Ronneby, Sweden
Petr Hanacek, Brno University of Technology, Brno, Czech Republic
Jairo Montoya Torres, Universidad de la Sabana, Chia, Columbia

NANOSIM

Clemens Heitzinger, Cambridge University, Cambridge, United Kingdom
Yong K. Kim, University of Massachusetts Dartmouth, Dartmouth, USA
Javier Marin, ETSI, University of Malaga, Malaga, Spain

Workshop Augmented Reality and Pervasive Systems in Simulation
Alessandro Genco, University of Palermo, Palermo, Italy

Workshop on Simulation in Lean Manufacturing

Track Chair: Leif Pehrsson, Volvo Car Corporation, Skovde, Sweden
El-Houssaine Aghezzaf, Ghent University, Ghent, Belgium

Hendrik Van Landeghem, Ghent University, Ghent, Belgium

Simulation-based Optimization in Industry
Amos H.C. Ng, University of Skovde, Skovde, Sweden
Anna Syberfeldt, University of Skovde, Skovde, Sweden

OPENSIM
Philippe Geril, ETI Bvba, Ostend, Belgium

HORIZON2020
Valerian Croitorescu, University of Bucharest, Bucharest, Romania

Vil



Vi



INDUSTRIAL
SIMULATION
2016



© 2016 EUROSIS-ETI

Responsibility for the accuracy of all statements in each peer-referenced paper rests solely with the author(s).
Statements are not necessarily representative of nor endorsed by the European Simulation Society. Permission is
granted to photocopy portions of the publication for personal use and for the use of students providing credit is
given to the conference and publication. Permission does not extend to other types of reproduction, nor to copying
for incorporation into commercial advertising nor for any other profit-making purpose. Other publications are
encouraged to include 300- to 500-word abstracts or excerpts from any paper contained in this book, provided
credits are given to the author and the conference.

All author contact information provided in this Proceedings falls under the European Privacy Law and may not be
used in any form, written or electronic, without the written permission of the author and the publisher.
Infringements of any of the above rights will be liable to prosecution under Belgian civil or criminal law.

All articles published in these Proceedings have been peer reviewed

EUROSIS-ETI Publications are ISI-Thomson, IET, SCOPUS and Elsevier Engineering Village referenced
Legal Repository: Koninklijke Bibliotheek van Belgié, Keizerslaan 4, 1000 Brussels, Belgium
CIP 12.620 D/2011/12.620/1

Selected papers of this conference are published in scientific journals.

For permission to publish a complete paper write EUROSIS, c/o Philippe Geril, ETI Executive Director,
Greenbridge NV, Ghent University - Ostend Campus, Wetenschapspark 1, Plassendale 1, B-8400 Ostend,
Belgium.

EUROSIS is a Division of ETI Bvba, The European Technology Institute, Torhoutsesteenweg 162, Box 4, B-8400
Ostend, Belgium

Printed and bound in Belgium by Reproduct NV, Ghent, Belgium
Cover Design by Grafisch Bedrijf Lammaing, Ostend, Belgium

EUROSIS-ETI Publication
ISBN: 978-90-77381-93-9
EAN: 978-90-77381-93-9



PREFACE

Dear participants,

On behalf of the Organizing Committee, we would like to welcome each and every one of you to
the 14"™ Annual Industrial Simulation Conference (ISC 2016), hosted by the University
POLITEHNICA of Bucharest, in co-operation with the Romanian Technical Science Academy, from
June 6" to 8", 2016.

During two and a half days, we offer a very high-level scientific program, covering a wide range of
topics in simulation, from theory to applications, over a large spectrum of industrial and service
domains.

The conference this year features five keynote speakers, coming from the Romanian Academy ITC
Section, from Siemens PLM Software NV from Belgium, from National Instruments Corporation,
from ENPC and INRIA from France who will share their professional expertise with the participants.

To encourage the exchange of techniques and ideas, which is the basic premise at the heart of the
Industrial Simulation Conference, the timetable is organized to allow for ample opportunity to meet
and discuss. We are convinced that this will permit you to elaborate on some issues and gain a
collection of bright new ideas for your future research.

We are indebted to some people without the support of whom, the conference would not be
possible. First of all, thanks go to all reviewers for critically evaluating the papers and keeping an
eye on the scientific quality of the conference.

Moreover, we are grateful to the keynote and tutorial speakers for accepting our invitation and for
presenting their latest contemplations on significant simulation themes.

We would like to express all our gratitude to Dr. Jan Leuridan, senior vice president in charge of
simulation and test solutions for Siemens PLM Software, a business unit of the Siemens Digital
Factory Division, and CEO for Siemens Industry Software NV. He awarded all the financial and
logistic support to the Fluid Power Laboratory of the University POLITEHNICA of Bucharest in
order to train a great number of master and PhD students for future research activities involving
simulation with AMESim simulation software.

Many thanks are due to Dr. Cristinel Petru Irimia, manager of Siemens Industry Software SRL, for
his permanent logistic help in organizing the conference.

Furthermore, we would like to express our thanks to Mr. Philippe Geril, General Secretary of
EUROSIS, who has taken the responsibility for most of the organizational matters. The Industrial

Simulation Conference is only possible thanks to his hard work and never-ending enthusiasm.

Finally, our warm thanks go to all of you for submitting your research results, attending sessions
and actively participating and discussing. We wish you all a stimulating and productive meeting

General Conference Chair
Nicolae Vasiliu
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Reactive Power Control for Photovoltaic Power Plants

M. Stremtan, R. Curatu, Prof. Dr. N Vasiliu

POLITEHNICA University of Bucharest
313, Splaiul Independentei, Sector 6, 060042 Bucharest, Romania

KEYWORDS
Photovoltaic, solar, reactive power, control,
SCADA

ABSTRACT

This paper describes the practical implementation
of a custom reactive power control strategy on a
9MW installed power photovoltaic plant, as an
integrated component of a SCADA system, in the
context of the instability generated by
meteorological conditions and their impact on the
quality of the energy delivered through power grid.

INTRODUCTION

Romania’s energy production variety has recently
evolved to include a large number of renewable
sources with significant impact on the Romanian
National Energy System. As seen in Fig. 7,
renewable energy amounts to 43% of Romania’s
energy production, consisting of Hydropower
(31.16%), Wind (10.14%), Solar (1.58%) and
Biomass (0.84%). In terms of stability, renewable
energy has a major impact on the national grid and
its accelerated growth through the last years
demands accurate control in order to minimize the
impact on the grid’s energy quality. Romania’s
National Energy Sector Regulation Authority
(ANRE - Autoritatea Nationala de Reglementare in
Domeniul Energiei) has set into place rules and
regulation for solar and wind plants control.

ANRE requires plants over SMW installed capacity
to have active power control depending on the grid
frequency, and active and reactive power control
and voltage based on dispatch orders, in the
connection point. The reactive power control has to
continuously ensure a power factor of maximum
0.9 capacitive and 0.9 inductive (Jcos(¢)| €
[0.9,1]). (Autoritatea Nationald de Reglementare in
Domeniul Energiei, 2013), (Autoritatea Nationala
de Reglementare in Domeniul Energiei, 2013).

THE NEED FOR REACTIVE POWER
CONTROL

In order to comply with the previously described
regulations, it is required to control the power

factor in each inverter of the PV plant with regards
to the feedback from the connection point to the
grid. Although the output of the inverter can
provide a power factor of 1, due to the influence of
the transport and distribution networks, network
components and consumers, the power factor can
vary, and the PV plant will be required to
compensate for these disturbances.

Loads can be:

e Inductive: consume reactive power to produce
electromagnetic fields (such as motors)

e (apacitive: produce reactive power (such as
high-voltage overhead transmission lines)

An important factor that influences the output of
PV plants is weather, solar irradiance rapid
variations having a significant impact and PV
inverters must keep energy parameters within
limits, no matter the energy output it gives.

Power factor (cos @) is an indicator of the quality
and management of an electrical system and is a
ratio of active power (P) and apparent power (S),
as shown in Equation 1. Active power is the real
power transmitted to loads such as motors, heaters,
electronics, etc. The electrical active power is
transformed into mechanical power, heat or light.
Apparent power is the product of r.m.s. voltage and
r.m.s. current (Equation 2) and is used for rating
most electrical equipment.

_ Pw]
cos@ = SIVA]
Equation 1

SIWVA] = Vs [V] - Ls[A]
Equation 2

Reactive power appears when the current [ is
lagging behind or leading the voltage V by an angle
of ¢ and is defined as a relation of active and
apparent power (Equation 3, Equation 1) or
described by a power factor, cos¢ (Equation 4).
The essential difference between active and



reactive power is the fact that while active power is
power transported from the generator to the load,
reactive power is a measure of the energy stored in
elements that act as coils and capacitors.

52 — P2 + QZ
Equation 3

A power factor (Equation 4) close to unity means
that the apparent power is minimal, meaning that
the electrical equipment rating is minimal for the
transmission of a given active power to the load,
while a low value indicates the opposite. Reactive
power can also be calculated by using Equation 5,
for a 3-phased circuit.

P
cosp = 5
Equation 4

Q=+V3-U-I-sing
Equation 5

If currents and voltages can be represented by
sinusoidal signals, a vector diagram can be used for
representation for the current (Fig. 1) and power
(Fig. 2). Where the active component of current [,
is in phase with the voltage and the other, reactive
component (/,), lagging by m/2 (in quadrature).
Current and the two components (active and
reactive) can be used to define active, reactive and
apparent power (Equation 6, Equation 7 and
Equation 8).

la v

Fig. 2: Active, reactive and apparent power

S[VAl =V -1
Equation 6
PW]=V-I,
Equation 7
Qlvar] =V -1,
Equation 8

Low power factors have negative consequences,
both technical and economical, to the grid, such as
increased costs (most European countries have
tariffs that charge industrial consumers more when
the power factor drops below 0.93), active power
losses, the necessity to install thicker transmission
cables (according to Table 1, (Schneider Electric,
2015)), and voltage drops (Micu, Pop, &
Cuzumbil).

Table 1: Controlled system description

Ir

-

Fig. 1: Active and reactive current

Cable cross- 1 1.25 1.67 2.5
sectional area of
the cable
multiplying
factor

cos @ 1 0.8 0.6 0.4

The control strategy described in this paper is
applied to a PV plant with a nameplate rating of 9
MVA that has 9 cabins with 3 inverters with a
nameplate rating of 334 kVA and a low-voltage to
medium-voltage transformer (6kW) each. Each
inverter has 5 modules with a nameplate rating of
67 kVA, each having a DC input from 11 to 13
string connector boxes. Each string connector box
is a junction of 22 strings and each string feeds
power from 242 to 286 PV modules, each having a
nominal power Py pp(Wp) of 255 W. This amounts
to 27 inverters and approximately 35300 PV
modules (panels).



PV moduies
String connector boxes

Fig. 3: Block architecture

Thus, the controlled PV plant has a maximum
output of 9 MVA, at 6kV.

INVERTERS

The controlled inverters communicate on a
proprietary variation of the Modbus protocol called
“Aurora”, over RS485 field buses. The following
data is available by communicating with the
inverters:

e Part number, Serial Number, Firmware Version

e General state of the inverter and its two DC
inputs

e DC voltage and current

e AC voltage and current (on each phase)

e Active power, frequency and insulation
resistance

o Inverter’s temperature

e Daily energy counter

e Active power and power factor setpoint values
in use

Active power and power factor commands are sent
using the same communication channel.

CONTROL SYSTEM

The control system is an integral part of the
Supervisory, Control and Data Acquisition
(SCADA) system, giving it a separate functionality
layer, by connecting HMI commands to required
plant output.

Set-points are sent from the HMI, or if necessary,
from a 3™ party dispatch center to the plant
controller via Modbus. The dispatcher can send
active and reactive power set-points and the
controller will follow the setpoint, in a closed
control loop, using feedback from the power
quality meter, situated in the plant’s substation. The
plant controller (also noted as “Master PLC”) sends
commands to the inverters by sending commands
to the PLCs that relay the information received by
Modbus to the inverters on the Aurora protocol.
The inverters accept active power (P) and power

factor (cos @) commands, while the controller is
programmed to use active power (P) and reactive
power (Q) commands. The controller calculates
and sends different commands to each PLC and the
PLCs send the commands by broadcast to all
inverters on the field busses connected (3 inverters

for each cabin PLC).

Setpoints

Plant controller

Power Quality
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Commands

Commands

Fig. 4: Command and feedback data flow
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The software implementation of the reactive power
control is a PI with a few particularities:

e [t can control both active and reactive power

e It is tuned to have a ramp of 1 Mvar/minute
(and 1 MW/minute) during normal operation;

e [t generates intermediary setpoints, in steps of
IMvar or less (if the the error, ey = Qs —

Qfeedback);

e The output is always limited to a maximum step
size, to mitigate any scenarios where the PID
could have a large overcompensation command;

e The PID can be manually overridden and it
follows the commands, in order to ensure a
smooth transition when enabled back;

e [t has a “soft-start” functionality, to decrease
the shock to the system when it starts

e [t calculates a reactive power setpoint every
iteration and then it sends it to the PLCs. Before
sending each command to the PLCs, it
recalculates the value of the cos ¢ command;

e The PID gains change in value depending on
the error, to compensate for large changes in
reactive power.

The controller is programmed using National
Instruments LabVIEW

FIELD RESULTS

The controller has been tuned and tested to ensure
the plant follows the reactive power setpoint. Fig.
10 shows a reactive power test where the reactive
power setpoint had the following values: 0 kvar,
2000 kvar, 4000 kvar, 2000 kvar, 0 kvar, -2000
kvar, -4000 kvar and 0 kvar.

Fig. 11 shows the reactive power control, having a
setpoint of 0 kvar during a day with irregular solar
irradiation. This sort of irregular irradiation usually
generates large variations of reactive power, as
shown by the behavior of another PV plant, also
controlled, but with a different precision, shown in
Fig.12.

CONCLUSIONS

As shown by Fig. 10 and Fig. 11, the system
successfully controls the PV plant and complies
with basic industrial control systems requirements,
setpoint tracking and error rejection, as well as
having more advanced control features and
additional functionalities for data aggregation. The
controller has proved itself a versatile automation
tool that can achieve functionality of far more
complicated and expensive COTS (Commercial
Off The Shelve) devices.
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ABSTRACT

We present the open-source scientific software package
Nsp and its toolboxes, in particular the Scicos toolbox
for modeling and simulation of hybrid dynamical sys-
tems.

INTRODUCTION

Nsp provides a matrix based Matlab-like language and
contains a comprehensive set of scientific libraries and
toolboxes. Nsp is freely distributed under the GPL
open-source license.

Scicos, Campbell et al. (2010), is a modeling and simu-
lation environment for dynamical systems. Based on a
sound mathematical formalism as an extension of syn-
chronous languages, Scicos can be used to model hybrid
dynamical systems encountered in many areas of engi-
neering.

The latest release of Nsp/Scicos introduces two ma-
jor novelties: Simport, a comprehensive translator from
Simulink models to Scicos models, and a code generator
for Scicos, based on an original approach using partial
evaluation.

The presentation, in addition to the Simport and code
generation tools, will emphasize the new Nsp imple-
mentation of the Scicos toolbox. This implementation
presents a number of improvements, such as a new GUI,
new Coselica library for modeling cyber-physical sys-
tems based on Modelica, and new Modnum library for
modeling and simulation of communication systems.

NSP

Nsp is a Matlab-like scientific software package dis-
tributed under the GPL license. Nsp is a high-level
programming language; it can be used as a scripting lan-
guage giving easy access to efficient numerical routines.
Nsp is a full-fledged programming language. In addi-
tion, it provides an interactive computing environment.
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Figure 1: Nsp GUI

Nsp supports imperative programming, features auto-
matic memory management, and obeys to a dynamic
type system. Nsp contains a class system with simple
inheritance and interface implementation.

When used as a programming environment, Nsp comes
with online help and easy access to GUI and graphics
programming (See Figure 1).

Nsp comes with a large set of external libraries, and
it is easy to implement new ones. This requires writ-
ing wrapper codes, also called interfaces, to provide
glue code between the external library and Nsp inter-
nal data. The interface mechanism can be either static
or dynamic. Using dynamic functionalities, it is possible
to build toolboxes.

Nsp shares many paradigms with other Matlab-like lan-
guages such as Matlab, Octave, Scilab and ScicosLab
but also with scripting languages such as Python. Nsp
syntax is quite similar to that of ScicosLab/Scilab.
Nsp includes a number of toolboxes, as for example

e Scicos: a block-diagram graphical editor for the
construction and simulation of dynamical systems,
which in turn includes Coselica, Reusch (2016), and
Modnum, Layec (2005-2016), toolboxes and utili-
ties for Simulink import and code generation.



e Maxplus: a library for performing (max, +) algebra
operations.

e Sivp for image processing.
e Sedumi: Semi-definite programming.
e glpk, Ip_solve: Linear programming.

e MPI: an interface to MPI a message-passing system
to function on a wide variety of parallel computers
for parallelism.

e Suitesparse: a suite of sparse matrix software.

e mexlib: implementation of the Matlab MEX Li-
brary API to facilitate the port to Nsp of Matlab
toolboxes.

o Gtk2/Gtk2 language bindings for GUI construc-
tion.

e Premia: Nsp interface, Chancelier et al. (2012), to
a software designed for option pricing, hedging and
financial model calibration.

Nsp is developed and maintained by various academic
research teams, in particular at INRIA (Institut Na-
tional de Recherche en Informatique et en Automa-
tique) and ENPC (Ecole Nationale des Ponts et des
Chaussées).

SCICOS

Scicos is a major Nsp toolbox. Scicos (see
www.scicos.org) provides a block-diagram graphical
editor for the construction and simulation of dynam-
ical systems. Scicos is widely used at universities and
engineering schools and has also gained ground in indus-
trial environments. Nsp/Scicos is a free open-source al-
ternative to commercial packages for dynamical system
modeling and simulation, such as MATLAB/Simulink.
Scicos is particularly useful for modeling systems where
continuous-time and discrete-time components are in-
terconnected. Such models can be programmed directly
in Nsp, but these programs are complex and difficult to
debug. Moreover, there is no simple systematic way of
implementing these programs in a modular fashion.
Scicos provides a modular way to construct complex dy-
namical systems using a block diagram editor (See Fig-
ure 2). Scicos diagrams are compiled and simulated ef-
ficiently by a single click. Scicos handles, in particular,
the interaction between continuous-time dynamics and
system events including events associated with the tim-
ing of a discrete-time clock. Such events affect the way
the numerical solver, which integrates the continuous-
time dynamics, should be called. Handling efficiently
such matters by hand for complex dynamical systems
can be extremely difficult.
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Figure 2: Scicos GUI

In Scicos, the user can construct a library of modules
(blocks) that can be reused in different models in dif-
ferent projects. This is particularly useful when a large
model is composed of blocks designed by different devel-
opment teams. The Scicos formalism, which must be re-
spected in designing blocks and sub-models, guarantees
that blocks constructed separately and interconnected
work harmoniously together.

A large number of blocks are already available in Sci-
cos palettes. These blocks provide operations needed
to construct models of many dynamical systems. Users
seldom need to construct a new block from scratch.

Coselica toolbox

Scicos has another important feature: it supports “im-
plicit” blocks. These blocks have no explicit inputs and
outputs but rather have ports. Connecting these ports
by links defines constraints. This allows the construc-
tion of systems using blocks modeling physical compo-
nents in a natural way.

For example, we can define an electrical circuit with
implicit blocks modeling resistors, capacitors, diodes,
and other electrical components, and with links impos-
ing Kirchhoff’s laws of current and equality of voltages
at the two connected ports. The possibility to mix im-
plicit and normal blocks in the same diagram provides
a powerful modeling environment.

Scicos contains an open-source Modelica compiler
(modelicac), Najafi et al. (2005), which is used to con-
struct implicit blocks modeling physical components.
The Coselica toolbox, Reusch (2016), provides around
200 basic Modelica blocks for modeling and simula-
tion of electrical (analog), mechanical (1D-translational,
1D-rotational, and 2D-planar) and thermodynamical
(0/1D-heattransfer) systems. These blocks have been
derived from the Modelica Standard Library 2.2.



Modnum toolbox

Modnum ("MODulations NUMériques”), Layec (2005-
2016), contains an open source computational library for
the modeling and simulation of communication systems.
It includes Scicos blocks, diagrams and in-line func-
tions of base-band PSK/QAM modulations for building
communication chains. It also includes components to
build spread-spectrum communication systems, such as
Pseudo Noise sequence generators (Quasi-Chaotic, PN
and Gold sequence generators).

Modnum provides miscellaneous scopes for Scicos such
Eye Diagram scope, Scattered Diagram scope and Spec-
trum Analyzer scope. Modnum provides diagrams and
blocks for integer and fractional frequency synthesizer
components (Phase/Frequency Detector, VCO, Delta-
Sigma modulators,...). Modnum handles the simulation
of chaotic systems and includes simulation models for
Chua’s, Rossler’s, Van Der Pol’s and other systems.

SIMPORT TOOLBOX

Simport (”Simulink Import”), Weis (2015), is a com-
prehensive Simulink import assistant for Scicos. Us-
ing Simport, Scicos user can save a lot of time porting
a Simulink model. Designed as a compiler (semantics
passes + code generation), Simport is entirely written
in OCaml and is easy to maintain and extend.

Simport translates Simulink models to Scicos models by
preserving model hierarchy and diagram topology, re-
specting visual aspects of the original model and aiming
at preserving semantics consistency. It supports both
MDL and SLX file formats.

Fach Simulink source block is translated either into a
single equivalent Scicos block, or into a Super Block
specialized according to the parameters of the source
block, or into an empty Super Block for user completion,
if the source block is unknown or not supported. Sim-
port translation library covers a large subset of Simulink
basic blocks.

Simulink model parameters are often defined in compan-
ion Matlab scripts. Simport allows users to associate
one or more Matlab scripts (M-files) with each Simulink
model to be translated. A simple translation scheme is
used to translate these Matlab programs into Nsp code,
which are included in the Scicos model. The extent of
this translation is limited to generating legal Nsp syntax
and should not be considered a Matlab import. Often
the companion M-files contain simple parameter defini-
tions and this translation is enough. If not, it provides a
reasonable first draft that the user needs to edit. Matlab
expressions used inside Simulink blocks are processed
similarly.

The result of importing a Simulink model and its com-
panion M-files is a Scicos model. The contents of the
M-files are included in contexts of the Scicos diagrams.
Unlike Simulink, Scicos models are self-contained: Sci-
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cos model contains the definition of all of its parameters.
CODE GENERATION TOOLBOX

Code generation is an important functionality in Scicos.
In a typical application the diagram represents a con-
trolled system. The controller part of the diagram, after
validation of the control law through simulation, has to
be implemented in an embedded system. To ease this
process, Scicos supports C code generation for a part of
the diagram designated by the user.

The built-in Scicos code generator uses block simulation
routines as an external library. As such, the generated
code cannot be inlined and is not efficient. The lack
of efficiency is mainly due to the fact that the block
routines are not always specialized, i.e., these routines
contain switches depending on input types and dimen-
sions. Even though the types and dimensions are known
at compile time, these switches remain active through-
out the simulation.

The new code generation toolbox aims at removing these
drawbacks by generating efficient inlined code.

This code generation tool was developed during a three-
year research project funded by the French FUI 2011
“P” Project (see www.open-do.org/projects/p/).
The basic idea of this approach is to express block be-
haviors as Nsp programs and automatically generate
code from these programs, Chancelier and Nikoukhah
(2015) and Chancelier and Nikoukhah (2014). The
methodology is based on partial evaluation and takes
advantage of the operator overloading facility available
in Nsp.

The fundamental premise of this approach is that block
semantics are frequently similar to Nsp primitive seman-
tics. This makes it very convenient to express Scicos
block behaviors in the Nsp language. In particular many
blocks can be expressed in few lines of Nsp code that
handles all data types and all data sizes. To handle
type and size variability, the C simulation code for a
block may include more than twenty routines.

In general, code generation for a piece of Nsp code is
not possible or yields a very inefficient code. As for
similar languages, the main culprit is dynamic typing:
the types and sizes of the variables are only known at
run time. It turns out that for the Nsp code associated
with a Scicos diagram and its blocks, the type and size
information can be determined in advance. This is done
in particular by the Scicos compiler.

The code generator first creates an Nsp script based
on the Scicos model. Then this script is executed af-
ter overloading all the basic functions and operators.
This generates a pseudo code, which after optimization
is pretty-printed into C. A pretty printer for Ada is also
available.

There are many advantages in using this technique as
opposed to developing an independent code generator:
this code generator does not use a different parser for



the scripting language; the script is run using the tool
itself. Similarly, the operator and functions used in the
process of partial evaluation are that of the scripting
language itself. Finally the operator overloading is be-
ing performed in the scripting language, so it can be
customized easily for different targets.

Consider the following simple example: an Nsp function
f, which converts its argument to a Boolean matrix.

function y=£f(z);
y=convert(z,"b");
endfunction;

To generate C code for a specialized version of function
f applied to a 2 by 2 real matrix, type information argu-
ments are given to the Nsp code that partially evaluates
the body of £; after partial evaluation the following C
code is emitted:

static void f(double *z,gboolean *tmp_17)
{
gboolean tmp_1[4], tmp_3, tmp_5[4], tmp_7,
tmp_9[4], tmp_11, tmp_13[4], tmp_15;
double tmp_2, tmp_6, tmp_10, tmp_14;
tmp_2=(z[0]);
tmp_3=( tmp_2 != 0.0);
memcpy (tmp_5,tmp_1,4*sizeof (gboolean)) ;
tmp_5[0]=tmp_3;
tmp_6=(z[11);
tmp_7=( tmp_6 != 0.0);
memcpy (tmp_9,tmp_5,4*sizeof (gboolean)) ;
tmp_9[1]=tmp_7;
tmp_10=(z[2]);
tmp_11=( tmp_10 != 0.0);
memcpy (tmp_13,tmp_9,4*sizeof (gboolean)) ;
tmp_13[2]=tmp_11;
tmp_14=(z[31);
tmp_15=( tmp_14 != 0.0);
memcpy (tmp_17,tmp_13,4*sizeof (gboolean));
tmp_17 [3]=tmp_15;
I

Next, a code optimization phase simplifes the C code as
follows:

static void f(double *z,gboolean *tmp_1)
{
tmp_1[0]=C (z[0]) !
tmp_1[1]1=C (z[1]) !=
tmp_1[2]1=(C (z[2]) !
tmp_1[3]1=( (z[3]) !
s

In addition, the compiler also generated a C wrapper to
export the new generated C function in Nsp.

static int int_f
(Stack stack, int rhs, int opt, int lhs)
{
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NspMatrix *z;

NspBMatrix *tmp_1;

CheckStdRhs(1,1);

CheckLhs(0,1);

if ((z = GetMat (stack, 1))
== NULLMAT) return RET_BUG;

if ((tmp_1 = nsp_bmatrix_create(NV0OID,2,2))
== NULL) return RET_BUG;

(void) f(z->R,tmp_1->B);

if ( 1hs >= 1) {;

MoveObj (stack,1, NSP_OBJECT(tmp_1));}

else { nsp_bmatrix_destroy(tmp_1);;}

return Max(lhs,0);

CONCLUSION

Nsp/Scicos provides a powerful environment for mod-
eling and simulation of large dynamical systems. A
number of toolboxes facilitates the use of Nsp/Scicos in
various application domains. After validation through
simulation, Scicos code generation facility can generate
efficient code for embedded applications. Finally, Sim-
port is an import assistant tool for Nsp/Scicos: it helps
the translation of existing Simulink models for reusing
them in Nsp/Scicos.
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ABSTRACT

In this paper we represent simulation of an object (mobile
unit) moving under controllable physical conditions in a 3D
heterogeneous environment. In our simulation, physical
conditions depend on some parameters such as width of the
path, gravity, fraction of surface, etc. The object has to find
the shortest path from source to target. We use Dijkstra and
A* algorithms, which we adapt for varying situations. The
algorithms were compared with one another with respect to
efficiency, time and cost of the preferred path.

INTRODUCTION

Commercial games generated a $22.41 billion industry in
2014 (ESA 2015) with a continuos annually growth rate.
Developers strive toward greater gamer-satisfaction by
improving the appeal of the visual stimuli. This is usually
done via improving hardware which leads to more realistic
graphics and lighting. However, gamer feedback often
indicates that one of the most significant determinants of
gamer experience and satisfaction is the Al quality.

Pathfinding is commonly used in multi agent applications,
Al designs and games typically involving finding the shortest
route.. The fact that in real life shortest route may not always
coincide with the optimal path thus might impact the realistic
perception of the application. Therefore, the unit should
navigate the optimal path which is the most efficient one for
the situation at hand which often involves maps, features of
the moving unit and a time dimension. Therefore path
planning may yield to differing outcomes depending upon
environmental circumstances and features of the moving unit.
This could be illustrated by real life situations. For instance,
race car drivers try to attain optimal efficiency by choosing a
path with the least number of turns and road-bumps. On the
other hand, drivers of off-road vehicles may not be as
concerned about bumps or turns since they will not cause
significant loss in efficiency. Other features of vehicles such
as their size may also pose limitations to efficiency. For
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Ankara, Turkey
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example, navigating a narrow route may interfere with
efficiency of a truck but not a car.

An optimal path involves planning a route with the least
number of obstacles between a starting and a target point.
Simulating this can be done in multiple ways.. A simple way
could be to assume that each pixel of a computer screen is a
vertex of a graph and the neighboring pixels are connected.
Then path planning problem in a computer screen is
transformed into the shortest path problem of the graph
theory. Hence, the problem can be solved by either the
Dijkstra (Dijkstra 1959) or A* (Hart et al. 1968) algorithms.
The main downside of this approach is that we have too many
vertices in the transformed graph. This is indeed the reason
the problem cannot be solved in real life. Even if one chooses
to look at pixels in a certain ellipse (Gasilov et al 2011) rather
than looking at all the pixels he or she will still have a large
count at hand. An efficient way is to use the Grid-Graph
approach (Yap 2002). This method requires grouping of
homogenous areas as tiles, forming in a grid, where all tiles
are implemented as graph nodes. This approach is applicable
to a variety of maps used in games (Sturtevant 2012).

As noted earlier environmental factors should be included
as to create a realistic and dynamic appearance. One of the
issues that make construction of a terrain more challenging
and complex is the fact that all regions cannot be equivalent.
Such map issues have been discussed extensively in previous
studies. There have been studies on real-time path planning in
heterogeneous environments (Jaklin et al 2013), indoor
environments (Liu and Zlatanova 2013) and multi-layered
environments (Toll et al 2011). Adding different physical
factors makes path planning further intricate. In this paper we
present simulation of path planning problem under realistic
physical conditions in 3D environments and offer methods for
adaptation to increase traveling efficiency.

METHOD
Graph Creation

We modeled a 3D space as a graph. We divided the planes
with size 40x40 into 5x5 sized micro planes. These micro
planes were considered as a vertex (node) of the graph.
Therefore, the graph consists of 64 vertices. We assigned the
center point of micro planes as the coordinate of the related
vertex.
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Connections between vertices of the graph are made by the
undirected edges. We utilized different connection models for
the used implementation of edges of the graph. In the first
model, each vertex has 4 degree, namely from vertices inside
there are four directions which are up, down, left and right.
For this model we have a graph with 64 vertices and 112
edges. In the second model, for each vertex we used 8-way
connections which include extra 4 ways by diagonal. In this
connection model an 8x8 graph requires 210 edges (see figure
1). The third model includes optional circular connections
that link to diagonal vertices and therefore could be used as an
alternative to direct diagonal connections. With the addition
of'these circular connections the edge number rose to 308 (see
Figure 5).

Figure 1: Vertices and connections of 8x8 graphs (Second
Model)

High planes are also designed as vertices. Connections
between high planes and lower planes are made by ramps.
Ramps involve micro planes with an angle value that helps to
determine its length and a direction value showing available
connections. Ramps are designed to have only 2 connections
on one direction.

Angle value shows the angle between the normal of the
ground and the ramp. Therefore if the ramp’s maximum
height is known then its length can be calculated. Length of a
ramp is calculated as:

L=H/sina
where L is length of the ramp’s surface, H is height of the
ramp and a is the angle between the normal of the ground and
normal of the ramp.

Design of the Map

As mentioned above, the map is designed as a plane that
consists of 64 micro planes. The map which we used in the
simulation should involve testing of all factors and allow
observing of the changes depending on these parameters. The
map also should include different available paths between
start and target points. Final design of the map is illustrated
below.

Figure 2: Map used in the simulation. Green vertices are
starting and target vertices, white vertices are regular vertices,
red vertices are those with high cost (fraction), yellow vertices

are ramps connecting 2 different levels.

Calculating the Weight of Edges

Without inclusion of the physical factors, weight of edges
is calculated according only to distance between the adjacent
vertices that edge connects. As noted above, a 5x5 unit sized
micro-plane represents a vertex of the graph and center point
of this micro-plane is considered as vertex’s coordinates. As a
result of this dependency vertical and horizontal edge lengths
are 5, while diagonal edges’ weight is 7 which has an

approximate value of 5\/5 . In this model all edges are
symmetric. In other words, weight of edges are the same in
both directions.
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Figure 3: Weight of edges without physical factors
involved

Design of the Mobile Unit

A mobile unit is needed to navigate the path determined by
the algorithm. Considering that the unit will have to move on
micro planes; which in this case vertices, size of the unit must
be less than the size of each micro plane so as to allow the unit
to get on micro planes (on the vertex). The size of the unit size
is set as (4.0x,2.0y,2.0z); the size of a micro-plane is set as
(5.0x,5.0y,5.0z) and the size of the whole graph plane is
(40.0x,10.0y,40.0z).

Heuristic Analysis

While utilizing A* pathfinding algorithm the heuristic value
used is the calculated distance from the center of the vertex
being processed to the center point of the target vertex. A
coefficient value is applied to change the effect of heuristic
value and it is used to observe different behaviors depending
on the inaccurate heuristic analysis. Default coefficient value
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is 1, which gives the exact distance between the points as the
heuristic value.

Adding Physical Factors

Physical factors affect efficiency in different ways. Some
factors may increase the time needed to navigate the path
while some factors increase the power needed to move the
unit from one point to another.

Gravity

Adding gravity factor to the calculations could be done with
minor weight differences. Gravity affects power needed for
climbing ramps, and creates fraction on the vertices.

Gravity pulls the unit on — y. This has no effect on flat

surface. On the other hand, when the unit is climbing a ramp,
gravity creates a force that pulls the unit backward. This
force’s magnitude is calculated as follows:

F=mgsina
where m is mass of the unit, g is the gravity value which
equals to 9.8 m/s?, o is the angle between the ground and the
ramp and F is the force that pulls the unit backward. As
highlighted above, while a increases, gravity pulls the unit
backward with a greater force. On the other hand, while the
unit is climbing downward, this force accelerates the unit.

Texture/Fraction

In real life the material of the ground varies and this may
affect movement of objects on these planes in many ways.
Thus, some vertices are given different weights and the
corresponding planes are textured accordingly to discriminate
them from others.

Size of the Unit

Point units are commonly used in theoretical studies but it
has no correspondence in practice. We live in 3D space which
necessitates taking the size and volumes of moving objects
into account. Therefore, the size of the mobile unit needs to
be determined

As stated above, the size of the area that corresponds to a
vertex of the graph is 5 x 5 units. To navigate easily between
these vertices, the mobile unit needs to be smaller than a
graph area. Considering realistic width/length ratios of cars;
the measures of the unit are set to 4 x 2 x 2, which is also the
size of the unit’s model.

Having a width causes the unit to travel along a plane rather
than a line. This plane may include surfaces t of different
vertices. Therefore, if the size of the unit is implemented,
calculation of edges needs to be revised.

Figure 4: The surfaces interacting with the unit change
depending on the size of the unit. Point unit (left) and
non-point unit (right) interactions are as shown

Movement Type (Linear/Circular)

Most vehicles are capable of making oval turns. This
movement may be advantageous in some circumstances. With
circular movement enabled, the degree of the graph is 16.

Figure 5: Connection model with both linear and circular
edges

Circular edges make the unit move in a circular route

ending at a diagonally adjacent vertex. Avoiding high weight
vertex makes this movement less costly.
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Figure 6: Calculation of the weight of circular edges

Acceleration

Vehicles are easier to control while driving on a straight
road than taking turns. Therefore, most drivers raise their
speed when they are on a straight road to reach their
destination in a shorter time. Using this strategy is essential
for time efficiency.
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The mobile unit is considered to have a line of sight with a
range of 5 units. Using this information the unit can check the
direction and type of the next edge. If the sequential edges on
the path are on the same direction, the unit gains 1 speed per
edge unless edges are circular or the corresponding vertices
are ramps. If the sequential edge’s direction or type is
different, the unit (vehicle) slows down. Starting speed is 4
units/second which is also the slowest speed of the vehicle.
Maximum speed is determined as 12 units/second. A speed
coefficient is used to determine the advantage of speed and
acceleration which is calculated as:

Speed Coefficient = MinS/CurS (N
where MinS is the minimum speed possible and CurS is the
speed of the unit at the beginning of the edge. The lower
Speed Coefficient value gives lower costs for edges. The
pseudo-code for calculating Speed Coefficient is given
below:

Calculation of speed coefficient for edge E<N,X>
Set Acceleration to 0
Set Coefficient to 1
If current movement direction=direction of E<N,X>
If N is not ramp and X is not ramp and E is not circular
If speed<MAXspeed then
Set Acceleration to 1
Else Set Acceleration to 0
Else Set Speed to MinSpeed
Speed+=Acceleration
Coefficient=MinSpeed/Speed

The effect of the Speed Coefficient is enabled via
“Acceleration” parameter. This parameter does not control
the ability to accelerate; it determines whether or not
acceleration will be used to reduce the traveling time. The
unit gets accelerated when it is traveling on same direction
regardless of the acceleration parameter.

SIMULATION RESULTS

The appearance of the terrain and the mobile unit is seen as in
Figures 7 and 8.

Figure 7: A screenshot of the simulation showing the terrain
and the mobile unit (top-down view)

Figure 8: A screenshot of the simulation illustrating the map
and the mobile unit (side view)

We conducted several tests to determine the shortest path by
taking the physical conditions (Table 1) into account.
“Heuristic” parameter controls if the heuristic approach is
used. “Acceleration” parameter determines whether or not
acceleration will be used to reduce the traveling time.
“Circular” parameter enables or disables the circular edges.
“Volume” parameter-if set true-defines the unit as non-point
unit and “Gravity” parameter turns the gravity feature on or
off. Test results show the effects and connections of
parameters. Efficiency of tests is measured with two
parameters; one is the total cost of the navigated path from
start to finish; the other is the total time elapsed in navigating
the path.

In first 6 tests, we measured separate effects of parameters
on the algorithms’ performance. Heuristic approach and
acceleration calculations, have significantly shortened the

time to reach the goal. On the other hand, the other factors do
not have a significant effect on required time. The expected
change of the total cost depending on the volume parameter
stated above is illustrated by comparing Testl and Test 5 (see
Figure 9).

Figure 9: Tests 1 (left) and 5 (right). If the unit is considered
as a point, it uses diagonal edges, if not, it avoids them

If volume is correct, circular edges provide a
lower-cost-path than diagonal edges in some cases.
Therefore, the unit prefers to track these circular edges to
lessen the cost. Results of this choice are shown in
comparison of Tests 4 and 10 where both the needed time and
the total cost were optimized with the help of circular edges.
(see Figure 10)
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Table 1: Test Conditions and Results
Test No | Heuristic Acceleration Circular Volume Gravity Total Cost | Time(sec)
! 137 63,85
2 — 140 54,68
3 140 54,31
4 — 137 63,86
s L i T Twe | FE | 155 63,96
6 _ 137 64,03
7 | Fabe |  True | True | Fabe | False | 140 53,73
8 155 64.47
5 | Fase | Tue | Fabe | Fabe | Tme | 140 53,76
10 | Faise | Falss | True | Tre | Fabe | 142 58,34
n R dme [ B Tme | 137 63,82
12 _ 155 63,89
13 | Fabe | Tme | Trwe | True | Fabe | 14856 55,59
14 —_ 140 54,14
1S | Febe | Tre | False | Twe | True | 155 64,12
16 —__ 142,12 58.47
17 ——_— 148.56 55,19
18 | Twe | Tme  FE L B ] 140 54,58
19 | Tme g Tme T | 14085 52,16
20 —_ 155 63,98
21 —_ 140 54.47
22 | Tme | Te | Tre | Falie | Fale | 14085 52,18
23 ——_ 155 63,82
24 | Tme @ dme = fws | 140 54,10
25 —_ 144,269 50,59
26 | Tre | False | Tre | False | True | 14085 51,83
27 ——— 155 63,62
28 | Tme | Te | Tme | Tre | Falie | 14426 50,84
20 | dme 0 Tme 0 ftme | I | 140 51,76
30 | Bwe | dme 0 e | Ime | 155 62,96
31 | dme T REe . Tme 0 Ims | Tme | 14426 50,73
32 | Bwe | dme | Tme | Tme | Trie | 14426 50,41

Figure 10: Tests 4 (left) and 10 (right) If volume is correct and
circular edges are allowed, unit uses circular edges to avoid
penalty vertices

If the benefits of acceleration are taken into account by
algorithm, with enough speed; the unit refuses to use diagonal
or circular edges and prefers to turn with a square-like move
to maintain its speed for one more vertex. This rises the total
cost but decreases the time needed to reach the goal. Results
of Test 10 and Test 13 are presented below (see Figure 11).

Figure 11: Test 13. If benefits of acceleration are calculated,
the unit refuses to turn at first chance to maintain its speed and
benefit from its speed at maximum level

When the unit is considered as a point, best test results are
achieved at Test 29. On the other hand, if volume parameter is
correct, Test 32 provides the best results. In both tests
heuristic approach is used, acceleration benefits are
calculated, circular movement is allowed and gravity is on.
The only difference between the two tests is that Test 29 is the
movement of a point unit while Test 32 is the movement of a
unit that has a size and a volume. Therefore, it would be
accurate to conclude that these modifications adapt the
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algorithm to some physical conditions and yield more
efficient results.

Figure 12: Tests 29(left) and 32(right)

Trade-Offs of Parameters

Tests show that value of the physical and other parameters
influence efficiency. Tests run on a 4x4 graph with 16 vertices
were not efficient because a small map does not allow the unit
to gain speed. Thus, it is safe to say that the algorithm takes
the advantage of high speed as the map gets bigger.
Correspondingly, maximum and minimum speed limits are
quite relevant to efficiency. Minimum speed is used to
determine speed coefficient value as seen in equation 1.
Higher minimum speed would decrease the effect of
acceleration parameter on the choices of algorithms while
lower minimum speed would increase it.

Figure 13: Test 32 with (2*Speed-Coefficient) setting

As seen in Figure 13 when speed-coefficient is doubled, the
advantage of acceleration seems more desirable and the
algorithm rejects making a turn at the 39" vertex to maintain
the speed of the unit.

CONCLUSION

In this paper we simulated effects of some real time factors
on Dijkstra algorithm and observed results in terms of time
and cost. Simulation has been done in 3D environment that
consists of a graph with 64 nodes and 308 connections.
Effects of gravity, the size of unit, acceleration, fraction,
movement and turning abilities were tested. In addition to
Dijkstra algorithm, advantages of using a variation of Dijkstra
with heuristic approach (A*) were also examined.. Tests were
run with different parameter settings to determine the degree
to which the cost of the chosen path and time needed were
affected. Results of the tests showed that each factor has a
varying impact on the path. Combination of these effects
might dramatically compromise efficiency.

Given results of the current study show that effects of
parameters depend on the map that simulation is running on,
future work should focus on customization of the maps in
order to attain maximum levels of efficiency.

Further tests on different maps and circumstances could be
tested in terms of their benefits and downsides which in turn
lead to creating optimal setting presets for varying
circumstances and goals.
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ABSTRACT

We propose in this paper a new approach to model traf-
fic light controller (TLC) relying exclusively on Arti-
ficial Neural Networks (ANN) technology; we present
as well a comparative approach of ANN architectures
applied to solve the underlying traffic problem. Tra-
ditional controllers have limitations and cannot adapt
to changing traffic demands, where adaptive control-
ling requires mathematical modelling and optimisation
where traditional methods is insufficient for modelling
and controlling the system due to non-linearity and non-
deterministic nature of traffic control model. Artificial
intelligence techniques were highly utilised to deal with
problems of similar category, and proves superiority in
TLC applications. In this work, we explore the general-
isation capability of various ANN models in solving the
TLC problem. The performances of different models are
compared by analysing the training and testing results
of each network.

INTRODUCTION

Traffic congestion is becoming a constant fact in the ma-
jority of modern cities, this is leading to an increasing
global traffic management problem and thus, it needs an
intelligent automation of the traffic controllers while the
interference of adaptive controllers is becoming highly
required. Advanced technologies have to be utilised to
enhance traffic management systems (Singh 2014), our
work aimed to tackle the problem with Artificial Neural
Network while providing a comparative approaches of
variants ANN architectures for an exclusively NN-based
traffic light controller.

Research in transportation domain provides various at-
tempts in order to optimise traffic flow to relieve traf-
fic congestion which is becoming constant. Given the
increasing number of road users (vehicles) and the lim-
ited resources provided by traffic infrastructures, road
users experience increased travel time resulting nega-
tive environmental and economical impacts (Dabahde
and Kshirsagar 2015). One of the cost-efficient and ef-
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fective way to deal with traffic management is by using
intelligent controlling of traffic lights (Yang 2004, Kamal
et al. 2014). Although some governments and local au-
thorities particularly in north America tend to replace
traffic light by modern roundabout aiming at reducing
pollution and fatalities, this choice is not deployed in
the majority of the countries due to the restrictions im-
posed by the required space, particularly in city centers,
business areas and regions crowded with modern build-
ings.

Traffic light control problem has been addressed by
many research works that utilise various artificial in-
telligence (AI) techniques such as fuzzy logic, expert
systems, reinforcement learning, evolutionary algorithm
and artificial neural networks (Liu 2007). Exclusive use
of Artificial neural network was successful to solve prob-
lems in various transportation domains, this includes
but not limited to traffic forecasting, traffic incidents
and traffic flow modelling (Sommer et al. 2013, Zhang
et al. 1997, Srinivasan et al. 2004). In TLC, ANN has
been widely used but mostly combined with other Al
techniques. Our work aims at modelling TLC by rely-
ing exclusively on ANN and, assessing the performance
of variants ANN based models.

The remaining sections of this paper are organised as
follows: section two discusses the TLC problem, includ-
ing the limitations of current traditional controllers and
the challenges of adaptive controlling as well as the ra-
tional behind choosing NN, and thus how ANN tackles
the problem. In section three we present some recent
approach from the literature. Section four presents the
proposed model and summarises the observation pro-
cesses used to explore the performance of different net-
work architectures. We present the experimental find-
ings and the related analysis in section five. We fin-
ish the paper by providing the best ANN settings to
model the traffic light controller aiming at contributing
in solving the traffic congestion problem and presenting
a potential future horizon.

TRAFFIC LIGHT CONTROLLER (TLC)

We are concerned with traffic light controller as an in-
tegral part of the traffic control system, the main role
of such system is to optimise the traffic flow. The prob-



lems encountered by using traditional controllers have
to be addressed. This includes heavy traffic jam, which
varies with respect to time slots and leads to increased
traveling time, unreasonable latency time of stoppage
in case of no traffic this occurs while waiting the green
light, and deficiency in adapting to dynamic changes of
traffic demand. To deal with different traffic conditions
(fluctuation in traffic), we propose an adaptive controller
where the main challenges to consider is modelling and
optimisation (Liu 2007).

Traffic jam might be dealt by using controllers in which
different setting delays are assigned to different junc-
tions (i.e larger for junctions of higher traffic volume).
Cases of waiting while no traffic may be dealt with by
other types of controllers in which timing of signals is
set according to detected traffic flow on each road, and
where traffic signals in adjacent junctions are synchro-
nised. For managing different traffic conditions, an ap-
propriate solution is to utilise the learning capabilities
of artificial neural networks that mimic human intelli-
gent behaviour. Hence we propose a model for intelli-
gent adaptive controller for traffic lights based on traffic-
volume that is an alternative to traditional time-division
based controllers, and which mainly aims at reducing
the waiting time at intersections. This requires an opti-
misation of model equations which appropriately solved
by artificial intelligence techniques.

An adaptive controller is defined as a methodology that
includes a mathematical model representing traffic be-
haviour, in addition to that it uses an adaptive algo-
rithm (i.e model optimisation algorithm) which searches
for the optimal signal settings for traffic signal at in-
tersection (Lam 2013). It is affirmed that no amount
of math can perfectly model traffic situations (Berman
2014), and that some control-related variables are al-
most inaccessible unless estimation techniques are ap-
plied (Varga et al. 2006), therefore we consider that it
is a natural choice to utilise the capabilities of ANN to
approximate vehicle behaviour at intersection as it has
widely been used to approximate complex system be-
haviour, and also for optimisation of model equations
which are best dealt with by artificial intelligence tech-
niques (Rass and Kyamakya 2007), it is realised that
ANN is highly used to enhance optimisation problems.
ANN application is considered appropriate for the traf-
fic domain and traffic light control problem due to the
non-linearity and not deterministic nature of the prob-
lem, and also due to its ability to mimic human intelli-
gence in solving problems and its capability of evolution
and learning. ANN is distinguished from conventional
computing and traditional Al approaches by its proper-
ties of parallel information processing, extremely fault
tolerance due to Knowledge distribution throughout the
system; and in addition to that ANN is considered to
be an adaptive model. ANN tackle the problem using a
network that takes a set of inputs and the correspond-
ing desired outputs, as training set, and then, the system
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learns from those training examples by automatically in-
ferring the rules for TLC settings when exposed to new
situation with a variety of input sets.

STATE OF THE ART

TLC problem has been addressed by considerable re-
search work that utilised various artificial intelligence
techniques. As for ANN, its application in the traffic
light control has been mainly tackled using three dif-
ferent methodologies: first, solely and directly address-
ing the control problem, second, combined with other
technique, and finally utilising its generalisation capa-
bility based on other method (Liu 2007). The litera-
ture includes ANN variants as well as non ANN-based
approaches. So far, it has been realised that ANN is
mostly utilised in combination with other techniques
and methods. This has been justified by the modest per-
formance of ANN depending on the underneath model
(Singh 2014). This problem is inviting to further inves-
tigate this performance impact on our proposed model.

Exclusive ANN-based Approach:

Nahatsuji and Kaku (Nakatsuji and Kaku 1991) have
an attempt to use ANN to exclusively and directly alter
traffic control parameters by developing a self-organised
control system, where a NN is directly trained to suggest
the optimum green splits for single intersection. The
model inputs split length of signal phases and outputs
measures of effectiveness as queue lengths and perfor-
mance indexes. A multilayer feedforward neural net-
work is trained using backpropagation method and op-
timisation is carried out by hybrid method combin-
ing Cauchy machine with a feedback method to min-
imise the squared sum of queue lengths. The approach
deals with split optimisation, based on simplification as-
sumptions that consider a common fixed cycle length
and eliminate offsets between intersections. Also, the
approach is tested using simulation-based experiments
which measure traffic after three cycles only, where
longer simulation time should have been considered.
However, at the time of the work, ANN technique was
in early stage and accumulative developments have been
undertaken which advanced the technique.

Combined with Other AI Techniques:

Ranganathan and Patel (Ranganathan and Patel 2001)
presented an intelligent decision-making system for ur-
ban traffic control (IDUTC) which integrates a back-
propagation-based ANN and a fuzzy expert system
(FES) for decision-making. The neural network was
used to predict the traffic parameters for the next time
frame and to compute the cycle time adjustment val-
ues which are processed by the fuzzy expert system
rules. Simulations were conducted to evaluate the per-



formance of the systems against NN-based model and
FES model. However, the adopted simulation model
has some limitations where a more realistic simulation
would be achieved by a model with two-way roads, and
by representing vehicles turning situation. The IDUTC
system was then adopted by (Singh 2014) to present a
novel approach that uses image mosaicking techniques
to deal with traffic light control problem.

Using ANN To Enhance Traditional Methods:

Oliveira and Neto (de Oliveira and de Almeida Neto
2014) presented a neural networks based traffic con-
troller. An approach that uses the Environment Ob-
servation Method (EOM) based on multiple neural net-
works. The authors adopt the EOM which is a math-
ematical method for determining traffic lights timing,
EOM improvements has been achieved by using ANN
to estimate EOM parameters which derive time adjust-
ments. The research explores the benefits of using multi-
ple neural network MINN over single ANN, and supports
its choice of MNN by analysing training results demon-
strating that MNN speeds up learning process and en-
hances the network robustness. The approach is con-
cerned with EOM enhancement, and simulation-based
experiments were conducted to evaluate and compare
the performance of the proposed controller against vari-
ants of fixed-time control techniques. However, in the
literature, adaptive controlling have been extensively
addressed, and some traffic authorities are already using
adaptive controlling systems, thus, adaptive controllers
should have been considered when comparing the per-
formance of the proposed system.

Advancement of ANN in Other Transportation
Domains:

Sommer (Sommer et al. 2013) proposed an approach
to enhance organic traffic control system with ANN-
based short-term forecasting component. Using El-
man recurrent neural network and a hybrid training
strategy with Resilient Propagation algorithm, and the
classic Levebgerg-Marquardt. The network uses cur-
rent traffic data of an intersection to predict traffic
flows for the next five minutes. Experiments were con-
ducted to demonstrate variations in performance be-
tween Multi-task learning (MTL) and single-task learn-
ing (STL) for three variants of ANN topologies (Feed-
forward /Elman/Jordan). Prediction outputs have been
compared with best results, and the prediction accu-
racy was compared with results of recent research work.
While its affirmed that the performance of the proposed
network architecture varies depending on the number of
traffic participants, it is desirable to validate the findings
over a more complex system.
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THE MODEL: ANN-BASED TLC

We have considered a basic intersection with four roads
each is a two-way road with two lanes for each way.
The outgoing traffic from each road could be either left
or straight /Right flow. To hold the number of traffic
phases to a minimum, which generally improves opera-
tions (Mahmoud et al. 2013); a four-phases sequence has
been proposed. The order of this sequence depends on
the controller decision. Hence, an intersection will have
eight traffic lights and the state of intersection’s traffic
lights will be represented as a vector of 0’s and 1’s (0 and
1 represents the red and green states respectively). The
model inputs queue length of all outgoing lanes at in-
tersection and outputs the state of intersection’s traffic
lights.

Hidden

Output

Figure 1: ANN Model

An observation process has been followed to explore the
performance of different network architectures to model
the solution. First, to assess the sufficient size of train-
ing set required for effective training, various networks
were created and trained using Levenberg-Marquardt
algorithm, each with different training set size. Sec-
ond, the training set with the best result has been used
to train two sets of networks, Feedforward neural net-
works (FFNNs) and Elman recurrent neural networks
(ERNNSs); where FFNNs were created and trained each
with different training algorithm, based on the best
achieved performance. Another set of FFNNs with dif-
ferent neural framework were created and trained. A
set of ERNN were also created and trained to assess the
most outperforming training algorithm and best neural
framework according to the underlying problem.

As for the neural framework, we have adopted a sin-
gle hidden layer model, the choice is based on theoret-
ical works which proved that single layer is sufficient
for approximating any complex problem (Heaton 2008).
However, there is no theoretical basis for choosing the
number of neurones in hidden layer, our choice is based
on the common followed way which is trial and error ap-
proach starting by some rule-of-thumb methods (Heaton
2008).

Training sets were obtained using a script which we have
developed, it generates random traffic volume data with



the corresponding intersection’s TL state based on the
highest traffic volume.

To assess the validity of the results and the generali-
sation capability of the trained networks, a simulation
of networks performances is conducted using a data set
which was not encountered during the training.

EXPERIMENTAL RESULTS
Different Training Set Size

In order to study the size of the training set that is re-
quired to train the network, experiment process was con-
ducted to evaluate the performance of the model with
different training set sizes. We tackle the network us-
ing many training sets with different sizes, as examples,
training sets of sizes 16, 100 and 3000 respectively have
been used. The variation in the training set sizes pre-
sented in Table 1 has been chosen each to represent a
bunch of variants that have been tested. We have cho-
sen to present 16 for the tenth size, 100 for the hundreds
sizes and 3000 for the thousands ones. And we have cho-
sen a network with 8-10-8 neural framework, the number
of hidden neurones was chosen based on a rule of thumb
which recommends that the hidden layer size should be
2/3 the size of the input layer plus the size of the output
layer (Heaton 2008).

Table 1 shows the performance evaluated using the mean
square error (MSE) and the regression (Reg) results of
three FFNN networks with 8-10-8 neural framework.
These networks are trained using Levenberg-Marquardt
algorithm. The result shows that the accuracy has po-
tentially increased when the training set was increased
to 3000 instances. MSE is the mean squared error cal-
culated by the evaluation of the difference between the
network outputs and the desired one. The regression
result is used to validate the network by showing the re-
lationship between network outputs and targets (i.e Reg
value 1 implies perfect training). Although the training
regression values were close when using training sets of
100 and 3000 instances, regression results for validation
and testing show distinguished variations between the
network outputs and the targets using training set of
size 100.

Table 1: Training Networks with Different Set Sizes

Training set Size  MSE Reg Train Reg  Val Reg Test Reg

16 0.6622
100 0.0885
30600 0.0730

-0.12424
0.73724
0.78132

-0.17151
0.87528
0.78726

-0.42581
0.54635
0.77179

0.47598
0.33343
0.76429

Performance plots in Figure 2 shows relatively big vari-
ations in performance during training, validation and
testing when the network was trained using data sets
of 16 instances. Figure 2 (a) indicates that the data
set was not sufficient for the network to learn. Figure
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2 (b) indicates a problem with the training, where the
validation and the test curves are not similar.

Best Validation Performance is 0.92105 at epoch 0

Mean Squared Error (mse)

3 3
6 Epochs

Best Validation Performance is 0.14096 at epoch 7

Mean Squared Error (mse)

5 5
13 Epochs

#ean Squared Error (mse)

0 B 10 i
27 Epochs

Figure 2: Training, Validation and Testing
Performances (Data Set of Size 16 (a) 100 (b) 3000 (c))

Feedforward Neural Networks

FFNN Trained with Different Training Algorithms:

Table 2 shows the results of training a variant model us-
ing different training algorithms. Feedforward networks
with a neural framework of 8-10-8 was trained using a
data set of 3000 instances. The table presents for the
algorithms used to train the network, the Epoch that in-
dicates the number of iterations after which the training
was stopped, the time taken for training, the MSE and
the best validation performance reached (i.e minimum
MSE reached during validation). Based on the resulting
performance, in which lower MSE indicates better per-
formance, Levenberg-Marquardt algorithm has achieved
best results. While using these same algorithms on new
data sets, we have found that the best performance has
been achieved by Levemberg-Marquardt algorithm.



Table 2: Feedforward Networks Performance with
Different Training Algorithms

Algorithm Epoch Time MSE Best Per.
Levenberg-Marquardt 28 0:00:08 0.0699 0.079811
BFGS Quasi-Newton 108 0:00:02 0.0745 0.073718
Conjugate Gradient with Pow- 75 0:00:01 0.0735 0.076866
ell/Beale Restarts

Fletcher-Powell Conjugate Gradi- 85 0:00:01 0.105 0.10401
ent

Polak-Ribire Conjugate Gradient 67 0:00:01 0.0863 0.085119
Variable Learning Rate Backprop- 214 0:00:01 0.0996 0.10639
agation

One Step Secant 156 0:00:02 0.0743 0.076719
Resilient Backpropagation 271 0:00:01 0.0757 0.077479
Scaled Conjugate Gradient 117 0:00:01 0.0723 0.077569

FFNNs with Different Neural Framework (Number of
Neurones in Hidden Layer):

While the network performance is highly depending on
its neural framework, the number of neurones in the hid-
den layer depends on the network application. We have
explored the performance of the model by using variants
of FFNNs with different number of neurones in the hid-
den layer.

In Table 3 we present the results when the networks was
trained using Levenberg-Marquardt algorithm. It shows
the size of the hidden layer, regression values for train-
ing, validation and testing, performance and regression
values when the network is simulated with data not en-
countered during training (per NT and Reg NT). The
most optimal result is reached when the network has
20 neurones in its hidden layer. Although a lower MSE
is reached with 200 neurones, the best validation per-
formance was better in other variants (best when net-
work’s hidden layer size was 20), and validation and
test regressions were better with 20 neurones. Also, the
simulation of network performance when the network is
tested with data not encountered during training shows
that performance and regression results were compara-
ble approximately to one with 20 neurones. However,
increased number of neurone could be considered as in-
creased network complexity which also leads to extended
training time.

Table 3: Feedforward Networks Performance with
Different Number of Neurone in Hidden Layer

Hidden  Tr Reg Val Reg Test Reg  Reg (all)  Per NT  Reg NT
5 0.65575  0.65966 0.64538 0.65477 0.0628 0.8264

6 0.68712  0.65968 0.64393 0.67634 0.0717 0.78967
7 0.74028  0.75383 0.71308 0.73822 0.0394 0.90062
8 0.74358  0.72959 0.73034 0.73944 0.0455 0.87207
0 0.78516  0.75942 0.7644 0.77818 0.0304 0.91892
10 0.74549  0.73008 0.73548 0.74168 0.0343 0.91376
11 0.79042  0.75578 0.78045 0.78376 0.0387 0.89341
15 0.79559  0.76834 0.78201 0.78954 0.0204 0.91822
16 0.7978 0.78167 0.75422 0.78877 0.0482 0.87098
18 0.80374  0.76748 0.76824 0.79296 0.0400 0.88734
20 0.80423  0.79371  0.787 0.80001 0.0273 0.92652
30 0.82055  0.79191 0.80032 0.81953 0.0485 0.86836
40 0.82699  0.78391 0.79077 0.81512 0.0464 0.8806

50 0.86309  0.77329 0.78888 0.83799 0.0483 0.90137
100 0.87338  0.77323 0.7839 0.84524 0.0355 0.91469
200 0.90143  0.74953 0.74837 0.85625 0.0282 0.9315
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Elman Recurrent Neural Networks

ERNNs Trained with Different Training Algorithms:
As in FFNN experiment, we assess the performance
of different training algorithm by using Elman Recur-
rent Neural Networks (ERNN). The results returned by
the train function when given a training set of 3000
instances shows a comparable mean square error for
the various algorithms, as well as the regression results.
However, Table 4 presents performances and regressions
results when simulating networks performance with data
set not encountered during training.

While the performance and regression result returned by
the train function are approximately comparable, Table
4 shows that Levenberg-Marquardt training provides the
best results.

Table 4: Elman Recurrent Networks Performance and
Regression with Different Training Algorithms using
New Sata Set

Algorithm performance Reg
Levenberg-Marquardt 0.0303 0.91861
BFGS Quasi-Newton 0.0327 0.91236
Conjugate Gradient with Powell/Beale Restarts 0.0354 0.90206
Fletcher-Powell Conjugate Gradient 0.0332 0.9102
Polak-Ribire Conjugate Gradient 0.0342 0.90588
Variable Learning Rate Backpropagation 0.0370 0.89713
One Step Secant 0.0330 0.9103
Resilient Backpropagation 0.0404 0.88639
Scaled Conjugate Gradient 0.0345 0.90531

ERNNs with Different Neural Framework (Number of
Neurones in Hidden Layer):

FFNNs’ Experiment was re-conducted to explore the
performance of the model using variants of ERNNs with
different number of neurones in the hidden layer. Table
5 presents the results where the most appropriate re-
sult is reached when the network has 18 neurones in its
hidden layer. Although a lower MSE is reached when
the network has 30 neurones in its hidden layer, how-
ever this is not the case when the network performance
is simulated with dataset is not encountered during the
training. Also network training experienced a relatively
high training time.

Table 5: Elman Recurrent Networks Performance with
Different Number of Neurone in Hidden Layer

Hidden Epoch Time MSE Best Tr Reg perf RegNT
Per. NT
5 40 0:00:08 0.104 0.10438 0.6658 0.0398 0.88939
6 69 0:00:06 0.0937 0.093736 0.70716 0.0423 0.89078
7 46 0:00:05 0.0845 0.084524 0.74108 0.0443 0.87622
8 192 0:00:26 0.0810 0.081021 0.75358 0.0360 0.90484
9 1000 0:02:50 0.0719 0.071868 0.78531 0.0354 0.90057
10 1000 0:03:30 0.0712 0.071175 0.78765 0.0398 0.88791
11 1000 0:04:56 0.0700 0.069951 0.79179 0.0317 0.91422
15 1000 0:067:01 0.0679 0.067926 0.79858 0.0356 0.90015
16 1000 0:09:38 0.0669 0.06691 0.80196 0.0387 0.89629
i8 1000 0:13:54 0.0645 0.064483 0.81 0.0317 0.91168
20 1000 0:18:24 0.0647 0.0647 0.80928 0.0343 0.90417
30 1000 0:56:17 0.0580 0.057982 0.83112 0.0399 0.90806
CONCLUSION

In this paper we perform a comparison between variants
of neural network models applied to solve the traffic light



control problem. The performance of both feedforward
and Elman recurrent neural networks were analysed,
where the networks were trained using different train-
ing algorithms and different neural frameworks. Even
though both models (FFNN and ERNN) provided sat-
isfactory results, we could pointout that the most ap-
propriate network architecture is a FFNN with neural
framework of 8-20-8 trained with Levenberg-Marquardt
algorithm, where acceptable performance is achieved
within acceptable training time. The average perfor-
mance reached for all experiments was 0.0733 during
training and 0.0399 when the network simulated with
data not encountered during training. The chosen ar-
chitecture yields performances of 0.0659 and 0.0273 dur-
ing training and when simulated with untrained data
respectively. A 10% enhanced performance than the av-
erage performance of all experiments was reached. And
a 31% enhanced performance than the average perfor-
mance reached when all networks were simulated with
data not encountered during training.

It is also noticed that using Levenberg-Marquardt al-
gorithm, ERRNs experiences longer training time than
FFNNs. However, using all the other explored algo-
rithms ERNN shows better result for training times.
As for the neural framework, less that eight neurones in
the hidden layer will not yield acceptable result for both
topologies.

It is noticed that even enormous variation in network
architecture yield almost nominal enhancement in per-
formance. However, more studies are to be conducted
in further research to explore the effect of using emer-
gent techniques as combining multiple neural networks
(MNN) and utilising Multi Task learning technique
(MTL); and to study to what extent variants model are
influenced by the application of generalisation improve-
ment techniques; in order to establish a clear distinction
of performance between variant neural networks models.
Moreover, in this study we have covered the two major
types of neural networks, further research may include
other NN types.
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ABSTRACT

Multi Stage Monte Carlo optimization (MSMCO) is a
general purpose statistical simulation optimization
technique. It has been useful in solving large scale
shortest route problems (the so called “traveling salesman
problem”) for delivering products or services or routing
materials and workers in factories efficiently saving
distance, time and money.

However, it is possible to use the MSMCO simulation
technology to find shortest routes through spreadsheets of
data in order to prove statistically whether the data was
generated by variables that were correlated or not. After
some two dimensional illustrations are presented here, ten
dimensional examples are featured and tested for
correlation.

INTRODUCTION

Figure 1 shows the graph of two sets of n=64 (x, y) points
with shortest routes for each data set illustrated with the
two closed loop routes. Note that the total length of the
outside route is shorter than the total length of the shortest
route for the points inside the boundary. That is because
the points on the border came from x and y variables that
are correlated (following a pattern). However, the n=64
points in the middle do not appear to follow a pattern
(they are fairly random). Therefore, those x and y
variables that produced that data are uncorrelated and its
longer shortest route confirms that. It turns out that using
the multi stage Monte Carlo optimization (MSMCO)
shortest route approach generalized to spread sheets of
data in k dimensional space (using a k dimensional
version of the Pythagorean Theorem) for k variables one
can prove (statistically) whether the k wvariables are
correlated or not.

Two ten variable spreadsheet of data (with n=59 points
and another for n=7-0 points) are tested for correlation in
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Figure 1. Border points represent correlated variables.
Inside points do not have correlated variables.

this presentation. The author has run many tests on this in
two through twelve dimensions and shortest routes in
higher dimensions also indicate correlation even though
they are harder to picture than in two dimensional space.

A TEN BY SEVENTY POINTS EXAMPLE

The logistics department in a firm thinks that the data in
Table 1 may have come from ten variables (represented
by the columns) that are correlated in some fashion (linear
or nonlinear, etc.)

Therefore, they use the MSMCO shortest route simulation
optimization approach to find a shortest route connecting
the n=70 ten dimensional points in a closed loop total
distance (using the generalization of the Pythagorean
Theorem distance measure) of d=4029.903

24 66 50 27 69 36 8 34 1 14
51 20 23 15 68 2 64 29 4 21



70 16 17 30 54 43 47 5 63 38 47 50 | 81 51 93 34 45 64 85 | 71 70
9 58 19 40 56 25 67 44 55 35 48 | 35| 69 62 68 10 96 67 57| 63 60
28 13 57 31 53 42 32 345 12 49| 251 87| 64| 88| 14| 94| 18] 96| 46| 11
50 | 481 45| 12| 51| 71| 52| 93| 8 | 90| 54
7 18 41 6 33 60 61 10 37 26 ST a6 2 6 3T 77 71 661 39 561 22
22 39 46 52 49 62 48 59 65 11 52| 241 8 | 191 89 181 82 S| 45 | 21 ]
53 45 | 20 66 8 50 66 53 34 | 46 65
The route (read left to right and top to bottom) goes 541 591 77| 56| 89 | 61| 44| 31| 100 | 58 | 47
through ten dimensional space from point 24 to point 66 55 | 43| 44| 87 ) 66 28 2| 74 31471 91
; . . . 56 | 55 79 33 83 58 78 53 33 | 45 55
to point 50 to . . . point 59 to point 65 to point 11 and T8 33 501 3221 8 a2 551 551 5 75
back to point 24. Then the IOgiStiCS department uses a 58 1 511 70 04 31 35 47 68 38 | 75 74
random number generator to create four sets of random 59 24 48] 49| 55 19] 521 39] 79[ 53] 63
data of 70 rows and 10 columns in the same 0 to 100 60 | 92| 24 | 100 | 37| 99| 12| 20| 14] 17| 34
range as our “real” data. 61 | 59 29| 52 32| 75| 45| 17| 11 ] 14] 41
62 | 40| 67 64 64 39 100 46 100 | 66 35
63 321 70 S50 88 26 21 100 94 | 97 68
Table 1. Data Set One 64 | 50| 21| 561 21 51| 43| 10| 95| 41| 37
65 31 28 59 29 1 48 65 64 | 64 79
X 1 X X Xy Xs X X5 Xg Xy | Xy 66 | 48 | 35 35 48 40 22 84 96 | 88 75
1 60 | 27 61 21 59 69 89 17 | 62 77 67 13 80 23 | 100 2 14 60 22 | 45 56
2 52| 26 97 34 29 27 5 100 | 49 41 68 | 46 | 22 96 18 10 54 26 86 | 48 52
3 19 1 30 45 18 14 87 74 83 77 46 69 | 63| 58 6 57 96 89 88 43 |1 71 34
4| 47 | 26 17 17 58 74 22 100 | 50 17 70| 69| 64 28 61 97 99 39 75 | 52 16
5 45 | 64 46 84 47 12 68 85| 74 76
6 54 1 50 94 44 36 100 65 14 | 46 60
71191 69 6| 75 1] 691 921 31 69| 54 They then use MSMCO to find shortest routes through
81 78 311 571 171 871 951100 | 60| 85 ] 44 these comparable random data sets of total distances
13 2‘2‘ 33 Z? 3;‘ ;‘g 2; g; 102 gg 22 d,=5871.142,  d;=5478.140,  d,=5826.141  and
T T 20T 31 70 5 s T 60T 30T 62 7% ds=5483.470. Therefore, the real data must have come
21 21 1 53 01 48 o1 961 601 7131 701 31 from variables that are correlated because its shortest
131791 19] 81| 17]100] 45| 96| 64| 84 | 58 route d=4029.903 is much shorter.
141 70 4 68 1 69 14 93 71 61 72
151 451 391 86 | 47 11 391 311 421351 76 However, to bring some precision to their conclusion they
16 | 73 53 43 58 96 62 30 45 | 35 43 . . .
TTail o 2l 37T ot oi T 30 a6 a1 39 use ‘[hej new CTSP statistic (short for Qorrelgtlop with the
81 251 531 201 541 201 761 65 71 47 1 39 Traveling Salesman Problem approach) which is defined
19 55] 76| 83 ] 87| 52| 51| 51| 55| 52| 73 as the shortest route distance from the real data divided by
20 57| S| 17 13] 65 0] 46| 68 ) 54| 52 the median of the shortest routes from the random data
21 56 | 66 14 68 61 83 51 80 | 61 41 sets.
22 10 | 31 16 21 9 85 9 20 13 0
e o The median s (5483.470+5826.141)/2=5654.806.
251 731 671 171 821 371 33| 69 31 43 | 74 Therefore, CTSP = 4029.903/5654.806=.713. Now
26 | 16] 221 19] 17 1] 55 3] 54]21] 15 looking at the 12 quotients pairs from the random data
27| 46 59 | 20| 55| 60| 100 | 80| 66| 74 | 44 sets
28 68 | 24 | 100 27 64 40 88 60 | 77 82 _
ot s T30 35 T o0 s 5T o T 5T o o 5871.142/5478.140_1.072
301 ot T 3T o1 8l 90l 70 321 311 501 32 5871.142/5826.141=1.008
321271 29] 63] 12 1100 72 35] 58] 51 5478.140/5871.142=.933
33| 51| 32100 | 31| 40 62| 8] 18] 11| 38 5826.141/5871.142=.992
34 541 24 44 7 47 87 | 100 351 75 62 5483.470/5871.142=.934
35 52 | 48 90 54 36 54 | 100 32| 74 93
36| 721 24 12 11 100 77 89 521 75 32 5478.140/5826.141=.940
38 | 34| 43| 74 48] 24| 52| 94| 92| 93| 74 5826.141/5478.140=1.064
391 381 34| 321 23 25 92 5 46 | 20 17 5483.470/5478.140=1.001
40| 70 | 85 ] 81| 94| 69] 59| 41| 34| 38| 56 5826.141/5483.470=1.063
41 42 | 39 36 29 39 100 55 27 | 44 49 _
42 [ 28 | 24 55 11 20 77 67 25 1 51 63 5483.470/5826.141=.941
43 47 | 87 32 | 100 61 45 32 100 | 57 31
441 311 391 181 3551 36 41 781 241 58| si we can see that the range is from .933 to 1.072 where the
451 10 29] 21 12 s 100] 49] 94 65] 10 vast majority of the sampling distribution of CTSP should
46 | 27| 45 ] 45| 44 L] 75] 12] 31 ] 19] 35 be if Ho of no correlation is true.
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Therefore, formally the test of the null hypothesis is
Ho: no correlation between the variables
H,: the ten variables are correlated

Now CTSP=.713 which leads the company to conclude
that the variables are correlated. Note CTSP is a one-
sided test as CTSP values significantly less than one
indicate correlation because the shortest route is smaller
than for the random data set’s shorter routes.

It turns out that that the nonlinear equation
9

X10 = 11(.004(50000 -3 (x;-¢;)?) - 10) for ¢,=80
=1

02257, C3=71, C4=45, C5=16, C()zl 1, C7=95, C8=36, 09264 or
multiplied out
9 2

X0 =.00444 - 3 x; +.0044 (160x,+114x,+142x5+90x4
=1

+32x5+22X6T190x7+72x5+128%4)-28.6
fits the data quite well with x;¢ being a function of the
company’s profit. Let us look at a second example.

A TEN BY FIFTY-NINE POINTS EXAMPLE

Researchers at another organization want to analyze the
data in Table 2 to see if the ten variables represented in
the columns are correlated or not using the CTSP statistic
approach. Therefore, they find a shortest route through
their Table 2 data with the MSMCO shortest route
algorithm adjusted for n=59 lines of data (observations).

Table 2. Data Set Two

X1 X, X; X4 X5 X(, X7 Xx X9 X 10

90 8| 57 72 5 46 41 13 8 13

32 18 | 47 92 | 100 45 77 28 42 48

100 19 | 51 23 23 54 55 77 93 | 100

76 331 59 58 9 45 42 63 96 | 100

35 | 100 14 12 17 96 8 37

20 50| 42| 43 29 74 73 86 71 89

67 78 | 78 77 | 100 95 | 100 85 44 66

|| iwol—
W
-3

21 48 1 40 38 55 42 59 49 72 80

9 90 | 100 | 83 40 7 15 17 0 5 4

10 30 26 | 30| 24 92 85 | 100 43 96 99

11 78 26 | 541 49 96 26 61 56 52 65

12 11 23 15 2 20 64 62 | 100 79 | 100

13 63 84 | 69| 42 93 61 87 87 35 59

14 62 52| 62 59 78 78 95 1 1 1

15 | 100 69 | 91 97 52 80 87 85 84 | 100

16 51 77 | 68 62 91 37 68 | 100 54 78

17 46 3| 45 89 82 3 37 84 19 44

18 89 47 1 63 40 76 8 39 83 52 72

19 91 77 | 68 15 19 90 81 34 45 53

20 66 93 | 63 7 38 13 29 70 87 99

21 | 100 45 1 71 56 2 33 29 38 92 94

22 99 81 93 88 7 54 48 6 32 32

23 31 0] 36 80 67 58 76 41 31 43

24 26 88 | 74 | 100 35 89 87 58 4 23

25 26 12| 33 58 37 69 73 54 | 44 58

33

26 91 42 | 53 10 | 41 98 96 74 9 32

27 15 10| 27 53 42 46 57 21 0 9

28 20 61 26| 51 55 76 85 43 53 62

29 31 23 | 21 0 92 36 67 90 66 86

30 6 75 | 57 83 25 97 89 8 94 86

31 65 69 | S8 22 | 100 5 45 70 27 47

32 55 88 | 59 13 52 55 68 3 61 55

33 21 21 20| 35 46 96 97 16 84 80

34 | 45 40 | 59 88 4 89 73 47 55 65

35 8 79 | 45 35 54 88 94 70 76 90

36 31 27 | 50| 90 ] 100 | 35 70 38 16 29

37 70 58 | 49 3 53 84 90 39 89 92

38 741 621 80| 96 75 41 65 94 | 23 50

39 301 761 711100 | 98 55 85 95 48 72

40 69 84 | 81 77 55 96 | 100 24 72 73

41 0 8 | 62| 98 62 56 72 25 97 94

42 37 84 | 56| 27 62 61 76 78 0 25

43 28 61 | 48 | 41 57 10 33 13 82 78

44 58 26 | 35 8 94 1 50| 79 50 70 79

45 77 37 | 72 | 100 13 40 | 40| 29 63 67

46 8 6 11 16 | 100 38 72 54 39 53

47 57 1 100 | 61 3 24 18 27 0 68 59

48 90 32| 47 6 77 | 100 | 100 64 72 85

49 63 43 | 55 48 89 59 84 36 49 57

50 68 731 76 76 21 68 65 31 65 69

51 | 100 | 41 81 | 100 7 | 100 83 38 60 67

52 12 58 1 55 93 90 91 | 100 4 97 87

53 16 64 | 58 87 72 92 | 100 74 30 51

54 40 70 | 56| 42 4 86 71 73 59 76

55 7 341 20 10 | 47 71 78 3 |1 100 89

56 67 | 100 | 77 44 6 54 | 47 73 17 39

57 79 2| 58 96 17 96 85 57 69 80

58 3 26 | 36 80 86 88 | 100 27 88 87

59 70 | 44| 56| 42 78 44 69 9 18 21

It yields a shortest route of d=3871.503.

46 29 44 48 37 10 58 52 41 30
40 50 34 57 51 15 7 13 16 38
39 53 24 14 59 49 11 18 31 42
26 19 32 47 20 3 4 21 45 1
22 9 56 54 35 6 12 8§ 43 55
33 28 25 23 2 36 17 5 27 46

The route goes from points 46 to 29 to 44 . . . to 5 to 27
and back to point 46 in a complete closed loop tour
through ten dimensional space. Then four sets of
comparable random data are created and their shortest
routes with MSMCO are found to be d, = 4682.677,
d;=4926.012, dy = 4972.896, and ds=4880.797.

Now formally the researchers test Ho: no correlation
between the variables versus HA: the variables are
correlated. The median is (4880.797+4926.012/2 =
4903.405 so CTSP = d/median = 3871.503/4903.405 =
78906 which easily leads to a rejection of Ho because the
12 quotients of the pairs of random data set’s shortest
route

4682.677/4926.012=.951

<4682.677/4972.896=.942




4682.677/4880.797=.959
4926.012/4682.677=1.052
<4972.896/4682.677=1.06
4880.797/4682.677=1.042
4926.012/4972.896=.991
4962.012/4880.797=1.009
4972.896/4926.012=1.001
4880.797/4926.012=.991
4972.896/4880.797=1.019
4880.797/4972.896=.981
yield a quotient range of .942 to 1.06. Therefore, with
CTSP=.7896 much below that region Ho must be
rejected. The conclusion is that the variables are
correlated. It turns out nonlinear equations
93 94 90
X3=.49x; +.51x, +47x4
87 95
X7 =.74%;5 = X¢ and
79 97
X10= .8].X3+ X9
fit the data very well.

MULTI STAGE MONTE CARLO OPTIMIZATION

Multi Stage Monte Carlo Optimization (MSMCO) is like
the regular Monte Carlo random search for an optimal
solution except that is only considered to be stage one of
the simulation. Then in stage two centered about this best
answer so far from stage one a new “random” sample of
thousands more feasible solutions is looked at and its best
solution is stored. Then centered about the stage two best
answer a stage three Monte Carlo “random” search takes
place in a slightly reduced region. The process is
repeated for as many stages as necessary until the optimal
solution or a useful approximation solution is found.
Figure 2 presents a partial geometric and statistical
representation of this MSMCO simulation approach.

CONCLUSION

The two multivariate correlation examples presented here
are hypothetical but the fact remains that shorter shortest
routes in k dimensional space (than for comparable
random data) indicate variables that are correlated is very
real. This can be used on a wide variety of correlation
analysis studies. The examples featured here with ten
variables and 59 and 70 observations (the spreadsheet
analyses) showed correlations that turned out to be
nonlinear. The CTSP approach will also work to identify
correlations that are linear.  Also, (Hayter 2002),
(Anderson 2003), (Black 2014) and (McClave, et al 2001)
present the standard linear correlation coefficient r and its
multivariate generalization to Big R, while (Klibanoff, et
al 2006) present case studies. CTSP will not only work to
identify linear or nonlinear correlation. (Conley 2006)
presents an example that finds a correlation that is not
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Figure 2. Multi Stage Monte Pursuing Optimal Solutions

represented by a function (but a relation equation). Please
again see Figure 1 (the border points).

(Conley 1989) used the n=100 two variable test data from
(Eilon, Watson-Gandy and Christofides 1971) reported to
have a shortest route ever found (connecting the points in
a closed loop) of 640.9 units in (Lawler, Lenstra, Rinnooy
Kan, and Shmoys 1985) and found shorter shortest routes
with the multi stage Monte Carlo optimization (MSMCO)
shortest route algorithm.

(Lawler, Lenstra, Rinnooy Kan and Shmoys 1985) then
put a chart in their book containing the test problem’s
numbers 30, 31, 32 and 33 (of sizes n=150 and n=200
points) (in the mathematics literature) with their shortest
routes ever found using all other methods. (Conley
1991a), (Conley 1991b) and (Conley 1993) then found
literally hundreds of shorter shortest routes than the best
ever found on these well-known test problems using the
MSMCO simulation shortest route algorithm adapted for
two dimensions.

(Wong 1996), (Szarkowicz 1995), (Conley 2008), and
(Conley and Wichowski 1988) among others also feature
the multi stage Monte Carlo optimization (MSMCO)
simulation technique on a wide variety of optimization
problems from mathematics, engineering, environmental
work, biology and medicine. (Kristensen 1997) reports
earnings of 1.5 million U.S. dollars per year for his
company’s fleet of 600 trucks using the MSMCO shortest
route algorithm. (Conley 2007) presents the CTSP idea
and mentions illustrative examples in two dimensions
only.



The advances in computer speeds (and decreasing costs)
along with simulation techniques are making possible the
solution of large scale two and three dimensional shortest
route problems for shipping (trucks, rail, barge, air
freight, etc.). However, do not stop there. Take the
shortest routes through higher dimensions (four, five . . .
ten, etc.) to the frontiers of optimization (Conley 2000)
and statistical analysis.
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ABSTRACT

Today, Digital Prototyping and simulation technologies are
widely used in the development of new technical systems in
research and industry. They allow cost- and time-efficient
tests in all stages of development and support decision mak-
ing. The eRobotics methodology addresses this by providing
platforms where engineers can exchange ideas and collaborate
with experts from other disciplines for developing complex
technical systems and automated solutions. Sensor simulation
is an important aspect in many simulation scenarios, not only
in robotic applications. In this contribution, we describe how
various sensor simulation aspects are integrated into Virtual
Sensor Testbeds in order to enable the full spectrum of the
eRobotics methodology for engineers developing sensor-ena-
bled applications

INTRODUCTION

Developing new complex technical systems is a cost-intensive
and time-critical process. In the development process of new
components, testing and verification are important tasks. With
Digital Prototyping (DP), development time can be shortened,
while the quality of products can be improved, as newly de-
veloped tools and algorithms are tested simultaneously. This
paper focuses on the new concept of the Virtual Sensor
Testbed providing various means for a close-to-reality test,
validation, characterization and optimization of sensor-ena-
bled applications in their operation environments using so-
phisticated Virtual Testbeds (Rossmann 2011a). Providing
simulated sensor data close to the equivalent physical compo-
nents, sensor simulation supports decision making already in
the early design and development phase. Furthermore, devel-
opment and testing of algorithms based thereon can be carried
out in an early stage.

VTBs are the central method in eRobotics, where complex
technical systems and their interaction with prospective work-
ing environments are first designed, programmed, controlled
and optimized in 3D simulation, before commissioning the
real system. Figure 1 shows various Virtual Sensor Testbeds.
Using Virtual Sensor Testbeds, 3D simulations including
comprehensive sensor simulations are used right from the be-
ginning of the development process to test first system design
studies in the concept phase. During system development,
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fully functioning interactive virtual prototypes allow for an ef-
ficient and goal directed development, test and verification
both on component, as well on system level — at any point of
time. Besides, 3D simulation technology not only allows to
visualize, simulate, test and experience the virtual prototype
using VTBs, but can also be used as a development framework
to implement both control and supervisor algorithms (like mo-
tor controllers, robot programs, image processing algorithms)
using concepts of “Simulation-based Control” (Rossmann et
al. 2012a).

Figure 1: Typical Virtual Sensor Testbeds

The contribution is organized as followed. We start with a
short overview over the state of the art in sensor simulation.
The following chapter introduces the key concepts of the eR-
obotics approach and the Virtual Testbed methodology. The
concepts lead to a new approach to 3D simulation for sensor
simulation, which is the basis for the Virtual Sensor Testbed
concept presented in this paper. The contribution closes with
an overview of selected applications and a conclusion sum-
marizing the current status as well as future work.

STATE OF THE ART

Taking a look at the state of the art of simulation technology
reveals various approaches to simulation technology. Discrete
event simulation systems (Banks 2010), block oriented simu-
lation approaches like the Matlab/Simulink framework
(www.mathworks.de/products/simulink/) or the Modelica
modeling language (Fritzson 2003) as well as various FEM-
based simulation tools (e.g. www.comsol.com) are probably
the most well-known ones. But even if focusing on simulation
systems providing sensor simulation components, various ap-
proaches can be found. An example for a research and devel-
opment testbed focusing on camera sensor systems for mobile



robots is described in (Franti et al. 2005). Most of these ap-
proaches focus on mobile robot prototyping like the ROAMS
simulation environment (Huntsberger et al. 2008a), the
3DROV simulation and verification tool (Huntsberger et al.
2008b), Microsoft Robotics Developer Studio (Almeida
2007) or the Player/Stage/Gazebo project (Gerkey 2003) or
combinations of adapted and integrated off-the-shelf software
tools like Matlab/Simulink and SIMPACK as described in
(Schifer 2008). Simulation systems designed to meet the
needs of mobile robotics test environments like EyeSim or
USARSim (Balaguer 2008) are designed for certain robot
platforms and are limited in their functionality.

Besides these simulation-based approaches, there exist sev-
eral approaches using physical mockups. One of them is the
testbed for rendezvous and capture (INVERITAS) described
in (Paul et al. 2014) which allows for the testing of sensor pro-
totypes for the optical navigation during the approach to sat-
ellites in a Hardware-in-the-Loop environment.

The drawback of nearly all these systems is the loss of flexi-
bility, as they are developed for a very specific field of appli-
cations only. Often, the configuration is complex and error-
prone. Moreover, the systems hardly run in real-time. Most of
these simulation systems do not use the GPU to accelerate or
improve the simulation results.

EROBOTICS AND VIRTUAL TESTBEDS

cRobotics (Rossmann 2015) combines the use of electronic
media, state of the art simulation technologies and concepts
from robotics. Its usage evolved from pure robotic applica-
tions to general mechatronics as well as various other fields
such as environment modeling and simulation (e.g. forests and
cities) and industrial automation. The eRobotics methodology
makes extensive use of 3D simulation technologies. A central
method in eRobotics are so called Virtual Testbeds, which
themselves provide the necessary basis for developing new
“Simulation-based X" concepts (Rossmann 2015).

Virtual Testbeds greatly enhance the scope of the conven-
tional approach to simulation. While typical simulation appli-
cations examine only specific aspects of an application (e.g.
working principle of a laser scanner), a Virtual Testbed ena-
bles engineers to examine the entire technical system in its
environment (e.g. a harvester for forestry is equipped with la-
ser scanners within forest environmental model). In order to
replicate the entire technical system, the Virtual Testbed also
contains the necessary algorithms for data processing and con-
trol (e.g. localization of the harvester based on laser scans).
Finally, we take these algorithms back to the real word to con-
trol the real system (Simulation-based Control) or use them to
set up versatile user interfaces.

A systematic view on Virtual Testbeds is given in Figure 2: A
Virtual Testbed combines a data processing system (DPS)
with a simulated environment. The simulated environment
comprises the simulated technical system represented by its
internal system vector s ;;Z‘(t) (e.g., harvester), its simulated
sensors s S (t) (e.g., laser scanners) and actuators s S7%(t)
(e.g., harvester drive and crane) and a simulated environment

s $m(¢t) (e.g., virtual forest model). The DPS processes sensor
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data or commands a system’s movements and is represented

ope () (e.g., localization algorithm), sensor input

by s

a a . . .
S einse (1), actuator output s 57; (t) and its “perceived” envi-

ronment s Zﬁi (t) (e.g., scanned trees). The simulated environ-
ment has to adequately mimic the corresponding real environ-
ment s 5. (6. 5 555 (1), s 56t (1), s ' (). By turning the
switches Tspnse and Tyer , the DPS can either be used with the
simulated or the real environment — a key idea of the Virtual
Testbed concept. This enables development, evaluation, opti-
mization, and productive operation in the very same hard- and
software environment.

Virtual Testbed (VTB)

Simulated Enviranment

sS=0 0

Figure 2: Systematic view on Virtual Testbeds
(Rossmann 2015)

THE 3D SIMULATION INFRASTRUCTURE FOR THE
VIRTUAL SENSOR TESTBED

The Virtual Sensor Testbed concept presented in this paper
requires a new holistic and encompassing approach to simu-
lation technology allowing for the synergetic use of different
data sources in combination with various simulation methods
(not only sensor simulation but also kinematics, rigid body
dynamics etc.) on a single database. This is crucial to sensor
simulation to overcome the limitations of most approaches fo-
cusing only single application areas. This presents an interdis-
ciplinary use of various data sources, various sensor types in
various application areas and their integration for new appli-
cations.

For realizing such a concept, the major prerequisite is the use
of one single but comprehensive and integrated 3D simulation
framework which is able to implement all the methods and
support all the processes outlined above. The advantage of
such an integrated framework is to minimize conversion tasks
and the ability to simulate, at the same time, all simulated
components within one single but comprehensive “Virtual
Sensor Testbed”. This leads to various requirements of the un-
derlying 3D simulation framework (Rossmann 2013) con-
cerning overall flexibility, performance, freely configurable
databases, distributed and parallel simulation, realism using
calibrated simulation algorithms, flexible and standardized in-
terfaces, integration of data processing algorithms, the seam-
less transition between simulation and reality as well as cross
platform support.



The key idea of our approach to 3D simulation technology is
to introduce an on-line database, the “Versatile Simulation
Database” (VSD). This database is highly configurable, inte-
grates all data necessary for an application using their original
data formats as well as all simulation and data processing al-
gorithms for the visualization, interaction and simulation part
of the applications as well as their interfaces to the real world.
The VSD acts as the micro kernel of the entire simulation sys-
tem (see Figure 3). It is an object-oriented real-time database
managing the simulation model. It provides the infrastructure
for data management, meta information, communication, per-
sistence, and user interaction. Furthermore, VSD is an active
database not only containing data, but also the algorithms and
interfaces for its manipulation.

Figure 3: The micro kernel architecture (Rossmann 2015)

This flexibility of VSD makes it an ideal basis for (simulation)
models from various sources and data formats from fields like
environment (CityGML, ForestGML, SEDRIS, IFC, ...) or
industry (AutomationML, X3D, VRML, STEP, IGES, ...). To
make such data available within VSD, a three-tiered database
synchronization approach has been introduced (Hoppen
2012). It can be used to synchronize VSD with an external
database containing the considered data (e.g., a city model, a
forest model, a building model, an industrial assembly station
model, ...). Ideally, the external database is a “real” database
with a database management system (DBMS). However, the
approach can also be applied to file-based formats that bring
their schema description (e.g., XML files plus corresponding
XSD file or STEP/IFC file with corresponding EXPRESS
file). After data synchronization, the simulation system can
access all the data from the external database. However, when
using third party schemata like those mentioned above, it of-
ten cannot understand or interpret it. For that purpose a se-
mantics translation is performed (Hoppen 2014).

THE VIRTUAL SENSOR TESTBED CONCEPT

Virtual Sensor Testbeds are important tools to develop and
verify hardware components and implementations of algo-
rithms in sensor-enabled applications. The benefits of such
Virtual Sensor Testbeds can be improved if processes and
tasks are executed not only in a predefined, but in an interac-
tive and flexible way, taking into account all interacting com-
ponents of the entire system to be develop and therefore inte-
grating information of different data sources. In physical
testbeds, sensors are used to measure the internal and external
states, providing detailed information of the current status. In
Virtual Sensor Testbeds, sensors are modeled appropriately to

41

simulate their behavior accordingly. Providing consistent in-
terfaces to connect to these sensors and use the information in
a standardized way allows for the easy setup of different Vir-
tual Sensor Testbeds and for a uniform data transmission as
input for algorithms and applications. Therefore, the central
component of a Virtual Sensor Testbed is a modular sensor
framework allowing for the parallel integration of real and
simulated sensors and providing a smooth transition between
simulation and real world setups. It allows for easy setups of
Virtual Sensor Testbeds using a generic communication con-
cept for the interaction of all components. In addition to the
aforementioned real and simulated sensors, playback and vir-
tual sensors have been introduced.

The sensor framework provides methods for the modeling,
simulation and visualization of a wide range of sensors. It of-
fers a consistent data interchange within the simulation envi-
ronment, as well as between real sensors and simulation algo-
rithms in hardware-in-the-loop scenarios. Logging and play-
back mechanisms allow for an efficient offline development
for real sensors, while the introduction of various error models
enable the detailed analysis of sensor data processing algo-
rithms under different boundary conditions.

General Concept

Figure 4 gives an overview of the sensor framework architec-
ture as a diagram with its different layers. The architecture
consists of three different layers. The first one realizes a ge-
neric communication concept for the interaction of all compo-
nents. It offers a focused view on every component of the sys-
tem to analyze and optimize its behavior. The generic com-
munication concept is based on an 10-board metaphor (see
Figure 5) and allows for a standardized input and output of
sensor data. This provides connectivity to different system
plugins like the sensor- and the render-plugin used to support
sensor simulation tasks. As all data types representing sensor
data output or input inherit from this generic data type, com-
munication between different components of the framework
is possible in an unconfined way.

Sensor Sensor Dats Sensor Data
Error Mode! Filter Processing
trplh, impt impl.

Sensor Framework

Figure 4: Architecture of the sensor framework with three

layers: communication layer, abstract base layer and imple-
mentation layer



Abstract sensors, error models, sensor data filters, sensor data
processing components, data logging components, as well as
the visualization components inherit from the first layer and
constitute the second layer of the sensor framework. Basic in-
puts and outputs required for all inherited components are
placed in this layer. For instance, if a group of real sensor
components has a power switch, the equivalent simulated sen-
sors are modeled to have available a switch to enable them as
well (as shown in Figure 5, “enabled”-input of the sensor).

Figure 5: Example of an [O-network with connected virtual
sensor components

The interface to this functionality is defined in the correspond-
ing base class. The third layer inherits the abstract realization
and efficiently implements the sensors, error models, visuali-
zation options and data logging mechanism. In detail, the third
layer differentiates among four kinds of sensors (see Figure
6). They are classified as an implementation of real hardware
application programming interface (API), simulated sensors,
'playpack’ sensors as well as virtual sensors.

Hedandisr

Lonununication
Laver

Simulated
Sensors

Playhack
Sensors

Sensor fore
Compononts

Sensar Framework
Figure 6: Differentiation between 4 types of sensors in the
sensor framework

Physical Sensor Components: In physical testbeds, different
physical sensor components are used to measure internal as
well as external states. Using the example of an exploration
rover, the battery level is queried as well as characteristics of
the environment are measured. In both cases, accessing the
sensor components, querying actual states and, if necessary,
altering of parameters at run-time is essential. To fulfill these
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tasks sensors must offer an appropriate API to access and alter
states and parameters. The sensor framework integrates all
these capabilities of the real components APIs and integrates
them into the Virtual Sensor Testbed to provide sensor inde-
pendent interfaces to realize the aforementioned tasks. For ex-
ample, laser scanner APIs of different scanner manufacturers
(SICK, Riegl, Zoller + Frohlich) have been integrated. Con-
necting, parametrizing at run-time and access to scanning re-
sults is possible.

Simulated Sensor Components: Simulated sensors are the
second class of sensors. Carrying out necessary test series
without real physical hardware available can be performed us-
ing simulated sensors in an appropriate Virtual Sensor
Testbed using the very same sensor independent interface
used for physical sensors. Instances of simulated sensors can
be added to a testbed in the same way as real ones. Simulated
sensors in the sensor framework are modeled so that they be-
have like their real counterparts in terms of their control or
sensor data output. In some cases, sensor component parame-
ters must be specified in addition to meet real hardware com-
ponents behavior like maximum and minimum limits of the
distance measured by distance measuring equipment. Differ-
ences emerge as simulated sensors are modeled to deliver or
work on ideal data resulting in ideal sensor data. Specific fil-
ters or error models need to be applied to grant close-to-reality
simulations required for Virtual Sensor Testbed scenarios.

'Playback’ Sensors: 'Playback’ sensors are the third class of
sensors in our framework. They are used to induct algorithmic
recorded data into the network of connected components. Like
virtual sensors they use error models especially designed to
represent different error scenarios of a sensor or specialized
sensor data visualization for different use cases. Mechanisms
to playback sensor data resemble the mechanisms of virtual
sensors. Thus, we are able to run as many virtual tests as pos-
sible and as few physical tests as necessary.

Virtual Sensors: Analogous to the reproduction of real or
simulated sensor data in playback sensors, results of complex
calculations can be considered as the output of a so called vir-
tual sensor. For example, the results of a camera-based local-
ization approach such as 'visual odometry', can be connected
in parallel with a wheel odometer to the system, which greatly
simplifies the comparison of the two components as the algo-
rithmic results can be seen as the output of a 'visual odometry-
sensor'. They are communicating via the very same interfaces
than physical or simulated sensors, so that the combination of
real, simulated and virtual sensors is easy and the results in
hybrid testbeds (Sondermann 2013) are ideal for validating
the simulated components against the correspondent real com-
ponents. One of the biggest advantages of the virtual sensor
concept is, that they are “normal” sensors. This way, any al-
gorithmic output data can be used as input data for further al-
gorithms. Thus defining new interfaces for every new algo-
rithm is not necessary.

Calibration

In order to achieve trustable results, the sensor simulation
modules of the Virtual Sensor Testbed have to be calibrated
by physical reference data (see Figure 7). Therefore, a physi-
cal mockup is used, e. g. as described in (Rossmann 2012¢ and



Steil et al. 2014). To achieve trustable result the simulation is
calibrated in an iterative process with available hardware.
Once the simulation reaches the desired level of accuracy the
scenarios and sensor parameters can be varied in this validated
virtual model.

Real

Mockup
simulation accuracy
satisfied? 1
. Viraial Vai'idated
Draft — —_Simulation — Validation Virtual
Model Model

l—————— Adjustment

Figure 7: Iterative process for model validation

Currently Supported Sensors

There are various sensors of different types which are cur-
rently supported by the Virtual Sensor Testbed. In the follow-
ing, the most important simulated sensor types as well as the
most important interfaces to physical sensors are listed:

Simulated Sensors: Physical sensors:

e Altimeter e (Stereo) cameras
e (Stereo) camera o Nikon, Canon
e Compass o UVC, GigE, IP
e GPS receiver o Point Grey Bumblebee
e IMU e Compass
e Inclinometer o PNITCM 2.6
e Laserscanner (ID/2D/3D)  © KVH ClOO
o Light barrier * GPSreceiver
e PMD sensor o NMEA 0183
e Ultrasonic sensor e IMU & Inclinometer
e Radar sensor o SBGIGS00A .
e RFID sensor ° ?ensors of mobile plat-
. orms
e 6 DOF force torque sensor e RFID sensors
e Contact force sensor
Laserscanner
o Riegl LMS Q120i
o SICK LDLRS2100, ...
o von Horner & Sulger
o Z+F Imager 5006
o Hokuyo UTM-30LX

e PMD sensors
o MESA SR4000
o Microsoft Kinect

Camera Simulation

One of the most important sensors are camera sensors. One
the one hand camera sensors are widely used in sensor-ena-
bled applications, but on the other hand choosing the right
camera, integrating this camera into the overall process and
programming the image processing algorithms is error-prone.
But the realistic visualization of optical effects is still a diffi-
cult task for modern computer graphics (Hullin et al. 2011,
Kriss 2015) and even more if a realistic simulation of the used
camera is needed (Farrell et al. 2012). To provide close-to-
reality sensor simulation results and to — at the same time —
achieve real-time simulation, we utilize rasterization tech-
niques for the Virtual Sensor Testbed that can be implemented
in modern shader-driven GPUs for hardware accelerated real-
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time rendering. Modern rasterization-based graphics hard-
ware is fully programmable with significant arithmetic capa-
bilities and high floating-point operation performance in com-
parison to current CPUs as described in (Rossmann et al.
2012b) Therefore a realistic simulation of various optical and
electronic effects of digital cameras is possible in real-time.
Effects with the biggest influence on the image are described
in the following section.

In a first step the camera parameters are measured according
to (Hartley 2003) or obtained by the documentation of the
manufacturer. These parameters are used for a close-to-reality
rendering using various effects (see Figure 8). Therefore the
geometric scene information is passed to the graphics card
which adds image based effects in a post-processing step.

Camera Sensor

Input Data

Output Data

Figure 8: Concept of rendering the scene with various effects

Depending on the scenario some effects have greater impact
on the artificial images. If the scenario simulates optical com-
ponents very close to the observed object depth of field is an
important effect, that substantially influences computer vision
algorithms. Therefore the correct simulation of depth of field
effects is an important part of the Virtual Sensor Testbed as
shown in Figure 9.

ie9: Depth of field: real and Vrtal images

The optical sensor is, depending on quality and manufacturer,
susceptible to a wide range of effects like noise and saturation
effects. These saturation effects appear if the sensor is ex-
posed to bright light and the number of photons exceed the
intake capacity as shown in Figure 10.

Figure 10: Real and simulated smear effect



In addition to the two effects illustrated above, the camera
simulation component of the Virtual Sensor Testbed inte-
grates other effects like
e blooming,
smear,
noise,
distortion,
chromatic aberration,
depth of field and
flares.

Laser Scanner Simulation

Simulation of laser scanners has been studied in different do-
mains since their physical counterparts are available. Exam-
ples for laser scanner simulations are airborne laser scanning
(Baltsavias 1999), space exploration (Yu et al. 2011) or Li-
DAR simulations for forest measurements (Kukko 2007).
(Blume 2007) describes a laser scanner simulation for a prob-
abilistic object tracking application. (Laue 2006) introduces a
laser scanner simulation in the context of a general robot sim-
ulator which is for example simulating mobile robots playing
soccer. (Wang et al. 2012) describe the use of simulated sen-
sors like laser scanners in the domain of autonomous car test-
ing. Other well-known examples are USARSim (Belaguer
2008) and Player/Stage/Gazebo (Koenig 2004) featuring sen-
sor simulation components including LiDAR. Simulation and
modelling of 2d and 3d laser scanners is described in
(Peinecke 2008), (Bedkowski 2008) and (Koceski 2009).

Most of these approaches focus on dedicated hardware, do not
allow flexible pattern generation, and are not real-time capa-
ble. In addition to this, to provide realistic and close-to-reality
sensor data, a laser scanner simulation requires error model-
ing, filter algorithms and specific modules to adapt character-
istics of selected systems. Taking into account all these as-
pects, different laser scanner simulation modules have been
implemented for the Virtual Sensor Testbed as described in
(Emde 2011), (Emde 2013) and (Emde 2015).

SELECTED APPLICATIONS

The Virtual Sensor Testbed introduced above has been used
to realize a large variety of different sensor-enabled applica-
tions so far. Currently, these applications mainly focus on
three application areas, environment (e.g. forest inventory or
forest machines), industry (e.g. industrial automation) and
space (e.g. space robots), for which the Virtual Sensor Testbed
provides a common development approach. In this chapter we
shortly outline the results of four applications, one for each
application area.

Localization of Forest Machines: In this application, the
Virtual Sensor Testbed has been used to enhance the rigid
body simulation of a forest harvester operating in a close-to-
reality forest environment with laser scanners and stereo cam-
eras to develop an intelligent sensor measuring the surround-
ing forest for localization and forest inventory purposes
(Rossmann 2011b). In addition to this, the same simulation
has been used to design and implement the data processing
algorithms themselves. The simulation database, able to store
and update the world model, and simulation components like

44

collision detection or input/output networks, were used to im-
plement the algorithms and to interface them to virtual or real
sensors or onboard computer hardware. Following this ap-
proach, after approx. two years of development it took about
two days before the real system was fully operational. Figure
11 shows on the left hand side the Virtual Sensor Testbed. On
the right hand side, the user interface is displayed

a e
o ?&ﬁiﬂ%“@ﬁﬁll&!&

Fiure 11: A Virtual Sensor Testbed to develop localization
and navigation methods for forest machines and the resulting
user interface (Rossmann et al. 2011b)

Driver Assistance Systems: In the automotive sector, Virtual
Sensor Testbeds can be used to simulate cars driving in close-
to-reality environments (see Figure 12) while being equipped
with various optical sensors (cameras, laser scanners, radar
and ultrasonic sensors). These sensors are the basis for driver
assistance systems (ADAS) like automated parking, lane
keeping or cruise control.

Figure 12: Virtual Sensor Testbed to simulate various sen-
sors used for the development of driver assistance systems

Space Robotics: eRobotics has its roots in space robotics, be
it mobile robots, landers for planctary exploration (see Figure
13), robot manipulators on satellites or the International Space
Station (see Figure 14). Here, the eRobotics framework is
used to its full extend, starting with design studies over virtual
testing environments for prototype testing and validation at
systems level and ending with the development of intuitive
and interactive user interfaces.

Figure 13: VST with mobile robot equipped with sensors op-
erating in a planetary environment.



Figure 14: ATV approching the ISS in VT while scanning.
Red lines indicate the sensor data of the last simulation step.
Color coded dots represent hit points on the target (ISS)

Integrating high quality environment models with semantic
information and simulated sensors providing close to reality
sensor data and allow for the develepment of new algorithms,
for example for autonomous orbital rendezvous and docking
scenarios or self-localization and mapping on planetary sur-
faces.

Following the ESA terminology for system modelling and

simulation in space engineering (Space Engineering 2010),

Virtual Sensor Testbeds aim at covering and integrating the

functionality of various “Functional Verification and Mission

Operations (FV & MO)” systems, namely:

o “System Concept Simulators” (used in phase 0 to define
a baseline mission scenario which is consolidated in phase
A, providing the basis for the system functional analysis
and leading towards the functional specification),

e “Mission Performance Simulators” (used to analyze mis-
sion and payload performance during all development
phases),

e “Functional Engineering Simulators (FES)” (used for re-
quirements consolidation and to system design definition,
justification, and verification),

e “Functional Validation Testbenches (FVT)” (providing a
complete system simulation to support the test of critical
subsystem designs in system context),

e “Software Validation Facilities (SVF)” (targeting the val-
idation of on-board software under varying boundary con-
ditions) and

e “Spacecraft AIV Simulators (AIV Simulator, Spacecraft
V&V)” (assembly, integration, and verification (AIV)
simulation for validation and verification (V & V) on
spacecraft level).

Figre 15: Simulated ssembly process of laser lenses with a
virtual camera (top left)
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Industrial Automation: The close-to-reality simulation of
optical sensors and lenses is important for various industrial
processes. One example is the assembly of laser lenses. Using
a Virtual Sensor Testbed, a simulation of the used optical
components in early development stages can be used to plan
and simulate the assembly process and the trajectories of the
used robots. Figure 15 illustrates this process. The Virtual
Sensor Testbed simulates the depth of field of a fixed focal
lens and allows the test of computer vision algorithms respon-
sible for identifying the position of remaining workpieces and
is described in (Schlette et al. 2015).

CONCLUSION

The applications outlined above clearly show that the Virtual
Sensor Testbed approach presented in this paper is feasible
and promising. Even complex scenarios consisting of close-
to-reality environment models, dynamic plant models (e. g.
robots, cars, production lines etc.) and all sensors needed to
set up powerful and reliable sensor-enabled applications can
be modeled. Virtual Sensor Testbeds have the potential to
greatly simplify the development process decreasing develop-
ment costs and times while increasing quality and reliability
of the developed components.

While developing future sensor-enabled applications, provid-
ing simulation models and using simulation for development,
characterization, verification, validation, and optimization
should become as natural as developing the hardware and/or
software itself. This holds great promises concerning efficient
development, quality, performance, reuse, and technology
transfer for new components. The continuous and integrated
use of simulation technology in a Simulation-based Engineer-
ing process leads to a cost-efficient development process, bet-
ter designs, and more reliable systems.

Today, we can provide a reference implementation which is
ready to be used in a variety of application areas (see applica-
tions above). But there are still tasks to do e. g. adding new
sensor simulation algorithms (e. g. GPU ray-traced single ray
laser scanner simulation), calibrating existing simulations in
other application areas (e. g. on-orbit servicing) or setting up
a library of sensors and materials to ease the development of
new testbeds.
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ABSTRACT

Human-machine collaboration is affected by parameters that
may conflict cycle time or productivity. The optimal set of
parameters may be specified by simulation models aiming a
minimal ratio between target variables. In this paper,
operational factors influencing task execution on moved
objects are presented as a basis for modelling and optimizing
collaborative human-machine scenarios. For that, a test series
of 20 different collaborative tasks conducted at 4 different
velocities by 3 different subjects were analysed. The results of
the video analysis showed, that especially the velocity of
moved objects influence the correctness of task execution
whereas the position of motion paths is neglectable.

INTRODUCTION

Collaboration is defined as a state in which purposely
designed machines work in direct cooperation with humans in
a defined workspace, i.e. a human is asked to operate on
objects moved by the machine. This interaction is affected by
parameters resulting from operational objectives, mechanical
and human factors as well as the performed collaborative
task. The challenge in successfully implementing human-
machine collaborations lies in defining an optimal set of those
parameters without sacrificing too much of productivity.
Usually, machines are programmed meeting the needs for
short cycle time and high product quality. When collaborating
with humans, additional factors need to be taken into
account, such as safety, ergonomics, anthropometry as well
as physical limitations. Especially physical limitations or
psychophysiological impacts are essential when it comes to
validation — e.g. in some cases, task execution by the human
may not be completed on a moved object as the machine was
moving the object too fast.

ANALYSING COLLABORATIVE OPERATIONS

User studies of human-robot interactions already show a
great number of possible collaborative operations (Bauer et
al. 2008; Goodrich and Schultz 2007). The matter of interest
in these studies is often an applicable and safe interaction
(Cherubini et al. 2016; Kim et al. 2015) or an psychological
analysis (Giuliani et al. 2015). Therefore, data representing
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ergonomics and physical limitations may be discarded from
further analysis. However, this data may bear potentially
valuable insights and ideas for improving the implementation
of human-machine collaboration. Collaborative work includes
tasks such as removing, inserting, examining, mounting,
machining or screwing (Bélanger-Barrette 2015; Tan et al.
2010). A collaborative operation CO can be defined as a
function of following parameters (regardless of the operation
type and the correctness of the task execution): collaboration
space CS, object pose including position and orientation p,
distance between human and machine d, velocity v,
acceleration «, ergonomic specifications e and physical
limitations /. More specifically, these parameters are a
function of an individual human H executing the collaborative
task (Stadler et al. 2013). This means, there may exists a set
of collaborative parameters for each human H, that meets the
objective function of minimal cycle time and maximal
productivity (1).

tmin [COR(CSn, Pn, dn, Vi, an, €n, 1n)] (D

The collaborative space, the pose or rather the motion path of
the object as well as the velocity and acceleration can be
defined by the robot programmer dependent on the human
worker (Puls 2015; Thiemermann 2005). Ergonomic
guidelines for collaborative applications can be adopted from
guidelines specifying ergonomic working environments for
human workers, such as ergonomic working heights or free
space regulations around human workers. Physical
limitations, however, need to be identified by conducting
research experiments and might as well influence
productivity.

In this sense, 20 different collaborative tasks executed on
objects moved by an industrial robot were performed and
analysed. Tasks executed by the human subjects were based
on tasks defined within the Methods-Time Measurement
system (MTM) and within ema. MTM is a predetermined
motion time system that is used to analyse manual tasks as a
result of standardised times for individual tasks. ema is a
world leading simulation tool for planning human work and is
itself based on MTM, i.e. individual manual tasks modelled
have predetermined times corresponding to the standardised
times of MTM. However, as humans are able to adapt to
velocities of moved objects, dynamic tasks in the sense of
tasks executed on moved objects cannot be simulated yet.
Furthermore, physical limitations of human task execution
need to be considered in the dynamic model of task execution
on moved objects.



METHODOLOGY

In this section, the applied methodology for analysing
collaborative work on moved objects is presented. Firstly, the
objects of investigation were defined. Secondly, specific
collaborative tasks were selected and circumstantiated.
Thirdly, the human-machine collaborations were executed
with a set of subjects, from which video data was collected.
Finally, the video data was analysed resulting in a derived set
of information for executing reliable human-robot
collaboration.

Hypotheses

Based on the analysis of collaborative operations in the
context of human-machine interactions, following hypotheses
for the experiments can be derived:

e HI — Operations on moved objects are constrained
by minimal and maximal velocities, where operators
are either subchallenged or overstrained.

e H2 — The error rate of operations on moved objects
increases with an increase of velocity.

e H3 — There is an optimal speed of movement
resulting in a minimal ratio between excessive
demand and error rate.

Experimental Design

The experiments for analysing collaborative operations during
human-robot interactions were carried out with an ABB
robot IRB 120, four HD cameras mounted in different
positions and angles and three subjects. The subjects were of
different height %y resulting in different human workspaces
(WH). The robot with a reach of 580 mm (WR) and a
maximum payload of 3 kg was allowed to move within a pre-
defined collaborative space CS of 400x200x350 mm. The
robot was mounted on a platform of 770 mm height /7,
resulting in an ergonomic, collaborative working height of
920-1,270 mm (Figure 1). In total, 20 tasks including
examining, mounting, pressing, picking and placing objects,
using tools such as electric screwdrivers or walking to moved
objects from different distances and angles were analysed.
Influencing factors included velocity, motion path, distance
between human and machine and human anthrompometry.
The position of the subjects relative to the robot was freely
selectable. Nevertheless, the subjects chose to work in front
of the robot. The anthropometric data of the subjects
executing the collaborative tasks is given in Table 1. The
corresponding anthropometric percentiles are given in
parenthesis in each case.

Experimental Procedure

The collaborative tasks were executed after one day of
practice (in order to minimize any influence of learning) at
different velocities and motion paths. The velocities of the
robot ranged from 50 — 200 mm/s in 50 mm/s steps. Motion
paths included horizontal, vertical and diagonal movements
within the collaborative workspace at constant orientation.
Additionally, three different heights, distances and offsets
were specified, resulting in overall six different horizontal, six
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Figure 1: Experimental Design (left), Set of Collaborative
Tasks (right) and Motion Paths (below)

vertical and three diagonal motion paths. Thus, experiments
conducted by 3 different subjects, at 4 different velocities and
15 different motion paths resulted in a test series of 180 data
sets for one collaborative task, while each motion path at a
specific velocity was completed 10 times in a row. The
cameras were used to film the collaborative operations from
four different angles in order to detect unexpected human
behavior. Furthermore, the video data was used to measure
the time for executing the collaborative task as well as to
identify the number of error situations.

Table 1: Subject Characteristics

Subject 1 Subject 2 Subject 3
Gender male male female
Age 26 21 26
Height [cm] 179 (73 %) | 178 (68 %) | 158 (21 %)

RESULTS

As an example, the results for the collaborative task screwing
by hand are shown. In this task, the subjects were asked to
manually screw a hexagon nut on an object moved by the

robot (Figure 2).

Figure 2: Screenshot of the Collaborative Task Screwing



Table 2 shows a statistical analysis of measured cycle times
for conducting the collaborative operation in one vertical
direction with regard to the robot’s velocity for each subject.
Table 3 shows the number of missed parts (out of ten) in
vertical motion for each subject dependent on the robot’s
velocity. The standard deviation is given in parenthesis in
each case.

Table 2: Mean Cycle Time in Seconds of Executed Task in
One Vertical Motion for each Subject dependent on Velocity

Subject 1 Subject 2 Subject 3
50 mn/s 2.33(0.432) | 4.04 (1.466) | 3.70 (0.832)
100 mm/s 3.08 (0.378) | 3.05 (1.045) | 4.33(0.591)
150 mm/s 2.37(0.296) | 3.77 (1.975) | 4.15(1.190)
200 mm/s 3.33 (0.467) | 4.51(2.902) | 6.97 (6.356)

Table 3: Mean Number of Missed Parts in Vertical Motion

for each Subject dependent on Velocity

Subject 1 Subject 2 Subject 3
50 mmy/s 0.00 (0.000) | 0.00 (0.000) | 0.00 (0.000)
100 mm/s 1.00 (0.894) | 2.33 (1.633) | 3.67 (1.211)
150 mm/s 4.33 (1.033) | 5.00(1.673) | 5.50(0.837)
200 mm/s 7.83 (0.753) | 6.67 (1.366) | 7.17 (0.408)
DISCUSSION

The analysis of parameters influencing collaborative human-
robot tasks on moved objects shows six main results:
e The number of errors increases with an increase of
the robot’s velocity.
e The distance between human and robot decreases
with an increase of velocity.
e The relative movement between human and robot
decreases with an increase of velocity.
e The optimal velocity for task execution on moved
objects is between 50 — 100 mm/s.
e  The position of the object or the motion path within
the collaboration space does not influence task

execution.

e The type of motion does not influence task
execution.
CONCLUSION

The analysis in this work showed that there are parameters of
collaborative work that result in a conflict of physical
limitation and cycle time or rather productivity. The findings
presented do have implications for the design and
implementation of human-robot collaboration tasks and
should be considered in the design of dynamic models for
collaborative tasks.
Referring to the given hypotheses following conclusions can
be drawn:
e  Operations on moved objects are constrained by a
minimal and maximal velocity.
e The error rate of operations on moved objects
increases with an increase of velocity.
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e There is an optimal velocity for executing tasks on
moved objects resulting in a minimal ratio between
excessive demand and error rate.

In future work, analysis is being conducted with a different
set of machines, ie. conveyor belts, mobile robots and
industrial robots of different size (resulting in different sizes
of collaborative workspaces) as well as a more
comprehensive test group.
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ABSTRACT

This paper introduces a visualization-based
method for simulation customized 3D garment
and generation corresponding 2D block patterns
for physically disabled people of scoliosis type.
The proposed design process and method follows
that of traditional garment prototyping and
draping in reality. First, a simulation process is
first performed on a scanned 3D human body for
creating a digitalized human body model.
Second, feature points of the human body for the
garment simulation are discussed and classified
with wearing ease for desired fit of the garment
based on the parameterized model. A basic
garment wireframe aligned with body features is
then established based on the defined feature
points of the human body. Based on the deformed
wireframe, a 3D expandable garment block is
simulated. In this process, Customized 2D and
3D virtual garment prototyping tools are ensured

to create customized products based on the

50

Pascal Bruniaux
ENSAIT
2 allée Louise et Victor Champier, 59056
Roubaix Cedex 1, France

E-mail: pascal.bruniaux(@ensait.fr

Antonela Curteza
Technical University of Iasi, Dimitrie Mangeron
Bd., 53, Iasi -700050, Romania

Email: acurteza@gmail.com

concept of from reality to simulation and
visualization, which can be further applied to the
design automation to create fit-ensured
mass-customized apparel products (the top body
type) for the disabled people with scoliosis. The
experimental results show that the proposed
method is easier to be implemented and can

generate patterns with satisfactory fit.

INTRODUCTION
Scoliosis is a three-dimensional deformation of
all or part of the spine (cervical, thoracic or
lumbar) causing twisting of one or more vertebras
and causing a distortion of the thorax, abdomen
and paravertebral areas (close to the vertebrae)
(Elliott and Knight 1997; Subramanyam, et al.
2015). The figures of the disabled people are not
fit into the standard sizes that are available in the
2014).

constitute an important part of the population,

stores(lezzoni, et al. These people
represents a consumer market with special
requirements of customized products(Komeili, et
al. 2015). But because of the deformation of the
body figure, there are several technical limits for

the customized design(Stjepanovic 1995). Also,



the technical limits lead to the unaffordable price
for the customized service(De la Garza-Ramos, et
al. 2016).

For normal people, the location of the key feature
points, such as neck points, on the virtual body
model with a standard posture, can be performed
body
procedure(Goldstein, et al. 2009). The symmetric

using a  standard measurement
of the body ensures an easy identification of the
key features points(Wang, et al. 2007). However,
for disabled people of scoliosis type, locating
these key feature points is very difficult because
of the atypical body shapes. Many key positions
(neck points, scapular points etc.,) are hidden
inside the body surface because their standard
postures cannot be obtained. The anthropometric
landmarks of atypical body shapes cannot be
detected automatically and a lot of manual
adjustments are needed for obtaining a complete
3D body shape(Kwong 2004). The traditional
pattern making method, which is based on the
accurate measurements of body shape, is not
applicable(Thomassey and Bruniaux 2013).

In the real customized garment design and pattern
generation process, the fabric draping process
using 3D customized physical mannequin
permits to the generation of the pattern
pieces(Jeong, et al. 2006). The garment shape
will be firstly moulded by designers with the
operation of moulding, cutting and pinning fabric
to a mannequin or individual(Liu, et al. 2010).
The draping process is frequently used by
designers for quickly generating the form of a
garment and corresponding 2D  garment
patterns(Whife 2005). In this process, style lines
and constructions details of the drape are
carefully marked and removed step by step take
the corresponding lines and points of the human
body or mannequin(Zhong and Xu 2006). Fabric
pieces with the construction and style details are
generated. Darts will be generated in the same
time at the same time(Hutchinson and Munden
1977). The fabric pieces are then laid to be flat

and traced over a pattern paper. The pattern is
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finalized by adding directional marks such as
grain lines, notches, buttonholes, correct seam
and hem allowances and facings(Kim 2015).

In this context, a new visualization-based
3D-to-2D CAD method is proposed for designing
customized garments that can be accessible to
find technical solution, permitting the industrial
production and fitting the deformation of human
body(Wang, et al. 2009). To overcome the
technical limitations presented previously, it is
proposed in this paper the implementation of a
new virtual reality-based design method for an
adapted 3D garment (sleeveless hip-length shirt
with from-fitting bodice) and its corresponding
2D block patterns. The proposed method can be
applied to create fit-ensured mass-customized
apparel products for the disabled people with
scoliosis (Wang, et al. 2014).

SIMULATION OF THE CUSTOMIZE
GARMENT DESIGN

The simulation process and method, following
that of traditional garment prototyping and
draping in reality, which can effectively ensure
the ideal garment shape fit performance of the

desired garment, is introduced.

Simulation of the human body model

Figure 1: From the scanning results to the

digitalized human body model

At this step, data on a body shape are acquired
using a 3D scanner and the software ScanWorX
of the Human Solutions Company. This method
first takes various scanning pictures in different
views for the same consumer with the same
posture (Figure 1-a, b, ¢, d) during the 3D
scanning procedure. Each of these pictures, taken
with the same reference axis of the 3D scanner
from different views, can be regarded as 1/4 of
the full scan result. Then, the data from the



scanned body shape are imported to another
software, called RapidForm, permitting to edit
and correct the defects of the 3D meshed object.
Using the RapidForm software, these four
pictures (Figure 1-e) are combined, rotated and
merged in order to generate one complete 3D
virtual human body model (Figure 1-f).

By using this reference axis, the corresponding
positions of different images or different views in
order to generate the unique virtual human body
model can be easily found. The proposed method
will permit to automatically generate the
digitalized 3D human body model. The mesh of
the 3D shape is then re-triangulated using
RapidForm software.(Wang, et al. 2005) The
holes that are invariably made as a result of
scanning are filled. Irregular forms generated as a
result of filling holes, like near the hands and feet,
are removed. A plane is used to cut the feet to
make it parallel to the X-axis. The body form is
smoothened using a smoothening tool. It is
ensured that all holes (near hair and armpit area)
are filled. Normally the holes will be in the hair
and armpit and in small size. Plain planes are
created to repair the holes. As the sizes of these
holes are small and the wearing allowance will be
designed in future operation, plain planes will be
created to fill the holes. A special function of
RapidForm is applied to mesh the surface of the
body model with 600-700 facets. With this
procedure, the body made of point clouds will be
transferred into small facets. These facets can be
regarded as the sub surface of the body, which
can be modified. The number of the facets will
determine the quality of the virtual body surface.
If the precision of the virtual body is not high
enough, more facets can be added to meet the
desired precision. The 3D body model modified
by RapidForm is then imported into the Design
The the
DesignConcept is the final digitalized human

Concept. result obtained in

body model, from which a 3D garment can be

created. Using the DesignConcept software, the
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3D surface of the body shape can be modelled
and simulated.

The operation of 3D scanning permits to directly
obtain the 3D body shape, on which 3D draping
of a virtual garment can be realized. The detailed
body measurements will not be necessary.
Different from the traditional pattern making
method, which is based on the accurate
measurements of body shape, the proposed
method using the simulated human body model,
serving as the individual mannequin, ensures the

3D customized garment design.

Establishing reference planes

At this step, following the design process of the
traditional garment design method, several
reference planes, related to the feature points of
the desired garment, will be established. These
reference planes will permit to the location of the
feature curves and feature points of the human
body, in order to simulate the body shape
information. But, different from that of normal
people, the quantity and orientation of the
reference planes are different because of the
deformation (Figure 2)(De la Garza-Ramos, et al.
2016). In this context, the definition of these
reference planes should follow the following
principles: (1) following the traditional 3D real
draping method, (2) satisfying the requirements
of the disability, (3) meeting the requirement of
better observing the human body.

Based on these principles, different XY planes
are oriented in the 3D space in the design process
to help to cut the body and create the
morphological curves (the morphological curves
are curves in Figure 3-a). By adjusting the
inclinations of the XY planes, the morphological
curves can then be adjusted visually. The yellow
axis between the feet is perpendicular to the
ground. The red axis between the feet is parallel
to the ground. All the subsequent red axes made
on the body are parallel to the ground (Figure

3-b). Since the legs of the woman are more or less



similar to those of normal people, all the axes
between the legs are parallel to the floor.

Figure 2: The morphological curves of the

customer and the subsequent red axes for

establishing the morphological curves

A set of special planes is defined following the
shape of spine in the position of waist, hip and
breast, which are important positions for garment
design. Considering the irregular shape of the
body and hyperbolic-curvature of the spine, more
planes close to those defined initially are defined
in order to ensure the reference planes can fully
simulate the shape of the human body(Hsiao and
Chen 2013). As shown in Figure 6, three such
planes are made in the waist region, one being on
the waist, one above and another below it; three
planes are made in the chest area, one running
through the bust points, one below and another
above it; other three planes are made on the hip
region. These planes are defined in the
DesignConcept software taking the reference of
on the ground floor. The distance between the
plane and the ground floor can be adjusted and
tested until the numbers of the planes and
distances are qualified enough to modeling the

shape of the human body(Fontana, et al. 2005).

Figure 3: Names of the fit points and fashion

points
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Feature points definition, ease distribution
and wireframe formation

Using the defined reference planes, the feature
curves of the human body can be easily obtained
to simulate the body shape information of the
customer. Based on these feature curves, the
feature points of human body can be determined.
The design knowledge and 2D pattern making
knowledge are both applied in this process for
determining feature points of human body, using
an interactive design process. The designer first
locates these points by his/her professional
experience. Several modification operations are
performed repeatedly until the final positions of
these points on the curves are acceptable for
both designers and customers. Same as the
identification of the reference planes, more
points are added than what the designers will do

for normal people in order to make the result

more accurate.

Figure 4: The wireframe of the garment surface

and the meshed garment surfaces

Referring to the relationship between the feature
points of the human body and those of the
garment in the research carried out in another
study, the fit points of the human body should be
distinguished from the non-fit points. The fit
point refers to the points on the garment surface
that exists no wearing ease between the garment
and the human body, while that of the non-fit
point exists wearing ease(Thomassey and
Bruniaux 2013). The non-fit feature points on
the garment surface will be determined by the
non-fit points of the human body by adding
some values of wearing ease, in order to show
desired fashion and comfort effects. A wearing
ease represents the distance between the body
and the garment. Figure 7 shows the defined fit

points and non-fit points. The points marked



with white color are the fit points while those
with black color are the non-fit points.

In our study, a technical method is developed for
generating values of wearing ease. The Normal
lines of the non-fit points on the human body
will be applied to the corresponding feature
points of the garment surface. Their lengths of
these Normal lines take values from the desired
wearing ease given at different positions. The
lengths, representing the value of wearing ease,
can be adjusted by the designers in the 3D
environment, according to the wearing purpose
desired both by the wearer and designer. Design
knowledge and 2D pattern making knowledge of
the designer will be used for the determination
of the wearing ease value. Besides, the directions
of the normal lines can also be adjusted based on
the simulation result in the following process
(the green lines in Figure 7). Using this method,
the fully

considered not only at functional level but also

consumer’s  requirements  are
at aesthetic level, which ensures the wearer and
the designer to set up a compromise between
desired fashion requirements and comfort feeling
for different wearing purposes(Luo and Yuen
2005).

Table. 1 shows a number of representative
wearing ease defined by designers and pattern
makers with their design knowledge and 2D

pattern making knowledge for different wearing

purposes.
Purose Fit points label
P 22 | 26 | 46 | 71 | 115 | 135
Basic
fitting 30 | 8 |30 ] 10| 32| 30
(mm)
Sports 40 | 16 | 40 | 18 | 44 | 40
(mm)
Home
35 | 13| 35| 15| 37| 35
(mm)
Dinner 32 |10 32| 12| 34| 32
(mm)

Table 1: Wearing ease distribution for different

wearing purposes

After this step, all the feature points of the

desired garment block are determined. For
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determination of the feature curves defining the
structure of the garment, the feature points of the
garment are linked together in horizontal and
vertical directions, in order to guarantee that
garment patterns follow in the both horizontal
and vertical directions correctly. In this process,
the 2D pattern making knowledge will provide
inspiration and reference. These curves are neck
and armhole curves, princess lines and so on.
Finally a wireframe of the garment block surface
can be obtained (Figure 8-a)(Meng, et al. 2010).

Developing 3D garments and 2D Block
Patterns

Figure 5: 2D patterns generated from the 3D

garment block

The wireframe of the garment block is then
modeled by triangulating and
bounded by the deformed

wireframe (Figure 8-b and Figure 8-c). The

assembling

different parts

technical method is the same as the creation of a
digitalized human body model wusing the
RapidForm software. The number and size of
the mesh is determined by the designers using
several experimental adjustments until the final
result is acceptable for the flattening operation.
As the fabric information will be given in the
virtual try-on section, there will be no specific
requirement for the number and size of the mesh.
The meshed garment block surface can then be
applied to generate with the flattening operation
to obtain the corresponding 2D pattern. The
generation of flattened 2D pattern also strictly
follows the principle of the classical 2D pattern
design knowledge. Darts, folds, opening, fabric
direction (Warp and Weft direction) and other
important 2D pattern design elements should be
fully considered(Meng, et al. 2012). Then the



meshed virtual garment surface is divided into 4
parts: right front, left front, right back and left
back (Figure 9). Eight different surfaces are
generated: 4 in the front and 4 in the back. Then
the 2D patterns can be flattened automatically
and easily(Volino, et al. 2005).

To make sure that the final result can be
applicable for industry, the flattened 2D pattern
is then input into the Modaris software for
adjustment in order to satisfy the desired
practical properties used in apparel industry.
Then a block

corresponding 2D patterns with the proposed

customized garment and
method can be generated and applied for
industrial use(Wang, et al. 2003).
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CONCLUSION

In this study, a visualization-based method is
proposed for simulation customized 3D garment
and generation corresponding 2D block patterns
for physically disabled people of scoliosis type.
The simulation process and method for the
garment design follows that of traditional
garment prototyping and draping in reality. A
simulation process is performed from a scanned
3D human body for creating a digitalized human
body model to ensure the identification of the
feature points on the human body surface. Then
the feature points on the body surface are
discussed and classified with wearing ease for
desired fit of the garment based on the
parameterized model. A basic garment wireframe
aligned with body features is then established
based on the defined feature points of the human
body. Based on the deformed wireframe, a 3D
expandable garment block is simulated. In this
process, Customized 2D and 3D virtual garment
prototyping
customized products based on the concept of

tools are ensured to create

from reality to simulation and visualization,
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which can be further applied to the design
automation to create fit-ensured mass-customized
apparel products (the top body type) for the
disabled people with scoliosis. The experimental
results show that the proposed method is easier to
be implemented and can generate patterns with
satisfactory fit.
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ABSTRACT

Comfort is the main parameter that characterizes the quality
of a car suspension system. The isolation of the forces
transmitted by external excitations represents the main task
for any automotive system design. Determination of the
constructive parameters of an automotive system involves
the solving of a set of differential equations, which describes
the automotive dynamic behavior. Generally, the real
behavior of an automotive system differs from the theoretical
one, lengthy and costly iterations being necessary, which
include the mathematical modelling, constructive design,
implementation, and test. It is possible to reduce
considerably these chained steps by using numerical
simulation. This way, the design and the operational
parameters of the automotive system are changed until the
overall performances become satisfactory. The main
objective of this paper consists in optimizing the constructive
and functional parameters of some automotive systems using
numerical simulation with the AMESim modelling and
simulation program. Two automotive systems - suspension
and brake one are studied.

INTRODUCTION

In recent years, a group of teachers skilled in hydro
pneumatic control systems (Lebrun and Richards 1997)
developed a new language of modeling and numerical
simulation of the technical systems, called A MESim. It was
quickly implemented both in industrial and in academic
environment. The language allows the assembly of the
mathematical models of the studied processes from fair
models of technical components stored in libraries written in
C programming language. From the user’s point of view, the
language presents a graphical interface, which shows the
progress of the whole simulation process system during
different stages. The motto of the creators of this engineering
instrument is "To create Good Models without Writing a
Single Line of Code". Like any language of modeling and
simulation, the AMESim program accepts equations
systems, which define the dynamic behavior of the
engineering systems implemented in the form of numeric
codes, called "system models". A model is built from
equations and from numerical descriptions of the all system
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components. These are considered sub-models and are
defined in a large number from the libraries language.

In the automotive industry there are three categories of
modern suspensions: adaptive, semi-active and active. The
semi-active suspension (which controls the dissipated
energy) is preferred for automotive manufacturers since they
can achieve a desirable performance than passive suspension
and there are no external power source requirements (other
than for control valve actuation) and much more simple in
comparison with fully active suspension (El-Demardash
2002; Alessandro et al. 2004; Tao 2005). Similar researches
were presented in the papers (Dixon 2007; Choi, Han 2015;
Gotdasz and Sapinski 2015; Alexandridis 2000).

The complete brake system can be divided into the service
brakes, which slow and stop the moving vehicle, and the
parking brakes, which hold the vehicle stationary.

On most late-model vehicles, the antilock brake system
(ABS) is a third major subsystem; and many cars now also
include traction control as part of the brake system functions
(Owen 2011).

The maximum performance of brake system is, therefore,
conditioned by many factors outside the system itself: while
the recognition of the latter is the job of drivers, who are in
charge of limiting vehicle speed and controlling the distance
between close vehicles, vertical loads cannot be ecasy
understood. These are determined by different factors, such
as payload and its distribution in the vehicle, road slope,
longitudinal acceleration, in particular, the same braking
acceleration (Genta and Morello 2009).

THE MODELING AND SIMULATION OF THE
AUTOMOTIVE SYSTEMS

For example, it will simulate a complete vehicle brake
system, presented in Figure 1. The vehicle brake system
simulated is formed of a pneumatic vacuum booster, a master
cylinder, pipelines and calipers.

Disc brakes are a type of axial braking system, meaning that
the clamping force of the caliper acts in an axial direction.
This force is applied by hydraulic cylinders to the brake pads,
which are pressed against the planar frictional surfaces of the
brake discs (Heibing and Metin 2011).

Due to the mathematical equations already inserted in
models, the software AMESim offers the main advantage of
working time reduction. The software’s interface is very
accessible for any kind of engineering user (LMS 2013).



Figure 1. The brake system model

The pedal turns the brake stroke input the driver into an input
on the booster that can be either a displacement or a force.
The pneumatic vacuum booster amplifies the pedal force
value. The vacuum booster model is presented in figure 2.
The default model must be defined by different options
thanks to scalar amplification ratio and saturation force. One
can also choose to use a data table by selecting the
corresponding option.

-rﬁ{i) Engine depression

& output

’ %gg%};apOSmm ,,‘
- 5 , E fastic disc

Figure 2. The pneumatic vacuum booster model

The major problem of such an element is the way of
consideration of the internal movements of the rubber part
called “the reaction disc” (or elastic disc). The static
behavior and consequently the pneumatic amplification of
the booster derives from the properties and the model of this
rubber part.

The master cylinder converts the force from the booster into
a pressure that feeds the electronic braking systems; the
simulation model is presented in figure 3. The main function
simulated for the master cylinder is the piston effect within
its two chambers. The return parts needed to avoid cavitation
in the chambers are not considered in the above master
cylinder model (Vasiliu N. and Vasiliu D. 2005). The master
cylinder model takes into account the restrictions on the
output of the front chamber only; the rear chamber has
restrictions but they have big holes diameters. The friction
force function of the pressure is also not taken into account.
The calipers model is presented in the figure 4.

Secondary piston

Figure 3. The master cylinder model

Brag«epad

Figure 4. The caliper model

The common purpose of a braking system is to slow down
and stop the vehicle by applying friction torques on wheels
when the brake pedal is pushed. A part of results of the
simulations are presented in figures 5, 6, 7 and 8.
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Figure 5. Variation of the pedal force amplified by the
pneumatic vacuum booster depending
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Figure 6. The velocity resulted at the exit
from pneumatic vacuum booster depending on time
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Figure 7. The displacement resulted at the exit
from pneumatic vacuum booster depending on time

At the end of the simulation of the brake system the forces
applied on the brake pads don’t remain at the zero
value. This aspect it is due to the fact that the stick-slip
friction of the seals is considered constant (normally - a
function of the pressure) and the neutral position pressure
relief wvalves inside the master cylinder aren’t
considered. The maximum force applied on the brake pad
front left is about 5800 N, while the maximum applied on
the brake pad rear left is 2.3 times smaller (figure 8).
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Figure 8. The brake pads force depending on time

In the second part of the paper it will presented the
simulation of a typical car's suspension system. The calculus @
is performed for the damper, modeled by the network from

figure 10. The theoretical characteristics of this classical

device, supplied by modeling and simulation are shown in

figures 11 and 12.

The damper simulation model was validated by experimental

test. Some results obtained for a classical damper are

presented in the figures 13 and 14. The curves have been

obtained by the test bench presented in figure 9. The

maximum force sites in the range (-1000 N ... +1000 N) for

a velocity of the piston sited in the range (-160 mm/s...+160

mmy/s). The input signal was a sine wave with a frequency of

3 Hz.

The test bench was also used for testing a modern magneto- e B!
rheological damper (figure 15). Figure 10. The shock absorber model

actuator velocity
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Figure 11. The damping force versus the velocity, for a
classical damper (simulation)
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Figure 12. The damping force depending on the rod
displacement for a classical damper (simulation)
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Figure 15. Test bench for testing magneto-rheological
dampers (Fluid Power Laboratory of U.P.B)

The graphics from figures 16 and 17 show that the maximum
force developed by the magneto-rheological shock absorber
for a law current intensity is 1.4 times higher than that of the
classical one.
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Figure 16. The damping force versus the rod velocity for a
magneto-rheological damper
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Figure 17. The damping force versus the rod displacement
for a magneto-rheological damper




When the control strategy is designed for low frequencies
only, the magneto-rheological solution is cheap, involving a
velocity transducer speed only. Figure 18 presents the
response of such a shock absorber for a linear input signal of
0.3 Hz and a current intensity of 0.5 A.
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Figure 18. The damping force versus the displacement
for a typical magneto-rheological damper
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CONCLUSIONS

The modeling and numerical simulation with the AMESim
program allow a fast optimization of the constructive and
functional parameters of the automotive systems for
obtaining the maximum performances. The models
simulated with AMESim program can be easily adapted for
any type of automotive system due to language many
facilities. The modelling and simulation with AMESim
became in the last decade the first class instrument of study
for engineers, which design, and test the automotive systems.
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ABSTRACT

Vehicle dynamics represent a well debated subject with a high
level of interest for all vehicle manufacturers. Vehicle dynamics
represent the key for the autonomous driving technologies in order
to develop the control algorithms for the advance driving assistance
systems. Defining vehicle dynamics may be considered a truism,
but the necessity for its definition is more than mandatory to be
completed by researchers regarding the new approaches in terms
of autonomous driving. The driving scenarios and the vehicle
behavior can be investigated and defined using a driving simulator,
based on a 6 Degrees Of Freedom hexapod.

This paper aims to highlight several studied approaches for
defining vehicle dynamics through driving simulation using
different scenarios, mechanical modeling as well as the
mathematical description and analysis of vehicle motion and
virtual reality technologies.

INTRODUCTION

Currently the vehicles are not only a mode of transport, they
represent part of the mobility and can be considered a connection
hub between humans and different networks. The big challenge for
both automotive manufacturers and users is to harmonize the
vehicle behavior with the stringent requests, while the connected
cars are in the central role. But the connected car is able to operate
only if its’ dynamic behavior is well set and defined.

The automotive research domains include the driving simulation as
an important research phase for investigating human factors on
driving as close as possible to reality. Based on these investigations,
the driving assistance systems can be defined and developed.

The vehicles dynamics represents one of the main domains for the
automotive engineers, for both mechanical and sofiware
development that are used on controlling and design.

The vehicle dynamics can be described not only through
mathematical models that are able to compute the reality, but also
using driving simulators for vehicle motions.

Driving simulators are important in developing experiments
because they allow understanding the human response for and
during different conditions. The driving simulator is used to
investigate how the drivers respond to the continuously upgraded
vehicle systems. For example, speaking about the steering
advanced assistance system, the approach how the vehicles will
achieve the solutions for the lane keeping task is defined using the
driving simulator. The same situation is met to define other
vehicles' safety systems that works together with vehicle
dynamics, using the driving simulator.

The vehicle's behavior is defined long before production using the
driving simulator by implementing the scenarios which are
impossible to test on real roads.
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This paper aims to highlight the approach on how vehicle
dynamics can be defined using the driving simulator and based on
that, the approach on how the driving assistance systems are
defined.

AIMS AND OBJECTIVES

The driving experience inside a driving simulator is defined as
close as possible to reality, taking into account the vehicle's
vertical, lateral and longitudinal dynamics. All these motions are
based on accurate human perceptions in order to be able to
compare different maneuvers between the driving simulator and
the real vehicle.

The virtual reality experienced by driving simulation is able to
provide the discrepancies perceived by human controlled systems,
demonstrated by the correct perception for the acceleration and
speed, distances and drivers® actions.

The driver is able to control the vehicle's trajectory through the
steering wheel, giving different torque values to the steering-wheel
that defines the interaction between the vehicle and the road. The
steering-wheel torque feedback ensures the vehicle behavior under
the drivers' actions, depending on the vehicle speed, road quality
and slope.

The aim is to define the vehicle dynamics starting from the
vehicle's motion to the driving simulator's motion, using a high-
fidelity simulator. A high fidelity driving simulator has six degrees
of freedom (6 DOF) and it is a motion based driving simulator.
The simulator design consists of an upper platform that is linked to
the bottom platform by linear cylinders acting as actuators. The
hexapod ground fixed platform is linked by six identical kinematic
links to the upper mobile platform. The kinematic links consist of
six spherical joints and six universal joints. The joints are located
in the ends of the actuators that consist of a screw ball and a rod,
working inside a shell (Croitorescu et al, 2015). Three different
pairs of joints are linking another pair of two neighboring actuators
to the upper platform. The bottom platform integrates other three
pairs of different joints, each one for a different pairs of actuators.
The actuators are using defined control corresponding to all the
vehicles motions. All the forces and torques acting on the vehicle
are being reproduced via the driving simulator actuators.
Therefore, the hexapod motions are directly related with the
vehicle motion and behavior.

The purpose of the approaches is to perform a parametric definition
for all the basic vehicle motions, taking into account the necessities
of assisting the driving and optimizing the simulator control
systems.

The objectives include the definitions for all the basic vehicle
motions made from the driving simulator operation's perspective.
To obtain an optimal definition of the vehicle dynamics by the
driving simulator, significant causes are still being debated while
representing major challenges for the dedicated control of the
actuators which ensure the upper platform motion. The ability to
obtain very close to reality definitions is demonstrated by human



perceptions and by the differences between real and virtual
conditions.

Since a dedicated control is needed to operate the driving simulator,
the vehicle motions mathematical models are defined using
mechanics laws, mathematical equations and physics.

PROBLEM DESCRIPTION AND THE NEED FOR A
DRIVING SIMULATION SOLUTION

Driver — Vehicle and Vehicle — Simulator Sensing

Vehicle dynamics performances are provided through user-
specific driving behavior as well as through the road and other
environment properties. The vehicles performances are in close
relationship with the driving behavior, especially when harmful
emissions, fuel economy and autonomy are subjects for
investigations. All vehicle manufacturers are using the user-
specific driving behavior and based on it, through which detailed
data can be collected. Even if it is not clear how the user-specific
driving behavior defines the performances, the sensing human
capabilities allows comparing the results coming from real and
virtual vehicle behavior.
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Figure 1: Driver-vehicle sensing

The vehicles dynamics performances correspond to user-specific
driving behavior. Based on each driver driving topology, the
vehicles dynamics depend on the speed, acceleration, road
conditions and environmental properties (figure 1).

The driver may often be disorientated and may show sickness due
to that. But, the driver will be able to synchronize his human
behavior with the vehicle behavior, while the vehicle behavior may
be supported also by the driving assistance systems. The
powertrain plays an important role to the entire human reaction, as
far as the propulsion system achieves the dynamic performances
the driver is requesting. The propulsion system can be
conventional, including only the internal combustion engine, or
can be hybrid, including beside the internal combustion engine also
an electric machine and batteries. The driver reactions may differ
according to the vehicle mode of operation during hard
acceleration, turning or braking.

Including the traffic influences, the driver will react differently
corresponding to the driving scenarios.

The accurate characterization between user-specific driving
conditions and vehicle dynamics impacts can be well described by
using sensors and dedicated instrumentation: three-axis gyroscope
and three axis accelerometer for the roll, pitch and yaw motions
(figure 2) defining the raw, pitch and yaw angles (RPY).

To simplify the vehicle dynamics simulation, a single point in
space can be used, defined as the center of gravity, having a given
mass and a moment of inertia.
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Through simulation, the vehicles are illustrated using the
parameters that define the motions: angles, distances, speeds,
accelerations, forces and torques, all of these being reported to the
vehicles components, usually to the wheels and to the vehicle
center of gravity.
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Figure 2: The three axis vehicle motions [*¥*]

The vehicle center of gravity is able to move across three different
dimensions in space. The vehicle is moving along all three axis
while also rotating around them (figure 2). The rolling is the
rotation around the X-axis, being determined by the rotation angle.
The pitch is the rotation around the Y-axis. The yaw is the rotation
around the Z-axis.
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Figure 3: Vehicle-simulator sensing

The vehicle is able to replicate its behavior through simulations,
using different scenarios inside a driving simulator or into a virtual
reality. The driving simulator motion system is designed to
artificially recreate the dynamic cues of both longitudinal (brake
and ride) and lateral (comering and stability) vehicle accelerations.
(Tuca et al, 2015-3).

The vehicle-simulator sensing is defined by how the simulator
takes action after the vehicle commands. The vehicle behavior is
given by the driver, while the simulator itself is controlled by the
control algorithm that uses all the drivers’ requests. The control
algorithm takes into account the actuators operation limits, in terms
of response speed, maximum track, and also the spherical joints
maximum operation angles.

All the forces, torques and moments of inertia are concentrated
inside the vehicle center of gravity. From it, the forces, torques,
moment of inertia split to the center of the wheels and from these
points to the wheels locations points (WLP = the wheels location
points are defined as the intersection of the wheels with the road).
The driving simulator has its own center of gravity, but all the
forces, torques etc. are acting in the motion reference point (MRP).
The motion reference point (MRP) denotes the point in space at
which the platform translations and rotations are centered (Nahon
and Reid, 1990). For the hexapod system, although the location of



the MRP can vary, it is usually located with respect to the geometry
of the motion platform. Most commonly, it is defined as the
centroid of the two triangles formed at the upper joint rotation
points (figure 4).

-

Figure 4: The motion reference point (Tuca et al, 2015-1)

From the MRP, the forces, torques etc. are split to the joints and
from them to the actuators.

Installing the vehicle on the upper platform, which is mobile due to
the links between the joints and actuators, all the forces, torques etc.
that act on the WLPs will act on the MRP, from the MRP to the
joints, and from the joints to the actuators rod, making possible the
roll, pitch and yaw motions by the longitudinal displacement of the
rod. The obtained motion for the entire system is very complex.
The motion platform is emulating angular motions also: roll, pitch
and yaw.

Basic architecture for driving assistance

All vehicle manufacturers implemented at least one assistance
driving system nowadays. The trend they followed is perceived
sometimes as a trap for researchers. Even if all the needed sensors
are used for offering a safe journey, the intelligent networking of
mechatronic systems between vehicles is currently missing on
large scale to cover all traffic. The basic architecture for
implementing the driving assistance procedures using the driving
simulator is presented in figure 5.
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Figure 5: Basic driving assistance system implementation

The vehicle responds to dynamics, defining linear and angular
positions, velocities and accelerations.

The control structure can be designed as a parallel structure. It
consists of the driving controllers that are designed to calculate the
yaw, roll and pitch torques based on the angular position, velocities
and accelerations, and the controllers that calculate the wheels
slipping. The controllers’ outputs are used as input data for the
simulator actuators in order to replicate the vehicle behavior (figure
6) being able to introduce the longitudinal motion of the actuators,
while the rotation and the lateral motion are realized using also the
joints from the upper and from the bottom platforms.
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The simulator is set to achieve the safety that the vehicle has to offer
in real driving. While following a defined driving scenario,
including obstacles, traffic jams, tight curves etc., the driving
assistance systems are intervening using the data received from the
sensors. In this case, the sensors are programmed to follow the
virtual driving scenarios. The motion platform is running basically
on the information received from the control unit and from the
virtual reality operation. The closed loop consists of a continuous
control setting of the refined behavior of the vehicle.

Removing the vehicle, but keeping all the information from it as
necessary input data, makes the motion platform the principal unit
for providing accelerations, velocities and position at high fidelity
in order to allow the driver to have the perception close to reality.
But without the driver, these human factors are read by sensors and
the motion platform responses using driving patterns. The motion
platform has limited workspace and the accelerations are
coordinated smoothly.

BASIC VEHICLE DYNAMICS DEFINITION

Inertia is naturally maintained, in rest or in motion, according to the
vehicle states. In order to modify the state, a force has to be applied
to the vehicle. The applied forces, including the turning forces, act
on the entire vehicle (figure 7). The forces that act along the
longitudinal axis are the motive, the aerodynamic drag and the
rolling force. The forces that act laterally on the vehicle are the
steering force, the centrifugal force when cornering or crosswinds
and the tire forces which act laterally. The tires are receiving the
longitudinal and lateral forces either downwards or sideways,
being transmitted to the road through the chassis, the steering, the
engine and transmission, and the braking system.
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Lateral  force
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Figure 7: Vehicle's applied forces according to ISO 8855:2011

Vehicle motion

The vehicle is moving using the Newton and Euler equations of
motion, related to the coordination system.

The vehicle fixed coordination system has its origin in the vehicle's
center of gravity being related to the Earth fixed coordination
system through the Euler angles. The Euler angles are defined by
the sequence of three angular rotations: the yaw rotation around the



Z axis, the pitch rotation around the Y axis, the roll motion around
the X axis (figure 7, figure 8).
For better interpretation of vehicle dynamics, the equilibrium
conditions should be taken into account for both translational and
rotation systems:

YE=mxa, (1)

YE=mxa, (2

2T, =1z Xa, (3)
The Newton equations for motion are expressed for reaching the

equilibrium along the X axis and also along the Y axis, and also to
rotation around the Z axis (figure 8).
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where Fy; and F,; represent the longitudinal and lateral forces for
each of the 'i" wheels acting in the tires’ centers, Fey , and Foy¢
represent the sum of the forces acting in each WLP on the X-axis
and on the Y-axis, translated both to the MRP, &, are the angles
between the longitudinal axis and the axis corresponding to each
wheel motion direction, the Fy;.q4 is the acrodynamic drag force,
Frouing 18 the force generated by the tire rolling resistance while
moving along longitudinal axis, Fg,p, is the force due to gravity
when a road slope is present, Fy, .1 18 the lateral force due to gravity
when a road bank is present, f; is the rolling resistance coefficient,
m is the vehicle mass, g is the gravitational acceleration, p,;,- is air
density, c, is the acrodynamic coefficient, A is the transversal
vehicle's area, @ is the road slope angle, ;.54 is the road bank
angle, v, is the longitudinal absolute velocity, v, is the lateral
absolute velocity, v, is the longitudinal absolute acceleration, v, is
the lateral absolute acceleration, a, is the vehicle longitudinal
acceleration, a,, is the vehicle's lateral acceleration, 1 is the yaw
acceleration, 1) is the yaw rate, 1 is the yaw angle, M,,; represents
the torque generated by the kingpin offset corresponding to the 1"
tire, I,, is the vehicle's moment of inertia with respect to the Z-axis,
t,/r is the rear/front vehicle's track, Ly, is the distance from the
CoG to the front/rear axle, on longitudinal direction.

gmm .

s

Figure 8: Forces acting on vehicle with respect to the two axis
coordination system

The vehicle position is calculated in relation with the Earth fixed
coordinate system. The vehicle dynamics include the vehicle
representation in terms of spatial integration.

Driving Simulator motion

The driving simulator motion is achieved by the actuators
longitudinal motion.

The driving simulator is able to sense the artificial ride and to
perform the handling quality. Three different motions are
considered: the longitudinal motion, the lateral motion and the
vertical motion (figure 9).

The simulator fixed coordination system has the origin in the
simulator's motion reference point, the MRP, being related to the
Earth fixed coordination system. All forces and torques coming
and going to the vehicle act in the MRP.

The usual motion platform consists of the upper platform and the
vehicle on top of it. The currently applied approach is not taking
into account either the suspension system or the tires. It takes into
account that the upper platform holds the vehicle directly to the



chassis. The approach considers that the wheels are always in
contact with the ground, the wheels elastic behavior is not taken
into account, the wheels can move neither in vertical direction,
since their suspension and the suspension geometry are neglected.
When the car is driven up to its limits it has nonlinear behavior,
otherwise the car is validated in linear conditions.

The upper platform has three different pairs of spherical joints, each
pair has two different joints. The spherical joints has axial rotation,
their maximum rotation being constrained by their own design.
The ground platform has another three different pairs of spherical
joints, each pair has two different joints. Each one by one joint from
the upper platform is connected with another one by one joint from
the ground platform (figure 9). Each joint has its own center of
gravity, JcoG, where the forces and torques that act to the vehicle's
CoG, respectively to the simulator’'s MRP, are translated.

Fagl

Ground
platform

}‘g‘gﬁi
Figure 9: Forces acting on simulator with respect to the two axis
coordination system
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All the forces that act on the MRP and JCoG are directly computed
by the virtual vehicle model while the vehicle is driven following a
defined driving cycle. The vehicle virtual model data is used for
controlling the simulator, which uses the longitudinal absolute
velocity v, the lateral absolute velocity vy, the vehicle
longitudinal acceleration a,, the vehicle lateral acceleration a,,
the yaw rate 1. The vehicle dynamics simulation comes from the
defined model. The driver role is to control all the vehicle motions
and to obtain from the vehicle all the wanted states and the
requested behavior, with respect to the requirements and legal
issues. The driver is used as a transfer function between the vehicle
and the requested behavior, basically including also control and
actuating functions coming from the simulator.

Replicating the vehicle motion consists of the simulation
technology that uses the classic motion algorithm (Tuca et al, 2015~
1). The simulator is replicating the high frequencies corresponding
to the translational motions and rotational motions. The motion
platform allows operations for all six degrees-of-freedom of the
Cartesian inertial frame.

All the motions are related to the rods displacements inside the
cylinders that make the actuating operations possible (figure 11).
The simulator motions for all the six degrees of freedom are limited
by the joints and actuators design. The maximum permitted joint
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angles together with the maximum displacement of the rods are
able to provide and define the maximum upper platform tilt related
to the three axis. But the tilt motion cannot be used for defining the
heave motion.

360° raiation

Rod lingar
lisplacement

Lower joint
368% entatinns

Figure 10: Simplified actuator operation related to the upper
platform joint motions

The surge motion consists of the forward and backward
translations along the X-axis. The sway motion consists of the
sideways translation along the Y-axis. The heave motion consists
of the vertical translation along the Z-axis. The pitch motion
consists of the tilting rotation around the Y-axis. The roll motion
consists of the tilting rotation around the X-axis. The yaw motion
consists of the horizontal rotation around the Z-axis.

As no elastic behavior is taking into account and as the suspension
system behavior is not taken into account also, the vertical forces
that acts on the upper platform joints are neglected (figure 11).

Figure 11: The forces acting on one upper and lower platform
joints with respect to the two axis coordination system

The rod available linear displacement is defined by the maximum
rotation angle of the spherical joints. The length varies as the upper
platform changes the equilibrium position. The force feedback that
comes from each actuators depends on the load capacity, being
different distributed to each actuator. Therefore, the driving
simulator uses a complex function in order to reproduce the vehicle
behavior:
fmotion = fmotion(lj, Tj, Gf) 17

where [;is the maximum available linear displacement for the 'j’
actuator, 7;is the angle that can be obtained between the rod axle
and the upper platform geometrical plan, G; is the load for the 'j°
actuator.



DISCUSSIONS

Electric actuators are used to enhance vehicles dynamics
performances. As a result of the fast response the actuators are able
to give under several requests from the driver, the vehicle is
following strategies for secure and safe operation between two
different destinations while successfully negotiate the traffic and
obstacles.

A great impact on vehicles dynamics is the potential of using
electric and hybrid electric powertrain. The possibility for moving
between two destinations with a reduced environmental footprint
represents one of the most fundamental advantages for
powertrains. The propulsion system type and its influence on
vehicle dynamics are not discussed in this paper, but they represent
a further research objective.

Another great impact on vehicle dynamics are the noise, the
vibrations and the harshness, being also a major goal for further
research.

The vehicle dynamics may suffer from possible driving events and
strategies taken by the drivers. The already existing systems that
are assisting the human drivers for controlling the vehicle
emphasize the vehicle dynamics control as an enforcement for
rapid control. The human factors used for motion investigation
should be taken from different drivers on both the same tracks and
different tracks.

One example regarding this approach consists of the longitudinal
motion for a vehicle that is following another vehicle, similar to
vehicle platooning. The control closed loop is taking into account
the distance between the two consecutive vehicles and is sending
the information to the driving assistance systems on the vehicle.
The distance should be kept constant and the rolling force should
be kept inside quite small range, affecting the longitudinal motion
of the vehicle.

The vehicle's behavior is assimilated in the upper driving simulator
platform. Originating from the driver making control inputs from
the vehicle cab, each sub-system plays a vital role in forming the
perception of the virtual driving environment. While the vehicle
accelerates, the upper platform will change its position (front side
will go higher, while the back side will go down) and the actuators
from the front will be decompressed while the actuators from
behind will be compressed.

CONCLUSIONS

Even the most experienced human driver will meet difficulties in
negotiating with real driving scenarios, therefore the driving
simulator robotics may not achieve the operating perfection, but the
viable solutions that are able to offer represent the performances in
terms of computing, avoiding obstacles, reaching high intelligence
levels.

In order to define the vehicle dynamics from a new perspective,
without using any vehicle, the driving simulator’s behavior is
offering to understand and to learn how all the key sub-systems of
the driving simulators are working and the importance of each of
them, the static limits for the motion platform, the actuating
cylinder and joints operation boundaries, how to simulate different
moving scenarios starting from a sketch.

The understanding of the vehicle dynamics using only the driving
simulator is very useful from small to large scales laboratory work
and teaching,. The advantages consist also of learning how to set
up and how to implement the instrumentation, how to understand
the mathematical modeling and where the reference sensors
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positions for better investigation are chosen, being also needed for
testing.

In addition, based on how to define vehicle dynamics and on the
basic understanding of the driving simulator’s behavior, the
dedicated control algorithms and the motion platform kinematics
can be optimized.
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ABSTRACT

The paper presents a direct method for the re-engineering of
radial or mixed flow impellers of centrifugal pumps. Starting
from an existing radial impeller, a rapid simulation
algorithm is performed. The existing and new data were
compared and geometry modification was observed
according to blade inlet angle. The most appropriate value
for inlet blade angle was selected, by considering
simultaneous the efficiency and Net Positive Suction Head
required (NPSH,) criteria. In order to validate the simulations
a rapid prototyping technology was used for impeller
manufacturing and tests were performed for the most
appropriate impeller. A good agreement between simulated
and experimental data has been achieved. By using the
proposed method one obtain either an impeller with good
hydraulic efficiency, or with a low NPSH,, designed by a
rapid and practical procedure.

INTRODUCTION

In pump simulation, the key issues are the turbulence
prediction and cavitation initiation which in practical terms
is referring to hydraulic efficiency and required NPSH..
Some studies based on turbulent flow and cavitation models
throughout the pump/impeller are known, either
theoretically based, by using simulation tools followed by
experimental validation (Miyauchi et al. 2006; Li et al.
2013; Visser et al. 2000; Sedla et al. 2015; Luo et al. 2008)
or experimentally based and used for calibration of the
theoretical models (Ladouani and Nemdili 2009; Liu et al.
2014; Misiewicz and Skrzypacz 2011; Luo et al. 2008;
Mittag 2015).

Even CFD tools are based on relatively accurate models for
turbulent flow (e.g. standard k-¢ and RNG are the widely
adopted) and cavitation (e.g. Rayleigh-Plesset equation
applied to describe the vapor phase change) still results

deviate from experiment mostly due to the difficulty to
select empirical coefficients.

The paper presents a rapid iterative algorithm for the re-
engineering of radial or mixed flow impellers. Using
dedicated software, simulations are performed in order to
optimize performance of NPSH, and the hydraulic efficiency
of a centrifugal pump impeller starting from an existing
one. The simulation software provides 3D cylindrical
coordinates (R,0,Z) for the impeller geometry and estimates
the impeller performance of NPSH, and global efficiency.

In the first stage, semi empirical Pfleiderer method has been
applied to define the blade shape with double curvature.
Also NPSH, and hydraulic efficiency of the impeller were
computed. In the second stage, the most appropriate blade
inlet angle was selected and influence on the NPSH, and
hydraulic losses have been evaluated. A new impeller was
manufactured and tested obtaining a good approximation
between theoretical and experimental data. By using the
proposed method, one obtain either an impeller with good
hydraulic efficiency, or with a low NPSH, (see case study),
designed by a rapid and practical procedure.

IMPELLER MODEL AND SIMULATION

The algorithm used for deriving the simulation software is
consisting both of basic formulas and original contributions
reported in literature. Therefore, in order to establish the
main dimensions of the radial impeller there were used
some equations (Stepanoff 1993; Stepanoff 1963; Pfleiderer
1932; Karassik et al. 2001; Rutter 1965) processed by the
authors:
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where: H — discharge head (m); O — fluid flow (m*/h); n —
impeller rotational velocity; n, — specific speed; 5, — blade
inlet/suction angle; f, — blade outlet/discharge angle; b, —
inlet width of impeller; b, — outlet width of impeller; Dy —
inlet impeller diameter; D; — inlet blade diameter; D, —
outlet impeller diameter (these diameters have indices A, B
or C for medium streamline, front disc and back disc
streamline); D, — hub impeller diameter; z — number of the
blades; Az - blade width in meridian plane (maximal value
18 Az,.); n — overall efficiency of the impeller; 5, —
hydraulic efficiency; #, — mechanical efficiency; 7, —
volumetric efficiency; v - angle between the back disc and
horizontal plane, . — radius of curvature for the back disc.
In figure | is presented the impeller geometry in meridian
plane.

Figure 1: Geometry and streamlines of the impeller (Budea
and Varzaru 2012)

By using the semi empirical relation provided by Pfleiderer
(Pfleiderer 1932) and introducing the corrective coefficients
C,, the streamlines were derived, based the hypothesis of the
constant hydraulic torque:

¥ = (0.55 = 0.68) + 0.6sinf,
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where: y - pressure coefficient.

The simulation software provides 3D cylindrical coordinates
for meridian plane and also for parallel plane. Details
regarding this application are presented in Budea and
Varzaru 2012.

In order to predict the pump efficiency an original relation
is proposed (Budea 2006, Budea and Ciocanea 2008, Budea
and Varzaru 2012) - similar with the formulas provided by
Anderson (Anderson 1980) and Stepanoff (Stepanoff 1993,
Stepanoff 1963), which has been experimentally validated
by a rumanian pump manufacturer — ”Aversa S.A”:
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—% 5
1057 i
7 ( ﬂsg ‘ Lsiﬂéﬁ‘“] ( )

74

In order to compute the hydraulic efficiency of the impeller,
the losses through the impeller passages (L;.,) were
considered (Karassik et al. 2001):

Limp
=1 =2
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where: Dy, — passage hydraulic diameter; / — passage length;
J — pipe type friction factor; & — incidence loss coefficient;
w? - the average square of the relative velocity; w; — inlet
relative velocity; b, - the average width of the blade; ¢ - step
between blades. The method is validated using data
provided by Stepanoff (Stepanoff 1993) - figure 2:
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Figure 2: Hydraulic efficiency depending on the fluid
specific speed

NPSH, was computed by using formulas where inlet angle
f1and suction specific speed ny,, are related:

__ne
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By applying a numerical iterative algorithm considering the
flow continuity equation and the hypothesis of constant
hydraulic torque, blade shape with double curvature was
obtained. Also, using the proposed relations it have been
computed both hydraulic efficiency and NPSH, for
considered impellers, if inlet angles f5; with various values
are adopted.

Simulations were performed, considering an existing
impeller in order to obtaining appropriate performance for
hydraulic efficiency and NPSH,. The parameters for the
centrifugal pump were: flow rate Q = 75 m’/h, total head H
= 52 m and rotational velocity n = 2960 rpm. The
dimensions of the existing closed impeller type were:
impeller diameter D, = 200 mm; blade width at exit b, = 12



mm; blade angle at inlet f; = 15°; blade angle at outlet 3,
= 30°; hub diameter D, = 60 mm; number of blades z =8§;
blade width s = 3 mm; the curve radius for the back disc r. =
25 mm.

RESULTS

Considering the performances of the existing pump (e.g. for
best efficiency point -BEP, 5 = 0.62 and NPSH,= 5.5 m, as
presented in figure 4) simulations were performed in order
to assess the influence of the inlet angle on the overall
efficiency and NPSH, The results are presented in Table 1.

Table 1: Simulation results

B, Z n»  NPSHr g ANPSH
) ) ) (m) ) -)
10 5 068 150 0574 0.85
13 5 0780 215  0.653 0.79
14 6 0795 235  0.665 0.77
15 6 0800 258  0.677 0.75
16 6 0821 287  0.687 0.72
17 7 0861  3.05  0.720 0.70
18 7 0863 349  0.722 0.66
19 7 0866 372 0.724 0.63
20 8 0871 393  0.726 0.61

22 8 0.877 4.52 0.734 0.56

The pump efficiency was computed for a mechanical efficiency #
=0.94 and a volumetric efficiency 77, = 0.89 respectively.

According to the simulation results when the same number
of blades z =8 is selected, the new impeller has the overall
efficiency # =0.73 at BEP and NPSH, = 3.93 m. Still, these
values are not the most appropriate ones if both efficiency
and NPSH, are considered in the same time. For such a
comparison a constant value was defined in order to take
into account the atmospheric pressure:

ANESH = 10.33—-NPIHr 6)
1233

In figure 3 is presented both variation of # ( f ;) and A
NPSH, (f;), resulting the most appropriate inlet angle
between f8; = 16°-17°.
This result is in line with the data in Table 1 where for £,
=17" the efficiency # = 0.72 (0.6% lower comparing with the
case where 8, =20") and NPSH, = 3.05 m (about 0.9 m
lower comparing with the same case). The new impeller has
z = 7 blades which explain the better performances, see
figure 4. An interesting result is related to the sudden
efficiency increasing (3.3%), from g, =16" to f, =17
followed by lower gradient values for higher inlet angles
(0.2%).  Figure 4 shows the efficiency and NPSH,
performance for the old impeller compared with the
proposed impeller, new geometry with £, =17°.
In figure 5 is presented the modification of the leading edge
of the impeller. It can be observed that for the lower inlet
angle the leding edge is more vertical (line3) oriented hence
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Figure 3: Appropriate inlet angles for BEP and low NPSHr

better cavitation performances will be obtained for the pump
— based on conclusions reported in literature (Luo et al.
2008; Anton 1985; Schoneberger 1966). This result is
confirmed by lower NPSHr values obtained during
simulation at smaller inlet angles.

The better performance for NPSH, and the improved
efficiency as a result of re-engineering the impeller were
experimental validated for the case f ;, =17°. An impeller
was manufactured by using a rapid prototyping technology
(using 3D printer), see figure 6, and tested (figure 4).

The values obtained for the overall efficiency in BEP was #
= (.71 and accordingly NPSH, = 4.2 m. The reduced gap
between simulation and experimental results allow positive
conclusions concerning the accuracy of the theoretical
model used for re-engineering radial and mixed flow
impellers.
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Figure 4: The efficiency of the impeller at BEP (a) and
NPSHy (b) for the old impeller (#; =20° and # = 0.62 ) and
proposed impeller (8; =17°, 5 = 0.72 and NPSHr =
3.05m)
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Figure 5: The leading edge of the new
impeller for f; = 20°- 1 ¥ =17-2; Iy =16" -3

CONCLUSIONS

A simulation software was proposed, for the re-engineering
of radial and mixed flow impellers. As a case study, an
existing impeller was considered and simulated providing a
new geometry as the result of modifying the inlet blade
angle. The new impeller has better efficiency and NPSH, for
the same number of blades. In order to identify the most
appropriate impeller, considering both efficiency and NPSH,
as simultaneous criteria, a constant ANPSH, was defined. A
geometrical method was used in order to obtaining the
optimum value for the inlet angle. The optimum value
obtained was f; =17°¢ for the inlet angle. For the new
geometry it has been observed that, a more vertical direction
of the leading edge corresponds for a low NPSH,, which is
confirmed by some studies. Hence, the simulation results
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a) new design of the impeller

b) 3D printed impeller

Figure 6: The impeller without the shroud disc,
with the new geometry

could be considered in good agreement with experimental
research. The performances for the new impeller were
experimentally validated.

A rapid prototyping technology was used for impeller
manufacturing. Values for BEP and NPSH, were close to
simulated values. By using the proposed method one obtain
either an impeller with good hydraulic efficiency, or with a
low NPSH,, designed by a rapid and practical procedure.
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ABSTRACT

The paper presents the results of the theoretical reseach
carried out on the overlap influence on the steady-state and
dynamic performances of the electrohydraulic flow control
valves. The valve behavior around the nul point has a
esential influence on the accuracy, and stability of the
electrohydraulic servo systems. A lot of peculiarities of the
operation conditions have to be taken in account, like the
environmental temperature variation, the power lost by
internal leakages etc. The modern mechatronics systems
development needs a large amount of numerical simulations
in order to find out the best structure for specified
performances. AMESIM language, called now LMS
Imagine.Lab™Amesim, includes a realistic hydraulic
components library which can be used to point out with
high accuracy the influence of different kind of parameters
on the electrohydraulic components and systems
performances. The results of the simulation are validated by
the author’s experiments carried out on different type of
servovalves tested in standard conditions.

INTRODUCTION

The modern electrohydraulic servo valves are hybrid
equipments used for controlling the flow sent by the
pressure supply systems to the hydraulic motors included in
position (angle) or force (torque) servo systems. The
industrial requirements of the CIM led to the replace of the
classical two stages flapper-nozzle servovalves by direct
drive servovalves (DDV). This ones keep the flow control
valve geometry, but the spool is directly actuated by a
linear electromechanical convertor which uses one of the
following three principle: moving coil (fig. 1), a solenoids
(fig. 2), and a linear force motor (fig.3). The accuracy of the
flow control strongly depends on the resolution of the
position transducer attached by the spool. Another
important feature concerning the dynamic performance is
the maximum force supplied by the electromechanical
actuator. The mobile equipment, the position trnsducer, the
electromechanical actuator and the controller are in fact the
components of a position loop.The controller of this loop
supply the input signl for the internal position loop
according the needs of the governed process. The overal
static and dynamic performances of a servovalve depend on
the performances of all the components. The main feature
of these electrohydraulic converters is the behavior
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around the null point. This one strongly depends on the

,hydraulic overlap”. The relation between the valve spool

displacement, x, and the flow sent to the hydraulic motor,
Q=f{x, d, Ap, 3, j) D

includes the spool diameter d; , hydraulic overlap §, the

pressure drop on the valve Ap, and j - average radial

clearance between the spool and the sleeve (bushing).

Parker

A P B T
Figure 2. High speed industrial solenoid servo valve
(BOSCH 4WRPEH 6)
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The static and dynamic performances of the servo valves
are supplied by the manufacturers as average complex
diagrams as presented in the figures 4,5 and 6. Numerical
simulation offers the possibility to refine and explain the
aspect of these curves.

O (%)
00 g
80— %
il
60 /
40
20
Version
{V)-10 -8 -6 -4 -2 Zé 4 8 10 Upe(V)
= A 1w
Fail / = 1 _§0
AV
safe / ’l‘ -80
e ——
| 100
O (%) Version
off £ H————4——1+—1+—+—+—+— Ipe(mh)
2mA 4 12 20

Figure 4. Typical steady-state flow characteristics of a
high speed industrial servo valve (PARKER)
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Figure 5. Typical pressure sensitivity of a high speed
industrial servo valve (BOSCH)
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Figure 6. Typical dynamic performance of a high speed
industrial servo valve (BOSCH)

NUMERICAL SIMULATION BY AMESIM

AMESIM software (Lebrun et al., 2009), produced by LMS
Company, now - a member of SIEMENS Group, was
selected as a current simulation tool (LMS 2013). This
complex software offers numerous advantages: rich library
of hydraulic symbols and components, which allow the
authors to use existing, proven models for well-known
components (valves, cylinders); ability to simulate different
part of the system at different levels of complexity, which
allows the authors to model different parts of the system at
different levels of detail, as required. AMESIM models are
fully compatible with LabVIEW for real time and
Hardware-in-the-Loop simulations, can be imported in
LabVIEW and connected to a real-time or HIL simulation
system. A realistic image of the behavior of a servo valves
can be created before the prototype manufacturing by
numerical simulation, avoiding the “cut-and-try” time and
money consuming procedure. A realistic AMESIM
simulation model of a direct drive servo valve with moving
coil is presented in the figure 7. This model gives the
steady-state flow characteristics for different kind of valve
overlap.

®
Figure 7. AMESIM model used for finding the steady-state
flow characteristics

A low frequency sine input (1Hz) is used in order to pass
through all the position of the spool, with very small steps
(Imagine 2001). All the three cases encountered in the
servo valve practice were investigated (figs. 8, 9 and 10).
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Figure 8. Low frequency sine input response of a
critical overlap flow control valve.
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Figure 9. Low frequency sine input response of a
negative lap flow control valve.
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Figure 10. Low frequency sine input response of a
positive lap flow control valve.

The results of these simulations are presented in the figures
11, 12 and 13. They are in very good agreement with the
experimental results published by the most important
researchers in the field (Merritt 1967; Viersma 1980;
Guillon 1992; Mare 2016). The very small slope of the flow
characteristics around the null point, shown by the figure 13
pointed out the small laminar leakages through the radial
clearances, which cannot be ignored in the synthesis of the
high accuracy position servo systems.
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Figure 11. Steady-state flow characteristics of a critical lap
flow control valve

The high slope of the flow characteristics around the null
point of the negative overlap valves (figure 12) is used in
all the applications where the load random variations have
to be quickly rejected. A typical case is encountered in the
automotive steering systems, and in other similar
applications, which involve the automatic recovery of a
variable reference position (Guillon 1992; Résth 2007).
Usually, these systems are supplied by a constant flow
system, in order to keep the response time at the same value
for any load variation (Vasiliu C. 2002; Rosth 2007).
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Figure 12. Steady-state flow characteristics of a negative
lap flow control valve (-10pm)

A wide dead band of the flow characteristics (figure 13) is
useful for increasing the stability of the hydraulic
servomechanisms, but it reduces the absolute accuracy.
However, it strongly reduces the leakages, which can be
important in the overall system power consumption.
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Figure 13. Steady-state flow characteristics of a positive
lap flow control valve (+10um)

All  the above conclusions have technological
consequences, leading to specific domains of applications
(Vasiliu et al. 2007; Mare 2016). The second series of
numerical simulation was devoted to the correlation
between the overlap and the valve pressure sensitivity. The
simulation model from the figure 14 was used in the same
cases studied above. The results are presented in the figures
15, 16 and 17. As expected from the geometrical
peculiarities of the valves, the highest-pressure sensitivity is
supplied by the critical case, which is used in the most
performant applications (MOOG 2008).



The negative overlap is always giving a smooth pressure
sensitivity curve, used in constant flow supply applications.
The positive overlap is giving a “relay” pressure behavior,
which can be useful in slow position control process. The
reduction of the geometrical gain by notches of different
shapes leads to a continuous variation of the pressure
difference between the hydraulic motor ports. This is the
case of the proportional industrial servo valves actuated by
proportional force solenoids (BOSCH 1999).

®

Figure 14. AMESIM model used for finding the pressure
sensitivity of a flow control valve
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Figure 15. Pressure sensitivity of a critical lap flow
control valve
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Figure 16. Pressure sensitivity of a negative lap flow
control valve (-10 pm)
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Figure 17. Pressure sensitivity of a positive lap flow

control valve (10 pm)

The final series of simulations is devoted to the overlap
influence on the frequency response of the servo valve. The
control library of AMESIM includes a Frequency Response
Analyzer block called SIGDYNFRAO1, which is running as
a real device, which generates a constant magnitude input
with a variable frequency. For a moving coil actuator of the
spool, a first order transfer function with a few milliseconds
constant time is a fair dynamic representation. The
simulation model is presented in the figure 18, and the input
signal — in the figure 19.

Figure 18. Frequency response AMESIM model for a flow
control valve.
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Figure 19. The sine input applied to the electro mechanic
actuator for obtaining the frequency response.



The force developed by the actuator strongly increase with
the input voltage frequency (fig. 20). The flow passing
through the servo valve (fig. 21) is overpassing 100 Hz for
the critical overlap (fig. 22), increase a little in the case of a
negative lap (fig. 23), and decrease for a positive overlap
(fig. 24).
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Figure 20. Force applied to the spool by the electro
mechanical actuator
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Figure 21. The flow passing by the valve without load.
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Figure 22. Frequency response of a critical lap flow
valve for a sine input of =10%.

The realistic choice of the servo valve parameters leads to
normal results for this kind of device.
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Figure 23. Frequency response of a negative lap flow
valve for a sine input of +£10%.
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EXPERIMENTAL VALIDATION OF THE DESIGN

The authors performed the validation of the simulation
results in the fluid power laboratory of the University
POLITEHNICA of Bucharest, in the section devoted to the
electrohydraulic servo valves. The test bench designed for
this kind of flow control valves (figs. 25, 26) allows all
types of standard tests.

Figure 25. Overall view of the servo valve static test
bench from the certification laboratory of the
University POLITEHNICA of Bucharest



The steady state and the frequency response found
experimentally in the lab for a direct drive valve with
moving coil type DFPlus (Parker) are found close to the
simulated ones with AMESIM software (figs. 27 and 28). It
is important to mention the very small real clearance of the
spool, which introduces a good viscous dumping.

o .
Figure 26. View of the dynamic test bench for
electrohydraulic single stage servo valves
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Figure 27. Experimental steady state characteristics for a
DFPlus industrial high speed servo valve
(ps=100 bar, U; =+10V)
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Figure 28. Experimental frequency response for DFPlus
industrial high speed servo valve (ps~=100 bar, U; =
10%)
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CONCLUSIONS

All the design, test, and identification stages of the
commercial servo valve performed by the authors pointed
out that AMESim provided a strong solver and numerical
core for steady state and transient simulation. As modeling
a complex multi-physics system is not the main objective of
engineers, it is important to have tools and interfaces, which
accelerate and optimize the design. From this point of view,
AMESim is a complete software perfectly adapted for
model creation and deployment. The users working both in
the high-level corporation and in strong research
universities continuously extend the wide field of
applications (Dardac et al. 2014; Negoita 2011; Popescu
2011; Vasiliu C.  2007).
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ABSTRACT

Pressure is a main parameter of hydraulics, in evolving.
The increasing trend of working pressures is evident
both in the industrial hydraulics, as well as in the mobile
one. If in our country the equipment of high pressure
(over 350 bar) are not in the manufacturers' production
programs, testing and repair can be done successfully,
being determined by the availability of adequate means
test. Mathematical modeling and numerical simulations
are an important support for the concept and exploit the
means test. In this context, experts from the Research
Institute for Hydraulics and Pneumatics, in collaboration
with specialists in modeling / simulation and hydraulics
from Polytechnic University of Bucharest and the Incas,
developed a stand to verify performance of equipment
working at high pressure (max. 630 bar). The first steps
in achievement the stand was modeling / simulation of
hydraulic components, followed by experimental
validation. The article presents the results on the testing
pressure valve, a key element of the stand.

INTRODUCTION

Increasing work pressure is strongly supported by
favorable results in materials science and the emergence
of working fluids with superior properties. The evolution
of the operating pressure in the last 50 years, in mobile
hydraulics, is shown in the chart below.
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Figure 1: Evolution of Working Pressures in Mobile
Hydraulics
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A pressure level of 450 bar in hydraulics is estimated by
most experts in the field, including in our country, for
years to come, with the possibility to increase up to 550-
750 bar in a time horizon of 10 ... 15 years, mainly in
mobile hydraulics, but also for the industrial one
(Vasiliu et. Al 2012; Avram 2005). The trend of
increasing pressure is also present in other areas such as
military and civil aviation. One of the latest
achievements in the field, where it is visible this trend, is
the AIRBUS A 380 plane, whose weight fully charged
exceeds 500 tons (551 tons). To take off with this load
without increasing the weight and size of hydraulic
actuators, AIRBUS company increased working
pressure from 3000 PSI (210 bar), the standard for
commercial aviation, to 5000 PSI (approx. 350 bar).
This enables relatively small hydraulic cylinders to
generate large forces needed to withdraw the landing
gear and drive the steering and aircraft flaps. Our
country is connected to trends and technical level of
European and international hydraulics; for these reasons,
increasing pressures is visible from imported equipment
which is working here, and which should be kept in
running at optimal parameters.

Testing and repair must be able to perform in the
country, this having economic, technical and financial
positive aspects. In this context, design and
implementation for the first time in Romania a stand for
testing hydraulics high pressure (max. 630 bar), based
on modern solutions and equipment, in a national
research — development institute (INOE 2000-IHP
Bucharest), followed by its introduction in the circuit for
research, both for industrial activities, is positive and
desirable.

The article presents results of modeling / simulation and
experimentation for a pressure valve which belongs to
the stand. Authors’ objectives were, on the one hand,
testing valve quality and, on the other hand, validation
after experimentation of the proposed models.

PRESENTATION OF THE RELIEF VALVE

Based on previous work in the field of hydraulic drive in
general and hydraulic equipment operating at high
pressures, on the experience resulted from the designing,
implementation and testing equipment in the hydraulic
domain, and taking into account the current level of
development, it has developed a powerful stand for



testing hydraulic pressure equipment at max. 630 bar.
[3].

The stand has as essential element a high-pressure flow
generator (radial piston hydraulic pump), which can
sustain in circuit pressures up to 1000 bar. Besides that,
hydraulic equipment allows working at pressures up to
630 bar. High pressure valve DBDS type is produced by
BOSCH REXROTH, and it is a direct acting valve,
having the role to limit the pressure in a hydraulic
circuit. The main components are the body (1), the
spring (2), the conical washer with shock absorber (3)
for pressures up to 400 bar, or ball (4) for maximum
pressure up to 630 bar, and the adjustment knob (5).
Spring (2) press the conical washer (3) or ball (4) on
their seat. P port is connected to the system and the
pressure present in the system is applied to the surface of
the ball or washer, where applicable.

Figure 2: Relief valve type DBDS, with Ball, for
pressure up to 630 bar (BOSCH)

Considering the use for the first time in the institute of
apparatus with such high performance level in terms of
operating pressure, they were considered useful the
modeling and simulation in various conditions of some
apparatus belonging of the stand. [4]

MODELING THE VALVE DYNAMICS

The valve has two constructive peculiarities looking to
other valve designs, features deriving from its
destination, namely the high pressures domain (up to
630 bar, in this case):

- the closing element is a ball mounted in the central
portion of a plate;

- the cushioning system is provided with a spring shock
absorber.

A direct acting pressure valve (Fig. 3), limits the upper
pump discharge pressure because it drains the flow at
high pressure to the tank through the annular gap
between the shutter and body. Axial movement of the
slide to enlarge the slot is determined by the resultant
pressure forces acting on the surface.

[CF

Figure 3: The system used for analyzing a normally
closed valve

PN
Q+0y

The studied system consists of: oil tank, volumetric
pump, throttle valve and normally closed pressure valve.
Delivered under pressure oil is sent to the tank through
the throttle that simulates a load and through the valve
(excess flow). The valve has a spherical shutter, a
conical seat surface for the shutter, a washer for the
hydrodynamic force compensation, a small piston for
damping of oscillations, the elastic springs (mainspring
that presses the shutter and a spring that forces the small
piston of the damper to "follow" the spherical shutter)
and tensioner element of the main spring.
For this model it was neglected the dynamic behavior of
oil in the pipe between pump and valve. The system
behavior is described by the following equations:

1. Flow area and the area on which pressure is

acting, for the valve-seat subsystem
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Figure 4: Valve — seat subsystem

=) -0 0
da = dbsin (@) 2
B = acos (Z—Z) 3)
A, =m x [db + x cos (a)] sin(a) cos(a) 4
Ay =2d2 =247 sin® (3n—8 )

2. The equation of motion of the closing valve

d? d
PyAg+Fsp = P(Ag—Ay) —=Fy + Fo=m—+f—+
Fel — Fe2 (6)
Foy = Ky (x() +x) @)
Fop = Ky (xl + x) ®)

86



F, = CqA.(P — Pr) cos(f8) ®

Fc=pQC, /25 cos(8) (10)
3. Reaction forces between valve and seat
0; x>0
Fsr = Veglxl = RZ; 2 <0 (i
4. Oil  flow transfused through the radial
clearance in the damper chamber
_ 77.'Dd(:3 _
Q=225 (P -P,) (12)

5. Oil flow transfused through the flow area of the
valve

Q = C4A; fzg (13)
6. Continuity equation applied to the damper
chamber

dx _ Vo+Agx dﬁ

Qa—Aa; == (14)

7. Flow delivered by the pump
P

Q= Qun =7 (1s)

8. Flow transfused through the throttle
P

Qr = CaAy ’2; (16)
9. Continuity equation applied to the junction
between the pump, load (throttle) and valve

e
Q—0Q—Qu—Q =22 (17)

In the above equations, the following symbols and
notations were used:

db = ball diameter (m)

26 = taper angle of the seat (rad)

ds = seat diameter (m)

dr = damping piston rod diameter (m)

B = flow angle (rad)

& = deflector angle (rad)

A4 = damper piston area (m”)

A, = valve area subjected to pressure (m?)

A, = flow area between the valve and seat (m?)

Ay, = flow area through the throttle (mz)

B = Bulk module of the oil compressibility (Pa)

¢ = radial clearance of the damper (m)

cq = flow coefficient

c,s = speed coefficient of the valve aperture

Dy = damper piston diameter (m)

f = the coefficient of viscous friction of the piston

(Ns/m)
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FSR = seat reaction force (N)

F}, = hydrodynamic force (N)

F. = compensation force due to the washer (N)

F., = elastic force generated by the spring acting on the
valve (N)

Fe, = elastic force generated by the spring acting on the
damper (N)

ki, = stiffness of the spring acting on the valve (N/m)
ke = stiffness of the spring acting on the damper (N/m)
k; = stiffness of the seat (N/m)

L = damper piston length (m)

m = equivalent mass of the moving elements (kg)

P = pressure upstream of the valve (Pa)

Py = pressure in the damper chamber (Pa)

Pr = pressure in the tank (Pa)

Q = oil flow passing through the valve (m’/s)

Q¢= oil flow passing through the damper radial
clearance (m’/s)

Qp = flow supplied by the pump (m’/s)

Q; = flow passing through the area between the valve
and the seat (m’/s)

Qu, = theoretical flow pump (m*/s)

Ry = coefficient of the internal leakage of the pump
(Pa- s/m*)

Rg = seat damping coefficient (Ns/m)

V, = initial volume of oil in the damper chamber (m’)

x = ball stroke (m)

Xo = preload of the spring acting on the valve (m)

x; = preload of the spring acting on the damper (m)

p = dynamic viscosity (Pa- s)

p = oil density (kg / m®)

NUMERICAL SIMULATION OF NORMALLY
CLOSED VALVE

In order to build a realistic model of the valve, numerical
simulations were performed using AMESIM RI13.
Numerical simulation were performed for the following
parameters:

m = 0.04 kg, db = 0.008 m, dr = 0.0025 m, D4 = 0.010
m, ds =0.004 m, ¢ =0.06 mm, 0 = 300, L=0.015m,p=
850 kg/m®, & =7, cq = 0.7, B = 12:10° Pa, k,;, = 74,000
N/m, ky» =20,000 N/m.

Forta de compensare

Figure 6: System network simulation (AMESIM)

Simulations were performed in order to analyze the
behavior of the valve for various flow rates input steps
between 4.2 and 20 1 / min, finding mainly the time
when the pressure is stabilized at the desired value.



The simulation results for a maximum pressures of 630
bar are shown in the figures 7 and 8. These theoretical
results, we determined the delay time td, rise time tr and
stabilization time ts; these results will be compared with
those obtained experimentally. Thus, for the graph in
Figure 7, we have the following values obtained from
simulation:
td=0.178 s, tr=0.297s, ts=0.381s,

For the testing at 20 1/min, the significant time values
are:

tr=10.044 s,

td = 0.039 s, ts=0.072s
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Figure 7: Valve behavior simulation to a step signal:
P=630 bar; Q=4.2 1/ min
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Figure 8: Simulation of the valve behavior for an input
signal of 20 I/min and an opening pressure of 630 bar

DYNAMIC TEST OF THE VALVE

Various tests with step signal for different level of the
opening pressures were performed for the relief valve of
the stand, aiming previously monitored parameters. The
tests were performed at set pressure of the valve 100,
200, 300, 400, 500, 600 and 630 bar, but in the article
only the tests carried out at the pressure of 630 bar, at
4.2 1and 20 1/ min are graphically shows.
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Figure 9: Response to step input signal at a pressure of
630 bar and a flow of 4.2 1/min

Calculating the above parameters, we obtain:
tg=10.170 s, t,=0.318 s, t;=0.388 s

The tests of 20 I/min gave the following results:
tg=0.042 s, t.=0.046 s, t,=0.072 s

Figure 10: Response of the valve to a step input signal at
the pressure of 630 bar and a flow of 20.0 I/min

CONCLUSIONS

Comparing the values from simulation and real tests, we
obtained close wvalues; the values obtained from
simulation for the delay times, rise times and
stabilization times is usually lower.

Table 1. The comparison of experimental results with
the simulation, pressure 630 bar

Flow (1/min)
Parameter
42 20
Diff. Diff.
Value (%) Value (%)
Experimental 0,170 0,042
W) FSimulated 0,178 7 0,039 o
Experimental 0,318 0,046
) Simutate o | % [Toom | M
Experimental 0,388 0,072
&) Simufated 0381 | b 0,072 ’

This is explained by some differences in real behavior
compared to standard conditions considered in the
simulation (oil temperature, viscosity, compressibility
oil). However, these results validate the mathematical
model, and also demonstrates that the stand can be used
effectively in tests for high pressure hydraulic apparatus,
both in research and in industrial environmental benefit.
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ABSTRACT

The acoustic analysis and noise contribution of the electric
motors is a topic of many companies in the (H)EV industry.
It is important to predict the acoustic properties of the
PMSM in the design phase. The goal of this paper is to
investigate a vibro-acoustic behavior of a permanent
synchronous motor (PMSM) by coupled electromagnetic-
vibro-acoustic approach. A multi-physics simulation
environment is developed and used for electromagnetic
forces and sound pressure evaluation of a PMSM for
vehicle applications. The radial forces obtained by the
electromagnetic analysis are exported to an integrated suite
of 3D FE and multibody simulation software. The complex
analysis performs optimized characteristics for noise and
vibration of the PMSM.

INTRODUCTION

The acoustic analysis and noise contribution of the electric
motors on electric/hybrid vehicles (EV/HEV) is a topic of
high interest in the automotive industry. For this reason, it
is very important to predict the acoustic properties of the
vehicle as early as possible in the design phase.

While the combustion engine has a higher sound power
level, with typically a low-frequency signature, the noise
from an electric motor and from accompanying subsystems,
like the converter, consists mainly of tonal components.
Many component noises, becoming audible as annoying
sounds due to the missing masking effect of the electric
motor and the high tonal characteristics, are only detected
after the first vehicle prototypes. Therefore, a closer
analysis, assessment and optimization of the electrical
drivetrains from noise-vibration-harshness (NVH) point of
view in early development phase are essential.

PMSMs are widely accepted as the best candidate for the
considered applications. They are adopted, due to their
advantages (Zeraoulia et al. 2006; Finken et al. 2008;
Laskaris and Kladas 2010; Aimeng, Yihua and Soong

Cristi Irimia
Calin Husar
Mihail Grovu
Raluca Dora lonescu
Luca Zanne
Siemens Industry Software SRL
Bd. Garii 13A et. VII Brasov Romania
E-mail: cristi.irimia@siemens.com

2011) by a large part of the well-known automakers (from
Europe, USA and Asia) for both propulsion (EV, HEV) and
small power automotive applications (as steering, assisted
or powered, and electromechanical brake) systems. Its
major disadvantages are the high cost of rare-earth magnets,
as these materials are expected to become less available in
the future.

The present work aims to present a vibro-acoustic behavior
analysis of a PMSM electric mobility scooter by coupled
electromagnetic, multi-body and vibro-acoustic approach.

Figure 1: The prototype of studied PMSM motor

WORKFLOW AND SIMULATION ENVIRONMENTS

The multi-physics simulation environment, presented in
Figure 2, provides the tool for integrating electromagnetic,
multi-body, structural and vibro-acoustic analysis.

Fast Optimizations with
respect to Reference Model
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Figure 2: Simulation Environments




The noise prediction can be divided in four parts:

« calculation of stator electromagnetic forces;

« multibody simulation using flexible bodies and
electromagnetic forces;

« housing vibration calculation by using MPFs from
multibody simulation;

* noise generation.

Three interlinked software packages are used in this
analysis. The electromagnetic analysis is performed using
the JMAG software for determining the electromagnetic
forces exerted on the stator and rotor surfaces. The
structural analysis using the NastranNX permits the
determination of the natural vibration frequencies, the
coupled modal shapes and the modal participation factors.
of the machine group. Virtual.Lab is used to create the
multi-body and vibro-acoustic study.

Moreover, the LMS Virtual.Lab Acoustics is the integrated
solution to minimize noise and optimize sound quality in
new electric motor designs.

The whole process of the acoustic prediction methodology
is shown on Figure 3. Each input steps can be modified, to
check for improvements in the final results.

Figure 3: Vibro-acoustic process overview

ELECTROMAGNETIC ANALYSIS OF PMSM

The electromagnetic forces assuming to play an important
role in acoustic noise radiation are the Maxwell forces
which depend on the airgap radial flux density. The entire
electromagnetic field is determined by solving Maxwell's
equations within a finite region of space with user-defined
initial conditions and appropriate boundary conditions

The FEA-based tool allows the design and optimization of
components with static, harmonic, or transient solvers and
under consideration of moving parts, and the connection to
the external driver circuit, providing valuable information
for the overall performances and specific behavior
assessment of the machine.

The radial force density or pressure can be written as:
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o) =515, 1) 53 ) m

where  B;, and Bj; are the normal and tangential
components of the airgap magnetic field density. As the
tangential component is much smaller than the normal
component of the airgap magnetic field density, the
magnetic pressure results as:

2

Prop(@,1)= BOZ(Z’I) )

The airgap magnetic flux density can be written as:
Byylout)=[By(e1)+ B, (1)} 45 (@) 3)

with B,(a,1)/B.(0,1) the stator/rotor magnetic field density
for uniform airgap, as function of angle and time, and 4;(a)
the relative permeance of the airgap.

The machine under study is a PMSM with 18 stator slots
and 6 rotor poles, excited with rear earth permanent
magnets (of Ne-Fe-B type, with 1.15T of remanent flux
density and 907kA/m coercivity), iron on both armatures
being of M335 type. The motor is running at 3400 RPM
with a generated power of 1.2kW. One-layer winding
configuration is analyzed for Imm airgap length, Figure 4.

Figure 4: Cross-section of the one-layer winding

The main geometrical data of the machine are given in
Table L

TABLE 1
MAIN GEOMETRICAL DATA OF THE STUDIED MACHINES
Parameters Notation Value [u.m.]
Stator outer
diameter Dy, 0.08539 [m]
Stator inner
diameter Dy 0.051 [m]
Air gap 5 0.001 [m] [ 0.0005 [m]
Stack length L 0.08 [m]

The radial force distribution along the inner surface of the
stator is presented in Figure 5 for both no load and full load
operation. The harmonic components of these forces are
given in Figure. 6.
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Figure 5: Radial force distribution along the inner
surface of the stator for no load and full load
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Figure 6: Harmonic content of the radial forces.

After performing the electromagnetic calculation the stator
teeth surface and the Maxwell forces are exported to
Universal File.

Figure 7 show the Maxwell forces mapped onto the stator
surface nodes of a structural 3D mesh at a given moment in
time after importing the results from Universal file in LMS
Virtual. Lab.

Figure 7: Stator mesh and Jmag forces imported
in LMS Virtual.Lab
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MULTIBODY ANALYSIS

The LMS Virtual.Lab Motion analysis allows to model and
simulate the mechanical systems, to predict component and
system loads for use in structural analysis, noise and
vibration simulation.

The multibody model start with solid geometry to describe
each body, where every part bodies are connected to the
others by kinematic joints or force elements to make an
assembly. The time-dependent driving constraints and
external electromagnetic forces act on the assembly of
bodies to make them move. The solution process assembles
the bodies, joints, and forces and solves a system of
differential-algebraic equations using a variable step
numerical integration process. The time-domain results are
used to animate the position of all bodies and are also
available for plotting.

The motion equations of a generic structural system, in the
time-domain, are described in Equation 4:

[MI{E (D)} + [KI{ () + [CHx (D)} = {F(6)} 4)
where [M], [K] and [C] are the global mass, stiffness and
damping matrices, {x(z)} is the displacement vector

corresponding to the degrees of freedom of the structure,
and {F(1)} is the vector of excitation forces.

Figure 8: Multibody model

The flexible mode displacement time-histories, also known
as modal participation factors, from the Motion results are
used as input to the NVH calculations.

In order to evaluate the radiated sound power, the
deformation field of the flexible housing must be exported
from the multibody analysis in order to be used into a
forced response simulation.

This process has the added benefit of capturing the most
accurate representation of the body deformation throughout
time. To make use of the time-history data in the NVH, it is
converted to the frequency domain using the Digital Signal
Processing (DSP) feature within LMS Virtual.Lab.

Through FE simulations the deformation field for each
node of the model is obtained. Using flexible multibody,
the MPFs are used to calculate the displacements at all the
nodes. In this manner, the radiated noise can be directly
evaluated.



VIBRO-ACOUSTIC ANALYSIS

Forced response is the next step in the dynamic evaluation
process. After calculating the normal modes of the
electrical motor, the MPF’s are mapped to the structural
model to compute the vibrations on the housing outer
surface.

In Figure 9 the first vibration modes values of the electrical
motors are presented.

i
2
3
4
5
6
7
2

Figure 9: First vibration modes and mode shape at 2314 Hz

To predict noise and vibration behavior under operating
conditions a Modal-Based Forced Response analysis was
performed. This allows to compute the response of the
system for given modal data and given load data. The basic
methodology uses modal superposition, which multiplies
the mode shape values with the modal participation factors.

In this way the forced response of the system can be written
as a superposition of the modes (modal contribution
analysis).

When the Nk (number of) modes are computed, the FRF’s
can be written like this:

. Noq AT * T
H,, Go)=> 1 {t/{r} Wp 1 {wf} Wi
a, jo+id,  a, jo+i,
...and multiplied with the applied forces
X (jo)l=14,,1{F(jo) ©

where: {Wr} is the value of the mode shapes on the output
point DOF, F(ja represent the load, a. represents the
modal a scale factor of the r-th mode.

The modal response functions can then be calculated  (7):
SR B IR /8 1 Py N I O 778 Py
P, (jo)=—|~ {F(jo)}, B, (jo)=—-"—|(F(jo)}
a \ jo-7, a,\ jo-4,

The forced response of the system can then be written as a
superposition of the modes:
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(X(j0)= X, 1P, (o) + 2,1 Pa(o) ©

where P.(jo) indicates how much a particular mode is
excited by the particular force.

The physical response X(jw) is obtained by combining the
modal response with the modal amplitude of the output
DOF (and adding this modal contributions for all modes)

N,
X(jo)=YC.(jo)
N ©)

where C,(j ) is the modal contribution function.

For the acoustic calculation the forced response data
calculated on structural mesh is transferred on a coarser
acoustical mesh to serve as vibration boundary conditions.
The mapping of the vibration data consists of two separate
steps:

a). Setting-up the Vibro-Acoustic Mesh Mapping which
characterizes the mapping of the data from the Source Mesh
to the Target Mesh.

b). Executing the Data Transfer Analysis which actually
maps the data.

Figure 7 sketches the FEM acoustic model used for the
permanent synchronous motor. As can be seen in the
picture, only a couple of FEM elements are needed to cover
the distance between the motor surface and a special
boundary condition which is applied at the outer surface of
the acoustic FEM domain. This special boundary condition
represents an Automatically Matched Layer (AML)
condition, which is a cutting-edge FEM acoustics
technique, a special type of non-reflective boundary
condition implemented in LMS Virtual. Lab Acoustics.

The sound prediction method described before is based on
the finite element method using AML for exterior radiation
(Figure 10).

E Field Points

AML
{Automatically
HMatched Layer)

Figure 10: AML model



This method allows the usage of field point meshes which
permits the system’s response to be visualized at that
specific location.

The acoustic radiation can be computed in a fast and
efficient way by, equation (10):

V2plx,y, z) + k?plx,v,2) = —jpywq(x, y, z) (10)
where p is the acoustic pressure at a point (x, y, z) due to a
time-harmonic source distribution q at frequency w, with

the wavenumber k = w/c, ¢ being the speed of sound in
the fluid of p, density.

Figure 11: Sound pressure and acoustic power

The amount of noise emitted from a source depends on the
acoustic power of that source.

On Figure 11, left side, the acoustic pressure of the
simulation case is shown for a spherical field point mesh
with 1 m radius. The acoustic power response displayed
using a 2D display on the right side is computed with the
equation (11).

N
W, = Zo—i W,
=1
where W, is the total acoustic power, N,. is the number of
pseudo load-cases, o; are the singular values (Virtual
Autopowers) and W.is the acoustic power for load case i.

an

CONCLUSIONS

The paper presents a multi-physics approach for the noise
and vibration analysis of a permanent magnet synchronous
rotor machine.

As is illustrates, the vibro-acoustic performance of electric
motors are possible to predict, using an electromagnetic and
multibody approach. This is possible due to the close
connection between Jmag, LMS Virtual.Lab Motion and
the NVH analysis solutions, an advanced multi-attribute
CAE simulation capability.

For our electrical motor the overall sound power level is
38.14 dB (RMS) and the maximum pressure amplitude 48.5
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dB witch belong to the limit values predicted by the IEC
34-9 International Standard, for electrical machines with
powers less than SkW.
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ABSTRACT

The paper presents a practical engineering problem solved by
numerical simulation with AMESIM language. An aluminum
wire rolling mill has at the exit a coil wire roller, actuated by
an electrohydraulic linear servo system. The speed of the
aluminum wire, exiting from the final stage of the mill, has to
be correlated both with the roller angular speed, and with the
roller axial advancement. Many parameters have to be
adjusted in real time: the wire reel speed, the wire diameter,
and the number of layers already siting on the roller. Any
mistake produced during the wiring process increases the
production cost, because the wrong mass coils are melted
again. The use of a well-tuned controller allows the
eliminating of the different type of mistakes occurring in the
process of wiring. The controller delivers the input of the
electrohydraulic servo system which axially move the roller
according to the other process parameters.

INTRODUCTION

The drive systems of wire reels inside rolling mills have to
simultaneously generate rotational movement of the reel that
the wire is wrapped around, and a linear movement of the
wire reeling device. The dynamic performances of these
systems determine, to a large extent, the quality of wire coils
delivered to beneficiaries, the reducing of losses caused by
melting again the wire which was first improperly reeled, and
finally - the efficiency of the rolling mill.

These equipment’s are electromechanical systems, based on
adjustable speed electric motors and ball screws or hybrid
mechanical-electrohydraulic screws, without a speed control
loop. They are based on adjustable speed electric motors and
speed reducers, but with on-off hydraulic drive systems only.
Usually, the reel that the wire is wrapped around has an
electromechanical actuation, in both of the above systems. In
the first type of system, the reeling device, which moves the
wire coming out of the rolling mill linearly along the roller, is
actuated by a ball screw. In the second case, a hydraulic drive
without control loop is used.

Experience shows that the systems which actuate the reels
rise no problem; they provide both sufficient uniformity of
the rotational movement, for each layer of reeled wire, and
appropriate reduction of rotational speed, when starting each
new layer of wire which is to be reeled. The two known types
of systems for actuation of the reel head have certain
shortcomings relating to correlation with the reel speed, in the
first type, or relating to reliability, in the second type.
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A wire reel is the terminal point of an aluminum wire
production line, Figure 1. It comprises two rollers actuated by
turns, by means of a variable speed electric motor and a
double output shaft reducer. The wire coming out of the
rolling mill is directed through a groove to the roller which is
rotating evenly. The constant angular speed value is a
function of the diameter of wire which is to be wrapped
around the roller, namely: 9.5; 12; 15; 19.3 mm.

Figure 1: Wire Production Line
(Rear to Front View): Furnace, Rolling Mill, Two-Roller
(Top and Bottom) and Two-Reeling Device Reel

The authors of this paper have developed and commissioned
an original system for actuation of the reel head, Figure 2,
(Popescu et al. 2014; Popescu et al. 2013; Drumea and Blejan
2013) allowing position and speed control by means of
electro-hydraulic control loop. Thanks to this system, the
quality of wire coils, Figure 3, has increased significantly.

Figure 2: Servo Cylinder of - Wire Coil
the Reel Head Pulled from the Roller of the
Reel and Bundled for
Delivery
MATHEMATICAL MODEL OF THE REELING

DEVICE

Mathematical model of the rolling mill-wire reel-reel head
system

Tangential speed of the wire string:
v=w-R

M



Where,
v — Speed of the wire string coming out of the rolling mill
[m/s];
w — Roller angular speed [rad/s];
R — Radius of wire winding around the first line of spires

[m].
The tangential speed of the wire string has constant value
equal to its speed when coming out of the rolling mill.
Length of the coil spire:

,=2-m-R (2)
Time required for winding a spire:
=2=22 @

v v
Number of spires in a line:

)
where,
ng,—number of spires in a line;
Lj— coil length [m];
d — wire diameter [m].
Advancement speed of the reeling device:
In order to achieve uniform and compact (one coil spire
beside the next) winding the spooler must travel by a distance
equal to the wire diameter d in a time .
_d_ av
Va = = 2ar ©)
where,
vy— spooler speed [m/s].
Diameter of the wire string winding:
If the radius of wire winding around the first line of spires is
R, the next line will have the winding radius
R, =R, +d (6)
where,
R;—radius of wire winding around the first line of spires [m];
R, — radius of wire winding around the second line of spires
[m].
Since the tangential speed of the wire string should be
constant and equal to the speed at which the wire comes out
of the rolling mill, it follows that the advancement speed of
the spooler is a function depending on the radius R of wire
winding and the wire diameter d, according to the relation (5).
Each line of coil spires will be achieved at different linear and
angular speeds.
Time required for achieving a spire line:
If the coil length is L, then the time required for achieving
the first line of coil spires is:
- @ __ Lp2mR _ ng-d-2mR _ 2:mR-Ngyr
"y av  dv v

)

Va

Speed of the reeling device required for achieving the “i”
spire line:

d av

== (8)

ts  2-7R;

Vg =

where,
R;—radius of winding the i spire layer [m].

Mathematical model of the hydraulic cylinder

The reel head is actuated by a double-acting bilateral rod
hydraulic cylinder. Schematic diagram of the unit directional
control valve-hydraulic cylinder is shown in Figure 4.

The fluid flow Q; intaken by the cylinder through the
directional control valve is calculated by the relation:

Q=K-x-(ps—p) )
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The fluid flow discharged off the cylinder through the
directional control valve, Q,, is calculated by the relation:

Q;=K-x-{J(,—p) (10)

h h
v 2 2
. A Az AL
_ m
7
Ai=Ar=A,
s
Ps, Qnom

Figure 4: Schematic Diagram of the Unit Hydraulic
Directional Control Valve - Hydraulic Cylinder

The continuity equation for the hydraulic cylinder
For the hydraulic drive system shown in Figure 4, when there
are established the connections P-A and B-T of the hydraulic
directional control valve, we have a cylinder input flow Q,
and a cylinder output flow Q,.
The fluid flow entering the hydraulic cylinder chamber,
which is connected to the pressure coupling, ensures the flow
required for moving the piston, the internal leakage flow, the
external leakage flow and also the compressibility flow. Since
the fluid pressure in this chamber increases, there occurs
compression of the fluid volume, and therefore the flow of
compressibility is a flow "consumed" by this chamber. The
continuity equation for this chamber takes the form:

dZ l91 dp 1
Q]=pr67t+cip'(p]_p2)+cep.p]+‘E.E (11)
For the hydraulic cylinder chamber which is connected to the
tank the fluid flow generated by the movement of the piston,
the fluid flow due to internal leakage and the compressibility
flow ensure the external leakage flow and the flow discharged
from the cylinder chamber. Regarding the compressibility
flow, two observations have to be made:
a. Since the pressure in the cylinder chamber decreases, there
occurs fluid expansion, and therefore the flow of
compressibility is a flow "generated" by this chamber.
b. In the continuity equation this flow must be entered with
the sign (-) because the pressure variation, which is negative,
also has the sign (-).
The continuity equation for this chamber takes the form:

dz 4, dp,
4, 'E'J"Cip (P — P -E’E‘Zgz +cC, Py (12)
The piston motion equation
A-(pl—pz):m-2+Kﬁ-2+Ke-z+FO (13)

If we denote:
- Pressure drop across the hydraulic cylinder:

P=p —p, (14)
- Average flow consumed by the motor:
+
=248



- Overall leakage coefficient:

K, =c,+05c, (16)
- Total volume of the cylinder:
|7
n=V=5 (17
Then, from the relations (11) and (12), it follows:
dz V dp
A4, —+K, -

= Y a9

and the relation (13) turns into:
A,-P=m-2+K,-2+K, -z+F, (19

By applying the Laplace transform to the relations (18) and
(19), we get:

(20)

AP=m-Z-s°+K,-Z-s+K,-Z+F, @h

From the relations (20) and (21), by eliminating the variable
"P", we obtain the relations:

N v, F, ms'+Kg-s+K,

oot tr{ it By o
E, v, 1 v,

0- Ax,( aE ) Z]>APA+A,,( 3 )(ms +K,s+K )J (23)

In terms of stability of the hydraulic cylinder, the worst
situation occurs when the disruptive force "F," and the
resistant force, elastic nature, "K.-Z" have zero values. In this
case the transfer function of the hydraulic motor has the form:

H(s)= 28 =7 I;m ; (24)
s( »»»»»»»»» SRR s+ 1)
Com a)m
where,
Ap
T e — 25
A +K K (25)
is the amplification factor,
4-E-(A+K -K
R 6)
is the natural pulsation, and
27

(A +K K )

élm _\/ml/r
E

is the damping factor.

Mathematical model of linear speed servo system of the
reel head

A linear speed servo system, Figure 5, is an automated system
which has as the input parameter an electrical signal, and as
the output parameter — a linear speed. It is used in drive
systems which require constant speed regardless of load
variations, within certain limits, from the hydraulic cylinder
rod.

A linear speed servo system has the following component
parts: hydraulic cylinder; electro hydraulic amplifier (servo
valve or proportional directional control valve); servo
controller (comparator + electronic compensator); linear
speed transducer.

We present further the equations describing the stationary
behavior of the speed servo system components.
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Figure 5: Schematic Diagram of the Linear Speed Servo
System

The comparator equation

€ =Upes —u, (28)
where : ¢ = error; U, = input signal (the reference); u, =
output signal (the response).
The electronic compensator equation
The electronic compensator (the controller) is a PI type
compensator whose tuning law is shown by the relation:

=K,- (e(t) + %f S(t)dt) (29)

where: # = control signal (voltage); - proportional
amplification factor; 7; = integration time (constant)
The compensator transfer function is:

ucs) 1

Her(8) =25y = Ko (1 +ﬁ) (30)

Static characteristic of the proportional directional control
valve
The static characteristic of the proportional directional control
valve is the variation of flow passing through the device
according to the control signal, namely:

Q=Ky-u (31
Where K, is the flow amplification factor of the proportional
directional control valve.
The continuity equation characteristic of the hydraulic
cylinder
The flow supplied by the proportional directional control
valve is fully consumed by the hydraulic cylinder, and the
continuity equation is in the form:

dz
Q=4

Pdt @D

Where 4, = piston area; z = piston movement.
The transfer function of the hydraulic cylinder is in the form:
u Z (s) 1
) =0 =48 (32)

The transfer function of the speed transducer
The speed transducer has as the input parameter the
movement of cylinder rod, and as the output parameter a

speed.
dz

=% (32)
Or, by applying the Laplace transform

V(s)=2Z(s)-s
we obtain the transfer function

V(s
Hpy(s) = ZE; S

Static characteristic of the speed transducer

u.=K,-V (35)
To obtain the transfer function of the servo system there is
determined the transfer function by the forward path and the
closed-loop transfer function.

(33)

(34)



SIMULATION OF THE REEL HEAD DYNAMICS

Diagram of the simulation model developed in AMESim
(www.plm.automation.siemens.; AMESIM R13. User Manual) is
shown in Figure 6.
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Figure 6: AMESim Simulation Model for the Reel Head

The parameters of the simulation model are: opening pressure
of the safety valve = 60 bar; pump capacity = 3.65 cm’/rev;
pump drive rotational speed = 1400 rev/min; cylinder piston
diameter = 65 mm; piston rod diameter = 48 mm; piston
stroke = 1000 mm; length of pipes between the cylinder and
directional control valve = 2x20m; equivalent mobile mass to
the cylinder rod (body) = 10kg; speed transducer sensitivity =
10 V/m/s; type of controller = PI (proportional integrative);
the amplification factor of the proportional component = 1;
the amplification factor of the integral component = 20; rated
control voltage of the proportional directional control valve =
10V; characteristic of the proportional directional control
valve = strictly proportional.

The simulation results are shown in Figures 7 to 17.

When exciting the servo system with the step type reference
signal shown in Figure 7, the variation over time of piston
stroke and speed, for two successive wire layers wrapped
around the roller of the reel are shown in Figure 8 and Figure
9.
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Figure 7: Shape of the Reference Step Signal
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Figure 8: Dynamics of the Piston Forward and Reverse Stroke
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Figure 9: Variation of the Piston Speed along the Forward and
Reverse Stroke

The error of piston speed compared to the prescribed value
occurs when changing its movement direction that is at the
beginning at each new wire layer wrapped around the roller,
Figure 10.
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Figure 10: Shape of the Speed Error Signal

T T
100 120

The output signal of the PI controller, namely the command
of the proportional directional control valve, has the shape in
Figure 11.
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Figure 11: Shape of the Control Signal
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The variation over time of the flow rate consumed by the
hydraulic cylinder, measured at P port of the directional
control valve, is shown in Figure 12.
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Figure 12: Fluid Flow Consumed by the Hydraulic Cylinder
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To simulate wrapping around the roller of four successive
wire layers the servo system is excited with a speed step
signal, with decreasing amplitude, in the shape of the one in
Figurel3.
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Figure 13: Reference Signal for Wrapping Four Wire Layers

T T T
100 150 350 400 450

The variation over time of the piston stroke in the cylinder
which actuates the reel head, when wrapping four successive
wire layers, is shown in Figure 14.
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Figure 14: Variation of the Piston Stroke while Wrapping
Four Successive Wire Layers
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The influence of the integral component amplification factor,
Ki, on the system dynamics has been exemplified by running
the model simultaneously for three different values Ki=10,
Ki=20, Ki=30.
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Figure 15: The Response to a Step Signal of 10”m/s
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By analyzing the response of the servo system to a step signal
with an amplitude of 10~ m/s, Figure 15, a step signal with an
amplitude of 107 m/s, Figure 16 and a sine wave signal,
Figure 17, it is found that the optimum value is Ki=20
(median curve).
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Figure 17: The Response to a Sine Wave Signal
THE DRIVE DIAGRAM OF THE REELING DEVICE

The schematic drive diagram of the reel head, shown in
Figure 18, has been developed based on the AMESim
numerical simulation model. This schematic diagram was at
the basis of developing the actuation, control and adjustment
system of the reel head.
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Figure 18: Schematic Drive Diagram of the Reel Head




The schematic diagram in Figure 18 only refers to drive of a
single reel head. Nevertheless, it can be extended to two reel
heads, keeping the same hydraulic unit to power both
hydraulic cylinders, as they work almost continuously in
sequence, except for a short sequence of time (at the end of
wrapping around one roller and start of wrapping around the
other roller).

For the practical case considered by the authors, the structure
of the diagram, developed on seven levels (L..VII), is as
follows: 1- oil tank, fitted with tight cover, level indicator,
filling and ventilation opening, drain plug, with V.= 301
and Vegeeive=22 1; 2 - oil heating resistor, with N=1330 W;
3- winding tube for cooling the water inside the copper 14x1
pipe; 4- normally closed electro valve, G1/2, Apyn= 6 bar,
supply voltage 24 V dc; 5- temperature sensor Pt 100; 6- gear
pump, capacity 3.65 cm’/rev, maximum pressure 250 bar,
inlet filter; 7- electric motor, 220 V, single phase, 0.55 kW,
1400 rev/min; 8- grip mechanical coupling; 9- pressure
control valve 0...60 bar; 10- check valve, opening pressure 1
bar; 11- 2/2 hydraulic directional control valve, normally
closed, operated electrically and manually, which protects the
pump at starting. 12- intermediate plate with role in fastening
and mounting the pumping unit; 13- return filter, filtration
fineness 10um, equipped with bypass valve; 14 - glycerin
filled pressure gauge, measurement range 0...100 bar; 15-
hydraulic proportional directional control valve, 4/3, Dn6,
closed center; 16- hydraulic cylinder, bilateral fixed rod and
mobile liner, Opigon = 65 mm; B¢ = 48 mm; Stroke = 870
mm; 17- cable position transducer, for monitoring and control
of hydraulic cylinder speed; 18- rotational speed transducer of
winding machine roller; 19- end of stroke signaling devices,
controlling the change in direction of hydraulic cylinder
movement.

CONCLUSIONS

Mathematical modelling and numerical simulation (Akers et
al.2006; Jelali and Kroll) have cut down the time required to
develop the prototype of a drive, control and adjustment
system of the reel head of a wire reel.

When commissioning such a control and adjustment system
the time required to correlate the speed of the reel head with
the reel rotational speed, the speed of the wire leaving the
rolling mill and the wire diameter is at least 15 days, 8 hours
per day. During this time the rolling mill is off the current
production cycle, which is 3 shifts of 8 hours per day. By
adjusting the parameters of the system to the values obtained
at the simulation model, the commissioning time has been
reduced to 8 hours.

The system has been tested under real operating conditions in
an aluminum wire rolling mill existing at ALRO Slatina,
Romania. The mill has been set into operation and there have
been produced six coils of wire: three of them having a
diameter of 9.5 mm and other three coils having a diameter of
12 mm. After each coil produced the mill has been stopped
and the settings of the system controlling the reel head have
been adjusted.

The system working parameters, monitored and measured on
the prototype, Figure 19, prove good estimation of the results
obtained by running the simulation model, Figure 20. To this
end, there have been required only three consecutive
adjustments of the over-settings of the system controlling the
reel head, at each diameter of wire wrapped on the reel.
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Figure 19: Variation of Prescribed Speed (a) and Variation of
Real Speed Error (b) of the Reel Head during the Winding of
One Spool
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ABSTRACT

An automotive auxiliary heater is a complex thermal
system used in vehicles to improve engine startup and
ensure a warm environment in passenger compartment
when the car is operating in extreme cold conditions.

This paper presents our team’s efforts to develop a reliable
steady state thermal and thermo-elastic simulation model
for a heater. For this purpose a detailed finite elements
model was developed and calibrated based on laboratory
experimental results, and available information about the
power balance of the device. The simulation model was
created using CAE software Catia v5 r18, and ANSYS
Workbench v15. The FE model consists of the main parts
of the assembly, including a description of thermal and
mechanical loads, and contact interaction between its parts
and external boundary conditions. The experimental part
of the research was conducted in the laboratory on a
special designed test stand. The test stand can operate the
heater completely autonomous, while making data logging
with the aid of National Instruments PXI system. Infrared
thermography was done using FLIR ThermaCam PM350
camera. The test stand can be very useful for the future
development of another types of heater suited to middle
class passengers cars.

INTRODUCTION

This paper presents an important part of the research
team’s efforts to develop a functional automotive auxiliary
heater prototype designed to work in extreme cold areas of
the world. The research is focused on developing a reliable
thermal and thermo-elastic simulation model for a heater.
For this purpose, a detailed 3D model was developed using
Catia v5. The model was further analyzed using finite
elements model with ANSYS and the results compared to
the experimental data obtained in the laboratory.

For experimental purposes, we have developed an
integrated test stand, which is able to operate the heater
autonomous, while measuring and logging all the
functional parameters.
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A work cycle of the heater starts with the user command
from an on-board or remote controller. The heater fan
(blower) “washes” the burner with fresh air. Than the fuel
is aspirated by a solenoid volumetric pump from the petrol
tank and sent to the combustion chamber of the heater. The
fuel-air mixture is ignited by a glow plug and the
combustion chamber starts to warm up. A centrifugal
circulating pump moves the cooling agent along a closed
loop: from the auxiliary heater to the car heater‘s heat
exchanger, then into the engine and back to the auxiliary
heater. The car heater‘s heat exchanger send the heat into
the cabin via the car‘s fan. The cooling agent is also
introduced in the car engine and warms it up as well.

CAHS |ewmwwmmmmna |
»»»»»»»»»»» Sooiooos
: General diagram of an Automotive
Auxiliary Heater

The main components of a heater are: WP — water pump,
HE — heat exchanger, CC — combustion chamber, AB — air
blower, EF — exhaust gases filter, FT — fuel tank, FP — fuel
pump, FI — fuel injector, GP — glow plug, CAHS -
controller for automotive heating systems.

The system is actively monitored by minimum 3 sensors:
TS1 — temperature sensor 1 (cold water sensor), TS2 —
temperature sensor 2 (hot water sensor), FS — flame
sensor.

The biggest part of the thermal energy produced by the
combustion process is transported with the exhaust gases
and transferred to the heat exchanger boundaries of the
combustion chamber by different heat transfer
mechanisms: radiation, forced convection and conduction.



The initial hypothesis of the simulation is centered on the
theoretical power balance of the heater.Net heating value
of light oil (or diesel) is around of 36 MJ/L. If the fuel
consumption in the water heating system is around of 0.65
I/h, results an average net generation power from fuel
burning around of 6.5 kW. The desired heat exchanger
power is 4.3 kW, so the effective power of the heat
exchanger is estimated to be around of 66 %.

Figure 2: CAD model of typical auxiliary water
heater system

» 35555553iiiiiiiiiiii5333555iiiiiiiiiiiiiﬁ3333§§iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

Figure 3: Cut-away view of typical auxiliary
water heater

FINITE ELEMENTS MODELLING

The target of the finite element analysis was to get the
temperature distribution and maximum stresses generated
in the components of the water heater system. Because the
measuring of the temperatures is a very complex task and
the CFD analysis is not yet available for the first phase of
the design a simplified analysis was done. The complete
temperature distribution in structural components can be
obtained using an adequate finite element model in
thermal analysis and neglecting the structural effects.
Then, using the obtained temperature distribution as loads
(Fig. 4) a sequentially multi-physics coupled analysis may
be developed (Ansys 2004).
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Figure 4: Sequential coupling of thermal and
structural problem

Due to some unknowns concerning the real boundary
conditions in the thermal analysis, the steady state thermal
analysis has a supplementary loop for convective load
improvement to fit the imposed thermal boundary
condition for partial validate the thermic balance.

=N

Geometry

Static Structural Thermoelastic

Steady-State Thermal

Figure 5: Workflow of the sequentially coupled physics
analysis

Except the thermal conductivity and Young's modulus
which were considered as temperature functions, the
remaining properties were considered constant. For
Poisson it were considered a value of 0.28 for steel and
0.33 for aluminum alloy; also, for thermal expansion
coefficient it were considered a value of 17%10° 1/K for
refractory steel and 23*10° 1/K for aluminum alloy.

MESH DESCRIPTION

Due to irregular shape of the parts, we have adopted for
meshing a tetrahedral finite element type, Solid87 for
thermal analysis and Solid187 for structural analysis. A
total of 205491 of nodes and 112178 finite elements result
after the automatic mesh using maximum relevance of the
mesh algorithm (Fig. 6). Some parts were further refined
using a 2 mm element size criterion. The same mesh was
used for thermal and for structural analysis.



Figure 6: Mesh of the finite element model using ten
nodes tetrahedral elements

Thermal interactions between parts were modeled by
perfect non thermal resistence contact elements, whereas
the structural contact elements were considered according
to real interactions, i.e. bonded or no separation linear
contacts were introduced between involved surfaces.

THERMAL BOUNDARY CONDITIONS

The thermal loads were applied iteratively on surfaces,
with the updated values mentioned in Table 1. The model
was iterated until the desired result was obtained - the heat

exchange power for heat exchanger around of 4 kW.

Table 1. Convective boundary conditions

Part Location h Ty
{ w J [°C]
m2°C
1-Blower Interior 45 0
cover Exterior 25 0
Interior near motor 45 0
2-Ports Exterior 25 0
housing To burner 50 0
To outlet 100 400
3-Heat Exterior to air 25 0
exchgnge Interior to water 1500 100
housing
4-Heat Exterior to water 1500 100
exchange Interior t.o 150 700
body combustion gases
Exterior to 50 0
5-Flame guide | admission air
Interior to flame 200 720
lnter.lor. to . 50 0
admission air
Interior to
6-Burner tube | combustion gases 150 700
Exterior .to 150 700
combustion gases
Flange to outlet 100 500
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THERMAL RESULTS

For the boundary conditions from Table 1 it was obtained
a power of 4.53 kW for convective heat transfer between
combustion gases and heat exchanger body and 4.16 kW
for convective heat transfer between heat transfer medium
(water) and heat exchanger body. The temperature
distribution in structural parts varies between 77 °C and
700 °C (Fig. 7).

STATIC STRUCTURAL RESULTS

The reaction forces were very small (max 32 N) due to
adequate fixing the model. The total displacement
distribution for thermo-elastic analysis for all components
is presented in figure 9 where the legend is not uniform
because the maximum displacement is inside of the heater.
One can see where one fixed point on three direction was
chosen (dark blue area).

B: Steady-State Thermal
Temperature
Type: Termperaturs

Figure 7: Temperature distribution on all model.
(Maximum temperature is inside; here the top legend is
not uniform, it was modified for improving clarity)

B: Steady-State Thermal
Temperature - Burner Tube
Type: Temperature

Figure 8: Temperature distribution on the burning tube



C: Static Structural Ther|
Total Deformatian
Type: Total Deformation,

Unit: mm
Time: L

1.164 Max
+ 047561
| 04674

0.063471
0.0045935 Min

Figure 9: Total displacement distribution for thermo-
elastic analysis

The axial deformation of the burner tube is around of 1
mm (Fig. 10) because the maximum temperature in the
cylindrical tube is high.

C: Static Structural Thermoelastic
H Axis - Directional Deformation - Burner Tube
Type: Directional Deformation{( Axis)
Unit: mm
Global Coordinate Systerr
Time: 1 ‘
1.0303 Max

~0.031589 Min

Figure 10: Axial displacements for burner tube

The maximum von Mises stress in the heat exchanger
body is not very large, only some picks of 103 MPa can be
observed, whereas in the burning tube, due to the high
gradient of the temperature, the maximum von Mises
stress is around of 306 MPa (Fig. 11).

C: Static Structural Thermoelastic
Equivalent (von-Mises) Stress - Burer Tube
Type: Equivalent {van-Mises) Stress.
Unit: MPa -

305.86 Max

0.11322 Min

Figure 11: Von Mises stress distribution for burner’s
tube
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TEST STAND
PROCEDURES

AND EXPERIMENTAL

The test stand was designed to operate the heater and
continuous monitor and log all the functional parameters:
electrical power consumption, fuel consumption, water
and air temperatures, fan speed, exhaust gas composition,
surface temperature, etc. The block diagram of the test
stand is presented in figure 12, where the main
components are: SIS — heater; DE — electric pannel; SAD
— NI data aquisition sistem; R- power converter; B- 12 V
car battery; CEP —electronic precision scale; RC — fuel
reservoir; PC — fuel pump; MEcc — DC electric motor;
RAT - cooling water tank; PA- water pump; FGA —
exhaust gases filter; AG — exhaust gases analyser
(TESTO); SG — gas probe. The following sensors are used
in the test bench: Tcc — DC sensor; Tpa — air pressure
sensor; Tda — air flow sensor; Tpc — fuel pressure sensor;
Ttg — exhaust gases temperature sensor; Tp — pressure
sensor; Td — flow sensor; Ttr — water inlet temperature
sensor; Ttc — water outlet temperature sensor.

Figure 12: Test stand block diagram

One of the heating system analyzed is Hydronic II DS4
produced by Eberspacher Germany. The following image
presents another type of heater mounted on the bench.

Figure 13: Automotive auxiliary heater test stand



Figure 14: Typical heater mounted on the test stand
(Webasto type)

The infrared analysis was done using a FLIR -
ThermaCAM PM350 camera that was operated from the
computer by a specialized person. The first step of the
testing procedure is to identify several key points of
interest for measurement. Afterwards the heater is turned
on, and operated until it reach nominal working regime
(usually, around 2 to 3 minutes). For each measurement
point are taken six recordings, and the most conclusive
results have been presented below.

EXPERIMENTAL RESULTS

A selection of infrared images are presented below.

Spot 313 C
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40.
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Figure 15: General temperature distribution on
the heater
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Figure 16: Temperature distribution on the exhaust
of the heater
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Figure 17: Temperature distribution on the muffler,
exhaust gases temperature and TESTOO exhaust gases
composition sensor
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Figure 18: Temperature distribution on the water
connection ports

CONCLUSIONS

The experiments validate our simulation results, which
now can be used as a base for mechanical and thermal
design of a new original and improved automotive
auxiliary heater.

Based on this temperature distribution, the stress
distribution in the model is effortless to obtain. In the
future a more detailed experimental thermal analysis of the
interior components of the heater will be necessary, in
order to further optimize heat transfer quoeficients. At this
stage, important results were obtained only by careful
trials of different thermal boundary condition from the
literature until the desired power output was reached
(Jonathan et al. 2007).

Finite element modeling and simulation is a very simple
and effective procedure for determining temperature
distribution in a water heating system and the obtained
results are in accordance with the current literature and
experimental results.
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ABSTRACT

A “Controller for Automotive Heating Systems” (CAHS)
is an essential element for any auxiliary heating system.
The controller has to provide enough computing power to
control and monitor all the active components of the
heater, while being able to communicate with other car
systems via on-board CAN bus. In addition, the CAHS
must receive user commands through on-board control
panel or wireless (via Wi-Fi, GSM, and Bluetooth).

INTRODUCTION

This paper presents the activities developed in order to
design, build and test a prototype controller for automotive
auxiliary heating system having a low price. Based on an
extensive study over existing heating systems, the authors
developed the following general functional diagram of the
heater (Figurel).

Figure 1. Structural diagram of an Automotive
Auxiliary Heater

The main components of a heater are: WP — water
(cooling) pump, HE — heat exchanger, CC — combustion
chamber, AB — air blower (fan/compressor), EF — exhaust
gases muffler, FT — fuel tank, FP — fuel pump, FI — fuel
injector, GP — glow pin, CAHS — controller. The system is
continuously monitored by minimum 3 sensors: TS1 —
temperature sensor 1 (cold water sensor), TS2 -
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temperature sensor 2 (hot water sensor), FS — flame
sensor. Optional, the heater can be monitored by mass
airflow sensor, water flow sensor, knocking sensor, and
exhaust gases composition sensor (not represented on the
diagram).

The critical task of the CAHS is to read the information
from all this sensors and control the operational
components of the heater in order to obtain maximum
heating power, with highest fuel efficiency, safety and low
emissions. In order to reach this task, the heater has three
different operational phases for start-up, stable operation
and shut down, each of them with different control
algorithms and procedures.

Heater off

ontral.
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Fan

Dasing purep
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?,Yta're getection

Figure 2. Standard work cycle of a commercial heater
GENERAL ARCHITECTURE OF CAHS

The control board is built around a dsPIC33FJ128GP804
16-bit digital signal controller produced by Microchip
Technology (Figures 3 and 4). This is a 44 pin, 40MHz
microcontroller, with 128 Kb program flash memory, and
16 Kb RAM. The CAHS was designed to control the AHS
in wide and extreme variety of situations. The key aspects
taken into account in its design are reliability and
efficiency. The digital signal controller (DSC) represents
the main system component. It is designed around a
powerful arithmetic logic unit (ALU) necessary to perform
the algorithm for control and self-diagnose of the CAHS.
The DSC taken into account has a series of key peripherals
to permit to interface it with the exterior environment:
Analog to digital controller (ADC), digital to analog
controller (DAC), pulse width modulators (PWM),
asynchronous serial communication module (UART),
CAN bus module, general inputs and outputs (GPIO). The
elements around the DSC are reduced to a minimum,



keeping only essential ones: N-MOS power transistors,
anti-aliasing filters between sensors and the ADC, CAN
and USB transceiver, voltage regulators and p-MOS

decoupling transistor for dynamic power consumption.
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Figure 3. Pin diagram of dsPIC33FJ128GP804
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Figure 4. General block diagram of CAHS

Inputs available on the prototype controller are the
following (Figure 5, 6):
-Analogue control of the cooling liquid temperature

(potentiometer);

-Serial asynchronous bus (UART) to allow control from a
digital interface;

-CAN interface, to allow connectivity to the cars electronic
control system;

-Low temperature sensors;

-High temperature sensor, to measure the temperature
inside the burning chamber and to detect combustion;
-Fuel sensor in tank;

-Self-diagnose inputs, used to determine is different
systems block or sensors are working properly.

Outputs:

-High current PWM for: water pump, air blower, fuel
pump, glow plug (pin) etc;

-USB connection to diagnose or set internal parameters;
-Auxiliary outputs for self-diagnose purpose.
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Figure 6: Inputs and USB connection diagram

Hardware structure enables dynamic control of power
consumption in various situations. The controller has three
sections: two digital and one analog. To minimize energy
consumption, one digital and one analog section are
alternatively powered from the power supply, while only
power section and the digital surveillance mode are
activated. Once the system is ready to run, the cooling
agent temperature is maintained within the specified limits



according to the engine specifications, and the electric
control module will begin to monitor the system until at
least one condition to stop the fuel supply is fulfilled.

a

Figure 7: Outputs wiring diagram

INTEGRATION OF THE PROTOTYPE
CONTROLLER ON EXPERIMENTAL STAND

For experimental researches and validation, a prototype
controller was developed (Figure 8). The module was
extensively tested in the laboratory on existing heaters. For
experimental purposes a specialized test stand was
developed. The stand is able to operate the heater
completely autonomous while monitoring and data log all
the functional parameters. On experimental mode, the
prototype controller is able to control the heater manually,
according to live commands received from a laboratory
operator. This facility was very useful for experimental
identification of various components of the heater (for
example - blower characteristics). The commands are sent
from a PC through a serial USB connection to the
controller. For this purpose, a graphical interface was
developed using LabVIEW programming environment.

,

Figure 8: Prototype controller integrated on existing
heater platform of a test bench
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Figure 9: Experimental test bench for auxiliary heaters

Figure 10. LabVIEW measurement controller interface

Figure 11. LabVIEW controller interface

EXPERIMENTAL RESULTS

The variations of the main operational parameters of the
heater, controlled with the new CAHS are presented in the
following graphics. These were obtained with the
controller integrated on a commercial standard heater. The
start and the stop operating periods (Fig. 12 and 13) are
dominated by special variation of the main operational
parameters: glow plug current [A] fuel pump current [A]
air blower current [A] water pump current [A], and airflow
[m*/h].
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Figure 14: Exhaust gases temperature during a cycle
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Figure 15: Hydrocarbons and Hydrogen emissions
during a cycle
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Figure 16: Evolutions of A and loss during a cycle

The following diagrams present the behavior of a
commercial water heater driven by the new
microcontroller.
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Figure 18: Control inputs for the starting phase
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typical operating cycle
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Figure 21: NO, NO, and NOx produced by the heater
in a typical operating cycle

CONCLUSIONS

The research efforts of the team led to a new high
performance prototype controller validated through
rigorous experimental research. Intensive thermal

numerical simulations were performed with ANSYS
based on the examples of (Sorohan 2014). The new
controller is more flexible, offers multiple communication
options and can easily be integrated through CAN bus on
any car on the road today. On the economical side, an
estimated serial production cost for 100.000 pcs/year is
around 3 Euro, much lower than any other existing
alternatives on the market.
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ABSTRACT

An operative simulation algorithm for design and efficiency
assessment of a flat-plate solar collector for water heating is
proposed. In order to ensure the reliability of the theoretical
model, testing was accomplished and the thermal yields have
been compared. Good agreement was obtained for a case
study where a basic geometry for the absorber plate was
considered. A simple and accurate method was used for
numerically solving the time dependent heat transfer
equation. Thermal behavior of the absorber plate, and water
temperature variation were obtained. Simulation by using the
proposed operative method, performed at a large amount of
data for various materials and dimensions for absorber, solar
radiation and water inlet temperature, provides appropriate
dimensions for the collectors, the thermal efficiency, and
reducing the cost in prototype construction and testing.

INTRODUCTION

For the solar water heating systems described in literature
(Ramlow and Nutz 2010; Thirugnanasambandam et al. 2010;
James and James 2010), a large amount of studies are
available concerning various specific issues. Basically
reports on the collectors behavior are available for: natural
circulation of the liquid (passive systems) (Jaisankar 2009;
Ntsaluba et al. 1997; Mertol 1981), forced flow, driven by a
pump (active system) (Razika et al. 2014; Yan et al. 2013;
Afif 1997), structures with or without tank/heat exchanger
and storage (Singh et al 2016; Buonomano et al. 2013;
Badescu 2008). An effective design for solar water heating
systems, provide maximum efficiency and low cost to the
end user, especially for large systems. Designing the solar
collectors for water heating requires the appropriate sizing of
different components, based on the predicted solar radiation
and hot water demand.

As concerning certain studied issues as  the tube
arrangement, the collector position, pressure losses, flow
distribution in the pipe, influence of buoyancy etc. a relevant
number of reports have provided conclusions on the
collector's design and efficiency. Studies revealed that the
efficiency of flat-solar collectors with riser and header
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arrangements is dependent of the flow distribution
throughout the absorber tubes (Duffie and Beckman 2006)
and could decrease by more than 20% in unfavorable cases
(Chiou 1982). Therefore, turbulent models were extended to
laminar flow models (Maharudrayya et al. 2005) and
validated for 3D calculations for various Reynolds numbers
and tube configurations. The flow distribution was estimated
by measuring the temperature of the absorber tubes, in order
to highlight the buoyancy effect over the forced conversion
(Fan and Furbo 2008). Some numerical models for
simulation of flow distribution inside the flat plate collector
tubes use the correlation for pressure losses (Facdo 2015;
Klein 2012). Difficulties in taking into account all the
transfer mechanisms inside solar collectors were highlighted
(Tian and Zao 2013).

Under such conditions some attempts to solve both energy
and flow equations are known, providing information about
fluid flow pattern, the absorber temperature field and the
distribution of the heat flux (Ceron et al. 2015; Wang et al.
2015; Tagliafico et al. 2014).

In this work it is proposed the model of a basic geometry for
a collector - flow tubes imbedded in the metallic absorber
plate. Time dependent energy equation for the plate is solved
for a constant solar irradiation and steady-state water flux. A
numerical simple solving algorithm is proposed, containing
material characteristics and plate geometry, providing
appropriate data for designing the solar collector.

SOLAR COLLECTOR MODEL AND SIMULATION

In order to derive the 3D time dependent mathematical
model for the absorber plate with tube imbedded — figure 1 —
the heat flux is considered where the pipe and metallic sheet
are placed in an insulated box covered by a transparent cover
- figure 2a.

where: Amq - thermal conductivity for the metallic sheet/tube
and water respectively; T - temperature.

or
dx,,z = xy.z ey
- o(x, y,2)



Figure 1: Absorber modules of the flat-plate
solar collector

Figure 2: Schematic representation of one module of the flat-
plate solar collector.

a. Schematic representation of radiation distribution (G -

solar radiation; R - radiation heat losses in the environment;

C - conduction heat losses through the collector insulation);

b. Numerical solar model scheme;

According to figure 2 a, energy balance under solar radiation
G for an elementary volume of the absorber and tube is
considered — figure 3:

Figure 3: Energy balance for an elementary volume of the
absorber plate and tube

Therefore the energy balance is:
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where: T, — outdoor temperature; p,, — metal and water
density respectively; ¢, — metal specific heat; ¢ 7, — time and
initial time considered for working regime.

In the energy balance equation, the second right term
represents the conduction heat losses through the case
insulation, and were neglected for the case study. Also it is
neglected the last term representing the radiation losses, in
outdoor environment. Finally considering that elementary
volume is  dv = dxdydz and dy = s is the thickness of the
plate one obtain:
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A finite difference integration method is used in order to
obtain the solution for the time dependent model. First, the
non-dimensional equation is written considering the uniform
heat flux g=G/s:

00 Ay to[0%0 %0 g
0t pmem L7\ ox Oz Pmem T;
where:
X Z T t G
xX=—iz=—}0=—;7=—;h=— 5)
L L Tl 10 GO
(x, z, 6, 7, h, — non-dimensional values for X and Z

coordinates, time, temperature, radiation; G, — the reference
solar radiation (ex. 1000 W/m?); ¢, — initial time considered
for the current iteration; T7; initial temperature of the absorber
plate; L — tube length;)
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F, — Fourier number and R, — radiation number.

A network is defined for the integration domain — figure 2 b
— and Taylor series expansion is used:
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(7, C=non-dimensional network steps; 3 - non-dimensional
time step;)
Finally the algebraic equation related to (6) is derived:
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where @ is non-dimensional value of the temperature at
previous time step iteration. . For the steady state case the
non-dimensional temperature value is:

1
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The boundary conditions for the numerical integration are:

a. Perfect insulation of the collector box :
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0 _6-% _4-0=0-0;
ox 2y

00 _9.=0. _g_ 9 -9 -0,
&y 2 ]

(12)
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b. On the tube surface one write the heat flux from both
metal sheets:

T, - T
3770

=cy Py Ve -(T2 - T4) (13)
(¢, — water specific heat; p,, -water density;

velocity in the tube)
and the tube temperature is:

24-2MZs -

V., — water

14
4-0-5-¢

c. At the water tube output section the overall heat flux
transferred to the water is :

2-G-B'L=CW'PW'Vw'(Tout_Ti )

(15)
(B - absorber width;)
and finally:
2-G-B-L
Tour =Ty + (16)
Pw Cw Vi
RESULTS AND DISCUSSION

In order to simulate the proposed method, special software
for flat-plate solar collector type was created. By using the
proposed algorithm, various materials and geometries for
absorber plate and tubes, diverse flow rates and solar
irradiation can be considered. Therefore the absorber plate
temperature, the distribution of the heat flux, and water
temperature variation are available for an optimum design.
Due to space reasons only one geometry for the absorber
plate is presented, as case study. In figure 4a is presented one
of the five absorber plate modules made of copper. The size
of one sheet is (570 x 86 x 1.5) mm. The central tube is also
of copper with d, = 4 mm internal diameter and 1mm wall
thick.

In figure 4 b,c,d are presented the results of simulation in the
case study where only the flux variation is considered for
+15% and constant values for the other parameters (solar
radiation G = 900 W/m’; T;, = 20 °C; horizontal position for
the collector).

In figure 4.c one considers the reference working regime for
a fluid flow of Qg% = 0.6 em’/s. In figure 4.b and 4.d,
where fluid flow variation is presented, one observe the
change in temperature lines - more clear at the bottom and at
the top of the absorber plate. If the mean water velocity
value is increasing inside the tube, the temperature lines
become more vertical oriented, near the tube. If the water
velocity is decreasing, the temperature lines are more
horizontal near the tube.
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Figure 4: The module of the absorber plate and numerical solutions foe the case study
a. Module of the absorber plate; b. Temperature field for Qgso, = 0.51 em’/s; c. Temperature field for

Qioow = 0.6cm’/s; d. Temperature field for Qy;s., =0.69 em’/s

Also, for each case, one observes that temperature lines at
the basis of the domain, near the input water section, are
more horizontal oriented, and more inclined at the top near
the output water section. This is because the heat transfer is
more effective at the bottom side of the absorber plate and
less efficient at the top side.

In order to validate the theoretical model and hence to
settling down of a simulation strategy - the iterative
calibration of the software and building the data library -
efficiency of the solar module collector was computed and
compared with the experimental tests. Thermal efficiency for
one module of the flat-plate solar collector was expressed as
a function of the incident radiation, absorber surface 4,, and

useful power Qm :

QW2
= an
G- A,
where:
0., :ch(TOut _Tin) (18)

(m- mass flow rate per tube; c, specific heat for water).
Theoretical and experimental results are presented in table 1.
Experiment was performed for the same geometry, solar
radiation and inlet water temperature as for the simulation
case study.
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Table:1 Simulation and experimental results

Tin Tout Q Re n
x10°
'c |'c |\ms |- -
Simulation 20 36 0.6 289 0.783
Experiment 20 37.510.53 255 0.755

The thermal efficiency obtained by simulation was
successfully validated against experimental data, at low
Reynolds numbers (Re =V,/d) — an error of 3.6% was
computed. Moreover the results are in good agreement with
other papers (Karanth et al. 2015; Ceron at al. 2015) where
the results obtained showed that the absorber plate
temperature decreases with an increase in the mass flow rate.

CONCLUSIONS

The proposed direct method provides accurate results in a
more rapid manner comparing with the models available in
the analyzed literature. The main conclusions are as follows:

e it was analyzed in detail the heat transfer
mechanism under specific boundary conditions;

e a simple finite-difference numerical method was
used for rapid solving the energy equation and a
simulation software has been accomplished in order
to obtain data for the collector's design in various
working conditions;

e absorber plate temperature, distribution of the heat
flux, and water temperature variation were



obtained, available for an optimum design of the
absorber plate;

e the numerical model reproduced with good
agreement the behavior of the absorber plate
module comparing the computed thermal efficiency
with experimental data.

Using the proposed operative method, large amount of data
can be processed by simulation obtaining efficient solar
water collectors, reducing cost in prototype construction and
testing.
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ABSTRACT

As the renewable energy market is continuing its growth at
a steady pace, photovoltaic systems still represent a high
cost initial investment with solar panels holding the
biggest proportion of that initial cost while energy
conversion efficiencies are around 20% for the mainstream
offer. That is the reason why it is important to make the
best of the energy provided by the solar panels through
careful panels positioning and high quality and efficiency
elements used throughout the photovoltaic system. The
current paper contains an assessment of the simulation
models available for the main types of control systems
used for solar tracking applications while also highlighting
the experimental work done to test these simulations.
Computational methods, control algorithms, on the field
problems, and experimental validation are presented.

INTRODUCTION

The main factors that influence a solar panel’s efficiency
are light intensity, light incidence angle and panel
temperature. All of these factors have a natural variance in
the field, light intensity varies according to day and year
cycles of the sun, light incidence angle varies according to
the panel’s mounting orientation and solar day cycle while
temperature varies with the ambient temperature and
because of solar heating of the panel.

In the following figure, we can observe an arbitrary tilted
panel towards the sun and the relevant measurements that
describe the incident radiation.

solar L
array gamacﬂﬁxf
7
o+ 13 o Bnorizontal
;Y If(»"f
Simodute
LY
sun's - [3)
rays -
- ‘

horizontal plane

Fig. 1 Diagram of solar radiation on a tilted panel
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Considering that:
- o is the elevation angle of the sun for the given
position
- P is the tilt angle of the solar module
- Sicident 18 the solar radiation measured
perpendicular to the sun
- Spodue 1S the solar radiation measured
perpendicular to the panel
Then we can notice that:
Simodute = Sincident * Sin(a + ﬂ)
Where the elevation angle is:
@ =90 ¢ +8and§ = 2345 sin [22 - (284 + d) |

- ¢ is the latitude
- 9§ is the declination as a function of d, the day of
the year

FIXED AND MANUAL POSITIONED SYSTEMS

For any given photovoltaic system, the simplest solution is
a fixed mounting position relative to earth, where the
mounting plane can vary from 0° — being parallel to the
ground for locations on the equator to +90° — being
perpendicular to the ground and oriented towards south for
the northern hemisphere and north for the southern one.
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Fig. 2 Comparison of Incident, Horizontal and Module
power

In Fig. 2 a test case for 44° North latitude comparison can
be seen between the incident power (maximum power
available in a plane always perpendicular to the solar



rays), horizontal power (power available in a plane parallel
to the ground) and a module’s power tilted to the same
degree as the local position’s latitude which gives the
optimum yearly energy yield.

Even though this is a simplification that doesn’t take into
account any other factors that influence the energy output
like cloud coverage, temperature and so on, it can easily be
seen that a fixed location isn’t an optimal solution as it
loses available power both in days of minimum and
maximum illumination.

Fixed mounting at a given angle can be considered as a
reference from which all the other variable mounting
systems grow in efficiency.

The next step for improving this efficiency while keeping
both costs and complexity low is with systems that can be
manually set usually in two positions: summer and winter
tilting. This is only feasible though only for small panels,
small systems, and only recovers energy from yearly
variations of sun’s position while daily variations are still
unaccounted for.

LOCATION & TIME TRACKING

First tracking method is based on an open loop system
where the solar array can track the sun on one or two axes
based on the mounting location on the globe and the
current date and time using algorithms, that can give
accuracy to within about 1 degree.

Such values are feasible for flat plate solar modules given
that other factors contribute to the final power output.
Sun’s elevation and azimuth angles are given by the
following equations:

Elevation = sin™![sin § sin ¢ + cos § cos ¢ cos(HRA)]
_, |siné cos ¢ — cos & sin ¢ cos(HRA)
cosa

Azimuth = cos

Where: a — elevation angle, 6 — declination angle which
depends on the day of the year, ¢ - latitude of the location
of interest, HRA — hour angle.

Getting higher accuracy is a required demand for

application involving solar concentrators that need
tracking within 0.06° for 1000:1 systems.
Obtaining this performance through computational

algorithms, increases the computational power needed
while still not taking into account environmental factors
like cloud coverage.

FEEDBACK TRACKING - PID

By feedback tracking, we are referring to a closed loop
control system composed of a MCU/DSP based controller,
electromechanical actuators for solar array positioning and
light sensors for determining maximum intensity direction.
The diagram for a general control system is presented in
Fig. 3.
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setpoint

control value

process

error
controller

Fig. 3 Block diagram for general feedback control system

For solar tracking applications, the process is represented
by the solar tracker made of: a mechanical steerable
support, electric actuators for 1 or 2 axes, a solar array,
light sensors. For each control axis there must be 2 light
sensors mounted at 90° between themselves and 45°
between the axis so as to be able to tell when sensors for
the given axis receive the same amount of light and thus
the axis is perpendicular to the light rays.

setpoint
=0
control solar
actuators L_tracker | giterence
error
controller

Fig. 4 Block diagram for solar tracker control system

A PID controller is the usual choice for an industrial
application, but not always the best. Its implementation is
based on the measurement of a process variable with no
knowledge of the underlying process, which does not
guarantee optimal control or stability.

The equivalent transfer function in the Laplace Domain is:
L(s) =K, + K;/s + Kys

Where K,, K;, K4 are tuning parameters for proportional,
integral and derivative gains, since where the name for the
control method. Zeroing any parameter simplifies the
controller into a PI, PD, P or I controller. In case of solar
tracking, the process is slow changing so there is no need
for the P and D terms that are best suited for fast changing
systems.

FEEDBACK TRACKING - FUZZY LOGIC

Fuzzy logic together with genetic algorithms and neural
networks are gaining importance in control systems as
alternatives to PID for more complex systems, being able
to deal with multiple input values that are translated to
logical variables with continuous values between 0 and 1.
A fuzzy control system is conceptually made of a
fuzzification wunit, a rule evaluation unit and a
defuzzification unit. The fuzzification unit maps input data
to the appropriate membership functions and truth-values.
The rule evaluation unit is a processing stage that invokes
each appropriate rule and generates a result for each, then
combines the results of the rules. The defuzzification unit
converts the combined result back into a control output
value. The advantage of fuzzy logic over PID control is



that there is no need to know intimately the mathematical
model by which the controlled system works while also
being able to implement the controller on cheap, low
performance hardware thus keeping costs and complexity
low.

Solar Tracking System
2500
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Yo \ e F 22 LOZH
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500
000
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Fig. 5 Fuzzy logic vs PID control systems power output

As presented by Kiyak and Gol, a fuzzy logic based
controller can outperform a PID implementation by up to
2.39%. Such a small difference can count if applied to
large enough systems where the value translated in energy
is big enough, especially since the fuzzy variant is easier to
implement and run.

HIL TEST STAND

In order to test the modeling and simulation of the
methods presented above, a Hardware in the Loop (HIL)
test bench was constructed. The simplified schematic of a
complete HIL test bench (Radulescu A. 2015) is presented
in Appendix A and below, in fig. 6 and 7 show the stand
itself.

g ; -
Fig. 6 View of the experimental solar tracker

The stand is made up of a solar tracker capable of
implementing all of the methods described, both in real
life situations working with sunlight or by using test
scenarios through a sun simulator capable of imitating
both solar paths and illumination variance.

128

Fig. 7 View of the experimental solar simulator

The solar tracker can function both as a static system or a
single or dual axis electric motor actuated tracker. It has a
modular construction made of readily available parts that
can easily be changed or reconfigured obtaining a degree
of freedom in researching and testing various tracking
topologies. As presented in fig. 6, the tracker is equipped
with geared DC motors for 2-axis actuation, a 40W solar
panel, four light sensors for two axis positioning and MCU
based controller.

The solar simulator consists of an extendable arm that
pivots on a fixed axis of rotation. In the tip of the arm a
power light source mimics sunlight with variable output
intensity. Thus, any sun path can be simulated to scale. As
presented in fig. 7, the simulator is equipped with geared
DC motors for 2-axis actuation, a LED module capable of
up to 13.000 lumens and the same MCU based controller
that oversees the operation of the whole test stand.

CONCLUSIONS

Because theoretical comparisons of different tracking
methods are based on starting conditions assumptions, the
results obtained cannot be used in real life situations
without a close examination of particularities from case to
case. In such way, even though in most cases solar
installations and especially photovoltaic ones benefit from
the presence of a tracking system, it is implementing cost
is not always justified or covered by the return cost. For
small size applications, only special scenarios can make a
tracking installation feasible while on large-scale power
plants the power benefits tend to amortize the
implementing cost.

Starting from the models and simulations presented,
further practical experimental work will be carried out
with the test bench to validate the theory and optimize
solutions from a manufacturing standpoint.
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Solar tracker Sun simulator

APPENDIX A. Test bench diagram for Hardware-in-the Loop simulation of a solar tracker (Radulescu A. 2016)
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ABSTRACT

This paper aims to present the main results of researches
done in the field of simulation for the industrial equipment
existing in large hydroelectric power plants. Starting from
the existing tools used in the data acquisition and
diagnostics, studies were done to determine, based on actual
measurements, modelling and simulation with FEM the
remaining lifetime of equipment in order to plan the
maintenance and limit its operation of it within acceptable
limits until entering into maintenance procedures

INTRODUCTION

Large hydroelectric power plants in Romania have a total
installed capacity of more than 6300 MW in operational
plants. The installed power is achieved through all sort of
power plant schemes and layouts from run-of-river power
plants, pumped storage schemes and hydropower plants with
large reservoirs. The technological equipment existing
within these power plants are mostly old and in the need of
refurbishment and more often also modernization. The
selection of the units that enters into refurbishment can be
done preliminary by the analysis of hours of operation and
number of start-ups and shut-downs per day in order to
calculate overall operational hours and compare them to the
normal lifetime expectancy. Then, each component is going
through the phase of dismounting, refurbishment and/or
modernization and then mounted again in a complex
mechanism called the hydropower unit. This is the most
simple case to be dealt with by engineers. The most difficult
task is to estimate the remaining lifetime of equipment in
which some incidents have occur e.g. cracks in the turbine
chamber, cracks on turbine shafts, on axial bearings, etc.
When a small accident occurs like the one mentioned before,
a complete analysis should be done in order to identify the
cause and to establish proper measures to repair correctly the
defect and to modify the solution and construction of
equipment itself if needed.

HYDROPOWER UNITS MONITORING

Over the last few years, in Romania, important attention was
given to actively monitoring operational parameters of each
unit, with an implementation program established for every
unit of the large hydro, with the final purpose to have enough
data and knowledge to elaborate a complete analysis of
equipment behavior. For this purpose some actions were
taken: vibrations monitoring, partial unload of generators
monitoring, thermal monitoring of all equipment, levels and
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pressures monitoring, anticorrosive protection monitoring of
the hydro mechanical equipment used in water in order to
establish the actual state of the metallic structures, generator
airgap monitoring in functioning, transformer monitoring
and auxiliary equipment monitoring (trash racks, valves,
spillway structures etc.) (Piraianu C, 2011). Vibrations
monitoring first started to be used at the beginning only
when hydropower units were having unusual noises during
operation in order to assure the balancing of the rotating
parts, but the next steps were not completed: analysis of the
raw data and measurement interpretation to elaborate a
complete dynamic analysis. (Pirdianu C. et all, 2000,
Teodorescu M., et al 2000)

REMAINING LIFETIME ANALYSIS OF CRITICAL
COMPONENTS

Evaluation of the remaining lifetime of critical components
of a hydraulic machine (e.g. hydraulic turbine) has multiple
and important uses, as it is generating valuable information
and proper knowledge necessary in operation management,
maintenance and repair but more importantly, for the
modernization of equipment and replacement of the main
machine if case (Anghern, Pirdaianu C., 2011). For a
complete analysis of the remaining lifetime proper methods
are used in the finite element method analysis correlated
with data from the history of operation, complete set of
vibrations measurements, technical expertise of the current
state and modal analysis. For the refurbishment and/or
maintenance of the hydropower unit, the evaluation of the
mechanical safety of the components that should remain
within the unit is critical and the main task of the remaining
lifetime analysis that has the main objective to identify,
analyze and follow the evolution of a crack, in order to
assure the safety in operation of the unit. For a hydraulic
machine, it is known that for the main mechanical parts the
water influences the fatigue behavior by the acceleration of
crack evolution. Therefore, a complete remaining lifetime
analysis should take into consideration the following:
material quality and structure integrity, fatigue behavior of
material, material wear tolerances, geometric integrity,
operation  history, environmental influences, and
construction equipment interface.

ANALYSIS METHODS IN HYDROPOWER

Finite Element Methods (FEM) has become an important
instrument in industrial simulation, where the need to solve
technical problems and to overcome challenges is imperative
for the scope of development. In hydropower, FEM is a
common analysis tool used in various phases of design and
operation. FEM is a numerical method with the main
purpose to solve problems described by differential equation
cu partial derivations with knows boundary conditions.
(Piraianu C. 2011)



The dynamic analysis of the hydropower units is another tool
used to determine the operation conditions in different
regimes. This is applied to the main rotating part (turbine,
shaft and generator rotor) which during operation is stressed
under vibrations, bending and torsion. The behavior of the
rotating part of a hydropower unit is strongly influenced by
its geometry and mounting tolerances accepted, bearing type
and restrictions as well as stress forces, axial loads on
concrete foundation. An important aspect in the dynamic
response of rotating machines is the major influences of the
friction bearings and a more accurate modelling on the
bearings will allow high precision and prediction of
phenomenon (Paraus anu 1. 1996). The main parameter of
the operation state of each hydropower unit is the amplitude
of vibration. The limits in vibrations are difficult to establish
from one machine to another and each type of defect which
is causing increase in vibrations has its own evolution
pattern. In the modern literature and standards a multitude of
consideration are presented regarding vibrations. (ISO, IEC,
STAS Standards).

For each hydropower unit, the values of the vibration
amplitude could be classified on four levels which indicates
the operation state of the unit: good, acceptable, inadequate
or unacceptable as shown in Figure 1. (Piraianu C., 2001).

Figure 1: Amplitude classification for hydro units

STUDY CASE: DYNAMICAL
KAPLAN TURBINE OPERATION

ANALYSIS ON A

The targeted element of the research was a Kaplan hydraulic
turbine (Ros u C. et al 2000). The hydro unit has an output
power of approx. 35 MW and an installed discharge of 165
m’/s. The analysis was completed due to high level of noise
while operating in the entire range of power and flows, and
also because of the problems occurred in operation: high
level of vibrations, many operation hours, a large number of
start-ups and shut-downs and cracks in the concrete
foundation of the axial bearing. The possible defects than
can occur have been analyzed to elaborate a first probable
cause of the vibrations: mass unbalanced, shaft misalignment
and radial load of the rotor, rotor and stator contact,
weakening of the bearing fixing elements, shaft cracks,
bearing gap tolerances. In order to assure a complete set of
vibrations measurements for the hydropower unit operation,
an entire set of 11 (eleven) transducers and one acquisition
data system was used. The transducers were used to acquire
the position of shaft within the radial bearings of the
generator and turbine, the position of axial bearing and skate,
the position of the axial bearing support related to the
bearing, the angular position of the shaft.
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Figure 2: Kaplan Turbine section (Source: VOITH)

The measurements were done for different operation regimes
of the hydropower on the variation of head and flow. The
recorder data obtained were used to formulate preliminary
conclusions regarding the dynamic behavior of the
hydropower unit. The evolution of the shaft center within the
radial bearing of the generator and the radial bearing of the
turbine was determined and the results are presented in
Figure 3 and Figure 4. Also, the variations in the axial
bearing were obtained.
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Figure 3: Evolution of the shaft center within radial bearing of
turbine (left) and generator (right)

STRUCTURAL ANALYSIS OF THE AXIAL
BEARING SUPPORT MECHANISM

A complete structural analysis of the axial bearing support (a
star-shaped element fixed with embedded elements in
construction) was completed in order to establish the effects
of the vibrations. The load on the axial bearing support
generated mainly by the rotating part is considerably higher
for this type of turbines, reaching more than 300 tones. An
additional axial load is given by the pressure of the water
transformed into axial and radial forces on the runner blades
and the additional stress caused by the electric forces of the
generator while connected to the grid. Both hydraulic forces
and electrical forces are having significant variation due to
the hydrological conditions but also grid condition caused
especially by power and frequency regulating or grid system
services on a larger scale. These dynamic variation of the
loads are creating a series of stress in material, which must
be determined in order to determine the remaining lifetime
of the equipment for the structure. In order to simulate the
dynamic regime of operation and to determine the loads and
stress effect of the axial bearing support and advanced
geometric model of the equipment was created and is
presented in Figure 5.



Figure 5: Geometrical model

A simulation was carried out in order to determine the von
Misses diagram and the results are presented in Figure 6.
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Figure 6: Von Misses Diagram (N/m?)

The results of the simulation established the maximum
points of the stress analysis and the decision of the careful
supervision of the state of welding was taken. Another
important parameter which is influencing the behavior of the
rotating part and therefore the stress on the support and
construction is the vertical misalignment of the rotating part.
This misalignment can influence the functional deviations of
the rotating part. Modelling loads and misalignment of the
shaft were taken into consideration when completing the
simulation of the behavior of the support mechanism and the
results are presented in Figure 7.
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Figure 7: Simulation of axial displacement

The results obtained showed the importance of the rotating
part mounting while achieving the recommended deviation
imposed by the supplier in order to increase the lifetime,
safety in operation and reduce the cost of maintenance.
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CONCLUSIONS

Simulation tools are powerful instruments to use in the
design but more important in the operation and maintenance
of hydro mechanical equipment. Simulation can be used to
determine the causes of any defect, any misalignment or
deviation higher than recommended. Also, simulation can be
used successfully to determine the remaining lifetime of a
machine, to limit its operation within safety condition until
maintenance is schedule or to improve the knowledge in
design of the equipment during rehabilitation and
modernization of power plant units.
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ABSTRACT

The paper identifies some major challenges for research and
practice needed to improve by simulation the common
understanding of the transition from the current water
management regimes to adaptive water management
especially in the hydropower sector. The authors developed
a web platform in which new scientific methods, practical
tools and simulation tools are promoted for the participatory
assessment and implementation of adaptive water
management at local, and basin scale. This paper presents
some of the results obtained by numeric simulation study
cases done for the purpose of the IT platform developed.

INTRODUCTION

Adaptive management is a general expression for adaptive
resource management. It is a structured and iterative process
for making optimal decision in the face of uncertainty that
insists on system monitoring in order to reduce the
uncertainty over long periods of time. Therefore the decision
making simultaneously maximizes one or more resource
objectives and, either passively or actively, accrues
information needed to improve future management.
Adaptive management is often characterized as a "learning
by doing" process. (Pirdianu VF et al. 2009) The operation
of a large hydroelectric power plant (HPP) is a challenging
task especially when the hydropower plant has a large dam
and reservoir with multiple uses. Also, the task becomes
challenging when a cascade of hydroelectric power plants
are considered.

SIMULATION IN ADAPTIVE MANAGEMENT AND
HYDROPOWER SECTOR

Adaptive management is a general expression for adaptive
resource management. It is a structured and iterative process
for making optimal decisions in the face of uncertainty that
insists on system monitoring in order to reduce the
uncertainty over long periods of time. Therefore the decision
making simultaneously maximizes one or more resource
objectives and, either passively or actively, accrues
information needed to improve future management.
Adaptive management is often characterized as a "learning
by doing" process. Adaptive management can be considered
either passive or active. Passive adaptive management
begins by using predictive modeling based on present
knowledge to inform management decisions. As new
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knowledge is gained, the models are updated and the
management decisions are accordingly adapted. Because
adaptive management is used to make decisions regarding
the management of valuable natural resources, it directly
affects (and is affected by) public policy and politics.
Monitoring is a critical component of adaptive management
because it involves deliberate and systematic observation,
detection, and recording of conditions, resources, and
environmental effects of human and management programs
and actions.

Figure 1: The principle of adaptive management

Monitoring is currently performed by agencies and other
entities, but it is typically not well coordinated and
integrated among parties involved. Examples of common
obstacles include inadequate communication and
coordination, conflicting or non-complementary agency
interests or mandates, underlying technical issues,
inconsistent data integration and sharing, and inadequate
funding. Developing and implementing a decision-making
system that is guided by the best available science and that
uses new information generated from the monitoring of
conservation actions remains a general goal in many
countries. Within the adaptive water management concept
one of the most significant domains is related to the
operation of hydroelectric power plant dams and lakes.
Usually, the lake of a HPP has multiple scopes and uses:
power generation, flood protection, population and
industrial water supply systems, agricultural purposes
(irrigation), recreation and water sports; a significant issue
is related to keeping the highest responsibility for the
environmental protection. A particular field in hydropower
sector is represented by the small hydroelectric power plant
which is considered by many of the modern states in the
world and by all European Union member states to be a
renewable source of energy. Simulation tools used in hydro
power plant operation may relate to the main aspects:
design, operation and maintenance.

For the design of any hydropower plant simulation the
following tools are available for the: river simulation



(InfoWorks RS®, HEC-RAS, DHI Mike, etc), CFD
simulation software, geotechnical simulation (GeoStudio),
dam simulation, penstocks and other etc. While the river
simulation is used to determine flooded areas in natural or
modified river bed conditions, CFD software is used to
design and optimize hydraulic machines (turbines, pumps,
etc) and finite element methods (FEM) which can be used to
design and validate hydrotechnical constructions. For the
operation of large hydroelectric power plant reservoir,
multiple researches have been done in order to optimize
reservoir operation (Banos et al. 2011, Cheng et al. 2008,
Ferreira and Teegavarapu 2012). The optimization of
reservoir operation by simulation was also used to maximize
the income generated by a cascade of power plants in the
context of any competitive energy market (Pirdianu et al.
2014).

Simulation is also mostly used in the diagnosis of the
equipment especially of the rotating part. Simulation using
FEM software can be used in order to determine the actual
state and the remaining lifetime of any equipment of the
dams (valves, by-pass, etc) and of the power generation unit
(Dragoi et al. 2012).

SIMULATION TOOLS FOR THE STRUCTURE
DESIGN OF SMALL HYDROELECTRIC POWER
PLANTS

Simulation software for river simulation is currently being
used widely in different stages of the development of any
hydropower plant, any water supply system or any water
storage system. Infoworks RS was used for the design of a
derivation small hydroelectric power plant (SHPP). The
water intake of the SHPP was designed according to the
technical and ecological conditions imposed by the current
legislation. Therefore, the water intake is able to collect the
installed discharge, to clean the sediments according to the
requirement of a Pelton hydraulic turbine and then redirect
the entire volume through the pipe while assuring the
ecological flow of servitude on the river with the use of a
fishway. The digital model of the water intake is presented
in Figure 2.

Figure 2: 3D water intake simulation model

Once the digital geometrical model of the water intake
equipped with necessary elements (bar screen, inlet valve,
etc) was finished then modelling proceeded to the next
phase of developing the simulation mode (using InfoWorks
RS). The configuration of the river was inserted into the
simulation software based on the topographic measurements
and cross sections. Also, the hydrological study obtained

137

from the national administration was considered while
dimensioning the water intake spillway into the simulation
model.

Figure 4: Cross section of river used in simulation model

In order to simulate the operation of the water intake in
terms of water collect and water transit with priority
through the fishway in order to meet the requirements of the
continuity of the water stream and ecological flow
downstream, cross sections of the water intake were
transferred into the simulation model by modifying the
natural river bed cross section with the cross section of the
water intake.

Wateriniaks
Lross-section

a) water intake cross section

b) natural cross section

¢) cross section after water intake construction
Figure 5: Water intake cross section and river cross sections

A simulation hydrograph was used to simulate the behavior
of the water intake. The installed discharge of the SHPP is
3.50 m’/s and refers to the maximum flow taken by the
water intake for energy purposes. The ecological flow
transited through the fishway is 0.45 m’/s and a flood
scenario (due to a raining episode) with a duration of 45
hours, starting from 0.42 m*/s and a peak flow value of 47
m’/s was used. The results of the simulation showed that the



water intake is able to capture the installed discharge, to
accomplish the connectivity of upstream and downstream to
achieve continuity of the flow without disturbance even
when the flow has very low values. Then, the extra volumes
of water not being used for power generation are transiting
downstream through the spillway which was design
according to the technical norms to the flow with 5%
probability of appearance.

Figure 6: Cross section of the water intake (Q < 0.45 m’/s)

Figure 7: Cross section of the water intake (Q ~ 4 m’/s)

SIMULATION TOOLS FOR THE OPERATION OF
HYDROPOWER PLANT RESERVOIRS

The same simulation tools can be also used to evaluate and
to plan the operation of a large hydropower plant (HPP). It
is well known that large HPP usually have large water
reservoirs often used both for power generation and non-
power purposes (e.g. irrigation, industrial usage, water
supply). For the purpose of the prediction of the water level
evolution in a large lake, a study case on a HPP was
completed. The model of the lake was developed in
InfoWorks RS, a certain rainfall event was established and a
simulation was carried out in order to determine the
variations in levels.

Figure 8: Simulation model of the lake
The results obtained by simulation were used to determine
the variations in levels within the lake. A cross section view
of the lake near the dam is presented in Figure 9.
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Figure 10: Cross section 5 km upstream of dam
CONCLUSIONS

Simulation tools are powerful instruments to use in the
design of HPP elements as well as in the operation
simulation. This use of simulation is critical also in the
prevention of floods, the optimization of the exploitation of
large reservoirs, runoff estimation and commercial planning
of the energy produced. In this paper a short presentation
was given in order to emphasize the importance of
mathematical models and simulation in water management.
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ABSTRACT

Pollutant dispersion of S-shaped open channel flow with a
side discharge has been investigated using two-dimensional
numerical model. Numerical computations were carried out
using Fluent 6.2.16, which is based on the finite volume
approach. Both the volume of fluid (VOF) and user defined
scalar (UDS) methods were used in this study. VOF method
was used to allow the free-surface to deform freely with the
underlying turbulence. Moreover, the pollutant (BOD) is
assumed to be mixed throughout the system as a passive
scalar. The study comprised the effect of flow rate on the
dispersion behavior for five different scenarios. The
numerical simulation results show a good fit with observed
data in the literature. The findings of this study may provide
a proper basis for water quality management in rivers.

INTRODUCTION

Open channel flow such as rivers and streams are the major
sources of water for many human activities such as
farming, water supply and industry. However, they are
playing a major role in carrying off the municipal and
industrial wastewater and run-off from agricultural land.
The deterioration in water quality of rivers and stream has
increased due to the growth of population, urbanization,
industrialization, and agriculture activities which forcing
developing countries into remediation options of river water
quality (Ismail et al. 2014). Although the river system is
complex, different studies have been conducted to assess,
evaluate and simulate the water quality in rivers
(Antanasijevi et al. 2014; Vieira et al. 2013)

Moreover, the fate and transport of pollutants in rivers is
relatively important for reliable water quality management.
Numerical model has been widely used as an effective tool
to simulate and predict pollutant transport in rivers and
stream. Numerous studies have been carried out to
understand and simulate the transport phenomena and the

change in the pollutants concentration in order to gain
insight into the impact of these pollutants, and to provide a
basis for water quality management (Deng and Jung 2009;
Duarte and Boaventura 2008).

Various commercial and public domain models have been
developed in literature to consider the changes in
contaminated concentration based upon physical, chemical,
and biological principles such as QUAL2Kw, QUASAR,
MIKE11, SIMCAT and WASP (Sharma and Kansal 2013).
Furthermore, computational fluid dynamics (CFD) tools
have also been used for certain researches to provide
valuable information relating the description of the water
flow hydrodynamics and the pollutant behavior along the
river and stream (Khaldi et al. 2014; Khaldi et al. 2015;
Elghanduri 2015).

The main aim of this study is to predict the pollutant
dispersion in an S-shaped open channel flow with a side
discharge with different flow rate using volume of fluid
(VOF) method and scalar transport. This study may serve
as a basis for understanding the effect of the flow rate on
the concentration of pollutant from the polluted tributary on
the river.

MATERIALS AND METHODS
Assumptions

A CFD code (FLUENT), has been used in the present study
for analysis of 2D S-shape open channel flow with a side
discharge. FLUENT uses a finite-volume discretization of
the Reynolds Averaged Navier-Stokes (RANS) equations to
compute the flow dynamics within a given computational
domain.

A real open channel flow was considered for modeling the
dispersion of pollutant. The geometry used in this study is
shown in Fig. 1, and Gambit was used for mesh generation.
It was assumed that the main open channel flow is
representing the Danube River at the lower course and the
side discharge is represented as a tributary of the Danube
(Arges River). S-shape open channel flow was considered
to provide valuable information on the pollutant dispersion
behavior.
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Different set of flow rate were adopted to explore the
dispersion of pollutant behavior during different flow
condition along the river. Table 1 show the values of flow
rate in the Danube and Arges Rivers alongside with BOD
values in the rivers. Biochemical oxygen demand (BOD)
was considered as a pollutant and the aim is to produce
different scenarios of the BOD dispersion along the river on
the basis of the discharges.

Table 1 water quality and quantity data used in this study.

. BOD Flow rate
Variables (mg/L) (m’/sec)
River name g
Danube River 5 5000 - 10000
Arges River 40 50-90

Both Multiphase free surface flow (volume of fluid) and
user defined scalar (UDS) was used in this study. For
volume of fluid (VOF), Euler-Euler multiphase models
were used. It is a surface-tracking approach and designed
for two or more immiscible fluids where the position of the
interface between the fluids is of interest (Khazaee and
Mohammadiun 2012). Furthermore, this study assumed that
the BOD is mixed throughout the system as a passive
scalar. A passive scalar is any species that can be
transported but is non-reactive. Moreover, it was assumed
that the BOD is in a liquid form and there are no sources or
sinks of the pollutant in the channel.

3mI

40 m

Fig. 1 Geometry and mesh of the study
Governing equations

The VOF model can model two or more immiscible fluids
by solving a single set of momentum equations and tracking
the volume fraction of each of the fluids throughout the
domain (Khaldi et al. 2014). The VOF formulation relies on
the fact that two or more fluids are not interpenetrating.
This is the case with dispersion process in open channel
flow (Rivers). The governing differential equations of mass
and momentum balance for unsteady free surface flow can
be expressed as:
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where u is the velocity vector in the three directions; p is
the pressure; v is the molecular viscosity; g is the
gravitational acceleration in the three directions, and p is
the density of flow. In the momentum Equation (2) the
interaction between the phases is modeled by the surface
tension Si, s .

In the present study air is set as primary phase and water is
set as the secondary phase. The tracking of the interface
between the phases is done with the solution of the
continuity Equation (1) for the secondary phase (the water).
This interface is so calculated with the following equation
(Khaldi et al. 2014):
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where s, is the source of the phase 2 (s, is equal to zero in
this work), p, is the density of the secondary phase and «,
is the volume fraction of the secondary phase (a, = V2,/V).
V is the total volume of fluids (V' = V1 + ¥2); V1 is the
volume of phase 1 and V2 is the volume of phase 2. The
volume fraction of the primary phase (a; = V1.V) is
calculated by the constrain
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The standard k- model has been used in the present case. It
is a semi-empirical model based on model transport
equations for the turbulent-kinetic energy ‘x’ and its
dissipation rate ‘g’, and is expressed by the following
equations:
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The dissipation of k is denoted &, and modeled as:
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The values of the model constants are as follows: oy = 1.0,
o, =13,Cie=1.44, Coe=1.92, Cu=0.09.

142



The transport equation for an arbitrary, user-defined scalar
(UDS) is solved similarly to the transport equation for a
scalar such as species mass fraction. For multiphase flow,
the generic transport equation for the scalar is given by

208 1 7. (PP — V@) =S (8)

where ¢ is the local mean age of the fluid, p, is the
mixture density, mixture velocity, I, is the mixture
diffusion coefficient for the scalar, S is the source term of
the scalar and p,,, and Iy, are calculated according to

P = 21010, ©)
Pmm = 21 Py (10)
Iy = Zza’z I (11)

where « is the volume fraction. The term S in Equation (8)
is taken as equal to 1 and for the diffusion term in
turbulence flows.
r= o (12)
Psc
A CFD code, Fluent 6.2.16 was used to solve the Equations

(1-12).
Boundary condition

Different boundary condition was set until appropriate
condition at domain boundaries have been specified. In the
present study, mass flow inlet boundary condition for the
inlet 1 and inlet 2 of the channel and pressure outlet
boundary condition for the outlet of the channel is specified
(see Fig. 2). The no-slip boundary condition is specified to
set the velocity to be zero at the solid boundaries and walls
and bed assumed to be rough. A mesh with 1770 nodes was
found to provide required spatial resolution for studied
channel geometry. The solution is considered to be

converged when the difference between successive
iterations is less than 1077 for all variables.
P

Ma.ss flow ] Walls

inlet
(Inlet 1) I

Mass flow inlet Pressure
(Inlet 2) outlet
e

Fig. 2 Boundary condition adopted in the study

Numerical methods

Numerical computations were carried out using Fluent
6.2.16 which is based on the finite volume approach. It
provides flexibility in choosing discretization schemes for
each governing equation. The discretized equations, along
with the initial and boundary conditions, were solved using
the segregated solution method in which the governing
equations were solved sequentially (segregated from one
another) (Khaldi et al. 2014). The first order upwind
scheme was used. The PISO method was used to calculate
the pressure—velocity coupling.

RESULTS AND DISCUSSIONS

Five different scenarios were considered to represent the
pollutant dispersion in the channel by setting different flow
rate values, in which the values adopted in this study is
demonstrate the actual values in the Danube river and its
tributary (Arges river). The BOD concentrations were set as
fixed values in all cases and it was assumed 5 mg/L in the
inlet 1 (main channel) and 40 mg/L in the inlet 2 (tributary)
as these values stated in the previous technical reports and
studies (Pfeiffer et al. 2008; Apele Romane 2007).

In case 1, the Q inlet] was set as 10000 m*/s and Q inlet2 =
50 m*/sec and the result shown in Fig 3a whereas, in case 2,
the Q inletl = 10000 m*/s and Q inlet2 = 90 m’/sec and the
result shown in Fig 3b. The Q inletl in case 3 was set as
7000 m*/s and Q inlet2 = 50 m*/sec and shown in Fig 3c. In
case 4 and 5, the Q inlet] = 7000 m’/s and Q inlet2 = 90
m*/sec and Q inlet] = 5000 m*/s and Q inlet2 = 90 m*/sec
respectively, and the results are shown in Figs. 3d and 3e.
The five scenarios are considered to be conceptual cases
which related to actual situation of the Danube River to
understand the conception of scalar transport through
multiphase flow (air-water).

According to high flow rate in the main channel, the
dilution process of BOD concentration is quite clear in
which the concentration of BOD is reduced downstream the
channel. Moreover, BOD concentration is dispersed more
closely along the bank of the channel when the flow rate in
the main channel is high, i.e. the highest the flow rate in the
main channel (inlet 1), the dispersion behavior tend to be
along the bank of the channel as depicted in the Figs. 3a-3e.
Comparison and agreement between the numerical
simulation results and experimental data of BOD along the
river which have been observed in the literature show some
error between the results. However, the agreement between
the prediction and the field observation is acceptable and
the present model is reliable for the predictions the impact
of Arges River as tributary on the Danube River, i.e. the
computational fluid dynamics (CFD) can be used as an
effective tools for predicting the pollutant transport
phenomena in open channel flow with a side discharge
flow.
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Fig. 3 The dispersion of BOD along the channel: a Q jye =
10000 m*/s and Q e = 50 m*/s, b Q e = 10000 m’/s and
Q inler = 90 m’/ 8, € Q intet = 7000 m’/s and Q intez = 50 m’/ S,
d Q jnerr = 7000 m*/s and Q intez = 90 m’/s and e Q intett =
5000 m*/s and Q intez =90 m’/s, the scale is in mg/L.

CONCLUSIONS

The pollutants dispersion along S-shaped open channel
flow with an effluent discharging are conducted in this
paper. A complete two-dimensional and two phase (VOF)
coupled with passive scalar CFD model with finite volume
method (FVM) have been investigated. In spite of some
error between simulated dispersion of BOD along the

channel and observed water quality data, the numerical
simulation results show a good agreement with observed
data in the literature. The results of different flow rate
scenarios revealed that the BOD concentrations are highly
reduced downstream the channel due to the high flow rate
in the main channel. Furthermore, BOD concentration is
dispersed more closely along the bank of the for same
reason.
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ABSTRACT

Computers are so powerful now (from a computational
speed perspective), that it is possible to use the classical
statistical survey sampling techniques (along with some
geometry) to “randomly” search the feasible solutions
space of any multivariate nonlinear optimization problem,
to locate and find the optimal solution region, and close in
on a useful solution. Hence, this statistical optimization
approach will be used on selected chemical yield
equations in this presentation. The solution techniques
also will be illustrated and explained. This technique is
also called multi stage Monte Carlo optimization. It is an
approach that constantly improves the answer as the
simulation proceeds.

INTRODUCTION

Market researchers and professionals who conduct polls
know that because of the central limit theorem and the
laws of large numbers (that govern so much of scientific
survey sampling), it is not necessary to draw a large
percentage sample of the population in question to find
out their opinions on some new product or important
topic. It is only necessary to draw a reasonable size
sample (usually 500 to 5000 is cost effective) regardless
of the size of the overall population.

These same principles apply to survey sampling of the
feasible solution space of the optimization problem in
question as long as consistently decreasing in size
geometric shapes govern and control the constantly
“funneling in” of the statistical optimization algorithm to
the optimal solution or a useful approximation. Please see
Figure 1 for a partial illustration of this phenomenon.
Another name for this approach is multi stage Monte
Carlo Optimization. The regular Monte Carlo approach
of drawing a random sample of 5,000 or 50,000 or
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500,000 feasible solutions and storing and printing this
approximate answer is just considered as stage one. This
is followed by many more stages as the geometric shapes
get smaller and smaller at each subsequent stage as they
cross the sampling distribution of the feasible solutions
(Please see Figure 1) in pursuit of the true optimal or a
useful approximation. Let us look at some chemistry
examples.

A SIX VARIABLE CHEMICAL YIELD EQUATION

We seek to maximize the chemical yield equation (which
governs the output amount of the company’s compound it
produces).

PF = 1.915,633 — x, + 78,
1y Xs — X + 2450 — 216, + 8645,
o+ 116%s — %4 + 550x,

2 2
- X5+ 62X5 —X¢ T+ 8OX6

in units of output subject to
X4 T 5X6 < 425

and

0 =x, <50 pounds of chemical 1

0 <x, <15 pounds of chemical 2

0 <x3; <100 pounds of chemical 3

0 <x4 <500 degrees temperature

0 <xs5 < 1000 pressure in pounds per square inch

0 < x¢ < 60 minutes length of reaction time

and all x;’s are whole numbers with a ten stage multi
stage Monte Carlo optimization program drawing 500,000
sample answers at each stage. (Note that the engineers
want the x4 +5x¢ <425 constraint adhered to so as to
guarantee that there is no explosion in the process (Hayter
2002)).

Two runs of this statistical optimization solution program
produced the answer (in seconds of run time) of x,=39,
x,=8, X3=58, x4=275, x5=35, x¢=30 with an output value
of 3,000,148 units.



Figure 1: N Dimensional Rectangles Pursuing the
Maximum and N Dimensional Spheres
Looking for the Minimum Solutions

A LARGE CHEMICAL YIELD EQUATION

The chemical engineers have developed the following
yield equation for their company’s massive chemical
process (Anderson, 2003). Itis

PF = 38,784,974+x,%5
X+ 156X — xa + 126%
o+ 1185 — xs + 250,
Xs + 286%s — Xo + 160xg
X+ 126X, — X5 + 34xg

B} xi + 82X — xlzo + 70%4¢
Xt + 1525, — X0 + 190x12
i xé +42x3 — x124 +32X4

B} xé +94x,5 — xi, + 60x,6
Xy +36Xp7 — Xug + 216%5
Xuo + 704%10 — X0 + 494550
Xor +790%s1 — X0 + 1628%

2 2
_ X3+ 624X23 — Xo4 + 1502X24
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2 2
_ X25 + 1082X25 — X26 + 1198X26

2 2
Xy + 506X27 — Xpg + 1834X28 = 3X8X15
in units of output.

The engineer’s goal is to maximize this equation subject
to

50% <x; <150% of standard catalyst amounts used
in the past production runs fori=1,2,3,4, 5

and 1 < x; <100 for the
100 control settings for each one of the twelve
machines controlling this production run for
i=6,7,8,9,10, ...17
and 0 < x; 1000 input units for i = 18, 19, . . .28 for
the 11 input compounds in units and
5
Zl X; < 450 to preserve the chemical integrity of the
process as the engineers worry about too much of the five
catalysts being added to the production run.
A twenty stage ever focusing statistical optimization
search was carried out drawing one million feasible
solutions at each of the twenty stages. This computer
simulation (for the maximum chemical output) was run
three times producing three nearly optimal solutions.
They are:

41,999,048 is maximum produced by

X]ZIO] X2:59 X3:50 X4:102
X5:13] X6:57 X7:38 Xg:38
X9:20 X10:2 X1 1:39 X12:61
X13:6 X14:1 X15:51 X16:4
X17:7 X13:104 X19:338 X20:239
X21:381 X22:798 X23:303 X24:737
X25:530 X26:583 X27:24 1 ng:9 13
The second program run yielded

X1:87 X2:52 X3:48 X4:1 13
X5=123 X6=60 X7=37 Xg=52
X9:11 X10:2 X11:44 X12:61
X13:4 X14:8 X15:50 X16:11
X17:1 X13:96 X19:345 X20:239
X21:377 X22:800 X23:305 X24:742
X25:525 X26:582 X27:240 X23:899

with a maximum of 41,999,200 units

The third maximum function value of 41,998,576 was

produced with

X1:104 X2:55 X3:50 X4:116
X5:125 X(,:47 X7:34 Xg:41
X9:5 X ():6 X1 1:53 X12:64
X13:1 X]4:0 X15:49 Xl(,:l].
X17:3 X 3294 X1 9:329 X20:235
X21=379 X22=806 X23=300 X24=741



X25:530 X25:588 X27:238 X28=91 1

These three approximate solutions should help the
engineers to run this chemical yield process for the
maximum number of output units of production. Please
note that the eleven input compounds had a range of 0 to
1000. Therefore, the square root of 2 is about 1.42 and
1.42 raised to the twenty power is a little more than 1000.
So it was decided to divide the search region dimensions
for the variables 18 through 28 by 1.42 at each subsequent
stage so that in the last stage of this statistical
optimization simulation run the “width” of the search
region in dimensions 18 through 28 would be a

reasonable value of a little less than one.

However, for dimensions 1 through 17 (representing
variables 1 through 17), the variables there have only a
range of 100. Therefore, at each subsequent stage their

search region was reduced by a factor of 1.27 so that there
would be some reasonable width left in those dimensions
in the later stages of the “random” search for the optimal.

A problem whose variables all have ranges of the same
width needs only one focusing factor. However, this 28
variable problem required two focusing factors (of 1.27
and 1.42) to prevent some ranges in the search from
“disappearing,” so to speak.

A CHEMICAL BLENDING SYSTEM

A company has one weekly run of its chemical blending
problem where seven input chemicals (in units of tons)
are run in a process that produces ten output compounds
(in numbers of output units). Please see the yield chart 1.

Chart 1: Yield of output compound (in units) per input tons of Chemical 1 through 7

Compound | Compound | Compound | Compound | Compound | Compound | Compound | Compound | Compound | Compound
One Two Three Four Five Six Seven Eight Nine Ten
X1 2
X0Xs5 X3Xs5 X6 XoX7 X1X4
X2 2 2
X1X3 X4 X4Xg 5X4X5 4X3
X3 X1X4 3X2X6 2X2X7 X3Xg 3X2X5
X4 2
X3 4X2X5 X2Xs5 X3X4 6X 1X4
Xs 2 2 2
X3 X6 X1X6 X7 4X4X6
X6 2
XeX7 X4X6 2X3X4 X5 X1Xg 3X5X7
X7 2
X X7 2X3X7 X;X3 X1Xs XoXg 3x3
Required output amounts in units
Therefore, use a statistical optimization computer subject to

simulation to solve this nonlinear yield system of

equations.

X1XoXs5 + X1 X3X4 + X32X5 + X§X7 + X1X27 = 5,848,688 )]

X1X2Xs5 + 3X0X3Xg t+ X32X4 + x4xé + 2x3x27 =3,597,574 (2)
2 2

XpXy4 4X2X4X5 + Xs5Xg T X1X3X7 + = 6,448,655 (3)

X1X3X5 + 2X0X3X7 + X X5X6 T 2X3X4Xs = 2,412,380 “)

XoX4Xs + XoX4Xs5 + X X5X7 = 3,695,724 )
2 2 2

X Xg T X3X¢ + XsX6 = 1,111,737 (6)

5XoX4Xs + XsXa + XaXeXs = 8,494,630 7

XXX + XaXs + X1Xe = 2,790,183 )

X1Xa + 3%oXsXs + 4XXsXe + 3Xs%r = 6,554,832 )
2 2

4x,X3 + 6X1X4 + 3X5X6X7 = 16,323,476 (10)
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0 <x;=<200 and whole numbers fori=1,2,3,....7
after transforming it to minimize

10
PF = Zl | L;- R;| subject to 0 X x; < 200 where the L;
=

and R; are the left and right hand sides of the 10 equations
forj=1,2,3,.... 10.

The company will use a 17 stage multi stage Monte Carlo
optimization (statistical optimization) simulation drawing
1,000,000 feasible solutions at each stage over an ever
narrowing and refocusing “random” search which will
funnel into and find the solution.

The answer is:

X1=39 x,=83 x3=29 x,=126

X5 =99 Xx¢=59 x;=160 with PF = 0 error indicating an
exact solution.




Therefore, these seven x values are the input amounts in
tons that should be put into the weekly yield process run
to satisfy the last time period customer demands. (The
right hand sides of the equation are the demands.)

Therefore, in each future week when new customer
demands come along, the right hand side of these
equations should be updated to reflect the new amounts
ordered. Then the program is to be rerun for the new
weekly inputs and solution.

Also note that with the number of equations
outnumbering the number of variables, in some weeks
there may be no exact solution to the system. However,
this approach will give a new “solution” with a hopefully
manageable minimum total error value (which the
computer program will print out, giving the seven x
values and the total equation errors and individual
equation errors too).

CONCLUSION

Three examples were presented here. A six variable
chemical yield equation to be maximized was presented.
Additionally, a 28 wvariable vyield equation to be
maximized and a seven variable by ten equation blending
system to be solved were presented. All three problems
were nonlinear multivariate and very difficult to solve
theoretically. Therefore, a simulation technique like
statistical optimization (please see Figure 1) (also called
multi stage Monte Carlo optimization) was used on all
three to obtain good results in a timely cost effective
manner (Anderson, Sweeney and Williams 1999) and
(Black 2014).

Statistical optimization is a general purpose nonlinear
multivariate solution technique for our computer age.
Additional examples of its versatility can be found in
(Conley 2012), (Conley 2014) and (Wong 1996), among
others.
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ABSTRACT

Even so modern adaptive methods like deep learning,
random forest and other methods enable robots to navigate
via visual recognition systems in a more or less autonomous
way, praxis shows that in complex situation, under
flickering light conditions or wunder rapid changing
situations these systems more or less fail. It’s the unsolved
problem to define prototypes to be learned or used by the
methods mentioned above, which choose these problems as
same as it seems to be impossible to find of special
structures like hyperbola structures out of noisy pictures or if
several hyperbolas are overlapped. Even in medical oriented
pattern recognition systems often it seems to be impossible
to mark and/or extract special cell structures in histological
samples or x-ray pictures by expert software tools.
Otherwise the human eye seems to have no problem to
concentrate on special structures of a picture. Rule by our
focus of attention we can change our biological filter
routines in that way, that we analyze now small and very
small structures and in the next moment the global structure
of the picture. In the last recent years the authors — working
especially on the problem of anti-mine resp. [ED detection
on land via ground penetrating radar and on the detection
and categorization of dumped ammunition in the Baltic and
Northern Sea — developed new biological inspired filter
chains by modeling the retinal structures and the special
methods of the retinal signal processing. In this paper some
of those methods are discussed and examples of these
powerful filter technics are shown

BIOLOGICAL BACKGROUND OF THE RETINAL
PATTERN ANALYSIS

It is one of the most surprising findings that the signal
processing in the retina of the mammals is done on a more
or less none numerical structure, means, is based on the
temporary activity of different kinds of neurons, their
potential differences, topological characteristic, so called
ON-OFF path ways and non-learning methods. So at least
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those retinal structures act as special kind of pre-processing,
whereby this structure can change its structure immediately,
rule by the momentary focus of interest by changing the
combination of the so called receptive fields; means the
number of neurons which are analyzing a section of an
optical scene.

From those facts follows, that common models of artificial
neurons and/or neural nets, neither methods to condition
those structures like back-propagation, deep learning or self-
organizing cannot meet these processing structures, whereby
mainly the common structure of the inter-neuronal
connections and the weighting of those information paths
doesn’t met the biological reality at all. Furthermore the
pre-processing is surely done by no-conditionable neuronal
(clusters), so at least we are talking about a kind of genetic
based pre-processing structure with variable dimension of
simultaneous acting neuron clusters.

Do to these facts, we start to model retinal structures and
show some time ago, that changing the basic structure of the
synapses (and so the inter-neuronal information processing)
by neglecting the restrictive condition that an axon has one
and only one effector, the leads to a totally new behavior of
simulated neuron structures if a synapsis at least have one or
more than one excitatory and one or more than one
inhibitory input path-wax. A simple structure of this
architecture is as shown in Figure 1.

Figure 1: Scheme of a BN-Structure



With the special synaptic structure, whereby the red colored
contribution is the inhibitory part and the green colored
contribution is the excitatory part of the synaptic structure.
Next the question, how the different contribution interact is
to solve. In our experiments we used a linear transfer-
function, whereby the transfer function is limited in an
interval [-100, 100] and the contributions are combined by
an additive way. In modification to the classic theory —
taking into account that in biological systems no negative
activation occurs — the result of this combination will be in
the interval [0, 100] only. So at least our model is a purely
potential oriented one. The features of the shown non-
conditinable three-neuron structures are more or less
surprising, as for example this simple structures solves
along the way the 80 years old XOR-paradigm of the neural
nets which say, that only by a three layer net structure a
XOR-structure can be realized [3], as now only one sensor-
data input layer and one information processing neuron is
necessary to realize this structure.

Looking a little bit deeper in theory our improvements ends
immediately to the knowledge that in simulated neural
structures too, not a single neuron will act “as a standalone
system” but “basic neuronal structures” (BN-Structures),
involving a minimum size of three neurons seems to form
the smallest processing units in an visual pre-processing,
whereby — once again- the two basic neurons on the lower
side on a BN-Structure act a as more or less input layer,
innervating at least two synaptic structures of the upper
neuron synchronically and — as a kind of supersymmetry —
one of the synaptic structures acts in an excitatory and the
other in an inhibitory way. (Remark: In nature this structure
is more complicated, as only so called interneurons can
change a neurons output from excitatory to inhibitory. These
neurons are not visualized in Figure 1. But it is important to
mention, that these neurons not from a new layer of the BN-
Structure.)

Based on these BN-Structures we modeled in the next step
larger and flexible in their dimension retinal structures,
means receptive fields of different dimensions, lateral
inhibitions done by interneurons, ON/OFF-pathways and
the integration of these passes.

APPLICATIONS USING BN-STRUCTURES

Military Applications

It follows out of theory that the dimension of the receptive
field size defines whether the contour of an object is
accentuated or its overall shape. Form this fact follows, that
especially under out-door situations and so far unknown
scenes the dimension of the receptive fields has to be
changed in that way that objects of interest are “high-
lighted”. This search in the space of receptive rating can be
done either in an automatically or via a user action.

The sensitivity of the pattern recognition/pattern pro-
processing by choosing the dimension of the receptive fields
is visualized in Figure 2.

The original Figure 2a shows a scene with three cars. If the
receptive field dimension is chosen 3x3 the contours of the
object are accentuated, this is shown in figure 2b. In Figure
2c¢ and 2d the receptive field is enlarged by factor 3 and 4.
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receptive field size

Next we used the same modules to identify hyperbola
structures in an on-line object-detection-tool. Figure 3
shows such a detection process, at which the signatures of
three mines (two in the middle of the picture, one at the
right margin — with half signature present only) are detected
and their position are marked by a white triangle. As the
system detect suspicious objects the left hand panel is
coloured red and an acoustical signal occurs. Lower sides
the A-scan of the radar gram is shown.

Figure 3: Landmine detection by potential oriented, non
numerical signal processing routines

Medical Applications

The high sensitivity of the new methods opens also a wide
range for the analysis of biologic tissues and here especially
the detection of different structure in biological slices. The
following picture series 4a- give an overview how by
changing the parameters of the potential oriented sensitivity
calculation of the BN-structure different cell types structures
can be highlighted in a histological slice a an snake nervous
system part.

While Figure 4a shows the original slice, by changing the
sensitivity of the potential oriented sensitivity of the
synaptic structures, different tissues can be high-lighted and



therefore specified/identified regarding their density,

internal structure and interconnection.

e

Figure 4a:
Original slice

Figure 4b:
Connective tissue

Figure 4c:
Nerve tissue

Figure 4d:
Second cellular Layer

Technical Applications

The last example show that the new method is extremely
robust even if the contours to be detected are more or less
near by zero. Shown is a glass with water in front of a white
sheet of paper — for normal edge-detectors a more or less
insoluble task. As this contour fealty holds even under
flickering light, the described method is used in robotics and
technical detection systems for structure change equipment.

Figure 5: Couture Discrimination by BN-Structures
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CONCLUSIONS

We showed in our investigations that BN-Structure based
signal processing routines will model the biological optical
and (here not shown) acoustical pattern recognition in ear
and eye by a more or less non-numerical and very quick and
simple way and that high adaption to background noise,
intensity and mixed information structures can be done by
changing the range of the underlying receptive field
dimensions of the BN-Structures. Paired with an extreme
sensitivity for edged structures these new methods enable to
detect and visualize also equipotential lines of magnetic
surveys and hyperbolic structures in deeper (up to 7 m)
ground areas, highlight different tissue structures and even
almost hidden edges.
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ABSTRACT

This paper discusses a framework for data integration and
contributes towards solving of heterogeneity between
discrete-event simulation packages (DESP). Arena and
Simul8 DESP have been used as an example in this paper.
We analysed how their data is structured in terms of
modelling elements (ME) and their associated attributes.

It has also been shown that creating custom-assembled
exclusive interfaces are too exorbitant and make utilising re-
enactment innovation restrictive for most clients using the
DESP. The outcome of this paper can be seen as an
important step in addressing heterogeneity in DESP types of
simulation software. Therefore, this paper contributes to the
integration needs of the DESP.

I. Introduction

Data integration is an important and critical aspect of
simulation process.

Discrete event simulation is a tool based on computer
techniques used to investigate complex dynamic systems
and behaviours. The discrete event referred to in this paper,
is a type of simulation used to model variables in a given
system that change with time and events (Law & Kelton,
2000).

Discrete event simulation packages (DESP) are majorly
used for supporting research, system analysis, acquisition,
education, organisational change, planning and facilitation
of the diverse range of area and disciplines such as
manufacturing, defence, healthcare, commerce,
transportation and supply chain (Pawan, 1998, Kang,2012,
Kang et al..2013 and Robinson, 2004).

DESP are also the available commercial software packages
(e.g. Arena, Simul8 and Simio) developed to facilitate the
process of discrete event simulations. The discrete event
simulation system is almost equivalent as building a
production company itself, but this simulation process has
yet to achieve its full potential due to lack of a standard
format for data exchange and sharing among these tools.

One of the unresolved arguments in this field is the choice
of common data format (Mike, Martin, and Peter, 2009).
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The majority of experts favour an object-oriented approach,
with the evidence being that it has a semantic of other
models. For example, the automated generation model for
reuse of existing of simulation data (Mike, Martin, and
Peter, 2009).  However, the issues still remain that the
simulation tools producer will continue to use a different
construct database based on the tools they choose to develop
these DES tools.

However, this creates number of issues when the integration
is required between the DES packages

e  Firstly, both the time and the cost of analysing,
developing, implementing, and using simulation
technology is extremely high.

e Secondly, the costs of integrating simulation data
are even higher.

Previous works have been attempted in the area of
heterogeneous DESP integration. However, researchers
such as Yiicesan, et al. (2002), Mertins, et al. (2000) and
Taylor, et al. (2003) concluded that the approaches were
elusive, and that there were strong arguments that no
standard method exists in the field.

II. Arena/Simul8

The Arena (www.arenasimulation.com) and Simul8
(www.simul8.com) are currently two of the most popular
DESP in the market. Both Arena and Simul8 models have
their distinct modelling elements and associated attributes.
Investigation shows that separate data structures and format
are being used separately by the two DESP as seen in Figure
1 for modelling elements and Figure 2 for their associate
attributes.

element,
entities

Figure 1: Modelling Elements' interaction diagram



Figure 2: Associates attribute interaction diagram

III. DESP Heterogeneity

Many of the discrete event simulation packages used today
have different representation, terminology and behaviour,
for example, elements in one DESP may have an attribute as
‘name’ and call ‘entity type’ in another DESP.

Likewise, another observation is their interrelationship that
makes it even more complicated. Example is the modelling
elements in various DESP, such as Entrance (Work entry
point), Work item (element, entity) resources, Queue
(Storage bin, stack), Activity (Work Centre, action) and Exit
(Work exit point) which in Simul§ are differently
represented when compared to Arena’s modelling element
such as Create, Assign, Size, Delay, and Dispose.

Two simulation packages (Simul8 and Arena) are adopted
to build a simple process with each model consisting of
modelling elements, parameters, associate attributes and
entities. The degree of incompatibility and heterogeneity as
seen in Figure 1 and 2 above presents an argument that
there are a substantial challenge and lack of governing
standard that exists in this area and is the primary
motivation for this paper.

Another concern is how data are stored in different DESP,
(e.g. xml in Simul8 and access in Arena), this means the
interactions between the different ME and their attributes
are not represented in the same manner.

IV. Critical Review of Existing Integration Techniques

The problems of data sharing make it impossible for DESP
to interlink seamlessly as a result of conflict and economic
issues (Chen, et al., 2002). The existing methods lack
neutral interface to allow one type of DESP to import data
from another DESP without the need to develop a new
process from the scratch. The literature also highlights that
the current solutions for data sharing among DESP has not
really shown an in-depth solution on how to streamline data
transfer (Simon, et al., 2006).

We now present various techniques previously attempted to
integrate heterogeneity DESP and systems.

e Data distribution

In manufacturing system and beyond, data and information
extraction uses simulation technologies such as Computer
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Aided Engineering (CAE) and Product Data Management
(PDM) model software to predict the manufacturing
processes.

One drawback of this is that it does not use the same data
format as input and for analysis. Therefore, it offers limited
interfaces between the simulation software (Chen, et al.,
2002).

Drath (2010) identified the need for seamless and coherent
approaches that has the capability to import the data of one
model to another.

Researchers have only succeeded in the development of
product information with the only capacity of introducing
some form of data (Peters, et al., 2001).

The current standard data exchange, between different
simulation tools has not been established as most of the data
format is usually tools specific, without supporting standard
(Miriam & Rainer, 2008).

¢ Incompatible terminology

Modelling elements and associated attributes in terms of
model information are the keys to any system integration
and exchange, but most of the available models often use
different names or terms for describing their input and
output data, therefore, leading to customised models
(Skoogh & Johansson, 2007).

The difference in terminology has created a lot of
interpretation and misunderstanding in the knowledge
sharing and exchanges in simulation software
(Waktersdorfer & Zoitl, 2010).

In this regards, Lee & Yan (2005), used a shared database
to describe a data exchange for machine shops for
simulation software by using an XML file and generic
database to extract the raw data.

Skoogh and Johansson (2007) also presented an Excel
interface for standard terminology to support information
exchange and a dynamic simulation model.

However, the practical and readily applicable method that
shows these tools can share relationship and data is still
missing (McLean & Leong, 2012).

e Scenarios Navigator-based data transfer
Scenarios Navigator-based data transfer is another method

with a centralised navigating database system (Arnim &
Scholz, 2006 and Kagioglou, 2007).

Modeller

Figure 3: Scenario navigator-based data transfer



Figure 3 shows an example of scenario navigator-based data
transfer.

The advantage of this method is its ability to read files from
separate simulation tools (Arnim & Scholz, 2006).

The scenarios manager enables the model to have a standard
access to data through interface without the need to have an
interface for individual software and also provide a
centralised data storage system for the models (Kagioglou,
et al., 2007).

However, one of the limitations in Scenarios Navigator-
based data and File-base data conversion approaches was its
inability to detect conflicts of interest among the available
data (Waltersdorfer, et al., 2010).

In addition, Woolf and Hope (2011) highlighted other
limitations in Scenarios Navigator-based data transfer.
These include the use of a large database that requires a
large data structure, making it lacking the flexibility to
accommodate changes to the simulation models.

e Data translation

As pointed out by Miriam & Rainer (2008), data automated
translation is necessary to eliminate or reduce the time taken
by human to interpret different data. To achieve data
sharing and among the customised simulation tools, there is
also a need to identify and share a common relationship and
concepts between the simulation models.

As highlighted by Kahng & McLeod (1998) and Viviana, et
al. (2008), the use of ontology approach allows the semi-
automated transfer of data between different simulation
models.

Ontology according to Dejing, et al. (2004) is a formal
specification of concepts of vocabulary (source) and axioms
relating to them, which describe the semantics of data.

Notwithstanding, the many ontologies developed and
researched upon, a clear and robust solution for data
integration are still missing. Therefore, a more novel
approach is needed (Euzenat & Shvaiko, 2008).

Data transfer

Data transfer refers to a typical classification system among
different simulation software based on the principle of a
central database, file exchange, and message exchange
according to individual applications (Kagioglou, 2007). A
universal principle related to data transfer between different
tools is demonstrated in Figure 4 below.

Figure 4: File-base data conversion
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Notably, Miriam and Rainer (2008) used a CAEX
(Computer Aided Engineering Exchange) format to
transform hierarchical information between different
simulation tools. The same approach was also adopted by
Barnes & Arnaud (2006) to convert data from kinematics
and 3D CAD models.

Due to the fact that both used XML format based file
method, it has a major contribution to data sharing due to
their inbuilt support for XML which is compatible with
most simulation tools.

Despite this, Woolf & Hohpe (2011) highlighted the
limitations in Miriam & Rainer (2008) and Barnes &
Arnaud (2006) as their integrated approach requires a
protocol to read files before it can be transformed to another.
As a result, it needed a translator to create a separate
location for each file, which tends to be problematic and
time consuming. Therefore, Woolf & Hohpe (2011)
suggested the need for more research towards data sharing
among the software tools.

e  Summary

In brief, literature have shown that some of problems that
limited data exchange are issues of incompatibility and
interdisciplinary, such as (i) data distribution, (ii)
description level (the problem of supporting standard), (iii)
independent  variable and attributes, (iv) format
representation (fundamental incompatibility: Access file
against Xml files), and (v) expressiveness (e.g. Separate
entity composition against single objects are the main
problems).

However, the simulation software developers have been
focusing on improving their own tools with little
considerations for the integration needs of end users.

It is unlikely that these software developers will make their
process more user-friendly and aligning with other tools in
the foreseeable future, therefore researchers need to focus on
developing strategies for improving data sharing and
integration.

The literature has also shown that the existing software
tools are considered to be device specific, and others are
deemed to be proprietor particular (Simon, 2006).
Therefore, it is clear that there is a need to develop a new
method that could address the limitations highlighted in the
literature.

V. The Approach

The goal of this paper is not to present yet another schema
integration algorithm or a data model. It aims to critically
investigate the data structures in different DESP and
propose a framework for the integration process.

This will be carried out by identifying how entities and their
associates’ attributes are structured in various models and
how this can enhance data integration.



Table 1. Model information and specification table

ARENA SIMULS MAPPING
Modelling | Assign Work entry points Simul8: (Entity(Type, Inter-arrivaltime
elements | Create Work centers distribution, Name, Resource, Variable,
Decide Resources Timing (distribution, average), (Entity)
Dispose Storage bins Attribute)
Process (includes | Resources
Delay)
Attributes | Eatity(Type) Inter-arrivaltime ARENA (Assign, Create, Decide, Dispose,
Queve distribution, (average) | Processincludes: Delay, Work entry
Resource Name points, Work centers Resources, Storage
Variable Timing (distribution, | bins Resources.
(Entity) Attribute | average)
Pool resources
Shift dependant,
Capacity.
Filetype Access Xmi

The semantic relationship applicable to the two models with
their elements and associated attributes were presented in
Table 1.

This was identified and specified according to their
equivalence, uniqueness, incompatibility, identical and
equal.

For example, some elements possess the same name and
same attributes that they are referred to as being identical.

Each associated attributes and elements are unique,
therefore, modelling elements with the same name and same
attributes are grouped as the same component.

Likewise, elements that have different associated attributes,
but with different modelling elements with the same
representation, are categorised as being equal.

Furthermore, elements that have the same name and
definition are considered relevant.

On the other hand, an element with a different name but the
same associate attributes, with the condition of having a
direct meaning with other attributes, do satisfy that the
semantic relationship are equal.

Yet elements with different names, different attributes that
are not related to any identical definition across the models
are referred to as unique.

Lastly, any elements with different characteristics and same
name and definition but that have not satisfied the semantic
relationship are considered to be incompatible.

VI. Integration Model

The high level integration model in Figure 5 below
demonstrates the intention on how data from different
homogenous discrete event simulation packages can be

processed (e.g. extraction, integration and transformation)
into a proper understandable structure.
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After this process the data is processed to the final target,
which is the database. A template is then provided for the
shared database.

Simul8

<8 . Data / o

. / -
“Rreparation/Integrdtion 7

integrated Data
Schema

Template

Figure 5: High level integration model

The proposed overall architect of the approach is shown in
Figure 6 below. In this paper, we intend to use a
combination of different DESP, referring to the discrete
event simulation packages, the GS (Global Schema) as the
connected view of heterogeneous database in Figure 6
below.

Associate Entities, modelling elements, associate Associate
attributes and process reports transfer

between Models at Global schema events

Le. Information leaving model A at Global
Schema will Arrive at Model B at Global
Schema

DESP

. . Neutral template/
Simulation Package standard format file Simalation Package
handler template Interactions handler template
A e o e
DESP Ambassador l
DESP Ambassadoy
Now dard
T i format model template ‘T‘
¥

GS Query| GS Query

Global Schema

Figure 6: The Proposed Integration Architecture

The DESP are mapped into the global schema. The GS
Query allows the users to pose queries against what appears
to be homogenous.

The model template provides a common format for the
DESP representation, where each package defines its model
and the information to be shared with other DESP and the
information it needed from the other DESP.

The model template combines the data from the each DESP
into a single representation and defines the overall unified
output data that can be used and shared by the DESP.

VII. Conclusions

In this paper, a data integration amongst two or more DESP
has been proposed.



A solution has also been proposed to address the issue of
heterogeneity, allowing file sharing between different
simulation software without the need to build another model
from the scratch.

The process of data integration between different discrete
event simulation packages have also been discussed and
analysed extensively; this has contributed to the solution of
how to resolve the structural, semantic, naming, modelling,
and attribute differences among the different DESP.

Data sharing has also contributed to the development of
methods for determining the heterogeneous among different
the discrete event simulation.

As such, the time and cost necessary to build a new model
from the scratch will be reduced.

The following is the summary of the main contribution of
this paper. One contribution is the identification of how data
are structured in different DESP models. Another
contribution is the presentation of the overall overview of
data integration methods of discrete event simulation
packages. Finally, the data integration scheme proposed
presents a comprehensive and standardised method to fill
the gap in previous studies.

The proposed method is currently limited to the commercial
discrete event simulation packages, where Arena and
Simul8 models were used as a case study due to their
popularity. It is planned that in the future work, other
simulation software tools will be accommodated.
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ABSTRACT

In the current paper, we will present how to design the
model of a 3-phase transmission line with all the
possible faults that we can generate. This is a software
model that will run on a Real Time Machine in order to
emulate the real time behavior of a transmission line.
Using Off-the-shelf Hardware platforms and a
Graphical System Environment, we will transfer from a
Software model to electrical signals

INTRODUCTION

We are using a Design, Prototype and Deploy approach
to develop an Intelligent Digital Protective Relay
(DPR). Our first step is the emulation of a 3-phase
transmission line and all the possible faults that we may
encounter in the real life.

The necessity of building such a software model that
will run on a Real Time Hardware platform and will
generate real time electrical signals as inputs for our
DPR is driven by a number of different factors as
follows:

1) Project design approach: the world around us is
more and more software design. Everything that
surrounds us has a piece of software that is running
on an ASIC. More and more studies are showing
that it is more convenient and cheaper to do
software testing compared to hardware testing. We
plan to build a SW model, test it, make sure it has
the needed behavior and only after that adapt it to
run on a hardware platform. This will minimize the
overall development time, detect very early bugs of
our model with no direct cost associated with it

2) Limited resources: we want to have the possibility
to test our DPR more than just a software model.
The access to a 3-phase transmission line is
problematic. The possibility of generating desired
faults on a 3-pahse transmission line is almost
impossible to achieve, so our current approach can
provide us the same experience and all the
flexibility that we require
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3) Cost: a generic Off-the-Shelf platform provides
generic Inputs/Outputs module that normally have
a + 10 V. The voltage divider circuits and the
current clamps that are required to adapt the V/I
levels of a 3-phase system are expensive. The
suggested approach is avoiding this extra cost.

The current paper is proposing an open, flexible and

manageable approach of a 3-phase transmission line

simulation in which we will have the flexibility of

generating generic or particular faults.

BACKGROUND

The world evolution is requesting a higher demand of
energy. The integration of traditional energy generation
sources (fossil, atomic ,hydro) with the new green
energy ( wind, solar ) plus the expansion of rural areas
are adding extra pressure in the grid, creating more
imbalance and more possible factors that can generate
faults in the system.
The need to act quickly to protect circuits and
equipment as well as the public often requires
protective relays to react and trip a breaker within a few
thousandths of a second. In these cases, it is critical that
we have the possibility to test this behavior during the
development phase.
Transmission lines have the highest probability of fault
incidence from all the components of the power system
because they are interconnecting all the energy
producers, the consumers and they are the most exposed
to the environment. Majority of the faults are generated
by nature: lightning, storms, earthquakes, vegetation
fall or different climatic variations are beyond our real-
time control.
There faults that we encounter in a 3-phase transmission
line are divided in two categories:
1) Unbalance faults:

a. Single line to ground

b. Lineto line

c¢. Double line to ground
2) Balance faults:

a. Three phase to ground

(Zhuokang Jia 2012)

Our model will integrate all this possible faults and
appropriate Voltage and Current signals are generated
from our Real Time Hardware platform that will serve
as inputs to our DPR.



3-Phase transmission lines and Faults

Transmission line faults occur more frequently among
the faults of any power system. About two thirds of the
faults in the power systems occur in the transmission
line network (Sanaye —Pasand & Malik, 2001). As
mentioned previously the types of faults that can be
found in a transmission line are:

Single Line to Ground Fault

This type of fault occurs when a single phase (A,B or
C) is connected to the Ground of the power system. As
a direct result, the current for that particular phase is
increasing a lot and the voltage level is decreasing. The
other 2 phases will experience a slight increase in
Voltage levels as you can see in Fig.1.

To simulate this fault we are changing the Voltage and
Current amplitude level for the corresponding error
phase.

Fig 1 Phase A to Ground simulation
Line to Line Fault

This type of Fault occurs when any two phases are
connected together, with the exception of the third
phase or the ground. Similar to single line to ground
fault in the case of Line to Line fault the voltages of the
2 phases connected together are dropping and the
corresponding current is increasing as we can see in
Fig.2. From the phase (angle) perspective the voltages
are close to each other while the currents are at 180°
The 3" phase remains unchanged.

(Ron Alexander 2009)

Double Line to Ground Fault

This type of fault occurs between any two phases and
the ground of the power system. The third phase is not
affected. In this situation, we have a very similar
behavior like in the situation of Single line to ground
fault. As a direct result, the current for the two
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particular phases is increasing while the voltage level is
decreasing. The third phase will experience a slight
increase in Voltage levels as you can see in Fig.3.

To simulate this fault we are changing the Voltage and
Current amplitude level for the corresponding error
phase.

5 phese solage grach
r

Fig 4 Phase ABC to Ground



Three Phases to Ground

A 3 phase to ground Fault is a type of fault that occurs
when all 3 phases are connected to the ground of the
power system. This type of faults are very rare, less
than 5% of total number of errors. The voltages of all 3
phases is dropping close to 0 and the currents are
increasing on all 3 phases as you can see in Fig 4.

LabVIEW simulations

All the presented graphs are a result of the simulation
algorithms developed in LabVIEW. LabVIEW is a
Graphical System Design Platform that is a providing a
set of pre-build functions perfect for simulation
algorithms. We used the Waveform palette functions to
generate sine wave signals. The parameters that we
used to generate the signals in No error mode are:

a) Frequency: 50 Hz

b) Voltage Amplitude: 5 V

¢) Current Amplitude : 2 V

d) Phase: Line A=0,Line B=120,Line

C=240

After generation all the 3 phases voltages were merged
to a Waveform graph for display. We did the same with
the currents.
In order to have the ability to generate the appropriate
signals each time depending on the fault time we build a
state machine architecture that is driven, by the user. On
the front panel there is a control that has defined all the
possible combinations of faults. The user is choosing
one of them and the application will run the appropriate
state from the state machine application generating the
signals for voltages and currents.

The faults that are pre-defined are:
e  No Faults — Default Balance system
e  Phase A to Ground
o  Phase B to Ground
e Phase C to Ground
e  Phase A to Phase B
o  Phase B to Phase C
e Phase C to Phase A
o  Phase AB to Ground
e Phase BC to Ground
e  Phase CA to ground
e  Phase ABC to Ground

In LabVIEW we can load a Matlab or Simulink model
in the same code to compare results. The openness of
the platform allows easy integration with other software
environments.

From Model to Electric Signals

In the last 40 years, Digital Relays evolved in parallel
with the evolution of technology. Faster processors,
faster ADC’s allow algorithms that are more complex
and we can provide more sampling point with a higher
accuracy. In the 1960°, the first generations of Digital
Relay were deploy in the grid. They were develop as
fault location algorithms where the engineers could
control the reach characteristic of a distance relay
(Gilcrest et al, 1972). This type of digital faults locators
calculates the reactance of a faulty line taking in
consideration voltages and currents phasors.

Main Ul State Machie

To[ "mic Faults™

|
MO Faults - we are generating the Yoltages and Currents
for the 3 phase balances transmission line

# Sine Wave 7]

Freguency { Hz )
a

2 phase woltage graph

3 phase current graph

-
3 [ il |
o
Wit E

Stop Loop?

Fig 5 LabVIEW Application State Machine
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In the late 70’s the research was focus on travelling
waves. The fault was detected in the first two-three
cycles after the error occurred which represented a high
frequency transient waveform front. In the last 30 years,
different algorithms for implementation of traveling
wave distance protection can be find (Shehab-Eldin et
al., 1988, Ancell et al., 1994).

In the late 80’s with the help of the Global Positioning
System (GPS), the possibility of taking synchronized
measurements at big distances open new opportunities.
The Phasor Measurements Units (PMU) are the most
commonly used in the grid, with the help of GPS they
are providing a very accurate location of the fault. The
measurements are base on the impedance measurement
and algorithms for fault location are presented. (J.
Izikovski et al, 2006).

modification at the functionality; all we need to add is
the IO integration. We are using a =10V analog output
module that has four simultaneous sampling channels
each one at a rate of 100 KS/s. We used isolated
channels to assure signal integrity. The first module is
generating the Voltages and the second module is
generating the Currents.

In the application, we implemented a triggering
mechanism that is starting the generation of Voltages
for each line at the same time. The same triggering
mechanism applies to the currents. This way we are
assuring that the phase alignment equals the values that
we define in the application.

As we are showing in the Fig 6 with the help of the I/O
Variables we are passing the information from the Real
Time Controller to a stand-alone computer were the
operator is defining what stage we should generate in
the same way as previously defined through Ethernet

LabVIEW Real-Time

et

LabVIEW ReakTime |\ scan Engine

I/O Variables

FPGA Host Interface

RIO Scan
Interface

I/O Modules

LabVIEW FPGA

Fig 6. The CompactRIO architecture

All the above research is in the need

of a flexible software hardware platform that will have
the capability of integrating software algorithms
developed in different simulations environment. With
LabVIEW, we have the possibility of loading
simulations developed in Simulink or Matlab. In this
way, we have the capability of testing other models
using the same architecture.

At this stage, we have a software simulation model. The
flexibility that LabVIEW provides is the integration
with the Hardware platforms. For this reason, we
choose the CompactRIO platform as a deployment
platform. The code build previously does not need any
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Fig 7 The CompactRIO Hardware platform



After loading the simulation code and linking it to the
Analog Output modules, we generated all the possible
error and measure the electrical signals that we
generated using a four channels oscilloscope. The result
is identical with the simulation profiles that we already
presented.

There are a many reasons why we choose CompactRIO
platform from National Instruments. One of the most
important aspects is a collaboration project between
National Instruments and Siemens in the field of Smart
Grid, monitoring and protection. The second is the
flexibility that it provides to switch from Software
simulation to real signals using off the shelf
components. Last but not least, the graphical system
design approach allows any engineer to develop
algorithms without spending time on learning syntax.
More than this the open platform concept allows any
researcher to collaborate and share their models while
using the same Hardware platform and modules so now
we can validate algorithms not only as software
simulation response but also as real signals simulators.

CONCLUSIONS

With the use of LabVIEW and National Instruments
hardware platform CompactRIO we had the capability
of building a 3-phase transmission line fault emulator
that we can use to test the functionality of our DPR
Using the V-Diagram principle we generated a
simulation software. We have the flexibility of adding
extra errors or to simulate situations that are hard to
replicate in real scenarios like rapid voltage changes or
phase imbalances or any theoretical or practical error
situation as a way to test how DPR’s are reacting.

We managed to identify a flexible, affordable way to
simulate a 3 phase transmission line with faults.

REFERENCES

Sanaye-Pasand, M., & Malik, O. (2001).
“Neural Network-Based Fault Direction
Discrimination for High-Speed Transmission Line
Protection. Electric Power Components and
Systems, 29 (8).”

Zhuokang Jia (2012)
“Power Transmission Line Fault Classification
Using Support Vector Machines”

Ron Alexander (2009)
“Phasor Diagram Fault Analysis

G.B. Gilcrest ,G.D. Rockefeller ,E.A. Udren (Jun 1972)

167

“High-Speed Distance Relaying Using a Digital
Computer I - System Description”

E. H. Shehab-Eldin , P. G. McLaren (Jul 1988)
“Travelling wave distance protection-problem areas
and solutions”

G.B. Ancell, N.C. Pahalawaththa (Apr. 1994 )
“Maximum likelihood estimation of fault location on

transmission lines using travelling waves “

J. Izykovski, R. Molag, M. Bozek ( 2006)

,.,Fault location on three-terminal overhead lines
with using two-terminal synchronized voltage and
current phasors )

WEB REFERENCES

http://www.ni.com
http://www.mathworks.com
http://www.intechopen.com

BIOGRAPHIES

ZILERIU VLAD graduated Applied Electronics and
Telecommunication from the Technical University of
Cluj Napoca with Major in Electronics in 2005,
currently working on a Ph.D. thesis in the field of
advanced Digital Protective Relays at Fluid Power
Laboratory from the University POLITEHNICA of
Bucharest. He is currently Technical Sales Manager at
National Instruments Romania, working in the field of
Data Acquisition, Industrial Automation, Simulation
and Control.

STREMTAN MIRCEA graduated Electronics and
Telecommunication from University “POLITEHNICA”
of Timisoara in 2008, and a Major in
Telecommunication. He is currently working on a PhD
research thesis on Real-Time Simulation of wind power
stations with LabVIEW at the Fluid Power Laboratory
of the University POLITEHNICA of Bucharest.

NICOLAE VASILIU graduated in Hydropower
Engineering from University POLITEHNICA of
Bucharest in 1969. He became a PhD in Fluid
Mechanics after a research stage in Ghent State
University and Von Karman Institute from Bruxelles.
He became state professor in 1994, leading the Fluid
Control Laboratory from the Power Engineering Faculty
of the above university. He worked always for the
industry, as project manager or scientific advisor. He
was also leading five years the Romanian Innovation
Financing Agency.



168



LATE
PAPERS



170



Analysis and Performance of Handover in UMTS Network Using OPNET Modeller

Wafa BENAATOU Adnane LATIF Vicent PLA
Cadi Ayyad University Cadi Ayyad University Universitat Politécnica de
ENSA Marrakech ENSA Marrakech Valéncia
Morroco Morocco Spain
Wataa.benaatou@gmail.com a.latifl@uca.ma vpla@upv.es

KEYWORDS
handover, UMTS, Mobility, Simulation, OPNET modeler.

ABSTRACT

Handover is of great significance to achieve seamless
connectivity in wireless networks. This paper gives an
impression of the main factors which are being affected by
the soft and the hard handovers techniques. To know and
understand about the handover process in UMTS network
different statistics are calculated. This paper focuses on the
quality of service (QoS) of soft and hard handover in UMTS
network, which includes the analysis of received power,
signal to noise radio, throughput, delay Traffic, traffic
received, delay, total transmit load, end to end delay and
upload response time using OPNET simulator.

INTRODUCTION

The overlapping of different wireless networks and their
hierarchical and asymmetric relationship is called vertical,
when a mobile user switch from one network to another is
called handover. Handover is the essential component for
dealing with the mobility of end users. It guarantees the
continuity of the wireless services when the mobile user
moves across cellular boundaries. In a heterogeneous
network, handover process is classified into two categories:
horizontal handover and vertical handover.Horizontal
handover takes place when a mobile user moves from one
network to another within the same network technology.
Vertical handover happens when a mobile user moves from
one network to another with different technology meanwhile
horizontal handover happens within the same type of
network. In our work we focus in the horizontal handover.

OBJECTIVES OF HANDOVER

Handover can be initiated in three different ways: mobile
initiated, network initiated and mobile assisted .

Mobile Initiated

The Mobile makes quality measurements, picks the best BS,
and switches, with the network’s cooperation.This type of
handover is generally triggered by the poor link quality
measured by the mobile.
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Network Initiated

The BS makes the measurements and reports to the RNC,
which makes the decision whether to handover or not.
Network initiated handover is executed for reasons other
than radio link control, e.g. to control traffic distribution
between cells. An example of this is the BS-controlled
Traftic Reason Handover (TRHO). TRHO is a load-based
algorithm that changes the handover threshold for one or
more outgoing adjacencies for a given source cell depending
on its load. If the load of the source cell exceeds a given
level, and the load in a neighboring cell is below another
given level, then the source cell will shrink its coverage,
handing over some traffic to the neighboring cell.
Therefore, the overall blocking rate can be reduced, leading
to a greater utilization of the cell resource.

Mobile Assisted

Here the network and the mobile both make measurements.
The mobile reports the measurement results from nearby
BSs and the network makes the decision of handing over or
not.

The objectives of handover can be summarized as follows :

e Guaranteeing the continuity of wireless services
when the mobile user moves across the cellular
boundaries

e Keep required QoS

e Minimizing interference level of the whole system
by keeping the mobile linked to the strongest BS or
BSs.

e Roaming between different networks

e Distributing load from hot spot areas (load
balancing)

The triggers that can be used for the initiation of a handover
process could be the link quality (UL or DL), the changing
of service, the changing of speed, traffic reasons or O&M
(Operation & Maintenance) intervention



SIMULATION OF SOFT AND HARD HANDOVER IN
OPNET

For the implementation of our different scenarios we have
used the OPNET Modeler 14.5. Figure 5 shows the scenario
of UMTS network, the first operating system with a hard
handover and the second with the soft handover. The
network also includes two mobile users whose movements
were defined by us. Then each piece of equipment has been
configured in a more or less optimally to meet our needs for
comparison.

Projact: HasdSoi? Seanario: SoRHC Hubnet:

Figure. 1 UMTS OPNET Simulation Model Overview

When all configurations are done correctly, the simulation
runs smoothly; what we see in the following screenshots:

B uro

B HardSoftt201 4-HardHO-DES-1 |
B HardZSoftt201 4-SoftHO-DES-1

time_awverage (in LIMTS UE RLCMAC Total Transmit Load (bitsisec))

Figure. 2 Total Transmit load

Figure 2 shows the total transmit load, Blue color graph
shows the Total Transmit load for hard handover and red
color graph shows the Total Transmit load for soft handover
it is clear from the results that for the soft and the hard
handover there is almost no difference between the total
transmit load.
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s -

B UMTS UE RLCMAC (PER PHY CHNL) Lplink Transmission Povwer (dBm) [4]
Bl UMTS LE RLEMAC (PER PHY CHNL) Uplink Transmission Power (dBm) [5]

Figure. 3 Uplink Transmission Power

It is cleared from the Fig. 3 that the blue dots are higher and
red dots are lower which means that the hard handover has
higher uplink transmission power than the soft handover.

HardSoftt201 4-HardHO-DES-1
Hard=of201 4-SaftHO-DES-1

average (in UMTE LIE RLCMAC Total Received Throughput (bitsisec))

Figure 4 shows the total received through put, Blue color
graph shows total received through put for hard handover
and red color graph shows total received through put for soft
handover as we move left to right the total received through
put for hard and soft handover increase and we have a peak
average of 390 bits/sec.

Bverags [in Fto Trafhic Sent (bytesisech

B HardSoft2-HardHO-DES- 1
B HardSoft2-SoftHO-DES-1

average (in Ftp Traffic Sent (hvtesfsec))

5000

400
time (sec)

Figure. 5 Traffic Sent

Figure 5 represents the traffic received according the time,
it’s clear from the results that the traffic sent of hard
handover is slightly better than the soft handover .



sverage {in Fip Uplosd Response Time (sec))

BB HardSof2 HardHO - DES-1
B HardSoft2-SoftHO-DES-1

average (in Fip Upload Response Time (sec)

o 50 100 150 200 250 300 as0 400
time (sec)

Figure. 6 Upload Response Time

The Figure 6 shows that the upload response time according
the time, we can see that the upload response time of soft
handover is higher than the upload response time of hard
handover.

B Hard=oft2014-HardHO-DES-1
average (in Ethernet Delay (sech

B HardSoftt2014-SoftHO-DES-1
average (in Ethernet Delay (sec)

Figure. 7 Delay

First graph shows the delay for hard handover and the
second graph shows delay for soft handover.

B HardSoft2-HardHO-DES-1
B HardSof2-SoftHO-DES-1

time_average (in radio receiver throughput (bitsisec))

350 400
time (se0)

Figure. 8 Throughput

Based on the maximum throughput value in Figure 8, the
maximum throughput of the hard and soft handover are 142
bits/sec and 39 bits/sec, respectively. It is obvious that the
throughput of hard handover is higher than soft handover.
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intearator (in radio receiver signalinoise ratio (dB))

350 400
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Figure. 9 Signal to Noise Radio

Figure 9 represents the signal to noise ratio according the
time. It was found that the signal to noise ratio of hard
handover is higher than soft handover.

CONCLUSION

In this paper, performance analysis of UMTS network is
done for voice conferencing using OPNET Modeller.The
simulation results show that the uplink transmission power,
traffic sent, throughput, received power and signal to noise
ratio of network with hard handover are good as compared
to the network with the soft handover. But the upload
response time in soft handover is higher than the hard
handover. The total transmit load, total received throughput,
traffic received, delay and end to end delay are some of two
types of handover in UMTS network. For future work
number of networks in this structure can be increased and
simulated with different applications.
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ABSTRACT

The paper presents achievements leading towards attaining
complex and easy to handle tools, for research, technical
development and innovation and, last but not least, for
education. It covers the Object Oriented Modelling and
Simulation (OOM&S) of Large Virtual Manufacturing
Systems (LVMS). Some evaluatori moments along with the
evolution of “easy” modelling of any large device,
installation, machines or systems of machines are presented.
An important part of the paper refers to the OO modelling of
hybrid drives and control systems — using the HYPAS
Technology. It shows how scientists succeed to appropriately
organize mathematical models, to approach differential
equations, and static and dynamic (non)linear properties, to
accomplish and facilitate easy approaches for M & S. New
notions were used to define the structures: simple properties,
modules, groups, chains, braches, installation and so on,
towards large systems, by associating working machines
tools, (mobile) robots, sensors, human operators and
logistics, all envisaged with both, hybrid direct drives (HDD)
and control of solid bodies, making use of a 3D-M&S for
design, FEM (inclusively fluid) technologies. In this way it is
appropriate and easy to understand, how to further change,
develop and handle models of any large systems that can be
obtained, simulated and virtualized.

COMPONENTS OF A LARGE VIRTUAL
MANUFACTURING SYSTEM

In the framework of the Project Large Scale Manufacturing
Systems (Figures 1, ... 7) the following subsystems were
developed: 1. Cutting and Cutting Tools; 2. Machine Tools;
3. Industrial Robots & Manipulators with both, Inverse and
Direct Dynamics; 4. Personalized Logistic Environment; 6.
Fault Detection & Prediction; 7. Sensors & Networking; 8.
Human operators. The paper will try to show, while focusing
on Hydraulic Drives the spectacular evolution of the last 30
years from FORTRAN's GO TO, to the actual technological
achievements. The figures employed present achievements
refering to Solid Body Modelling & Simulation of Machines
Tools and Robots, by using the SDS/Motion Inventor
Platform, with both inverse and direct dynamics and a Multi
Level Modelling, Simulation and Control of hybrid Drive
Systems with the HYPAS-Platform.

Figure 1: Space Distribution of a Large Scale Virtual
Manugacturing System (LSMS).

| LOG Local Control
LOGISTICS

Figure 3: Subsystem Machine Tool in LSMS: Cutting;
Cutting Tools; Devices; Parts; Driving & Control
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Figure 4: Non-Linearities of a Hybrid Drive System
(BOSCH® & Tonescu® et all)

Figure 5: Fault Diagnosis & Prediction by Bearings
(Stefanoiu & Ionescu)
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Figure 6 Nonlinearities in HYPAS (Ionescu® et all)

A SHORT HISTORY OF MATHEMATICAL
MODELLING AND CONTROL OF DRIVE SYSTEMS

To obtain more and high performant devices, machines and
installation, for individual, social and global needs scientists
and engineers were continuously concerned with increasing
the quality, reducing involved materials, using less energy
and costs both for production, utilisation, development,
production and maintenance. The humanity was
continuously concerned with finding explanations to the
phenomenon and to extend theoretical approaches. Thus the
door towards extention of the knowledge and means for
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rapid approach and extrapolation to the mastering of
complex functioning was open.

This has amplified the natural desire of humanity to develop
and use new methods, means and, by increased expec-tations,
to search for explanations and more intimate descriptions of
the physical reality. This was also the case of electro-hydro-
pneumo-mechano actuated devices, of installations and
machines. New technologies were born and developed in
harmonie and with the support of the evolutions and
implicitly of computing devices and machines and their
programming. These, starting with FORTRAN, via PASCAL
and the latter on C and C+ to support the gigantic needs
towards optimization, by available mathematical background
were.

A special approach for MM were the programs aimed to
“simulate” and “visualize” the achieved results. General
purpose programs were developed rather for the IBM Large
Computers, than for the Mini Computers and then, step by
step for PCs, according to their computing speed, memory.
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Figure 8: MATLAB®/Simulink—Plattform
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HOW TO MANAGE THE GROWING NUMBER OF
VARIABLES AND DIFFERENTIAL EQUATIONS.
THE HYPAS’s SOLUTION

By considering a hydraulic drive (Figure 12) and the
attached equations one could transpose, into the ABD, and
may accept that, it could be possible with the same old
methods to solve it and to manage the obtained results.
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Figure 11: Functional BD (a) of a variable displacement axial
pistons pump (b) with automatic flow Q control.
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Figure 12: Non structured Analogue Block Diagram of the
mathematical model presented above

The adopted solution by HYPAS, uses a (de)composition of
mathematical properties — (variable) coefficients, algebraical
or differential operations (linear or nonlinear), (differential)
equations to build: groups, half modules, modules, half
chains, double chains, (complete/incomplete) installations,
etc. They may be, functionally, associated —theoretically
unlimited—, or deleted as not interesting/insensitive)
allowing the “user to complete or simplify, to change
modules to any extend desired ones, including automatically
self adapted ones.
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Figure 15: Block Diagrams with appropriately associated
multipolar Elements (Ionescu®).

The components in the diagrams are pointing out —even
suggesting— the high dimension of the mathematical model,
attached to the real physical elements (1-ElMotor; 2-
Spindel; 1-Pump; 2-Cylinder; 1-Hydro Motor; 3-Servo
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Valves, 3-Pressure Reducing Valves; 1-Pressure Limiting
Valve; 4-Filters; 20- Lines (short/longue); 3-Accumulators,
1-Milling Tool) and its Interfaces with the Machine.

There are approximately 150 (nonlinear) Diferential
Equations, and thus, approximately 300 Transfer Functions
—for a linear(ised) MM—. These data are facilities and an
important support for the RTDI, for training and education.
Approximately 300 Transfer Functions — for a linear(ised)
MM —. These data are facilities and an important support for
the RTDI, for training and education. Approximately 300
Transfer Functions — for a linear(ised) MM —. These data are
facilities and an important support for the RTDI, for training
and education. The logical connections between variables,
were automatically achieved by HYPAS, as all connections
are achieved.

A numerical data set is proposed and can be, interactively
appropriately changed. Dependent on the reasoning of the
engineer, elements of installation and thus the associated
MM, are created as a study-case, on the construction screen
using a drag-and-drop action.

Figure 16: Manually designed ISO — Block Diagram of a
Volumetric Speed Drive Installation—Chain 1. (Ionescu®)

Figure 17: Simplified ISO-Analogue-Block—Diagram of the
Installation generated like in Fig. 17. It was created with
HYPAS by using a drag-and-drop function.

The Analogue Block Diagram and the MM (49 VAR, 98
TransFunc, by 25 Dif Eq), are equally created in parallel, and
are available at any moment — with a basic data set - and can
be appropriately appealed (Ionescu®).



Figure 18: The ISO Analogue-Bloc-Diagram of a PID
Controlled EH Drive with Position and Speed Control.

The functional connection of the MM of modules will be
placed, as performed on the ISO-Block Diagram, through the
connection of each input and output of the modules. After
setting the individual data of the modules, the simulation can
be started. Appropriate diagrams in the time and frequency
domains are available. An interface data communication
with other programs, including Motion-INVENTOR,
MATLAB®/ Simulink, representations could be. Hybrid
Drive Installations have several particularities; 1. They
consist of hydraulic, pneumatic, mechanic and electric
components which are statically and dynamically multiple
non-linear while in association of modules which are placed,
in correspondance to the appropriate control functions;
2.They have internal different properties; 3. The Elements 4.
They work also with the phenomena and variables of
different physical natures, which require high/fine matching
of numerical approach and dimensions;
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