THE 11™ INTERNATIONAL CONFERENCE ON
INTEGRATED MODELING AND ANALYSIS IN
APPLIED CONTROL AND AUTOMATION

SEPTEMBER 17 - 19 2018
BUDAPEST, HUNGARY

IMAACA

EDITED BY
AGOSTINO BRUZZONE
GENEVIEVE DAUPHIN-TANGUY
SERGIO JUNCO

PRINTED IN RENDE (CS), ITALY, SEPTEMBER 2018

ISBN 978-88-85741-11-9 (Paperback)
ISBN 978-88-85741-10-2 (PDF)

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. |



© 2018 DIME UNIVERSITA DI GENovA, DIMEG UNIVERSITY OF CALABRIA

RESPONSIBILITY FOR THE ACCURACY OF ALL STATEMENTS IN EACH PAPER RESTS SOLELY WITH THE AUTHOR(S). STATEMENTS
ARE NOT NECESSARILY REPRESENTATIVE OF NOR ENDORSED BY THE DIME, UNIVERSITY OF GENOA OR DIMEG UNIVERSITY
OF CALABRIA. PERMISSION IS GRANTED TO PHOTOCOPY PORTIONS OF THE PUBLICATION FOR PERSONAL USE AND FOR THE
USE OF STUDENTS PROVIDING CREDIT IS GIVEN TO THE CONFERENCES 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(S) AND THE
CONFERENCE.

FOR PERMISSION TO PUBLISH A COMPLETE PAPER WRITE TO: DIME UNIVERSITY OF GENOA, PROF. AGOSTINO G.
BRUZZONE, VIA OPERA PiA 15, 16145 GENOVA, ITALY OR TO DIMEG UNIVERSITY OF CALABRIA, PROF. FRANCESCO
LONGO, VIA P.Buccl 45C, 87036 RENDE, ITALY. ADDITIONAL COPIES OF THE PROCEEDINGS OF THE EMSS ARE AVAILABLE
FROM DIME UNIVERSITY OF GENOA, PROF. AGOSTINO G. BRUZZONE, VIA OPERA PIA 15, 16145 GENOVA, ITALY OR
FROM DIMEG UNIVERSITY OF CALABRIA, PROF. FRANCESCO LONGO, VIA P.Buccl 45C, 87036 RENDE, ITALY.

ISBN 978-88-85741-11-9 (Paperback)
ISBN 978-88-85741-10-2 (PDF)

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. 1]


https://maps.google.com/?q=via+Opera+Pia+15,+16145+Genova,+Italy&entry=gmail&source=g
https://maps.google.com/?q=via+P.Bucci+45C,+87036+Rende,+Italy&entry=gmail&source=g
https://maps.google.com/?q=via+Opera+Pia+15,+16145+Genova,+Italy&entry=gmail&source=g
https://maps.google.com/?q=via+P.Bucci+45C,+87036+Rende,+Italy&entry=gmail&source=g

THE 11™ INTERNATIONAL CONFERENCE ON INTEGRATED
MODELING AND ANALYSIS IN APPLIED CONTROL AND

AUTOMATION, IMAACA 2018
SEPTEMBER 17 - 19 2018

BUDAPEST, HUNGARY
ORGANIZED BY

DIME - UNIVERSITY OF GENOA
LIOPHANT SIMULATION

SIMULATION TEAM

IMCS - INTERNATIONAL MEDITERRANEAN & LATIN AMERICAN COUNCIL OF
SIMULATION

DIMEG, UNIVERSITY OF CALABRIA

BT MSC-LES, MODELING & SIMULATION CENTER, LABORATORY OF ENTERPRISE
e SOLUTIONS
~)
mtaF{>  HUNGARIAN ACADEMY OF SCIENCES CENTRE FOR ENERGY RESEARCH
LaJ

U " B AUTONOMOUS UNIVERSITY OF BARCELONA

MODELING AND SIMULATION CENTER OF EXCELLENCE (MSCOE)
LATVIAN SIMULATION CENTER - RIGA TECHNICAL UNIVERSITY
LoGISIM

LSIS - LABORATOIRE DES SCIENCES DE L’ INFORMATION ET DES SYSTEMES

i‘iﬂ m ""[l MIMOS - MOVIMENTO ITALIANO MODELLAZIONE E SIMULAZIONE

t ErugE: ] MITIM PERUGIA CENTER - UNIVERSITY OF PERUGIA

LT qml;é BRASILIAN SIMULATION CENTER, LAMCE-COPPE-UFRJ

COPPE.UFRJ.BR

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. 1]



——
MITIM MITIM - MCLEOD INSTITUTE OF TECHNOLOGY AND INTEROPERABLE MODELING AND

Simulation T
Conca conter’ SIMULATION — GENOA CENTER

M M&SNET - MCLEOD MODELING AND SIMULATION NETWORK

I SS LATVIAN SIMULATION SOCIETY

E s | s A ECOLE SUPERIEURE D'INGENIERIE EN SCIENCES APPLIQUEES

% FACULTAD DE CIENCIAS EXACTAS. INGEGNERIA Y AGRIMENSURA

LJLL|2onss,  UNIVERSITY OF LA LAGUNA

o CIFASIS: CONICET-UNR-UPCAM

||"STEC INSTICC - INSTITUTE FOR SYSTEMS AND TECHNOLOGIES OF INFORMATION, CONTROL

AND COMMUNICATION

NATIONAL RUSSIAN SIMULATION SOCIETY

LHOMM
e) CEA - IFAC
universite
“BORDEAUX UNIVERSITY OF BORDEAUX

4% University yyversiTy oF CYPRUS
L | of Cyprus

DBSSF

Dutch Benelux™
Simulation society**33

DuTCH BENELUX SIMULATION SOCIETY

I3M 2018 INDUSTRIAL SPONSORS

CAL-TEK SRL

wﬁm LIOTECHLTD

‘ ‘ MAST SRL

ﬁ[mmw SIM-4-FUTURE

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.


http://www.cal-tek.eu/
http://www.mastsrl.eu/

I3M 2018 MEDIA PARTNERS

I1GISE

DISSEMINATOR oF KNOWLEDGE

“

Halldale Group

msk

MedicaIT%aaggii'gg

MILITARY
SIMULATION
& TRAINING
MAGAZINE

®SAGE

q‘{? sustainability

£unomerci

INDERSCIENCE PUBLISHERS - INTERNATIONAL JOURNAL OF SIMULATION AND
PROCESS MODELING

INDERSCIENCE PUBLISHERS — INTERNATIONAL JOURNAL OF SERVICE AND
COMPUTING ORIENTED MANUFACTURING

|Gl GLOBAL - INTERNATIONAL JOURNAL OF PRIVACY AND HEALTH
INFORMATION MANAGEMENT (1JPHIM)

HALLDALE MEDIA GROUP: THE MILITARY SIMULATION AND TRAINING MAGAZINE

HALLDALE MEDIA GROUP: THE JOURNAL FOR HEALTHCARE EDUCATION,
SIMULATION AND TRAINING

SAGE
SIMULATION TRANSACTION OF SCS

DE GRUYTER
INTERNATIONAL JOURNAL OF FOOD ENGINEERING

MDPI - SUSTAINABILITY

EUROMERCI: THE ITALIAN MONTHLY LOGISTICS JOURNAL

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. Vv



EDITORS

AGOSTINO BRUZZONE
MITIM-DIME, UNIVERSITY OF GENOA, ITALY
agostino@itim.unige.it

GENEVIEVE DAUPHIN-TANGUY
ECOLE CENTRALE DE LILLE, FRANCE
genevieve.dauphin-tanguy@ec-lille.fr

SERGIO JUNCO
UNIVERSIDAD NACIONAL DE ROSARIO, ARGENTINA
sjunco@fceia.unr.edu.ar

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.

Vi



THE INTERNATIONAL MULTIDISCIPLINARY MODELING AND
SIMULATION MULTICONFERENCE, I13M 2018

GENERAL CO-CHAIRS
AGOSTINO BRUZZONE, MITIM DIME, UNIVERSITY OF GENOA, ITALY
MIQUEL ANGEL PIERA, AUTONOMOUS UNIVERSITY OF BARCELONA, SPAIN

PROGRAM CO-CHAIRS
FRANCESCO LONGO, DII\/IEG, UNIVERSITY OF CALABRIA, ITALY
YURY MERKURYEV, RIGA TECHNICAL UNIVERSITY, LATVIA

THE 11™ INTERNATIONAL CONFERENCE ON INTEGRATED MODELING AND
ANALYSIS IN APPLIED CONTROL AND AUTOMATION, IMAACA 2017

GENERAL CO-CHAIRS
SERGIO JUNCO, UNIVERSIDAD NACIONAL DE ROSARIO, ARGENTINA
GENEVIEVE DAUPHIN-TANGUY, ECOLE CENTRALE DE LILLE, FRANCE

PROGRAM CHAIR
LoucAs LoucA, UNIVERSITY OF CYPRUS, CYPRUS

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. Vil



IMAACA 2018 INTERNATIONAL PROGRAM COMMITTEE

JORGE BALINO, UNIV. OF SA0 PAULO, BRAZIL

WOLFGANG BORUTZKY, BRS-UNIV. APPLIED SCIENCES, SANKT AUGUSTIN, GERMANY

AGOSTINO G. BRUZZONE, UNIVERSITY OF GENOA, ITALY
NICOLAT CHRISTOV, LAGIS, UST LILLE, FRANCE
MAURO CARIGNANO, UNR, ROSARIO, ARGENTINA

GENEVIEVE DAUPHIN-TANGUY, ECOLE CENTRALE DE LILLE, FRANCE

JEAN-YVES DIEULOT, POLYTECH’LILLE, FRANCE

ALEJANDRO DONAIRE, THE UNIVERSITY OF NEWCASTLE, AUSTRALIA

TULGA ERSAL, UNIVERSITY OF MICHIGAN, USA

AGENOR FLEURY, UNIVERSITY OF SAO PAULO, BRAZIL
LAURENTIU HETEL, CNRS-EC-LILLE, FRANCE

HUSSEIN IBRAHIM, ITMI, QUEBEC, CANADA

ADRIAN ILINCA, UNIVERSITE DU QUEBEC A RIMOUSKI, CANADA
MAYANK SHEKHAR JHA, C. ADER INSTITUTE, FRANCE

SERGIO JUNCO, UNIVERSIDAD NACIONAL DE ROSARIO, ARGENTINA

FABRIZIO LEONARDI, FEI, SAO BERNARDO DO CAMPO, BRAZIL
FRANCESCO LONGO, UNIVERSITY OF CALABRIA, ITALY

LoucAs S. LoucA, UNIVERSITY OF CYPRUS, SCHOOL OF ENGINEERING, CYPRUS

MARINA MASSEI, LIOPHANT SIMULATION, ITALY

MATIAS NACUSSE, FCEIA, UNR, ROSARIO, ARGENTINA
LETIZIA NICOLETTI, CAL-TEK, ITALY

NORBERTO NIGRO, CIMEC, UNL, S. FE, ARGENTINA
RACHID OuTBIB, LSIS, MARSEILLE, FRANCE

PUSHPARAJ MANI PATHAK, IIT, ROORKEE, INDIA
RICARDO PEREZ CORREA, PUC, CHILE

XAVIER ROBOAM, INP TOULOUSE, FRANCE

MONICA ROMERO, FCEIA, UNR, ROSARIO, ARGENTINA
CHRISTOPHE SUEUR, CENTRALE LILLE, FRANCE

ARMAND TOGUYENI, CENTRALE LILLE, FRANCE

CoSTAS TZAFESTAS, NTUA, GREECE

DANIEL VIASSOLO, SCHLUMBERGER, HOUSTON, TX, USA
RAFIC YOUNES, THE LEBANESE UNIVERSITY, BEIRUT, LEBANON

ANIBAL ZANINI, FACULTAD DE INGENIERIA, UNIVERSIDAD DE BUENOS AIRES, ARGENTINA

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018

ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.

Vil



WELCOME MESSAGE 2018

On behalf of the International Program Committee we are particularly
pleased to welcome all the authors, representatives and attendees to
IMAACA 2018, the 11th International Conference on Integrated Modeling and
Analysis in Applied Control and Automation! We are happy to continue being
part of I3M, the International Multidisciplinary = Modeling and  Simulation
Multiconference, which this year celebrates its 15th edition. For, on the
one hand, I3M provides a superb context to each one of its member
conferences, offering a plentiful of points of views and methodological
approaches to modeling and simulation, as well as a great variety of
application domains. But the multifaceted characteristic of I3M does not
end in the technical and scientific domains! Indeed, the \wvariety of
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attendance to the conference. Finally, let us wish you a fully enjoyable
conference in its technical, social and human aspects.

. Genevieve

Sergio Junco . Loucas Louca
. X Dauphin-Tanguy - .

Universidad University of Cyprus,

. Ecole Centrale de
Nacional . Cyprus

. Lille
de Rosario,
- France

Argentina

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. IX



ACKNOWLEDGEMENTS

The IMAACA 2018 International Program Committee (IPC) has selected the papers for the
Conference among many submissions; therefore, based on this effort, a very successful event
is expected. The IMAACA 2018 IPC would like to thank all the authors as well as the reviewers
for their invaluable work.

A special thank goes to all the organizations, institutions and societies that have supported
and technically sponsored the event.

I3M 2018 INTERNAL STAFF

MATTEO AGRESTA, SIMULATION TEAM, ITALY

AGOSTINO G. BRUZZONE, DIME, UNIVERSITY OF GENOA, ITALY
ALESSANDRO CHIURCO, DIMEG, UNIVERSITY OF CALABRIA, ITALY
RiccArRDO DI MATTEO, SIMULATION TEAM, ITALY

JESSICA FRANGELLA, CAL-TEK SRL, ITALY

CATERINA FUSTO, DIMEG, UNIVERSITY OF CALABRIA, ITALY
LuclA GAZZANEO, DIMEG, UNIVERSITY OF CALABRIA, ITALY
FRANCESCO LONGO, DIMEG, UNIVERSITY OF CALABRIA, ITALY
MARINA MASSEI, DIME, UNIVERSITY OF GENOA, ITALY

LETIZIA NICOLETTI, CAL-TEK SRL, ITALY

ANTONIO PADOVANO, DIMEG, UNIVERSITY OF CALABRIA, ITALY
ANTONIO REDA, CAL-TEK SRL, ITALY

CATALDO Russo, CAL-TEK SRL, ITALY

KIRILL SINELSHCHIKOV, SIMULATION TEAM, ITALY

CARMINE TOTERA, CAL-TEK SRL, ITALY

MARCO VETRANO, CAL-TEK SRL, ITALY

BEATRICE ZACCARO, SIMULATION TEAM, ITALY

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. X



This International Workshop is part of the I3M Multiconference: the
Congress leading Simulation around the World and Along the Years

Simulation around the World Sim  World
& along the Years & along the Years & along the Years
13M2014, Bordeaux, France 13M2013, Athens, Greacs

www.liophant.erg/i3m

I3M Simulation around the World Simulation around the World 13M Simulation around the World|
& along the Years & along the Years & along the Y,
13M2011, Rome, Italy 13M2010, Fes, Morecco ife, 1AMZ008, Calabr

www.llophant.orgfi3m www.liophant.org/i3m www.llophant.orgli3m www liophant.org/i3m

Simulation around the World
& along the Years
13M2005, Marssills, Francs

13M  Simulation around the Worid MSS Ssimulation around the World
& along the Yea

-

www liophant.org/i3m

www_liophant.org/i3m w;—law.anpM m.amp }
'\ PR

(F
EMSS  Simulation around the World [l EMSS Simulation around the World@IEMSS  Simulation around the Waorld

& along the Years & along the Years| & along tha Y
95, Erlangen, Germany) ES51894, Istanbul, Turke: E5519 elft. The Netherland

. | T
www.liophant.org/i3m www.llophant.org/i3m www liophant. org/i3m

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. Xl



Index

Thermo hydraulic pseudo bond graph based modeling of a centrifugal pump- 1
pipe system with experimental analysis
M. Kebdani, G. Dauphin-Tanguy, A. Dazin

Bond graph approach for disturbance rejection with Derivative State Feedback 9
J. A.Gonzalez, C. Sueur

Bond graph approach for input-output decoupling of linear MIMO systems with 18
Derivative State Feedback

C. Sueur

New results for global stability of neutral-type delayed neural networks 28
N. Ozcan

Energy- and flatness-based control of DC-DC converters with nonlinear load 34

J. Tomassini, A. Donaire, S. Junco

Robustifying passive closed-loop Port-Hamiltonian systems using Observer 43
Based Control
M. Nacusse, A. Donaire, S. Junco

Control of a mobile robotic manipulator: a combined design approach 53
M. Crespo, M. Nacusse, S. Junco, V. Rayankula, P. Mani Pathak

Design and verification of discrete event controllers for Smart Factory 63
A. Toguyeni
Study of supply chain vulnerabilities based on cognitive engineering and 73

ARIMA formal models
L. Sakli, J.-M. Mercantini, J.-C. Hennet

Smart Work System in the human-centered environment- approach of a future 83
Cognitive Logistics Zone
D. Weigert, F. Behrendt, M. Schenk

Realising optimum design of a hybrid renewable energy system using multi- 91
objective evolutionary algorithm
M. Saidi, Z. Li, R. Outbib, S. Benelghali, T. Leroux, E. Cardone

Author’s Index 97

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds. Xl



THERMO HYDRAULIC PPSEUDO BOND GRAPH BASED MODELING OF A
CENTRIFUGAL PUMP-PIPE SYSTEM WITH EXPERIMENTAL ANALYSIS

M. Kebdani®, G.Dauphin-Tanguy?, A. Dazin”

®Ecole Centrale de Lille/ CRIStAL UMR CNRS 9189, CS 20048, 59651 Villeneuve d’Ascq. France.

PArts et Métiers Paris Tech/ LML UMR CNRS 8107, Boulevard Louis X1V, 59000 Lille. France.

bkebdani.np@hotmail.fr  *genevieve.dauphin-tanguy@centralelille.fr  "antoine.dazin@ensam.eu

Abstract

The emergence of electrical energy is closely related to
the use of power. However, the temperature of electronics
could be compared to those encountered by a shuttle nose
when entering the atmosphere and requires a thermal
management. The technology investigated in this paper is
original because able to evacuate important heat flux. The
proposed system is named Biphasic Fluid Loop
Mechanically Pumped (BFLMP) with a transport
capacity of the thermal power up to 10 MW.m, exceeding
in this way the performance of all known technologies.
This paper begins with a description of the test rig of the
BFLMP and its instrumentation. The second part of the
paper is a detailed study of the thermo hydraulic behavior
of the pump-pipe system. The proposed model is based
on the bond graph theory because of its energetic
approach and the multi-physics character of the studied
system. A validation test is launched using water with
regulation temperature at the pressurizer set at 60°C, the
temperature of the secondary circuit is regulated at 37°C,
a power crenel of 400 W has been applied on the
evaporator. Results are discussed in a last part; the model
shows up good agreement with the experimental results.
The volumetric pump studied in this work is original
because it was specially designed and manufactured to
equip the BFLMP developed in collaboration with the
research laboratory CRIStAL. This pump has been
patented. Also, this centrifugal machine has been tested
and has been characterized. Its performance curves are
obtained and used in the model proposed in this paper. In
addition, the proposed algorithm models the pump using
a resistive bond graph element R.

Keywords: Cooling systems, Thermal control,
Bond graphs, Dynamic systems modeling,

1. INTRODUCTION
1.1 Problematic and industrial context

Volume densities of power dissipated in a
converter are quadrupled each four years, providing
values that could reach 100w /cm?® for the arrival
of 2020 (Serin 2007). Nowadays, in some
computers, the power dissipated per chip surface
area is about 50 w/cm” Such heat flow densities
are quite comparable to the flux densities

encountered in the nose of a space shuttle when it
enters the atmosphere.  Furthermore, heat

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018

dissipation limits the current densities and then the
generated power, thereby the junction temperature
(125°C for silicon chips) is exceeded and the
electronic chip is potentially damaged (M. Kebdani,
G. Dauphin-Tanguy, A. Dazin, and P. Dupont
2015). Cooling technologies based on natural
convection are efficient only for low thermal
power, less than 50 W. Indeed, the heat transfer
coefficient ~ remains  low:  3-15W.m? K™,
Ventilation cooling techniques often appear to be
insufficient, thermal exchange coefficients are

limited to 3000W.m™.K ™. Cooling systems based
on phase change heat transfer have been the focus
of significant research efforts to deal with the
increasing flux densities. Indeed, the liquid-vapor
phase change is characterized by high heat transfer

coefficients up to 50000W.m72.K™. It makes it
possible to obtain a high homogenization of the
chips temperature. This paper deals with a new
active cooling technology named: Biphasic Fluid
Loop Mechanically Pumped (BFLMP), equipped
with a mini-channel evaporator.

1.2 BFLMP a solution

Such systems are undoubtedly the most efficient

in terms of heat transfer (Serin 2007). Indeed, in
addition to their architectural flexibility and
compactness, they guarantee cooling performances
using a pump. Figure 1 shows a BFLMP composed
of an evaporator, pipes, a pump, a condenser and a
pressurizer. An advanced dynamic study of this
thermo fluid system is proposed in Kebdani (2016).

Evaporator

Two-phase

Liquid Condenser Nuid
o

Figure 1: Design of (BFLMP).

1.3 BFLMP functioning

A BFLMP is a closed system containing a
refrigerant moved by a pump. The hot source is
located above the evaporator. The dissipated heat
flow is transferred by conduction and convection
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phenomena to the working fluid; its temperature is
then increased until provoking a change phase
which offers the possibility of exploiting both the
specific heat and the latent heat of the fluid. The
stored energy is convicted through pipes from the
evaporator till the condenser where the hot fluid is
cooled releasing thereby the stored calories to a
cold source (secondary circuit). Such fluidic loops
are very promising and constitute the heart of our
research works (Kebdani, Dauphin-Tanguy, Dazin,
and Dupont 2015; Kebdani, Dauphin-Tanguy,
Dazin, and Albach 2016; Turki, Kebdani, Dauphin-
Tanguy, Dazin, and Dupont 2015; Kebdani,
Dauphin-Tanguy, Dazin, and Dupont 2016;
Kebdani, Dauphin-Tanguy, and Dazin 2016).

The purpose of this paper is to propose a dynamic
model able to predict the behavior of the loop in
transient, unsteady and steady phases and
consequently to provide a tool for the design of
such complex systems. The model results are also
used to analyze the behavior of the system during
several operating conditions.

2. EXPERIMENTAL SET-UP AND
INSTRUMENTATION

2.1 Test Facility

The test bench shown in Figure 2 is composed of
three blocks: i) instrumentation (thermocryostat,
central acquisition, power supply, 35 sensors, and
breaker), ii) A PID regulator for the pressurizer and
iii) the cooling loop

.
.
|
== 1 b

BT L

Power supply

Instrumentat =
I'hermocryostat

Figure 2: General view of the BFLMP large test facility.

2.2 Instrumentation devices

The cooling loop is equipped with sensors devoted
to the analysis of the flow steady and unsteady
fluctuations. Figure 3 represents a diagram of the
loop on which the sensors distribution is given. The
data acquisition is done by means of the National
Instrument box: CompactRio, which is equipped
with two electronic cards. It records and processes
the signals from the pressure and flow sensors.
Given the low frequency of the temperature signals,
an HP Agilent acquisition unit was chosen.
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™
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Figure 3: Sensors distribution: temperature, pressure,
mass flow rate, voltage, and current.

3. DYNAMIC MODELING OF THE BFLMP

3.1 State of the art on BFLMP modeling

Few literature papers deal with dynamic modeling
of BFLMP components using Bond Graph (BG)
theory. Medjaher (2009) proposes a BG model of a
simple U-condenser. The work is about the thermo
hydraulic behavior of the heat exchanger, and
presents a physical formulation of the problem with
a BG representation whose simulation results are
consistent with the experimental ones. The
scientific literature shows rare studies providing
dynamic models of the entire cooling loops.
However, we can cite the work of (Ould
Bouamama, Medjaher, and Samantaray 2004)
devoted to a steam generator composed of a
condenser, steam accumulator and pipes. The
authors bring forward a comprehensive BG model
of the installation. Another modeling work is
proposed by Buttol and Crandpeix (1996). They
present a non-stationary model of Capillary Pump
Loop. Also, Lachasagne (2006) proposes an
analytical model dedicated to CPL and based on an
original modeling approach called nodal. As to
BFLMP, to our knowledge, no modeling works
dedicated to the complete loop has been published
yet. The dynamic model proposed in the present
work is original. Modeling and simulation are
performed using the software 20sim and adopting
the BG methodology (Thoma 1975).

3.2 Bond graph model

The overall Word BG model of the BFLMP is
shown Figure 4, in which all the components are
modeled and connected by means of three pipes C1,
C2, and C3. The modeling details and mathematical
formulations of each element constituting the
BFLMP are given in Kebdani (2016). In this paper
only the pseudo-bond graph model of the
volumetric pump and pipe C3 are developed.

Model assumptions:
The following assumptions are considered:

e Model with lumped parameters (because of
the relatively small dimensions of the pump
and pipes).

e The pump is insulated.
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¢ Kinetic and potential energies are neglected.
e The flow is monophasic.

The chosen "effort / flow" BG variables are
pressure and mass flow rate for the hydraulic
bonds, temperature and enthalpy flow rate for the
thermal part. The resolution of integral equations is
done by Runge-Kutta method embedded in 20sim
software.

Model boundary conditions:
The following effort sources are imposed:

=T T P P ]

in_pump,? " in_pump?’ " out_ pipe

The pump: There exist many bond graph models
of a pump system in the open literature. It could be
described as an effort source (Se) (Tylee 1983),
while in (Thoma 1990) the author assimilates it to a
transformer (TF) between mechanical and
hydrostatic powers and in (Mukherjee and
Karmakar 2000; Dazin, Caignaert, and Dauphin-
Tanguy 2015) it is considered as a gyrator (GY).

Evaporator

Condenser

|

|

| +

| =

| -

l - Two-phase reservoir (T-PR) Pipe C3
|

! [Control temperature]
| teana

|

I

= e cs .
[T_inlet 2 )

l:loluml Flow b e

Figure 4: Word Bond Graph of a BFLMP [3].

Pout_pipe
Tauf,pipf’
— '

Tams Pipes Pump

Tin,pump \ elbows

Pin_pmrlp Pout,pmnp

., — el
Jpump

Figure 5 : schema of the pump connected to the pipe.

The proposed pseudo-bond graph model of the
centrifugal pump-pipe system is presented Figure
6. It is built on the basis of the following energetic
description of the process:

Thermal part: The circuit imposes the inlet/outlet
pressures; the pump model in reaction imposes the
hydraulic flow. Assuming there is no heat loss at
the pump, the latter carries the total heat energy of
the fluid.

Hydraulic part: Each pump has its own
performance curve relating the pressure rise AP to
the volume flow rate dV /dt for different speeds of
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rotation (). On the bond graph model, Figure 6,
the pump is represented by the element R_PUMP.

The Pipe: The parietal friction generates a flow
heating which could not be neglected. This heating
is modeled by the bond graph element “RS”.
Furthermore, the thermal capacity of the pipe wall
is taken into account. In our case, the energy
process description is as follows: there is a heat
transfer by conduction (R_In_wall) from the hot
fluid (link 13, figure 6) towards the wall of the pipe.

A part of this heat is accumulated by the thermal
capacity of the wall (modeled by C_T_Wall)
another part is transmitted by conduction (modeled
by R_Out Wall) to the outside environment. All
these phenomena are coupled by junctions 0 and 1.
The junction O translates the law of energy
conservation (algebraic sum of the thermal powers
is zero) and the junction 1 imposes the equality of
flows. The bond graph model shown in the Figure 6
is then constructed. In order to make the bond graph
model more readable, each bond is numbered.

3.3. Dynamic equations governing the model
This is the mathematical level of modeling. We
propose in this section to describe in detail the
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equations governing the junction 0_1 and the
elements: R_In_Wall, R_Out Wall, C_T fluid,
C T Wall, R_ PUMP and RS_PIPE. Then, the
structural laws related to the other junctions can be
generated in a similar way.

Thermal balance in the downstream volume of the
pump (junctionO, ): Neglecting kinetic and
potential energy, the internal energy obeys:

(1)

PV is a term with variable volume, which is
operating only when the volume of the coupling
parameters varies. Replacing U by H-PV we
use the enthalpy flow rate as follows:

H=H,+H, +PV+Q, (2)
So (eq 2) introduces an additional power, which is
proportional to the derivative of pressure
(represented in figure 6 by mean of the element
MSf: VP_dot), we have:

. U.=H9+HS_PV+Qext H=H,+H,+PV+0, (3)
Where H_and H,, are respectively the entering and
leaving enthalpies, P is the flow pressure, and
:  Remwr DOutlet  Outlet
: ' EF . mass flow
H ' sPout_pump pump
Inlet : O : Inlet
Pin_pump H E - I Poul_pipe
MSe_Pin i : : é e e o b 1 MSe_Pout
—»MSe -5---- ol ypeaanen oN. -2 2 I
= o) & PO rl) i ' J=
]
Inlet ' i
Tin_pump H ' : Il
H H 1
I= i eMSfr = i1y - 0, @ ® ;14@  Sf
: Ms @ : ! ®) @ 8 \ Flux_out
Tout_pipe :
. @ [Lpseee ]
: @ \ Outlet :
experimental_mesurement I c 1 | n |et
. T_W'?G I03 Il T_fuid 1
Geomitrical_data @ @ _________________ o Tt T_amb
out_wall R | 141 @ 0, MSeq—L[:

Figure 6 : Global behavioral pseudo-bond graph model of the centrifugal pump—pipe system.

Thus, the energy balance applied to the control
volume representing the downstream flow is
explicitly expressed using the junction 0, (same

efforts and algebraic sum of the flows is zero) :
fo="fo—fu+f—f+ 1y

:>U12 = Hs - Hn + Hg +Q10 _QIS

&=, & T =Ty

(4)

g =e, =T =T,

=€, =Ty =Ty

ey =, & T, =Ty

ey=e, = Ty=T,

with:

H,=H,, H, =H,,PV=H,and Q,, =+Q, -Q,,.

Expression of convected enthalpy flow rates Hs,

Hll

In process engineering systems, it is simpler to use
enthalpy flow instead of entropy flow to model
thermal convection using the pseudo-bond graph
representation. The convected energy due to mass
flow is given by:
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. 2 2 (5)
H=m u+£+ﬂ —m|h+2Y

p 2 2
where m, u, P, p, h and v represent the mass

flow rate, the specific internal energy, the pressure,
the density of the fluid, the specific enthalpy and
the velocity of the fluid, respectively. The kinetic

2
energy term pvé is negligible for sufficiently

low velocities v, and then the convected energy
flow rate H,,, is calculated from the mass flow rate

S

m and the specific thermal capacity ¢, as follows:

(6)

H =mh=rc,T

Expression of H,:
H, = PV (7)
Expression of Q, : The fluid heating caused by

parietal friction (energy dissipated in the form of
heat) is given by the formula:

Qp = AP-m/p (8)
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Expression of Q,, is the result of convective and

conductive heat exchanges between the flow and
the outside of the setup through the walls. Its
evolution is calculated according (eq 8).

Elements R_In_Wall and R_Out Wall: These
elements represent heat transfers respectively from
the flow towards the metal and from the metal to
the environment:

f14 = R (els_e13) (9)
In_wall
. 1 .
= Q14 = —(Tls _T13) = Q13
in_wall
1
flS = —(e17 _elg) (10)
Out _ wall
: 1
= le = —(Tn _Tlg)
in_wall
R, war : Correlation specific to transient and
turbulent regimes (Gnielinski 1976):
—h-S h
Rin_wall *
Dh
Sech =(2'”'7)‘L (11)
h-Dj,
-

0.25.(%)A(Re1000).pr( (Dh)m)[ o jo'l
ALl+| 5 i
1+12.7-\/Z,(Pr2/3_1) L Pr

paroi

Pl 1S the Prandtl number calculated at T,; -
f is Darcy's friction factor: f = &11,?4
Re

This correlation is valid for:

1.5<Pr<500

2300 < Re <10° (12)

0< D% <1
Rout_wan The laminar heat transfer coefficient:

1
R =h-Secn
out_wall ( 13 )
0.25

v (U2
L

Element C_T fluid: This one port element
represents heat storage C, in the flow. The flow

temperature T,, is then calculated by resolving the
energy conservation law
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Cm =€, = q)Ct (q12 ) = (Dcx (I flzdt) ( 14 )
1 . U
Cth :>T12 :Wjulzdt :CV'—::;H'FTH(O)

U,, is calculated by integrating internal energy
from the conservation equation given by (eq 4).

Element C_T_Wall : The wall temperature T, is
calculated by resolving the energy conservation law

1 Q
s = [ it +e (0)= Ty = Z5+T (1 (15)

m

The metal heat capacity is given by:

Cm =Vm'pm'C (16)

m

with: V, : Metal volume, p, : Metal Density, c, :
Mass thermal capacity of the metal.

Element R_PUMP : The constitutive relation of
the R_PUMP element is given by the characteristic
of the pump:

m, =b-(K,-AP+K,) (17)
K,=-2e-8
K, =0.0139

AP =P, —PR,, with P, and P, respectively the input
and output pressures of the pump. K, and K, are
the pump characteristic parameters.

Element RS _PIPE: resistive part deals with the
hydraulic heat losses (singular and regular) caused
by the pipe structure, S part represents the flow
heating due to wall frictions (a part of the energy is
converted into heat).

e =A-f2+B-f2+(p-g-h) (18)

= AP=P,=A-m+B-m’+(p-g-h)

with A and B calculated as follows:
For laminar flow, Hagen-Poiseuille gives:

A:128-L-(y/pyz (19)
D? . z-1000

with L the pipe length and D the pipe diameter.

For turbulent regime, Blasius relation gives:

p_8 D7 (20)
p-L-A
0.316
_¢ (21)
° A’P'Sz
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with £ =1.3 for an elbow.
For heating part we have:

e f c_Rem? (22)
="l = G =P

Equation ( 22 ) is causal: the flow rate imposed to
the element RS PIPE is the flow deduced from the
equation constituting the element R PUMP (link 1).

The state variables are internal energy U,, stored in
the fluid and the thermal energy accumulated by the
pipe metal Q:

X:[UZLZ'QZLG]T (23)

The bond graph method makes it possible to find
out the state equations (eq . 24) governing the

system
1 1 1

: ( + ) R

Qi _ Rin-w  Rout-w Cr_niRin-w |:Q16

U12 1 _(mlcp +#) Ui,
Crw Cron o CronRinw
Tamb

+ Rout-w (24)

M4C  Tin_pump +VP + APMy / p

4. SIMULATION AND EXPERIMENTAL
VALIDATION

4.1. Description of validation test

An experimental validation is necessary to discuss the
ability of the model to transcribe the thermo-hydraulic
behavior of the pump-pipe system. The cooling loop
setup at Atmostat Company was used for experimental
validation works. This validation is performed by
comparing the time history of the measured and
simulated quantities:  pressure  (pump  outlet),
temperature (pipe outlet), flow pump outlet).

Applied solicitations:

The solicitations applied to the proposed model are
extracted from the validation tests performed on the
entire loop which is operating in a monophasic regime
followed by a two-phase one. This is why slopes vary
from instant 3000s, (Figure 7 pressure and temperature
curves) which indicates a net transition from
monophasic to two-phase.
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Figure 7 : (a) Time evolution of the temperature (outer
wall of the pipe inlet). (b) Time evolution of the pressures
(pump inlet and pipe outlet)

4.2 Results of the simulation and comparison
with the experiment

First phase: The phenomenon of temperature
oscillation (between 0 and 2688s) reported in Figure
8 is due to the process of regulating water in the
primary circuit (water regulated at 37°C). This
variation is quit slow (300 s) because of a low mass
flow rate on the condenser secondary circuit 0.002
kg/s. As a result, the speed of heat transfer in the
condenser is affected (heat transfer coefficient
depends sensibly on the Reynolds number).

- Tou_pipe_WALL(exp)

IALL(exp)
- Tout_pipe_WALL(mod)

20
o 1000 2000 3000 4000 5000 6000
time (s}

Figure 8 : Time evolution of measured and calculated
temperatures (outer wall of the pipe outlet).



Second phase: At time t = 2688 s a heat flow is
applied to the evaporator, so the water temperature at
the pump inlet rises up to 41°C (extraction of heat flow
dissipated by the heating block placed on the
evaporator ).

During the first and second phases the pressures are
stable, as shown Figure 9. Note that during phase 1l the
increase of the water temperature in the evaporator
while remaining monophasic liquid does not lead to a
variation of pressure.

At time t = 3000 s the increasing temperature of the
water in the evaporator reaches the saturation
temperature corresponding to the saturation vapor
pressure in this same exchanger. The Nucleate Boiling
process is then triggered. As a result, the length of the
diphasic zone in the condenser increases rapidly, a
quantity of sub-cooled fluid is then expelled from the
condenser and propelled into the pressurizer, which
compresses the steam in the latter and causes
condensation of part of this vapor. As consequence the
pressure rises throughout the loop (in this case:
Pin_pump, Pout_pipe) as shown in Figure 9.

Note also that increasing the diphasic length (from t=
3000s to 4500 s) within the condenser causes a typical
variation of the output mass flow rate Figure 10.
Indeed, that is why one can observe the "overshoot"
(brutal increase followed by a return to the normal) of
flow.

Beyond 3000 s, oscillations in temperature and
pressure are caused both by the thermal regulation
process (three net peaks observed on the Figure 8) and
by the fluid exchange operations between the
pressurizer and the entire loop (the reservoir is
sometimes filled with liquid, sometimes emptied
according to the variation of saturation temperature in
the evaporator).

Pressures

- Pout_pump_(exp)
ut_pump_(mod)

P
Pol

.
022 .'/A‘wwu/,‘“rw,

™ y
M i s )

|
02
|
0 1000 2000 3000 4000 5000 6000
time {5}

Figure 9 : Comparison between simulated and experimental
pressures in pump output.

Application of fast Fourier transform on the pressure
highlights high frequencies, in particular from the
instant t = 3000s corresponding to the formation of
vapor in the evaporator. Indeed, these frequencies are
due to the fine sampling of the pressure signal (5kHz).
At this acquisition frequency the membrane of the
pressure sensor, mounted flush on the pipe, is likely to
detect vibratory phenomena caused by the birth of the
steam bubbles within the mini-channels evaporator

(eventually flow blockage phenomenon). Also, the
noise emitted by the compressor equipping the
installation  could explain  such  oscillations.
Furthermore, because of lack of condensing
performance it may be possible that some vapor
bubbles manage to pass through the pump which
makes it functioning in cavitation conditions.

Globally, the comparison of the results of the
simulation with the experimental data of the pressure
and the temperature shows that the developed dynamic
model is able to predict, very suitably (identical slopes)
the hydraulic dynamics as well as the thermodynamics
of the pump-pipe system. Despite the simplifying
modeling assumptions, the model does not react as a
low-pass filter and allows the identification of rapid
phenomena.

Figure 10 shows a sudden mass flow rate increase att =
3000s. Indeed, when the heat power applied to the
evaporator causes the birth of nucleate boiling sites, the
length of the two-phase zone in the condenser increases
accordingly. Liquid is then driven out of the exchanger.
That is why an "overshoot" flow at the output of the
condenser is observed. A part of the equivalent amount
of sub cooled liquid is directly propelled into the
pressurizer; a second quantity passes through the pump
to regain the evaporator. This phenomenon is not found
by the pump BG model because, as explained before, it
depends on the exchange of mass and heat in the
condenser, a component not taken into account in this
study.

00141

0014

00139

00138

00137

0 1000 2000 3000 4000 5000 6000
time {s}

Figure 10 : Time evolution of mass flow rate in the pipe.

5. CONCLUSION

This paper introduces a high-performance cooling
system that meets space domain requirements. A
dynamic pseudo-bond graph model of the complex
cooling system called Biphasic Fluid Loop
Mechanically Pumped (BFLMP) is now available and
validated.

A succinct description of the experimental setup is
given. In this paper only the dynamic model of the
volumetric pump connected to the pipes is detailed.
Phenomenological descriptions and  constitutive
equations are given; the two dynamic equations
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governing the system are obtained. Furthermore,
modeling works of the complete loop are addressed in
our other publications whose references have been
mentioned.

A final section is devoted to the comparison of
simulation results obtained by the dynamic model with
experimental recordings from the test bench. An
analysis of modeling results shows that the model
predicts with good accuracy the time evolution of the
temperature and pressure in both regimes: transient and
permanent.

The model owes its originality first to the bond graph
approach, and various thermo hydraulic phenomena
processed and modeled without any recalibration with
experience. The literature review presents that no
similar modeling work has been already conducted.
Also, the developed model can be used as a basis to
develop more accurate solutions without changing its
main structure.
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ABSTRACT

This paper presents the application to a real Torsion-Bar
system of Disturbance Rejection by Derivative State
Feedback using an Unknown Input Observer. Finite
and infinite structures of the model are analysed with a
structural approach directly on the bond graph model and
thus properties of the controlled system as well as the
observer are structurally highlighted. The effectiveness of
the proposed method is assessed with actual tests on the
Torsion-Bar system.

Keywords: Disturbance Rejection, Derivative State Feed-
back, Pole placement, Unknown Input Observer, Bond
Graph, Torsion-Bar system.

1. INTRODUCTION

The disturbance rejection problem is used in a substantially
range of real applications and well-known design control
strategies have been designed in order to solve it. The
disturbance rejection problem by state feedback has been
widely studied in many articles and books. Solutions for
this problem are proposed in state space and frequency do-
main formulations in Hautus (1979) and Wonham (1985)
with stability conditions and also in terms of the unstable
zero structure through algebraic treatments and through the
geometric approach with structural conditions in Basile and
Marro (1992).

The disturbance rejection problem with static state feed-
back is not always possible. One way to address the prob-
lem is to explore the concept of Derivative State Feedback
(DSF). DSF for linear systems has been studied, mainly in
order to solve the pole placement problem, with or with-
out robust performance criteria. Procedures consider for
instance, the pole placement problem for MIMO systems
Abdelaziz (2008) and Cardim et al. (2007) as well with ro-
bust criteria Duan et al. (2005) and disturbance rejection
in Moreira et al. (2010). A geometric theory of derivative
state feedback is given in Lewis and Symons (1991).

In most situations it is not possible to measure all the
(derivative) state variables directly: they must be estimated
by an observer. Since the disturbance variables are un-

known input variables, an Unknown Input Observer (UIO)
is added in order to estimate different variables: (deriva-
tive) state variables, as well as the disturbances variables.
Solvability conditions and constructive solutions for the
synthesis of DSF control law as for the UIO require the
analysis of the structural invariants of the model, and par-
ticularly the infinite structure of the model. These invari-
ants have been extensively studied in many papers and
books Basile and Marro (1973), Morse (1973), Rosen-
brock (1970), Kailath (1980), Gilbert (1969), Kalman et al.
(1969).

Disturbance Rejection with Derivative State Feedback and
UIO can be simultaneously used through the bond graph
approach Rosenberg and Karnopp (1983). A DSF control
law has been used for the disturbance rejection problem
with a bond graph approach Sueur (2016), based on a struc-
tural approach. Solutions for the UIO problem on a bond
graph representation are given in Yang et al. (2013) and
Gonzalez and Sueur (2018).

The objective of the present work is twofold: on one hand
we recall the Derivative State Feedback (DSF) control law
in order to solve the classical Disturbance Rejection prob-
lem when it is not solvable with a static state feedback, as
well as the Unknown Input Observer synthesis when there
are disturbances (unknown inputs) acting on the system; on
the other hand, we apply these concepts on a real Torsion-
Bar system, it is the main contribution of this paper. Good
results prove the effectiveness of the proposed approach. A
structural approach is developed by which properties of the
controlled system as well as properties of the UIO observer
are studied.

In the next section the Torsion-Bar System which is sub-
jected to disturbance is briefly described Sueur (2016) and
Gonzalez and Sueur (2018). It is shown that the classical
disturbance rejection problem is not solvable by a classical
state feedback control law only. The concept of Derivative
State Feedback (DSF) is recalled in the third section. The
UIO design for the MIMO linear case is recalled in the
fourth section. In the fifth section, the disturbance rejection
problem (DRP) is solved for the bond graph model of the
Torsion-Bar system. Simulation results are shown. They
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prove the good performance of the UIO as well as for the
Disturbance Rejection with DSF. At least, the control law
is applied to the real Torsion-Bar system. Finally, some
directions are given in section 6 for future works.

2. TORSION-BAR SYSTEM DESCRIPTION
In this section, the description of the experimental set up is
proposed, as well as the analysis of the structural properties
of the bond graph model. From a mathematical point of
view, we consider a linear perturbed system described by
equation (1), where x € R" is the state vector, y € R? is the
vector of measurable variables. Vector u € R™ represents
the known input variables, whereas d(¢) € RY is the vector
of unknown input variables. A,B, F,C are known constant
matrices of appropriate dimensions.

{ x(r) = Ax(t) + Bu(t) + Fd(r) 0
(1) = Cx(z)

2.1. Experimental System description

The experimental system shown in Fig. 1 is the real
Torsion-Bar System. A functional schematic model is pre-
sented in Fig. 2. The system consists of the following
components: a classical DC Motor which is modelled by
an electrical part (input source voltage characterized by the
input control variable u, Inductance L, and Resistance R,)
and a first mechanical part (Inertia J,,, supposed negligible),
a transmission element which transfers the rotation from
the motor to the motor disk with a transmission ratio (1/k),
a first rotational disk (Motor Disk) with an inertial parame-
ter J; and a friction coefficient R, a flexible shaft modelled
as a spring-damper element (Spring Cyr, and Damper Ry;),
and a second rotational disk (Load Disk) with an inertial
parameter J> and a friction coefficient R;. The simplified
Bond Graph model of the system is shown in the Fig. 3.

DC Source

Gears DC Motor

Ry,
= ki Flexible Shaft
Ground

Figure 2: Schematic model of the real Torsion-Bar system.

ILa Se:dpert L), C:Cy~—I1+—— RR; I,

T

MSe:u—t1 —> GY —ATF — 11— 0 —— i1

AN AN

R:Rq RR;  Dfyy R:R; Dfy;

Figure 3: Simplified Bond Graph model of the Torsion-Bar
system.

For the experimental system, the variables are described in
the bond graph model of Fig. 3: the controlled input volt-
age is represented by a modulated effort source MSe : u,
y1 and y; are speed rotational variables represented by
flow output detectors Df : y; and Df : y, respectively.
These sensors are used to estimate the state variables and
the unknown input d(¢) modelled by the source Se : dpey
which represents a torque applied to the first rotational disk
(motor disk). The output to be controlled is the rotational
speed of the load disk (J,). Parameter numerical values are
in Gonzalez and Sueur (2018).

2.2. State Space Representation

According to the Bond Graph model of Fig. 3, a state space
representation (2) is performed as described in the form
(1). The state vector x = [x], X2, x3, X4]', is composed
of energy storage variables: x; = g. = gc,, (angular
displacement), x, = py,, x3 = py, (angular momentums),
and x4 = py, (flux linkage). The output matrix C can be
written as C = [C)',C,']". The state equations are written
as (2).

X1 7Exz+ﬂX3

Xy = %ﬂxl - (%—i—%)x + Fx3

X3 = _%ﬁxl+%x2_(%+%)x3+%x4+dpert
X4 = —k”}'lk”x3 - Iz—:x4+u

Y1=g%35 2 ixz

@
2.3. Structural properties of the BG model with state
feedback
In the present work, we first consider the classical Dis-
turbance Rejection problem by a Static State Feedback
control DRSSF. A structural approach is used due to the
structural properties of the bond graph model. Since the
Torsion-Bar system contains one input control variable,
one input disturbance variable, one output variable to be
controlled and two measured output variables, different
finite and infinite structures of models must be highlighted,
with a particular notation for each infinite zero order. Only
the row infinite structure of the models is studied in this
paper. We denote {n.;} the set of row infinite zero orders
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of the row sub-systems X(C;j,A,B) and {n,;} the set of row
infinite zero orders of the row sub-systems X(C;,A,F),
(index c for control and index p for perturbation).

From a bond graph approach, in the SISO case, the
condition for DRSSF is: the causal path length between
the input control MSe : u and the output to be controlled
Df :y is shorter than the causal path length between the
disturbance input Se : d and the output to be controlled

Df :y.

First, properties of the submodels X(C,,A,B) and
Y(C,,A,F) are studied since only the second output
variable must be controlled. The shortest causal path
between the output variable to be controlled and the
control input MSe : u is Df :yo = 1:Jo = R: Ryp; —
I:Jy > TF:1/ky = GY : kyy = 1:L; — MSe : u. The
length of this causal path is equal to 3, then n, = 3.
The shortest causal path between the output variable
to be controlled and the disturbance input Se : dpe is
Df :ys =1:Jo =+ R:Rps —1:Jy — Se: dpeys. The
length of this causal path is equal to 2, then ny, = 2.
Since npy < ne, the disturbance rejection problem with
static state feedback is not possible. In the next section,
we present an alternative solution to the DRSSF that is
the Disturbance Rejection problem with Derivative State
Feedback DRDSF.

3. DISTURBANCE REJECTION WITH DSF
Consider system X(C,A, B, F) defined in equation (1). The
SISO case is recalled and theoretical developments can be
found in Sueur (2016). Some non-restrictive assumptions
are written.

e System X(C,A, B) is state controllable/observable and
the state matrix A is invertible

e The invariant zeros of £(C,A, B) are stable and Q; =
CA~'B # 0, not any null invariant zero.

e n, < nc, the classical disturbance rejection problem
with static state feedback is not solvable

Consider system X(C,A,B,F), and the Derivative State
Feedback (DSF) control law with disturbance defined as
(3), where v(¢) is the new control input variable. The con-
trolled system can be written as equation (4).

u(t) = Fex(t) + Gv(t) + Fpd(t) 3)

{ (I — BF)x(t) = Ax(t) + BGv(t) + (BF, + F)d(t)
y(1) = Cx(z)

If matrix (I — BF,) is not invertible, the state equation in (4)
is a singular (descriptor) system Verghese et al. (1981) and

“4)

the controlled model contains poles at infinity. The char-
acteristic equation of the closed loop system (4) is defined
as det(sl — sBF, — A). The degree 7y of this characteris-
tic polynomial is the number of system’s finite eigenvalues,
while n — 7y is the number of system’s eigenvalues at infinity
Fahmy and O’Reilly (1989).

Since the control law is expressed in terms of derivative
state variables, from a bond graph approach we apply a
preferential derivative causality assignment.

3.1. Disturbance Rejection by DSF without pole place-
ment

Consider the new state space representation as proposed in
equation (5), written from the bond graph model with pref-
erential derivative causality assignment.

{ x(t) =A"'%(t) — A7 ' Bu(t) — A7 Fd(t) 5)

y(t) = CA~'x(t) —CA~'Bu(t) — CA~'Fd(t)

With the control law u(r) = F.x(t) + Gv(t) + F,d(t), the
equations (5) can be written as equations (6).

x(t) = (A" —=A'BF)x(t) — (A"'BG)v(¢) ...
—(A7'BF,+A7'F)d(r)
y(t) = (CA~' —CA~'BF.)x(t) — CA~'BGv(t)...
—(CA™'BF, +CA™'F)d(1)
(6)
If (CA-' —CA~'BF,) =0 and (CA"'BF, +CA™'F) =0
then y(t) = —CA~'BGv(t) and the rejection of the distur-
bance is achieved. The matrices F;, G and F),, solution of
the disturbance rejection problem are defined in equation
(7), with condition CA~'B # 0, and the input-output rela-
tion is y(¢) = v(z).

G=—(CA'B) ' =-@;'
F.=(CA'B)'ca' =Q,'cA! (@)
F,=—(CA™'B) 'CA'F = —Q;'cA"'F

The degree 7y of the -characteristic polynomial
det(s] — sBF, — A) of the controlled system X(C,A,B)
with a DSF control law with matrices defined in (7) is
equal to the number of invariant zeros of X(C,A,B), i.e
Y =n—n.. The new model contains only n — n. finite
modes (invariant zeros of X(C,A, B)).

3.2. DRDSF with pole placement

The solution for the DRDSF with pole placement is ob-
tained with the matrices G and F), defined in (7) and with
a new matrix F, defined in equation (8), where the set
{(xl;az;m ;anp} is a set of n;, free parameters used for
pole placement.

Fo=Q ' [CA™ + a4C+ aCA + -+ &, CA™ '] (8)
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Property 1 Sueur (2016) The differential equation verified
by the output variable y(t) with a derivative state feedback
control law defined by u(t) = Fox(t) + Gv(t) + F,d(t), with
matrices G and F), defined in (7) and matrix F. in (8) is
written in equation (9).

a”’)y(”p) 4yt oy+y= v(t) ©)]

The DRP (Disturbance Rejection Problem) with a DSF of
type u(t) = F.x(t) + Gv(t) + F,d(t) with matrices G and F,,
defined in (7) and matrix F; in (8) has a solution with pole
placement if n, < n.. In that case, the degree of the char-
acteristic polynomial det(sl — sBF, —A) of the controlled
system is equal to (n —n.) +np,.

Property 2 Sueur (2016) The DRP (Disturbance Rejection
Problem) with a DSF of type u(t) = F.x(t) + Gv(t) + Fpd (t)
with matrices G and F,, defined in (7) and matrix F_ in (8)
has a stable solution with pole placement if n, < n. and the
invariant zeros of model £(C,A, B) are strictly stable.

Since the non-assigned finite modes of the controlled
model with a DSF are the invariant zeros of system
Z(C,A,B), the proof is straight. Only 7, finite modes can
be freely chosen.

4. UNKNOWN INPUT OBSERVER FOR NON-
SQUARE MIMO SYSTEMS

In order to apply a classical state feedback control law for
disturbance rejection, the state vector and the disturbance
variable must be measured or calculated. An Unknown In-
put Observer can be synthesized to estimate the state vari-
ables because the model contains an unknown variable.
For linear Bond Graph models, solutions dealing with the
infinite (solvability conditions) and finite (stability condi-
tions) structures of the model X(C,A, B, F') are proposed in
Yang et al. (2013) and Gonzalez and Sueur (2018). A struc-
tural approach is proposed due to the structural properties
of the bond graph models. An observer bond graph model
similar to the bond graph model of the physical system is
synthesized. In this section, the Unknown Input Observer
problem for MIMO linear systems is recalled for one un-
known input variable (¢ = 1) and p output detectors. Some
non-restrictive assumptions are written for the model.

e System X(C,A, B) is state controllable/observable and
the state matrix A is invertible

e The invariant zeros of X(C,A,F) are stable and
CA~!'F # 0, not any null invariant zero.

The concept of row infinite zero order of the model
Y(C,A,F) is used in this section. The state space repre-
sentation defined by (1) can be written as (5). The order of

the infinite zero for the row sub-system X(C;,A,F) is de-
noted as np;. With p output variables (sensors), equation
(5) can be rewritten as (10) for the MIMO non-square case
with y; = Cyx(t) the first output variable and 3; = Cyx(t)
the set of p — 1 output variables (except y;(¢)). It is sup-

posed without restriction that n,1 <npi;i=2,---,p.
x(t)=A" ‘x(t) A7'Bu(t) —A"'Fd(r)
y1(1) =A™ k(1) = CLA™ ' Bu(t) — C/A ™' Fd(r)
y1(t) C1A i(t) — C1A™'Bu(t) — C1A~'Fd(t)
(10)

If Q4 = CIA™'F # 0 (Model £(Cy,A, F) has no null in-
variant zero), variable d(¢) and its estimation d(r) can be
described by equation (11), and the estimation error for the
disturbance written in (12).

d(r) :—Q;[}l[yl(t A7 'x(1) + C1AT Bu(1)]
d(t) = —-Q,) (1) —CIA 13(t) + C1 A~ Bu(t)]
an

d(r)—d(r) = Q) CIAT (i(1) — %(1)) (12)

The estimation of the state vector is written as (13) Matrix
K, used for pole placement, is multiplied by the n | deriva-
tive of the first output variable, and for the other output
variables, with a first order derivation.

£(t) = AR(1) + Bu(t) + Fd (1) — AK 1

1=

yg"pl) _y(”pl) ‘|

13)

If e(t) = x(t) — (¢) is the state vector error, from (10),

(11) and (13), the state error estimation equation is given by

(14), where N¢y, is defined in (15). The fixed poles of the

estimation equation error defined in (14) are the (n —n,1)

invariant zeros of system X(C,A,F), and n,; eigenvalues
can be freely assigned with matrix K.

e(t) = Ne - é(1) (14)

C]A"pI*I

_4-1_a-lpo-I1 -1 _
NeL =A~1—A71FQ,) CiA K{Cl

s)

5. TORSION-BAR WITH ONE UNKNOWN INPUT

In this section, we propose a unified approach for the
control of a real Torsion-Bar system. The UIO observer as
the control law DSF are synthesized with a quite similar
approach from the analysis step (analysis of the finite and
infinite structures) up to synthesis. Note that the numerical
values of components parameters are only necessary at
the very last step. Structural properties are highlighted
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from the bond graph model of the machine. As studied in
section , the classical DRP with static state feedback is not
possible for the Torsion-Bar system with output variable
y2(t) and the disturbance variable d(¢). A DSF is applied
in this section and the efficiency of this control law is
proved.

5.1. DR with DSF: structural analysis and simulations
Model X(C,A,B) is structurally controllable/observable
and the state matrix A is invertible, a derivative causal-
ity assignment can be applied to the bond graph model.
The poles of the model (eigenvalues of matrix A) are
equal to —898.33, —7.834 £55.68j, —10.379. The infinite
structure of models £(C3,A, B) and £(C,,A, F) have been
studied with a structural approach in section 2.3. Since
np2 < ne, the DSF has a solution with n —n., =1 finite
non-assigned mode which is the invariant zero of model
X(C>,A,B) (value I, = fﬁ = —3571.42), and njp =2
finite modes which can be chosen with matrix F,. Some
coefficients can be derived from a causal analysis (causal
path gains), but here they are directly obtained from formal
calculus with Maple (or Matlab), equation (16) for matrices
with pole placement.

3 B 2 12
G— Wtf;—w — 188.456- 1073
F

p = 4 =8.4319 (16)
F.= (CGAT'B) MCA + Gy + 0n.CrA]

We obtain Y»(s) = WV(&‘) (two poles can be

chosen because n,, = 2), and det(s] — A — sBF;) =

RI'Ra+R2'Ra+k,2,,'k,2) 2
CrohLadi (Cs *Rys s+ 1) - (0 - 5"+ 0 - s+

1)=2.9483-107 - (2.8-10 % -5+ 1) (o - s* + a1 -5+ 1)

In each simulation, the reference input v(z) is defined
in rads™' and its action begins at 0.5s with a value of
20rads—'. Att = 2s the input is incremented at 40rads ™"
and maintained until the end and the unknown input is
dperi(t) = —0.3N -m with time action between Ss to 15s.
Each simulation is proposed with a white Gaussian noise,
as it is usual for realistic systems.

First, an open loop control is proposed in order to analyse
the influence of the disturbance on the output variable
y2(t), Fig. 4. Then, the DSF control law with pole
placement is applied, Fig. 5. Parameters have been chosen
as oy = 15/50 and oy = 1/50 (poles arbitrarily chosen
equal to —5, —10). The disturbance rejection is achieved,
with good results.

5.2. UIO observer: structural analysis and synthesis

The UIO synthesis is proposed with the two output detec-
tors Df : y; and Df : y,, one input control MSe : u and one
disturbance variable Se : dp. It is a non-square model.
From the bond graph model Fig. 3, some structural proper-

Figure 5: Disturbance Rejection with DSF with pole place-
ment.

ties of the model X ([C},C}]", A, F) are studied. The causal
path with the first output detector is Df : y; —1:J; — Se:
dpers and the causal path with the second output detector is
Df:yo—=1:Jo = R:Rp;— 1:J1 — Se: dpey. The length
of these causal paths are equal to n,; = 1 and n,y = 2 for
y1 and y> respectively. n,; < np, thus the estimation of
the state vector is written as in equation (13) with n,; = 1.
Matrix N¢y, is written in equations (17).

(O]
G

7
Matrix K = (k;j) is a 4 by 2 matrix with eight un-
known parameters. From a structural analysis, it can be
proved that model Z([C’I,CQ]Z,A,F ) has one invariant
zero, which is the common invariant zero of submodels
(C1,A,F) and (C2,A,F). The invariant zero is equal to
721 = —R4/L, = —917.91. The inverse of this invariant
zero is a fixed mode for the estimation error equation,
i.e. for matrix Ncr. The four poles of matrix Ny, are in
our study —1/917.91, —1/1000, —1,/2000 and —1/3401.4.

Nep=A"'—A"'F(CA'F) 'A - K {

5.3. DRDSEF application to the real Torsion-Bar system
The Disturbance Rejection with the Derivative State Feed-
back control law and the UIO are applied simultaneously on
the real Torsion-Bar system. Two software are necessary:
20-sim for modelling and simulation and 20-sim 4C used to
load the C-code and to run it on the hardware with charac-
teristics given by the factory owner (Controllab Products).
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A simplified description of the HIL with this real time plant
application is proposed in Fig. 6.

Torsion-Bar system

A

Actuator Sensors
(Power Amplifier)

A

(Incremental Encoders)

C-Code (20-Sim® 4C)

TS-7300

Controller Board
(Controllab Products B.V.)

—> ()
—> %)
u(®) BGU]O o> (1)

j’—’ dpert

vt) —» BGcrgy

Figure 6: Real time plant application with HIL description.

To begin, the influence of the disturbance on the output
disk is assessed with an open loop control. The control law
is thus implemented with estimation of different variables:
DR with DSF and the UIO are implemented together. The
control law is then applied with ; = 0 in order to demon-
strate the importance of disturbance estimation for control
design.

The input u(z) is defined in voltage and its action begins
at t = 0.5s with a value of 2 Volts. At ¢t = 2s, the input
is incremented at 5 Volts and maintained at this value
until the end. The disturbance input is created by an
unknown load, as seen in Fig. 7. Since the application of
the disturbance is made manually, its effects can change
between different experiences (except for the steady
state behaviour), principally for the time action. This
disturbance is then estimated and applied for simulation
on the bond graph model of the Torsion-Bar system with
identical conditions as to the real Torsion-Bar system. In
Fig. 8, the estimated disturbance variable as for the control
input are drawn. In Fig. 9, the dynamical behaviours of
the output variable y,(¢) measured or calculated when
applying the estimated disturbance variable on the model
and the behaviour of the estimated variable $,(¢) prove the
good effectiveness of the observer.

<«—— Perturbation

Controlled Board

Figure 7: Torsion-Bar System with mechanical perturba-
tion.

Figure 8: Open loop control applied to the real Torsion-Bar
system with disturbance estimation d

Simulation

30
50

Real System

50
0

Figure 9: Open loop control: comparison of y,(¢) measured
(real system) or calculated (with estimated disturbance) and
their estimations J,(¢).

DR with DSF and UIO applied to the Torsion-Bar system

The DR by DSF with Pole Placement is applied to the
equipment and variables behaviours are presented in Fig.
10 and Fig. 11 with the same reference input as before. The
measured output variable y,(f) and its estimation are also
shown for the real system and as before for the bond graph
model for which the same control law is applied, but with
the estimated disturbance variable. They prove the effec-
tiveness of the control law as well as for the UIO. Variables
(curves) have smooth behaviours, and we can consider that
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very good results are obtained. At least, the same control is
applied with F,, = 0, Fig. 12 and Fig. 13: in that case, the
disturbance is not rejected.

N <)

Figure 10: DSF control law with pole placement applied to
the real Torsion-Bar system with disturbance estimation d.

40 i

Simulation

Real System

-

i

Figure 11: DSF control law with pole placement applied to
the real Torsion-Bar system : comparison of y,(¢) measured
(real system) or calculated (with estimated disturbance) and
their estimations $,(¢).

Nom “yer®)

Figure 12: DR with DSF control to the real Torsion-Bar
system with pole placement and F,, = 0: disturbance esti-
mation d.

Simulation

Real System /ﬂw

-

i

Figure 13: DR with DSF control to the real Torsion-Bar
system with pole placement and F, = 0: comparison of
y2(f) measured (real system) or calculated (with estimated
disturbance) and their estimations $, (7).

5.4. Some comments: derivation, impulsive modes,
noise and robustness

Output differentiation with order n, (relative degree of
model X(C,A,F)) is necessary for the measured output
variables, their estimations as for the disturbance variable
dpers. It is a classical practice in control plant applica-
tions, as in Floquet and Barbot (2006), where differenti-
ation of input variables is also necessary. Literature of-
fers many ways for solving this problem. Numerical dif-
ferentiation of signals that come from measures is thus a
classical problem in signal processing and automation, and
many problems have been solved by creating algorithms for
approximation of derivatives (forward-difference formula,
backward-difference formula, automatic (algorithmic) dif-
ferentiation, etc.) Griewank and Walther (2008) Burden
and Faires (2011). Numerous numerical methods for ap-
proximation of derivatives of measurable signals can thus
be used.

Moreover, another fundamental aspect associated with
derivative state feedback (DSF) is, from a theoretical point
of view, discontinuity in the state trajectory and thus un-
bounded values of the control law (Verghese and Kailath
(1979)). Indeed, an impulsive mode can cause a jump at
time r = 0 for some state variables and thus impulses for
the control law for some initial conditions. In our approach,
derivative state variables are estimated from the bond graph
model (UIO) without applying any derivation for the state
variables. Even if values can change strongly and rapidly,
efficiency of the approach is proved here.

Simulations and applications of control laws and estimation
algorithms are performed here using 20-sim and 20-sim 4C
software. For the real Torsion-Bar system, the sensors are
incremental encoders. The outputs variables are subject to
a loss of data or incorrect information because of the treat-
ment of the signal from the encoders, or due to vibrations
on the entire model. With measurement of real signals, the
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additive white Gaussian noise is often a good noise model.
It can be a good noise approximation for many systems.
An advantage to use this Gaussian noise is that it is very
easy to deal with mathematically (and translate into dis-
crete algorithms), Balakrishnan and Verghese (2012). The
distribution of frequency (or frequency spectrum) of d.;s
has a Gaussian form ("Bell form™) and for this reason the
Gaussian noise block in 20-sim is used in order to add this
noise for simulations.

Generally, controlled systems work under effects of
perturbations, incertitude, parameter changing... The
robustness property of the controller guarantees a good
performance. Our approach can be easily extended by
taking into account some of these considerations in the
bond graph domain, with related works in the literature,
not recalled here. In a way, we prove the robustness of our
approach by assessing theoretical results applied on the
real Torsion-Bar system.

6. CONCLUSION

In this paper, Disturbance Rejection with Derivative State
Feedback control is applied to a real plant application. This
approach reveals that the bond graph representation is well
adapted since theoretical developments for analysis and
control synthesis are emphasized from a structural point of
view. Derivative state variables as well as disturbance vari-
ables are estimated with an Unknown Input Observer. An
integrated approach can be considered in this work, since
analysis up to synthesis are designed on a unified way.
Good results obtained for the control of a real Torsion-Bar
system prove the effectiveness of the proposed approach.
It is the main issue of this paper. The disturbance variable
is well estimated, and thereafter well rejected. In future
works, the approach will be used for the well-known input-
output decoupling problem with simultaneous disturbance
rejection when it can’t be solved with the classical static
state feedback control law. From a theoretical point of view,
the methodologies are very close.
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ABSTRACT

This paper presents a new solution for the well-known
input-output decoupling problem of linear multivariable
systems with a derivative state feedback control law. A
simple solution to the pole placement problem is high-
lighted in the monovariable and multivariable cases with
application to a mechanical system. Analysis up to control
design are achieved structurally in the bond graph domain
for the case study.

Keywords: Bond graph model, derivative state feedback,
input-output decoupling, pole placement, linear systems

1. INTRODUCTION

Theories for the control of multivariable linear systems by
static state feedback control laws, and particularly for the
input-output decoupling problem are available in the liter-
ature since many years Morgan (1964), Falb and Wolovich
(1967) and Gilbert (1969). Decoupling properties Descusse
and Dion (1982) and Dion and Commault (1993) and the
stability property of the controlled system can be pointed
out due to intrinsic relations between the finite and infinite
structures of the model Brunovsky (1970), Morse (1973),
Rosenbrock (1970), Kailath (1980) and Dion and Com-
mault (1982). An alternative way is the geometric approach
that made clear relations between subspaces and the de-
coupling properties Wonham and Morse (1970), Basile and
Marro (1992), Commault and Dion (1982) and Martinez-
Garcia et al. (1994). Many authors proposed also a struc-
tural approach Linnemann (1981), van der Woude (1991)
and Dion and Commault (1993).

With the bond graph approach Rosenberg and Karnopp
(1983), state feedback control laws have been used for
the disturbance rejection and input-output decoupling prob-
lems Bertrand et al. (1997). it has been proved that con-
cepts can be simultaneously used in a unified way, due to
the information contained at the same time in the graphi-
cal representation and due to the mathematical information
contained in the structure of the model Sueur and Dauphin-
Tanguy (1992).

The input-output decoupling problem such as the distur-
bance rejection problems are not always solvable by regular
static state feedback control laws. Moreover, in many appli-
cations, the sensors directly measure state derivatives rather
than states. A proportional-derivative state feedback law is
used in Bonilla-Estrada and Malabre (2000) for the decou-
pling of linear systems and in Koumboulis (2016) for the
decoupling problem of linear singular systems. Derivative
state feedback control laws are also for example in Tseng
(2009) and Moreira et al. (2010).

The objective of this paper is the development of a new
derivative state feedback control law when classical prob-
lems are not solvable with a static state feedback control.
A new solution is proposed thanks to the bond graph model
with a derivative causality assignment. Note that a similar
solution is proposed in Sueur (2016) for the disturbance re-
jection problem. The properties of the controlled model are
also studied with a graphical (structural) approach.

In section two, the concept of Derivative State Feedback
(DSF) with pole placement is recalled for linear mono-
variable models, with characterisation of the controlled
model properties. Extension to the input-output decoupling
problem is thus developed in the following section. Section
four is dedicated to an application, which proves the
efficiency of the methodology with a brief conclusion.

2. DSF: SISO CASE

Consider a linear square invertible system X(C,A,B) de-
scribed by the classical state space representation written
in (1), with x € R" the state vector, u € R™ the input vector
and y € RP the vector of output variables to be controlled.

x(r) = Ax(t) + Bu(r)
{ ¥(6) = Cx(r) )

In this section, the Derivative State Feedback (DSF) control
law is studied for linear monovariable systems X(C,A, B),
m = p = 1. The infinite zero order is the integer denoted r,
see Appendix A. for explanations about structures of mod-
els, and Appendix B. for structural properties of bond graph
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models. Some concepts are first recalled and thus a solution
is given in case of models with and without null invariant
zeros. Some non restrictive assumptions for bond graph
models are written:

e System X(C,A, B) is state controllable/observable and
the state matrix A is invertible

e The state variables and their derivatives are measured
or estimated

e The non null invariant zeros of X(C,A, B) are strictly
stable

2.1 DSF: mathematical description

Consider the linear system X(C, A, B) described by the state
space representation in (1), and the DSF control law defined
in (2). v(t) is the new input variable (new control).

u(t) = Fx(t) + Gv(t) )

The controlled system can be written as (3).

{ (I — BF)x(t) = Ax(t) + BGv(t) 3)

y(t) = Cx(1)
The state equation in (3) is called generalized state space
form or descriptor form and the controlled model contains
poles at infinity. The characteristic equation of the closed
loop system (3) is det(sI —sBF —A) =0, and its degree ¥
is the number of system’s finite eigenvalues, while n — ¥ is
the number of system’s eigenvalues at infinity Fahmy and
O’Reilly (1989). If matrix (I — BF) is not invertible, the
system has thus poles at infinity.

2.2 DSF: model without null invariant zero, CA~'B # 0
If a derivative causality assignment is applied to the bond
graph model, a new state space equation (4) can be written,
i.e. vector x(r) is expressed as a function of x(z). This
approach has been extensively used for the UIO (Unknown
Input Observer) design Gonzalez and Sueur (2018b) and
for the disturbance rejection problem with derivative state
feedback Sueur (2016).

x(t) =A7'x(t) — A" Bu(t) 4
{ y(t) = CA='x(t) — CA~'Bu(t) @)

If Q; = CA™'B # 0, model X(C,A,B) doesn’t contain
any invariant zero equal to 0, and with the control law de-
fined in (2), equations (4) can now be written as equations
(5). It is worth noting that matrix Q,; can be called under
the name of decoupling matrix of the bond graph model
with derivative causality assignment (BGD), because it is

deduced from the BGD, as for its properties (infinite struc-
ture of the BGD).

If (CA~! —CA~'BF) =0 then y(t) = —CA~'BGv(t). With
matrices F' and G defined in equation (6), input-output re-
lation is y(¢) = v(t).

F=(CA'B)~lcA~ ' =q;'ca™! ©)
G=—(CA™'B) = -q;!

2.2.1 Properties of the controlled model without pole
placement
With the control law defined in equation (2), the invariant
zeros of the controlled system, zeros of matrix Scy(s) de-
fined in equation (7) are the zeros of model £(C,A, B), open
loop model.

s —A—sBF —BG ) )

Scr(s) = ( C 0

Due to control law in equation (2), with matrices F' and G
defined in (6), some properties are pointed out.

Property 1 Sueur (2016) The controlled system £(C,A,B)
with a DSF control law defined in (2) and (6) is an implicit
model Rosenbrock (1970), of the type Ex = Ax + Bu, with
matrix E non invertible.

Property 2 Sueur (2016) The degree Y of the character-
istic polynomial det(sI — sBF — A) of the controlled sys-
tem X(C, A, B) with a DSF control law defined in equations
(2) and (6) is equal to the number of invariant zeros of
X(C,A,B), i.e. Yy=n—r. The new model contains only
n — r finite modes (invariant zeros of £(C,A,B)).

The input decoupling zeros (non controllable modes) of
system X(C,A,B) are the zeros of matrix [sIl —A — B].
For a controllable model, this matrix doesn’t contain any
zero. With the DSF control law, it can be easily proved that
the new matrix [s/ —A —sBF — BG] is equivalent to the
previous one and thus this matrix doesn’t contain any zero.
The output decoupling zeros (non observable modes) are
the zeros of matrix [s/ —A" C']". With the DSF control law,
the non observable modes are generally all or one part of
the invariant zeros.

Property 3 Sueur (2016) The zeros of matrix [sI —
s(BF)' — A" C'|' of the controlled system ¥(C,A,B) with
a DSF control law defined in equations (2) and (6) are the
invariant zeros of the model X(C,A, B).

2.2.2 DSF with pole placement

The solution for the DSF with pole placement is obtained
with matrices G defined in equation (6) and with the new
matrix F defined in equation (8). The set {0y, 0, , 0}
is a set of r free parameters used for pole placement.

x(t) = (A~ —A7'BF)x(t) —A~'BGv(r) 5)
y(1) = (CA~' —CA~'BF)i(t) — CA"'BGv(r) F=07'[CA7" + o1C+ opCA+ -+ 0,CA™™']  (8)
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Property 4 The differential equation verified by the output
variable y(t) with a derivative state feedback control law
defined in equations (2), with matrix G = —Q;l and matrix
F in (8) is written in equation (9). Proof: Appendix C.

oy () + -+ onF(t) + any(e) +y(t) = v(t)  (9)

Property 5 The degree of the characteristic polynomial
det(sI — sBF — A) of the controlled system ¥(C,A,B) with
a DSF control law defined in equations (2), matrix G in
equation (6) and matrix F in (8) is equal to (n—r)+r=n
(number of invariant zeros of X(C,A,B) + infinite zero or-
der of ¥(C,A,B)).

Proof: Since Matrices S(s) and Sy (s) are equivalent,
detS(s) = detScy(s), which is a polynomial of degree
n —r, (number of invariant zeros). Moreover, detScy(s) =
det(sI — A — sBF).det(C(sI — A — sBF)~'BG), and since
the new transfer function is of order r with a constant
numerator, det(s] —A — sBF) is a polynomial of degree
(n—r)+r=n0
Note that for a SISO controllable system £(C,A,B), with
a classical state feedback control law, » modes can be as-
signed and the model generally remains observable. With
this approach, the controlled model X(C,A,B) contains
n— r invariant zeros which becomes non observable modes.
They are the non-assigned modes and must be strictly sta-
ble.

Property 6 The non-assigned modes of the controlled sys-
tem X(C,A, B) with a DSF control law defined in equations
(2), matrix G in equation (6) and matrix F in (8) are the
(n— r) invariant zeros of £(C,A,B).

In many practical applications, with a state feedback
approach, the state vector must be estimated. In this ap-
proach, the derivative of the state vector must be estimated.
From a bond graph approach, as proposed in Gonzalez and
Sueur (2018b) for the UIO design, the derivative of the
state vector is directly obtained from the observer (bond
graph model).

2.3 DSF: one null invariant zero, CA~'B=0

When model £(C,A, B) has at least one null invariant zero,
CA~'B =0 and the previous approach must be extended. It
is supposed that model X(C,A, B) has only one null invari-
ant zero, i.e. Qy = CA 2B # (0 (non restrictive assumption).
With the control law defined in (2), equations (5) can now
be written as equations (10).

Equation (10) must be rewritten as equation (11), with the
integral of the output variable y(z).

x(t) = (A" —=A7'BF)x(t) —A~'BGv(¢)
y(t)dt = (CA=> —CA~2BF)x(t) — CA~>BGv(t)

1)
If (CA=2 —CA™2BF) = 0 then [y(t)dt = —CA~2BGv(t).
With this simple solution, there is a direct transmission be-
tween the new input variable v(r) and the integral of the
output variable y(z). The matrices F and G are defined in
equation (12), with condition Q; = CA~2B # 0.
— —2p\-1A—2 _ 0-lca—2
F=(CA _B;) —C1A _{Zfi CA (12)

G=—(CA"B)"' =—-Q,

The input-output relation without pole placement is now
y(t) =v(t). Some properties can be highlighted as previ-
ously.

Property 7 The zeros of matrix [sI —s(BF)' —A! (CA=!)!]!
of the controlled system ¥(C,A,B) with a DSF control law
defined in equations (2) and (12) are the strictly stable in-
variant zeros of the model X(C, A, B). Proof appendix D.

The control law with pole placement is now written. Con-
sider matrices G defined in equation (12) and the new ma-
trix F defined in equation (13). The set {@;, 0, -, 041}
is a set of r 4 1 free parameters used for pole placement.

F=0,'[CA2+aCA™ ' + 0pCA + -+ + 0ty | CA"]
(13)

Property 8 The differential equation verified by the output
variable y(t) with a derivative state feedback control law
defined in equation (2) and matrix G = 7931 and matrix
F in (13) is written in equation (14).

1y V() + -+ 03() + eay(r) + (1) = (1)
(14)
The proof of this property is quite similar to the proof of
property 4, in appendix C., with only the expression of
Jy(¢)dt instead of y(¢) and with the calculus of [y(¢)dt
that gives as first element oy CA~'5%(¢) = oy CA~ " (Ax(t) +
Bu(t)) = a;Cx(t) = oy y(t), since CA™'B = 0.

Property 9 The degree of the characteristic polynomial
det(sI — sBF — A) of the controlled system X(C,A, B) with a
DSF control law defined in equation (2), matrix G = —Qljl
and matrix F in (13) is equal to (n—r—1)+r+1=n

x(t) = (A7! —A*IBF)x(t) —A7'BGyv(1) (number of strictly stable invariant zeros of X(C,A,B) +
y(t) = CA~'x(¢) (10) infinite zero order of X(C,A,B) + 1).
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With this approach, the controlled model ¥(C,A,B) con-
tains n — r — 1 invariant zeros which becomes non observ-
able modes. They are the fixed modes that must be strictly
stable.

Property 10 The fixed modes of the controlled system
Y(C,A,B) with a DSF control law defined in equations (2),
G = —Q;"' and matrix F in (13) are the (n—r — 1) strictly
stable invariant zeros of (C,A, B).

3. INPUT-OUTPUT DECOUPLING WITH DSF

The input-output decoupling problem with stability is stud-
ied here for linear invertible models described by equa-
tion (1). A simplified version is given form = p =2. It
can be easily extended to any linear square invertible mod-
els. Tt is still supposed that the model is state control-
lable/observable with an invertible state matrix and that the
non null invariant zeros are strictly stable.

Consider a linear model described by equation (1) with
{ni} # {n}}. From this property, input-output decoupling
with the classical regular static state feedback control is not
possible, or equivalently the decoupling matrix Q defined
in equation (15) is not invertible, see Appendix E.

CiAM~ 1B
Q= ( Cram-1g ) (15)

A derivative state feedback control is applied. The DSF
control law is now defined in (16). v(¢) is the new input
vector (new control) and matrix F is now a 2xn matrix and
G a 2x2 square matrix.

u(t) = Fx(1) + Gv(t) (16)

The state space equation is written as (17)

x(t) = (A" —A7'BF)x(t) —A~'BGv(1)

yi1(t) = (CLA~' —C1A7'BF)x(t) — C1A~'BGv(t)

y2(t) = (CA™! —C,A™'BF)x(t) — A~ 'BGv(t)

a7

If model defined by equation (1) doesn’t have any null in-
variant zero, thus matrix Q,; = CA~ !B is invertible and the
control law defined by equation (16) with matrices F' and
G defined in (18) give a simple decoupled singular model
with direct transmission between the new input variables
and the output variables as described in equation (19).

F=(CAT'B)"lcA™ ' =q;'cA™! 18

G=—(CAT'B) 1 =-q,! (1%
yi(t) =)

=t 1

As for the SISO case, some properties remain valid, such as
property 1, that is, the degree 7 of the characteristic polyno-
mial det(s/ — sBF — A) of the controlled system X(C,A, B)

with a DSF control law defined in equations (16) and (18)
is equal to the number of invariant zeros of £(C,A,B), i.e.
Y = n— Zn. The new model contains only n — Xn; (and
not n — Xn;) finite modes that are the invariant zeros of
X(C,A,B).

The solution for the input-output decoupling problem with
pole placement is obtained with G = —Q;l and with
the new matrix F defined in equation (20). The set
{a1,00, -, 04, } is a set of ny free parameters used for pole
placement for the first submodel and {Bi,B2,---, By, } is a
set of ny free parameters used for pole placement for the
second submodel.

CIA ™ + oy Cr+- -+ 0, C A" !

CA~! +ﬁ1C2+"'+ﬁn2C2An2_l (20)

F=0'
Property 11 The differential equation verified by the two
output variables y| (t) and y,(t) with a derivative state feed-
back control law defined in (16) with matrix G in (18) and
matrix F in (20) is written in (21). Proof: appendix F.

{ " (1) + -+ 0051 (1) + i (1) + 31 () = vy

By (6) + -+ Baga () + Brya(t) +y2(£) = v2
21

Property 12 The degree of the characteristic polynomial
det(sI — sBF — A) of the controlled system X(C,A,B) with
a DSF control law defined in equations (16), matrix G in
equation (18) and matrix F in (20) is equal to (n —Xn;) +
Xn; (number of invariant zeros of X(C,A,B) + sum of row
infinite zero orders of submodels £(C;,A,B)).

Proof: Since Matrices S(s) and Scr(s) are equiva-
lent, detS(s) = detScr(s), which is a polynomial of
degree n — Xn!, (number of invariant zeros). Moreover,
detScy(s) = det(sI — A — sBF).det(C(sI —A — sBF )~ 'BG),
and since the new diagonal transfer matrix is such that
det(C(sI — A — sBF)~'BG) is of order Zn; with a constant
numerator, det(s/ — A — sBF) is a polynomial of degree
(n—Xn)) +Xn,.0

With this control law, the controlled system is thus an
implicit model, i.e. matrix (I — BF) is not invertible, with
Zn§ — Xn; poles at infinity, due to the difference between
the two sets {n.} and {n;}. Theoretical developments must
still be achieved.

Some remarks about robustness and impulsive modes

In a future research, study of robustness properties and of
impulsive modes effects will be addressed.

Regarding the steady state behaviour, it is well-known that
classical control laws such as static state feedback type
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may not be able to suppress the disturbance and track the
set point in the presence of model mismatch. Few meth-
ods achieving simultaneous decoupling and set-point track-
ing exist. From the classical control law u(t) = Fx(t) +
Gv(t), the closed loop transfer matrix is Y (s) = C(sI —
A —BF)™'BGV(s) = Mc(s)V(s). In the steady state be-
haviour with s = 0, it comes M (0) = C(A — BF)~'BG
which is diagonal matrix containing the static gains. These
static gains can vary in the presence of model mismatch.
Consider now equation (3). The closed loop transfer ma-
trix is Y (s) = C(sI —sBF —A) 'BGV (s) = Mcr(s)V (s). In
the steady state behaviour with s = 0, it comes M¢(0) =
CA~'BG. Matrix CA~'B contains the causal path gains for
paths of length O between the input variables and the output
variables in the BGD. It is independent of matrix F, thus of
the control matrix gain, only of some parameters which are
well identified, since contained in the causal paths.
Concerning impulsive modes, a fundamental aspect
associated with derivative state feedback (DSF) is, from
a theoretical point of view, discontinuity in the state
trajectory and thus unbounded values of the control law
(Verghese et al. (1981)). Indeed, an impulsive mode can
cause a jump at time ¢ = 0 for some state variables and thus
impulses for the control law for some initial conditions. In
our approach, derivative state variables are estimated from
the bond graph model without applying any derivation for
the state variables. Even if values can change strongly
and rapidly, the effectiveness of the approach is proved
in (Gonzalez and Sueur (2018a)), with application of
this control type applied to a real torsion bar system for
disturbance rejection purpose.

4. CASE STUDY: MECHANICAL SYSTEM

The studied mechanical system is presented in Fig. 1. The
system consists of the following components (names and
parameters are identical): two masses M and m that can
move without friction on the ground, a damper R and a
spring C, = 1/k, between the two masses, a spring C, =
1/k, that acts on the mass m, and two actuators described as
a flow source that imposes a speed on the spring C, and an
effort source that imposes a force between the two masses.
In a vertical representation, this simple mechanical system
is the classical car shock absorber.

In this paper, this system is studied first in the SISO
case (with and without null invariant zero) and thus in
the MIMO case, only in order to illustrate the different
theoretical properties developed in the previous sections.
Procedures can be easily applied to more complex models.

4.1 BGI model and state space model

The bond graph model of the system (drawn with 208im®)
is shown in Fig. 2. MSf : u; one of the two control inputs,
is a flow source and MSe : u; is an effort source. There are
two output variables associated to output detectors which

)

uft) P (spec)
N 2
w—r+—"W— m —YW—E—— M
ky foreSsensor
a1
i}
R

O O QO

Figure 1: Schematic representation of the mechanical sys-
tem

can be used to estimate the derivatives of the state variables
that are used in the different control laws. These output
variables are considered here as output variables to be con-
trolled. y| (¢) is a speed variable associated to a flow output
detector Df : y; and y,(¢) is an effort variable associated
the force applied on the spring C, and denoted as De : y, .

Mse:u, Ch,

R:R L Jj
C-'I/kR \1 b———0 ——lDe:y,

Msfiuy | 0 111 0 11 | I:M

Figure 2: Bond graph model of the mechanical system:
BGI

The state equations (22) are directly obtained from the
bond graph model of Fig. 2. The state vector is x =
(x1,%2,%3,x4)", with energy variables: x; = p; = py and
Xp = p; = pm (representing the momentums) and x3 = g¢ =
qc, and x4 = qc = qc, (representing the displacements).
The output matrix C can be written as C = [C},C5]".

B= =g+ B+ A —un()

Xy = — Ry — éx3 + C%M-th(f)

By = X+ (22)
X4 = —ixz-l-ul(f)

ni(t)=gx yt)=gx

The study is first proposed for each row model £(C},A, B;).
Matrix Bj is associated to the j control input variable
uj(t). The Bond graph model is controllable/observable
and the state matrix is invertible, a derivative causality can

be assigned to each dynamical element, Fig. 3.
4.2 Analysis and Control with output y; (¢): SISO cases
Note that each subsystem is studied separately and that the

same notation is used for the infinite zero orders.

Study of submodel £(Cy,A,B;): CLA~'B; #0

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018 22

ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.



Mse:u, C: l/k,,

R:R L T
C.‘l/l.-K I m\1 ———10 ——=iDezy,

N

Msfiuy | 0} 1t 1——=IM

Figure 3: BG model with derivative causality assignment:
BGD

The infinite zero order for the output variable y;, denoted
ni, is equal to the shortest causal path length between the
input source MSf : u; and the output detector Det : y; on
the BGI in Fig. 2. The causal pathis Df :y; -1: M — R:
R—1:m— C:C,— MSf :u; with length n; = 3. We can
conclude that CiB; = C;AB; = 0 and C;A?B; # 0 and that
the submodel X(C),A, B;) has one invariant zero.

For the BGD in Fig. 3, the infinite zero order for the output
variable y;, denoted n,4, is equal to the shortest causal path
length between the input source MSf : u; (¢) and the output
detector Det : y;. The causal paths is Df : y; — MSf : uy
with length n1; = 0. We can conclude that C,A™ 1B, #0
and that the submodel X(C;,A,By) doesn’t have any null
invariant zero. The invariant zero is s = —1/RC,.

Consider matrices G and F defined respectively in equa-
tions (12) and (13). There is a set {oy,0p,03} of
3 free parameters for pole placement. G = fQ;lll =
—(C1A7'By)~! =1 and matrix F is in equation (23).

F=0;[CA™ + 1C1 + pCiA+ a3C1A7] (23)

The input-output relation with pole placement
YV 1(t) + oy (t) + aryi(t) + yi(t) = v(). Ma-
trix (I — B1F) 1is invertible, the controlled model
is not singular, and the fixed pole is the invariant
zero (strictly stable for this example). The char-
acteristic polynomial of matrix (s/ — sBjF — A) is
(038% + o5 + oy s + 1) (RCys + 1) /(MmC,C,). Tt is worth
noting that since (C;A~!'B;)~! = 1, the static gain of the
closed loop model is theoretically always equal to 1 even
with not well known parameters.

Study of submodel £(Cy,A,B,): CLA™'B, =0

The infinite zero order of submodel X(Cj,A,B;) is equal
to the shortest causal path length between the input source
MSf : us(t) and the output detector Det : y; on the BGI in
Fig. 2. The causal pathis Df : y; = 1: M — MSe : uy,
thus n; = 1. We can conclude that C;B; # 0 and that the
submodel £(Cy,A, By) has 3 invariant zeros.

For the BGD in Fig. 3, the shortest causal path length be-
tween the input sources MSe : up and the output detector
Det :yyisDf :y; = C:Cy, — MSe : up thus njy = 1 and

CiA~'By =0, but C;A™2B, # 0. This submodel has one
null invariant zero. The 3 invariant zeros are solution of the
polynomial s(s> 4 1/C,m).

Consider matrices G and F defined respectively in equa-
tions (12) and (13). There is a set {0, &, } of 2 free param-
eters for pole placement. G = —(C1A™%B,) ! = (—1/C,)
and matrix F is in equation (24), with F(1,1) = f§ =
[-M(Ca+Cr)+ o]/ (M.Ca).

{ F=(C]Aisz)fl[C]Afz+(X]C]A71+(X2C1] 24)
F=[p —Cr/Ca R—oy/Ca —o4/Cal

The input-output relation with pole placement is
[053%1 (t) + 0y, (t) +y1 (t) = V(l). Matrix (I—BQF) is invert-
ible, the controlled model is not singular and the two fixed
poles are the non null invariant zeros (not strictly stable
for this example). The characteristic polynomial of matrix
(sl —sByF —A) is (s + 0oy s+1)(Crms* + 1) /(MmC,C,,).
It is worth noting that since (C;A~'By)~! = (—1/C,), the
static gain of the closed loop model is only sensible to
parameter C,,.

4.3 Structural analysis and control: MIMO case

A structural analysis is first achieved with in a second step
an input output decoupling with a derivative state feedback
control law.

Structural Analysis

The infinite zero orders for each output variable y;, denoted
n;, are equal to the shortest causal path length between the
two input sources MSf : u;(¢t) and MSe : uy(¢) and the out-
put detector Det : y;, i = 1,2 on the bond graph model with
an integral causality assignment drawn in Fig. 2. The short-
est causal path length is Df : y; —1: M — MSe : u; for
the first output variable thus n; = 1. For the second out-
put detector, the causal paths are De : y, - C :Cy — I :
M — MSe : up or with the same length De : y, — C : C, —
I:m — MSe : up thus np = 2. Since these two paths are
not disjoint (same input variable), the model is not decou-
plable with a regular static state feedback control law. The
decoupling matrix Q = [(C1B)" (C,AB)']" is not invertible.
Two disjoint causal paths are Df : y; —1: M — MSe : u
and De:y, - C:C,—1:m—C:C, — MSf :u;. The
global infinite zero structure of model £(C,A, B) is associ-
ated to the two global infinite zero orders that are equal to
n} =1 and ny, = 3. The model doesn’t have any invariant
zero since its number is equal to n — Xn} = 0. The infinite
zero structure of the BGD could be analysed, but it is not re-
quired here since the model doesn’t have any invariant zero,
and thus matrix Q; = [(C;A~'B)' (C,A™'B)/]' =CA~'Bis
invertible.

Input-output decoupling with pole placement

An input-output decoupling can be achieved with the
derivative state feedback control law defined in equation
(16), with matrices F' and G defined in equation (18) for
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control without pole placement, and matrix F in equation
(20) for a solution with pole placement, with matrix F in
(25).

C1A71—|—O£1C1

— —1py\—1
F=(CA"'B) |: CA™ 4+ B1Cy + BGrA

(25)
The differential equations verified by the two output vari-
ables y; (¢) and y, (¢) with this derivative state feedback con-
trol law are written in equation (26).

ouy1(t) +y1(t) =vi(z)
{ Basa()+ Buia(0) +32(0) =va) 9

The matrices for the control law are G = I, (the identity
matrix) and F' defined in equation (27).

Fe [ -y /M 0 1 1
| —1+B2/(MCa) —B»/(mCa) R—PBy/Ca O
27

The characteristic polynomial of matrix (s —sBF — A) is
(B2s?® + Bis + 1)(0ys + 1)/ (MmC,C,). Matrix (I — BF)
is not invertible, the controlled model is singular since
In;—EXn; # 0, and there is one pole at infinity.

5. CONCLUSION

In this paper, derivative state feedback is proved to be accu-
rate and can be applied when the input-output decoupling
problem is not solvable with classical techniques based on
static state feedback control. Structural solvability condi-
tions and then stability conditions of the controlled systems
are directly analysed on the bond graph representation.
The next challenge is to clarify the link between the
stability property of the controlled system with its finite
structure, particularly the link between the set of invariant
zeros of the different submodels and the composition of
the set of fixed modes associated to the derivative state
feedback control. Similarly, the nature of the infinite
modes of the controlled model must be clarified.

APPENDIX

A. STRUCTURES OF STATE SPACE MODELS
Finite and infinite structures of model X(C,A,B) must
be highlighted, such as the controllability property, with
is equivalent to study the finite zero structure of matrix
[sI —A — B] or the infinite zero orders of the transfer ma-
trix T (s) = C(sI —A)~'B. We recall some well known con-
cepts.

Infinite structure The infinite structure of an unperturbed
multi-variable linear model X(C,A,B) is characterized by
different integer sets: the set of infinite zero orders of the
global model £(C,A, B) denoted as {n}} and the set of row
infinite zero orders of the row sub-systems X(C;,A,B), de-
noted {n;}, C; is the i"" row of matrix C.

The global infinite zero orders are equal to the mini-
mal number of derivations of each output variable nec-
essary so that the input variables appear explicitly and
independently in the equations. The row infinite zero
order (relative degree) for the proper row sub-system
Y(C;,A,B) is the integer n;, which verifies condition n; =
min {k|C,-A(k_1)B7éO}. n; is equal to the number of
derivations of the output variable y;(r) necessary for at least
one of the input variables to appear explicitly.

Finite structure The invariant zeros (transmission zeros
for controllable/observable models) of model £(C, A, B) are
the zeros of the system matrix defined in equation (28).

sI-A —-B
so=(ct ) e8)
System X(C,A,B) is state controllable iff matrix
[sI —A — B] doesn’t contain any zero, and observ-

able iff matrix [s] — A" C']" doesn’t contain any zero.
Otherwise, zeros are called input (output) decoupling zeros
(respectively) Rosenbrock (1970).

B. STRUCTURES OF BOND GRAPH MODELS
Bond graph with integral causality assignment: BGI

The state space equation (1) of the model £(C,A, B) can be
directly written from the BGI. Finite and infinite structures
can be highlighted from a graphical approach.

Causality and causal paths are useful for the study of prop-
erties, such as controllability, observability and systems
poles/zeros Sueur and Dauphin-Tanguy (1992). The con-
cept of causal path is used for the study of the infinite struc-
ture of the model. The causal path length between an input
source and an output detector in the bond graph model is
equal to the number of dynamical elements met in the path.
Two paths are different if they have no dynamical element
in common. The order of the infinite zero n; for the row
sub-system X(C;,A, B) is equal to the length of the shortest
causal path between the i/ output detector Det : y; and the
set of input sources. The global infinite structure is defined
with the concepts of different causal paths. The orders of
the infinite zeros of a global invertible linear bond graph
model are calculated according to equation (29), where [
is the smallest sum of the lengths of the k different input-
output causal paths.

n’l =1 1
{ nﬁc = lk — lk,1 (29)

The number of invariant zeros is determined by the infinite

structure of the BGI model. The number of invariant ze-

ros associated to a controllable, observable, invertible and

square bond graph model is equal to n — Y n).

Bond graph with derivative causality assignment: BGD

A different expression of the state space equation with

the state vector in terms of the state vector derivative can
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be written, which is equivalent to draw the bond graph
model with a derivative causality assignment. With the
definition of causal paths and causal path length in the
BGD, some zeros can be studied, such as input (output)
decoupling zeros (non controllable/observable modes) and
also the null invariant zeros. As an example, for a bond
graph model the state matrix is invertible if it is possible
to assign a derivative causality to each dynamical element,
which is true for many dynamical systems. The concept of
infinite structure for the BGD has been developed, exactly
as for the BGI, and can be used for the study of the finite
structure of the model. As example, for a mono-variable
system, if CA~'B = 0 we can deduce that the causal path
length in the BGD between the output detector and the
input source is at least equal to 1 and that system £(C,A, B)
contains at least one null invariant zero.

C. DSF WITH POLE PLACEMENT
From equation (5), with matrix G defined in equation (6),
the output variable can be written as (30).

y(t) = [CA~' —CA~'BF]x(t) +v(¢) (30)

Thus, with matrix F defined in equation (8), the output vari-
able y(¢) is in equation (31) and after a first simplification
in equation (32).

y(t)={CA™' —CA7'B(CA™'B)~'[CA™! +- -

<o+ 0y C+ CA + o, CA™ 1 }i(t) +v(1) (1)

y(t) = —{0C+ CA+ -+ o,CA™ " }x(t) +v(t)
(32)
But Cx(t) = y(t) and CAx(t) = CA[(A~' —A~'BF)x(t) —
AT'BGv(t)] = C[(I — BF)i(t) — BGv(t)]. Since CB = 0
it comes CAx(t) = Cx(t) and thus CAx(r) = j(¢t). With a
similar calculus, it comes CA(k_l)x(t) = y(k) for k < r and
thus relation (9).

D. ZEROS OF MATRIX [s] —s(BF)' — A" (CA~)]
Consider the DSF with F = (CA~2B)"!CA~2. An elemen-
tary left multiplication (with unimodular matrix) is applied
on matrix [s/ —s(BF)' — A" (CA~!)"}’, in equation (33),
which gives the new matrix defined in equation (34).

I 0 [ —A—sBF
(CA2 1)( ’ CA*IS ) (33)

( s — A — sB[(CA2B)~'CA™] )

0 (34)

Now, the same left unimodular multiplication is applied on
the system matrix written in equation (35), with result in
equation (36).

< I 0>.(sIAsB[(CA‘2B)‘1CA‘2] -BG

cA? 1 cA™! 0
(35)
< sI—A—sB[(Cg*ZB)*ICA*Z] —IIBG > (36)

The Smith forms of matrices defined in equations (34)
and (36) have the same polynomials, thus zeros of
matrix [s] — s(BF)' — A" (CA~!)']" are zeros of matrix
sI —A — sBF with F = (CA=2B)~!CA~2. This elementary
calculus proves that with the state (derivative) feedback
matrix F = (CA=2B)"'CA~2, the finite zeros of matrix
[s] —s(BF)' — A" (CA~')']" (non observable modes) are
the invariant zeros of £(C,A, B), except the null one.

E. INPUT-OUTPUT DECOUPLING WITH STATE
FEEDBACK

System X(C,A,B) in equation (1) is supposed to be state
controllable and observable. We recall here some sim-
ple necessary and sufficient conditions for the model to
be decouplable by a regular static feedback control law
with stability, with a control law u(¢) defined as u(r) =
Fx(t) + Gv(t), where v(¢) is the new control law, for the
closed loop system. We denote Q the decoupling matrix
defined in equation (37), with C; the i"’* row of matrix C.

C;Am~ 1B
n271

o—| @A™ B 37)
CnA"~ 1B

System X(C,A,B) is decouplable by a regular static state
feedback control law u(t) = Fx(t) + Gv(¢) iff matrix Q is
invertible, or equivalently iff {n;} = {n} Morse and Won-
ham (1973).

Suppose {Z(C,A,B)} the set of invariant zeros of model
X(C,A,B) and {Z;(C;,A,B)} the set of invariant zeros of
submodels £(C;,A, B). It is well known that the fixed poles
of the controlled model are the invariant zeros of the global
model (open loop model) which are not invariant zeros
of one of the submodels, see Morse and Wonham (1973)
and Icart et al. (1989) for a geometric domain approach
characterization or Koussiouris (1980) for a frequency
domain approach characterization. The fixed modes are
thus one part of the invariant zeros of model ¥(C,A,B),
and if the model is decouplable with a regular static state
feedback control law, a simple expression of matrices F
and G can be obtained when only the non invariant zeros
are assigned, Xn; modes. It is not recalled here.
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F. INPUT-OUTPUT DECOUPLING WITH DSF AND
POLE PLACEMENT

From equation (17), with matrix G = —Q;l, the output
vector can be written as (38) and thus, with matrix F de-
fined in equation (20), the output vector y(¢) is now after a
first quite simple simplification in (39).

y(t) = [CA~' —CA~'BFx(t) +v(t) (38)

{ yl(t) = 7{061C1 Jr(XzC]AJr"'Jr(anC]Anl*l}X(t) +V1(t)
y2(t) = —{Bi1Ca + BrCoA + -+ - + B, A 1 i(t) + v (2)

(39)
But Cii(t) = yi(t) and CAx(t) = CA[A" —
AT'BF)x(t) — A'BGv(t)] = C1[(I — BF)x(t) — BGv(1)].
Since C1B = 0, it comes CjAx(t) = Cix(¢) and thus
C1Ax(t) = y1(¢r). With a similar calculus, it comes
C1A(k_1)x(t) = ygk) for k < ny and thus relation (21), and
the same conclusion for the output variable y, (7).
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ABSTRACT

This paper deals with the stability analysis of the class of
neutral-type neural networks with constant time delay.
By using a suitable Lyapunov functional, some delay
independent sufficient conditions are derived, which
ensure the global asymptotic stability of the equilibrium
point for this this class of neutral-type neural networks
with time delays with respect to the Lipschitz activation
functions. The presented stability results rely on
checking some certain properties of matrices. Therefore,
it is easy to verify the validation of the constraint
conditions on the network parameters of neural system
by simply using some basic information of the matrix
theory.

Keywords: Lyapunov functionals, delayed neutral
systems, neural networks, matrix Theory

1. INTRODUCTION

In recent years, various classes of dynamical neural
networks such as Cohen-Grossberg neural networks,
Hopfield-type neural networks, cellular neuralnetworks,
convolutional neural networks, memristive neural
networks and bidirectional associative memory neural
networks have been successfully applied to solve some
certain classes of real world engineering problems
including, pattern recognition, image processing, signal
processing, control and optimization (for more details,
see Cohen and Grossberg 1983; Wang and Zou 2002;
Mohamad and Gopalsamy 2003; Hopfield 1982; Chua
and Yang 1988). In such applications of dynamical
neural networks, it is strictly desired that the neural
network employed for solving these problems must
converge to glbally asymptotically stable equilibrium
point independently of the initial conditions of the
neuron states. Therefore, the theoretical investigation of
the stability problem of neural networks is of great
importance. It is known that when a neural network is
electronically implemented, due to the finite switching
speed of amplifiers, there will some unavoidable time
delays during the information transmission between the
neurons in the network. These time delays usually have
an impact on the nonlinear dynamics of neural networks,
which may turn the dynamics of the system into an

undesired dynamical behavior. Therefore, in the recent
literature, the stability analysis of neural networks has
been studied by introducing the time delays into the
mathematical model of neural networks in order to
establish the exact stable dynamic properties. In fact,
many researchers have proposed useful results for the
global asymptotic stability of various classes of neural
network models with time delays (see, for example,
(Wang, Jiang, Ma and Hu 2018; Yen 2011; Yang and
Wang 2017; Alsaadi, Luo, Liu and Wang 2018; Liu
2017; Aouiti, Gharbia, Cao, Mhamdi and Alsaedi 2018;
Shen and Wang 2008; Chen, Chen and Zeng 2018; W.
Yang, Yu, Cao, Alsaadi and Hayat 2018; Song, Yu,
Zhao, Liu and Alsaadi 2018; Wang, Yan, Cheng and
Zhong 2017; Rakkiyappan, Maheswari and Sivaranjani
2017; Lv, Lv and Sun 2008; Rajchakit, Saravanakumar,
Ahn and Karimi 2017). On the other hand, it is usually
the case that the time delays may only be involved in the
states of the neurons but they can also be included in the
time derivative of the states of the neurons, which are
called neutral delays. Therefore, when studying the
stability problem for neural networks, in order to
determine the exact desired stability results, the problem
must be addressed in the presence of delays.

This paper considers the following neural network
model:

2O+ ) eyt —1) = —cn(® + ) ayf; (5(0)
=1 =1

+Z bijfj (x,-(t - r)) +u,i=12,.,n (1)
j=1

x;(t) is the state of the i th neuron, the ¢; are some
positive constants. The a;; represent the values of the
neuron interconnections within the network, the b;;
represent the values of the neuron interconnections with
time delay 7. The e;; are coefficients of the time
derivative of the delayed state variables. The functions
fj() represent the neuron activations, and the w; are
inputs. Accompanying system (1) is an initial condition
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of the form: x;(t) = ¢;(t) € C([—7,0],R), where
C([—t, 0], R) denotes the set of all continuous functions
from [—7,0] to R.

In order to establish global asymptotic stability of an
equilibrium point for neural systems, it is required to
impose the appropriate constraint conditions on the
connection matrices of the system. These constraint
conditions significantly depend on the nonlinear
caharacter of the activation functions. Therefore, before
proceeding to derive the stability conditions, we need to
specify the type of the activation functions used in the
network. This paper carry out the stability analysis where
the activation functions f;(.) are Lipschitz continuous,
i.e., for some fixed positive constants ¢; > 0, the
following holds :

|fl(x)_fl(y)| S€L|x_Y|:l = 1,2,...,”,
Vx,yER,x+Yy

This class of functions is denoted by f € L.

Recently, stability analysis of neutral-type delayed
neural networks has received a great deal attention form
many resaearchers and been paid a great deal of research
attention in recent years, enormous number of sufficient
conditions have been derived to establish global
asymptotic stability of an equilibrium point ( Zheng, Li,
Peng, Xiao, Yang and Zhao 2017; Zhang, Wang, Li and
Fei 2018; Samidurai, Rajavel, Sriraman, Cao, Alsaedi,
and Alsaadi 2017; Shi, Zhu, Zhong, Zeng and Zhang
2015; Kwon and Park 2008; Li and Xu 2011; Li and Cao
2010; Huang, Du and Kang 2013; Park and Kwon 2008;
Lou and Cui 2009; Samli and Arik 2009; Cheng, Liao,
Yan and Hwang 2006). The most of reported literature
results regarding the stability of neutral-type delayed
neural networks have used varies types of Lypunov
functionals with multiple integral terms, which
unavoidable require to express the stability conditions in
the form linear matrix inequalities (LMIs) and the time
delays usually involve in the constraint conditions. These
cases may not be desired because the derivation of the
sufficiency of the conditions on the network parameters
in the LMI forms need to solve very high dimentional
complex matrix equation, and time delays may impose
more restrictive conditions on the parameters of the
neural systems. Therefore, it is important to derive some
simple and easily verifiable criteria for stability of the
class of neutral-type delayed neural networks. In the
current paper, by using a proper Lyapunov functional, we
present new stability conditions for for global stability
ofneutral-type neural networks.

2. GLOBAL STABILITY ANALYSIS

This section will carry out a theoretical investigation in
the stability of the equilibrium points of neutral system
defined by (1). To this end, we will first need to make a
simple transformation on neutral system (1). If x* =

[x5, x5, ..., x5]" denotes the equilibrium points of neutral
system (1), then, the transformation z(t) = x(t) — x*
will shift the the equilibrium points to the origin. After
applying this transformation to system (1), the

corresponding transformed neutral-type neural network
takes the mathematical model of the following form:

7 (t) + Z e;jzi(t — 1) = —c;z;(t) + Z a;;g; (Zj(t))
- -

J

j=1
+Z bi;g; (zj(t — ‘C)),Vi (2)
j=1

The above neural network system be expressed in the
vector-matrix form as follows:

2() +Ez(t —1) = —C(2(t)) + Ag(2())
+ Bg(z(t - T)) 3

where  z(t) = [z,(£), 2, (), ..,z (D]T,  g(z(@®)) =
[9:(22©), 92 (2©), e, gn(2a )] 9(2(t = D) =

[02(2:(t = D), g2 22t = D), .., Gu(zalt = D)],
C =diag(cy,cz5niCp)y A= (aij)nxn: B = (bij)nxnv
E = (€;j)nxn- In the transformed neutral system defined
by (2), the new functions g;(z;(t)) are shifted versions
of the functions f;(x;(t)), which are formulated as
follows.

gi(zi(t)) =fi(zz;(O) +x)— fi(x}),i=1,2,..,n
It easy see that f € L imply that g € L, that is,
19:(z; () < ilz (D], i=1,2,..,n,

with g;(0) = 0. We also note that if z(t) — 0, then,
x(t) - x*, meaning that x(t) =x* is globally
asymptotically stable if and only if z(t) = 0 is globally
asymptotically stable. Thus, proving the global
asymptotic stability of the origin of system (2) will
directly imly the global asymptotic stability of the
equilibrium point of neutral system (1). Therefore, our
focus will be on the analysis of the stability of the origin
of neutral system (2).

The following fact of basic matrix inequality will be
helpful when obtaing the global stability conditions for
the neutral system defined by (3):

Fact 1: Let x=(x4,x5..,%)" and y=
V1, V2, > ¥)T be any two real vectors and P > 0 be a
positive definite matrix of dimension of nxn. Then, the
followings holds:

2xTy < xTPx +yTP™ 1y

and

2xTy < x"P7'x + y"Py

where P~ is the inverse of the matrix 2.

This is a well-known fact. Therefore, the proof of Fact 1
is omitted. Note here that the matrix P is positive definite
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if and only if P is symmetric and has all positive
eigenvalues.
We can now state the following stability result:

Theorem 1: Let g € £ and Y be a positive diagonal
matrix such that 0 < ¥ < I. Then, the origin of neutral-
type delayed neural network defined by (3) is globally
asymptotically stable if there exist positive diagonal
matrices P, Q and R such that the following conditions
hold

Q=2C(-Y)
—(P+Q+RIC*+ET(P+Q+R)E)>0

0 =2L"2YC—-2(ATP7'A+BTQ7'B) =0
where L = diag(£,, %5, ..., ).

Proof: Construct the following positive definite
Lyapunov functional:

V(z(®) = [z(t) + Ez(t — D)]"[2(t) + Ez(t — 7)]
t
+ ZJ. 97 (z(s))BTQ Bg(z(s))ds

t
+ J. zT(S)ET(P + Q + R)Ez(s)ds

+k t zT(s)z(s)ds

t—-1

where P, Q, R are positive diagonal matrices and k is a
positive constant to be determined later. The time
derivative of V(z(t)) along the trajectories of the system
(3) is obtained as follows:

V(z(®)) = 2[z(t) + Ez(t — D]"[2(t) + Ez(t — 1)]
+2g7(z(©))BTQ *Bg(z(t))
—2g"(z(t —7))BTQ 'Bg(z(t — 1))
+zT(t)ET(P + Q + R)Ez(t)
—zT(t—1)ET(P+Q + R)Ez(t — 1)
+kzT(t)z(t) — kzT(t — 1)z(t — T)

Since

z)+Ez(t—1)=—Cz(t) + Ag(z(t))
+Bg(z(t — 1))

V(z(t)) can be written as

V(z(®) = 2[z(t) + Ez(t — D)]”
X [—Cz(t) + Ag(z(t)) + Bg(z(t - 1'))]
+2g7(z(©))BTQ *Bg(z(t))
—2g"(2(t —1))BTQ*Bg(z(t — 1))
+zT()ET(P + Q + R)Ez(t)
—zT(t —1)ET(P+Q + R)Ez(t — 1)
+kzT(t)z(t) — kzT(t — 1)z(t — T)

= =22T(0)Cz(t) + 227 (t)Ag(z(t))

+227(£)Bg(z(t — 1)) — 22" (t — DETCz(t)

+2z7(t — 1)ETAgz(t) + 227 (t — T)ETBg(z(t — 1))
+2g"(z(©))BTQ*Bg(z(t))

—2g"(z(t —7))BTQ'Bg(z(t — 1))

+zT()ET(P + Q + R)Ez(t)

—zT(t —1)ET(P+Q + R)Ez(t — 1)

+kzT()z(t) — kzT(t — T)z(t — T) 4)

According to Fact 1, for positive diagonal matrices P,
Qand R, the following inequalities can be obtained:

22" (£)Ag(z(1))
< zT(O)Pz(t) + g7 (z(6))ATP~Ag(z(D)) (5)

22" (t)Bg(z(t — 1))
< zT(6)Qz(t) + g"(2(t — ©))BTQ *Bg(z(t — 7)) (6)

—2zT(t — )ETCz(t)
< zT(®)R™C?z(t) + zT(t — 1)ETREz(t — 1) )

2zT(t —1)ETAgz(t)
<zT(t —D)ETPEz(t — 1) + g7 (2(t))ATP~*Ag(z(D))

8
22" (¢t — E"Bg(z(t — 1))
< zT(t —1)ETQEz(t — 1)
+97(2z(t —1))BTQ 'Bg(z(t — 1)) 9)

Using (5)-(9) in (4) results in

V(z(®) < —22T()Cz(t) + 2" (£)Pz(t)
+2g7(z())ATP*Ag(z(®)) + 2" (D) Qz(t)
+zT(t)R™1C?z(t)
+2g7(z(£))BTQ*Bg(z(t))
+zT()ET(P + Q + R)Ez(t) + kzT (t)z(t)

=-2zT(t)Cz(t)
+zT(®)(P+Q + R71C?)z(t)
+zT()ET(P + Q + R)Ez(t)
+297(z())(ATP*A + BTQ'B)g(z(t))
+kzT (t)z(t) (10)

Let Y be a positive diagonal matrix such that 0 <Y < L.
Then, we can write

V(z(®) < —22z"()CU - Y)z(t)
+zT(&)(P+ Q + R™1C?)z(t)
+zT()ET(P + Q + R)Ez(t)
+2g7(z())(ATP~1A+ BTQ 'B)g(z(1))
—2zT(t)YCz(t) + kzT (t)z(t) (11)

g € L implies that
9" (z®)L™2YCg(z(D) < 2T () CYz(t)
Using the above inequality in (11) leads to

V(z(®) < —-z"(®)2cU — Y)z(t)
+zT()(P+ Q + R™1C?)z(t)
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+zT()ET(P + Q + R)Ez(t)
+97(z(®))(ATP1A+ BTQ 'B)g(z(1))
—2g"(z())L72YCg(z(t)) + kz" (t)z(t)

= —zT(®)Qz(t) — g7 (2(1))0g(2(1))
+kzT (t)z(t) (12)

Since® >0 is a positive semi-definite matrix, it
follows from (12) that

V(z(t)) < =27 (£)Qz(t) + kz" (£)z(t)
< 4, (Dlz®OI2 + kllz(®)12
= —(An (@) = BIIzOII3

Where 1,,(Q) > 0 is the minimum eigenvalue of the
matrix Q, and [|z(O)||3 = z2(t) + zZ(t) + - + z2(t)
Obviously, k < 1,,(Q) directly implies that V(z(¢)) <
0 for all z(t) # 0. Let z(t) = 0 (z(t) = 0 implies that
g(z(6)) = 0). In this case, V(z(t)) takes the following
form

V(z(t)) = 22" (t — ©)E"Bg(z(t — 1))
—2g"(z(t —7))BTQ 'Bg(z(t — 1))
—zT(t—1ET(P+Q + R)Ez(t — 1)
—kzT(t—1)z(t — 1) (13)

Using (9) in (13) yields

V(z(®) < —g"(2(t = ©))BTQ Bg(z(t — 7))

—zT(t—1)ET(P+ Q +R)Ez(t — 1)
+zT(t —1)ETQEz(t — 1)
—kzT(t —1)z(t — 1)

=—g"(z(t —1))BTQ"'Bg(z(t - 1))
—zT(t —1)ET(P + R)Ez(t — 1)
—kzT(t—1)z(t — 1)

< —kzT(t —1)z(t —1)

Clearly, V(z(t)) <0 for all z(t—7) # 0. If z(¢t) =
z(t — 1) = 0 then, the time derivative of V(z(t)) is of
the form:

V(z() = 2[z(t) + Ez(t — D]"[2(¢) + Ez(t — 7)]

Thus, the case where z(t) = z(t — t) = 0 implies that
V(z(t)) = 0. It is also worth noticing that if z(¢t) =
z(t — 1) = 0, then,

#2(t) + Ez(t — 1)] = —Cz(t) + Ag(z(1))
+Bg(z(t — ‘c)) =0

which is exactly the equilibrium solution of neutral
system (3). Hence, by the standard Lyapunov stability
theorems, it can be conclude that the origin of neutral
system (3) is asymptotically stable. Furthermore, the
constructed Lyapunov functional is radially unbounded,
that is, V(z(t)) - o as [|z(t)|| - o, implying that the
equilibrium point of neutral-type neural system (3) is
globally asymptotically stable.

The main drawback with the conditions given in
Theorem 1 is searching for finding the appropriate
positive diagonal matrices P, @ and R. This is a difficult
task to achive since there are no systematic prodecures to
find P, Q and R. Therefore, it would be useful to
consider some special cases of Theorem 1 in which cases
thesting the stability conditions would be much easier.
We draw the following corollaries from the results of
Theorem 1.

If we let P=pl, Q=ql and R=C=L=1 in the
conditions of Theorem 1, where p and g are some
positive constant, then we directly obtain the following
stability results for neutral system (3):

Corollary 1: Let g € £ and Y be a positive diagonal
matrix such that 0 < ¥ < I. Then, the origin of neutral-
type delayed neural network defined by (3) is globally
asymptotically stable if there exist positive constants p
and g such that the following conditions hold

L=I-Y-(p+PI+@P+q+DETE>0
1 1
@1 ZY—(EATA'FEBTB) =0

Making the choice Y =€l with 0 <& <1 directly
imlipies the following corollary:

Corollary 2: Let g € £ and ¢ be a positive constant such
that 0 < € < 1. Then, the origin of neutral-type delayed
neural network defined by (3) is globally asymptotically
stable if there exist positive constants p and g such that
the following conditions hold

L=A-al-pP+I+(@P+q+1ETE>0
1 1
GZISI—(EATA‘}‘EBTB) 20

For any real vector y = (yy,¥,, ..., )" and real matrix
H = (hij)nn, it is true that y"H"Hy < [|HIZlIyl13.
Therefore, using the propery of the matrix-norms, we can
easliy obtain the followin result:

Corollary 3: Let g € £ and ¢ be a positive constant such
that 0 < € < 1. Then, the origin of neutral-type delayed
neural network defined by (3) is globally asymptotically
stable if there exist positive constants p and g such that
the following conditions hold

03=(1—f)—(p+1q)+(p+q+1)||E||%>0
0; =e—(=lAl5+=1IBlI%) =0
3 (p 2t 3)

If we let p = ||A]l, and g = ||B]|,, then, we have

Corollary 4 : Let g € £ and ¢ be a positive constant such
that 0 < & < 1. Then, the origin of neutral-type delayed
neural network defined by (3) is globally asymptotically
stable if the following conditions hold
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Q=(1-¢)
—(llAllz +1IBlI2) + (Al + 1Bl + DIENZ >0
0, =e—(llAll; + IBll2) = 0

that is

1—e—|lAll; = 1IBll2
IEN3 < <1
7 Al + 1Bl + 1

and
Al +1IBll; <e <1

3. CONCLUSIONS

This paper has investigated the stability problem for the
class of neutral-type delayed neural networks by using
the Lyapunov stability theorems. By constructing a
proper Lyapunov functional, some new delay
independent sufficient criteria for the global asymptotic
stability of the equilibrium point for the neutral-type
neural networks with time delays have been obatined.
The poposed stabilty results are of depending network
parameters of the network system and they have been
derived with respect to the Lipschitz activation functions.
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ABSTRACT

This paper presents a passivity-based controller design
(PBC) aimed at stabilizing DC-DC power electronic
converters with nonlinear dissipative loads. The
converters considered in this work are the buck, the
boost and the buck-boost. First, Bond Graph technique
is used to obtain the flat output of each converter model.
The controller is designed within the port-Hamiltonian
(pH) framework, ensuring stability and other desired
closed-loop properties. To this aim a desired closed-
loop dynamics in pH form with a quadratic storage
function and a flat-output-inspired change of variables
are proposed, which are common to the three
converters. The controllers that render the closed-loop
dynamics in the desired pH form are obtained via model
matching. This design has two major advantages. The
first is that the so-called matching equation can be
solved by construction; thus, the cumbersome task of
solving partial differential equations is avoided. The
second advantage is that in all the converters treated the
closed-loop dynamics is linear; thus, the performance of
the control system can be easily determined via the
tuning of the eigenvalues of the closed-loop evolution
matrix. The performance is assessed through digital
simulation.

Keywords: DC-DC power electronic converters,
passivity-based control, port-Hamiltonian systems,
flatness-based control, Bond Graph.

1. INTRODUCTION

Power electronic converters (PEC) are ubiquitous and
pervade most of today’s cutting-edge application areas
due to their versatility, high efficiency, controllable
behaviour, fast dynamics and wide-range of power
management. PEC can be found in electrical drives,
switched-mode power supplies, battery chargers,
uninterrupted power supplies, all type of mobile
devices, distributed generation and renewable energy
conversion systems, embedded in electric/hybrid
vehicles (cars, trains and aircrafts).

Closed-loop control of PEC is fundamental in
application where high performance of the output power
and voltage is required. From a modelling perspective,
PEC are highly nonlinear systems composed of

continuous elements like capacitors, inductors, resistors,
etc., and switching devices allowing for the control
actions, like diodes, transistors, etc. High performance
behaviour is often achieved using model-based-control
synthesis methods.

In this paper a novel control design method using a
port-Hamiltonian approach (Ortega, van der Schaft,
Maschke, & Escobar, 2002) is proposed. The rationale
of the design, based on interconnection and damping
assignment passivity-based control (IDA-PBC), consists
in finding a feedback static control law and a change of
coordinates such that the closed loop dynamics can be
written in pH form. This allows to use the closed-loop
Hamiltonian as Lyapunov candidate function to analyze
stability. In general, IDA-PBC requires solving a set of
partial differential equations (PDE), known as matching
equation. The proposed design uses a suitable state
transformation to solve the matching equation by
construction, and thus avoiding the need of solving PDE
to obtain the controller. Most important, the state
transformation inspired on the flat outputs provides a
design methodology common to the buck-, boost- and
buck-boost converters, which can be considered as an
extension and generalization of the results presented in
(Junco, Tomassini, & Nacusse, 2016) and (Tomassini,
Donaire, & Junco, 2017) for the buck-converter. The
flat outputs of the three converters are derived in the
Bond Graph domain following the technique presented
in (Junco, Donaire, Achir, Sueur, & Dauphin-Tanguy,
2005).

The remainder of the paper is organized as follows:
Section 2 presents the averaged models of the PEC
together with their flat outputs and formulates the
control problem. The designs of the controllers are
developed in Section 3. Simulation results shown in
Section 4 demonstrate the performance of the control
systems under different scenarios. Finally, Section 5
presents the conclusions.

2. PEC MODELS

2.1. Equivalent circuits

The dynamic models of the PEC under study feeding a
generic nonlinear DC load are presented in this section.
The following model assumptions are made: i) the PEC

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018 34

ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.



operate in continuous conduction mode (CCM) and the
output voltage is always greater than zero. ii) The
parameters of the converters are known. iii) The volt-
ampere characteristic of the load is entirely contained in
the first and third quadrant (that is, the load is truly
dissipative) and is given as the known function i;,,4 =
h(q) in terms of the capacitor charge, as the latter
determines the voltage v =% applied to the load

terminals. The equivalent circuits of the converters are
depicted in Figure 1.

LY
/

N
VI .
L q h(q
y
E u C——v load

L

(a)
LY
! ,696\ q h(q
> Cov Load
(b)

Figure 1: Equivalent Circuits of (a) the boost converter,
(b) the buck converter, and (c) the buck-boost converter

The averaged models of the PEC widely used in the
literature (Sira-Ramirez & Silva-Ortigoza, 2006) are
presented next (the reader is referred to (Mohan,
Undeland, & Robbins, 1995) for an extensive
discussion on the averaged models of PEC). Figures 2,
3 and 4 show the averaged Bond Graph models of the
three converters, which are in correspondence with the
state-averaged models of eqs. (1), (2) and (3),
respectively. The Bond Graph models will be used later
to obtain the flat outputs.

2.1.1. Boost Converter
The averaged state-space model of the boost converter
can be written as

where 1 is the flux linkage of the inductance, q is the
capacitor charge, h(q) is the load current and u is the
averaged value of the duty cycle of the switch. The
Bond Graph model for the boost converter is shown in
Figure 2

Se:E—I1, MTF— 0,—IR

. o

ilj’ T q] (9)
u

l:L S

Figure 2: Bond Graph model of the boost converter.

2.1.2. Buck Converter
The averaged state-space model of the buck converter is

;with{u € R|u € (0,1)} 2)
qg= ¥ _ h(q)

L

where 1 is the flux linkage of the inductance, g is the
capacitor charge, h(q) is the load current and u is the
averaged value of the duty cycle of the switch. The
Bond Graph model for the buck converter is shown in
Figure 3

v

F—i1.— 0——IR

i. ] h(q)
Y q
I C.c

Figure 3: Bond Graph model of the buck converter

SeE {M
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2.1.3. Buck-Boost Converter
The averaged state space model for the Buck-Boost
Converter:

1/.)=uE—(1—u)2
" ;with{fue Rlu € (0,1)} (3)
i = 01— —h@

where 1 is the flux linkage of the inductance, q is the
capacitor charge, h(q) is the load current and u is the
averaged value of the duty cycle of the switch. The
Bond Graph model for the Buck-Boost Converter is the
following:

Se:E—MTF 11,1 MTF 0; I

‘ _ h(g)
i J}/) ( IT-u ) q]
u

l:L C.c
Y=E-ul ,
¢ s with{ueR|uce(0,1)} (1) Figure 4: Bond Graph model of the buck-boost
q= u% — h(q) converter.
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2.2. Flatness properties of PEC

In this section, the flat outputs of the converters are
obtained, and then the parameterization of the converter
variables in terms of the flat outputs and their time
derivatives is computed.

2.2.1. PEC flat outputs

The flat output of each converter is obtained using its
tangent or variational model (a model relating the
differentials of its variables), which results from the
application of the Kahler differential to the state
equations (1), (2), (3). Here, this procedure has been
applied on the Bond Graph models of the converters
following the techniques used in (Junco, Donaire,
Achir, Sueur, & Dauphin-Tanguy, 2005). If a resulting
variational model is controllable, then a flat output
exists for the variational model and the non-linear
model is strongly accessible. Consequently, a change of
coordinates exists that leads to the canonical controller
form. A straightforward interpretation of these results
on the variational Bond Graph model yields the
following expression for the differential of the flat
output (which is the last variable of the canonical
controller form):

dy = C (b, q)dy + G, (h,q)d, (4)

where dg is the differential of a generic variable § and
d, is the differential of the flat output y. The functions
C, (4, q) must verify the following condition:

0= CGW, DGyay-ay + W, DGqa,-day (5)

where Gy q,-da ") and Gq(du_)dq) stand for the gains of
the causal paths of length one between the differential
control input d,, and the differential states dy, and dg,
respectively. If C;,(i,q) satisfy the following
integrability condition:

ac1(,q) _ 3G (h,q)

aq oY

then y can be obtained replacing C; ,(3, q) in (4) and
integrating. The reader is referred to (Fliess, Lévine,
Martin, & Rouchon, 1995) for further details on this
topic.

Remark I: the flat output for the buck converter reduces
to ¥ = q. This result is obvious since it remains only
one causal path connecting the control input v = u E to
the flat output crossing all the dynamical elements in
integral causality assignment (as seen in Figure 3). The
order of the model and the relative degree of q with
respect to the control input v are equal.

2.2.2. Flat output of the boost converter

Figure 5 shows the variational BG model of the boost
ah(q)
dq
conductance of the nonlinear load. The gains of the
length-one causal paths connecting the control input du
with the I and C elements are as follows

smm%

|

af— MIF— 0,—R

1
"]

L C.C

converter, where g(q) = is the incremental

Se:-du-- —|

Figure 5: Variational Bond Graph model of the boost
converter

_ q
Gyay-dy) = ~ %

_v (©)
Gq(du_’dq) - Z

Substituting (6) in (5) yields

G a) =%
q (7
W, q) = <

Finally, using (7) in (4) and integrating, yields the flat
output

_ wz qZ
Y=t (8)

The flat output is nothing but the total energy stored in
the converter. As expected, the flat output has relative
degree two with respect to the control input u. This is
easily verified by calculating the time derivatives of y:

y=2E-2n(q) )
2
sowt-fEroenod(a-
h(q))]
where  h'(q) = %E;q) =g(q), the incremental

conductance of the load. Expressions (9) and (10) will
be useful in section 3 to obtain the controller.

2.2.3. Flat output of the buck-boost converter
Figure 6 shows the variational Bond Graph model of the
buck-boost converter
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Figure 6: Variational Bond Graph model of the buck-
boost converter.

Following the same procedure as in the previous
converter, the following functions are obtained:

_ q
Gyay-ay) = E +7

an
G‘?(du_’dq) = _Z
C,q) =% -
CZ(lpl CI) = % +E

Using (11) and (12) in (5) and integrating the latter
yields the flat output:

1/)2 2
y="+-+Eq (13)

In this case, the flat output is the total energy stored in
the converter plus a term that results from the product of
the capacitor charge and the source voltage. Once again
y has relative degree two with respect to the control
input u:

y=E(2-h@) - h@ (14
y=u(Caiie T (6 +g) - 1) - 1

-[F@(E+)-"2)(2-r@)  as)

2.3. Control problem formulation
The control problem for the converters consists in
finding a map ¢ such that the state feedback controller:

u=<,q) (16)

stabilizes the output voltage to a desired set-point v*
whilst ensuring internal stability. Since v = q/C, then
output voltage regulation is equivalent to regulation of
capacitor charge to the set point qg* = Cv*. Internal
stability is ensured if the equilibrium (y*, g*) is stable.
The control objective can and will be equivalently
expressed in terms of the flat outputs. This is possible
thanks to the differential parameterization property of
the flat outputs, that is, any system variable is fully
determined by the flat output and its time derivatives.

3. PASSIVITY-BASED CONTROL

In this section, the general ideas of passivity-based
control (PBC) for pH systems are first summarized and
then the main result of the article is presented. Only the
derivation of the control of the boost converter will be
presented. The controller for the other two converters
can be derived following the same procedure.

3.1. General Concepts of IDA-PBC
Consider a dynamical system

X =fl)+g@u (17)

with x € R™ and u € R™, the problem of stabilizing
(17) using IDA-PBC consist on finding a mapping
&R™ - R™ such that the system (17) in closed loop
with the controller u = &(x) can be written in pH form
as follows:

i =[J @) - R@)] 52 (18)

ox

where the matrices ] = —JT and R = R > 0 describe
the interconnection and dissipation structure, and the
function H: R™ — R is the Hamiltonian representing the
total energy stored in the system. Let x* be the
minimizer of the Hamiltonian: x* = argmin{ H(x)},
then x* is a stable equilibrium point of the system (18).
Moreover, under some detectability conditions, the
equilibrium is asymptotically stable. If the following
matching equation has a solution:

GO () = g I - R@IZEL o)

with g(x)* is the full-rank left annihilator of g(x), then
the control law can be synthesized as follows

u=[g"gl"g" [f - 4 - R (20)

See (Ortega & Garcia-Canseco, 2004) for further details
on IDA-PBC method.

3.2. Flat-output based change of variables for IDA-
PBC design

In the previous section the basic ideas of IDA-PBC
have been introduced writing both the open-loop model
(17) and the desired closed-loop model (18) in terms of
the original state-variables. The same properties of the
system in closed-loop can be attained if the form (18) is
satisfied (along with the skew-symmetry and positive
semi-definiteness of some matrices J and R) by some
new vector Z resulting from a convenient transformation
of the original state variables and an associated storage
function H(z).

The main methodological contribution of this paper
consists precisely in providing:
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i) a state-transformation x — z which, expressed
in terms of the corresponding flat outputs, has
the same structure for the three converters

ii) a pH closed-loop form expressed in terms of
the new state z which is the same for the three
converters and that

iii) allows for finding the control law solving an
algebraic problem, i.e., avoiding the need to
solve a set of partial differential equations.

The precise forms of these common flat-output based
state-transformation and pH closed-loop form are given
next when presenting the controllers resulting from this
methodological approach.

3.3. Boost Converter: IDA-PBC design
In this subsection we present the main result applied to
the boost converter case.

Proposition 1: Consider the controller:

u=— <§+%‘1)(h(q) FaH (@) +

[aE+y(R()+qh' ()]

2
(r1ky + 12k2) (E% - %h(Q)) + (eyky +m?) (f_L +

@n

where 13, k; > 0, with i € {1,2} and m € R — {0} are
free constants to be chosen. The dynamics of the boost
converter (1) in closed loop with the controller (21) has
the properties listed above:

P1. The closed loop dynamics in pH form can be
expressed as follows:

0H(z)
Zy _[—7”1 m] 9zy
Z,| ~ l-m  —nl|ou@ (22)
622
1
H(z,2;) = 5 (kazi + k,23) (23)

It is clear from (22) that the interconnection and
dissipation matrices are

T I O T

The states z; and z, are related to the original states by
the following coordinate transformation:

27 == D) + k0@ O =y (o4

2, =y, q) —y" (25)

with y(¥,q) and y(¥,q) defined in (8), (9), y*" =
y(*,q%), and YP* = %q? h(g*), where q* is the desired
set-point of the capacitor charge.

P2. The controller ensures the asymptotic stability
of the equilibrium (z7,z3) = (0,0).

Proof: the claim in P1 is proved first computing the
time derivative of (25):

Z;= 5’(1/1)/), q)
—fg¥_ 1
=E-—h(@);
= _mklzl - rzkzzz
0H(z) —r 0H(z)

024 2 0z,

The last expression above is the second row of (22).
Next, computing the time derivative of (24) yields:

= =[50, @) + 12koy (h, )]
o o R CaiO)
+ 1@ (“2+ 2K @) + rakoi ) }

Using the control law given in (21) yields:

;= nk|(vp g vyt
S S [(L E ch(q)) + (ZL HETI)
*2 2 2 *2 *
- T'lklZl + mk2Z2
_ 0H(z) 0H(z)
1 0z, 0z,

which is the first row of the closed loop pH dynamics
(22). This completes the proof of the claim in P1. To
prove asymptotic stability of the origin of the closed
loop, the (generalized) storage function or Hamiltonian
(23) is evaluated as a Lyapunov function candidate. The
time derivative of H(z) as:

H(zy,2,) = ky2,7y + ky2,7,

= _rlklez - rzkzzzz (26)

Recall k;,r; > 0, then (26) is a negative definite
function, which proves the claim in P2.

Remark 2: The matching equation has been solved by
construction, avoiding solving partial differential
equations (PDE), which is one of the most difficult
tasks in the IDA-PBC methodology.

Remark 3: The output voltage regulation is achieved
indirectly since the controller ensures (z;,2,) = 0. This

2 .
. 1(q Lq * . .
isy(y,q) = E<_c +E?h(q )),y—> Oandy — 0.
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3.4. Buck Converter IDA-PBC controller
The following controller

L

u= _{(% - h(Q)) (h’(CI) —riky — Tzkz) + LiC -

E
(0 = qVealey iy +m2) }
@7

yields the closed loop given by (22), (23) and the closed
loop states related to the original states by the following
coordinate transformation:

7, = _mLkl @, @) + 2k, (v (@) —y )] (28)

z, =y(@) —y" (29)

with y(q) = q and y* = y(q*).

Remark 4: Properties P1,2 are also guaranteed by the
control law (29) for the buck converter. This is easy to
see (and to prove) noting that the coordinate
transformation (28), (29) above has the same structure
as the one given by (24), (25) for the boost converter in
terms of the z variables. This remark is also valid for
the control law (30) below with respect to the buck-
boost converter.

3.5. Buck-Boost Converter IDA-PBC controller
The following expression for the control law

1”%#%WWM“)W)

Cc

(riky + 12k3) < (‘ - h(Q) h(Q))

*2

2 1/’_2 ____q
k1k2 (m + T'1T2) <<2L 2 +

C
N 1
E(q —-q )>}£+E— w(h (q)(E+ ) h(q))

[

(30)

yields the closed loop in terms of the z variables given
by (22), (23). The coordinate transformation given by
(24), (25) relates the closed loop states to the original
states, with y (1, @) and y(y, q) defined by expressions
(13) and (14).

3.6. Tuning Criteria

The controller tuning can be addressed by adjusting the
free constants 7;, k; and m. The values of these
constants are determined through the assignment of the
eigenvalues of the closed-loop evolution matrix
resulting from the closed-loop system (22), (23):

In this way the response time of the variable z, =
v(i, q) — y™* for each converter can be determined:

e Buck:y(¥,q) =q

2 2
e Boost: y(1,q) = %(wT + q?)
2
e Buck-boost: y(i,q) = 2 (w_ ) +Eq

4. SIMULATION RESULTS

In this section the controller performance is tested using
simulation. The results for the buck converter can be
seen in (Junco, Tomassini, & Nacusse, 2016).

4.1. Boost Converter

The model parameters of the converter are: L =
15.91mH, C = 50uF, E = 12V and the load has the
law given by:

o =atan () + (1) - () + () o2

which results in the Volt-Ampere characteristic shown
in Figure 7. The controller parameters are: m = 1, r; =
0.15, r, = 2.5, k; = 65, k, = 1200. The closed-loop
evolution matrix has the following eigenvalues: 1, =
—36,1 and A, = —2973,7. In this simulation the
performance of the controller through step changes of
the output voltage reference is evaluated. The initial
condition is qo/C = 1.1E = 13,2V. In the first part of
the simulation the reference is slightly increased at t =
0,1s and then greatly increased at t = 0,5s. In the
second part, the reference is decreased by a small step at
t = 0,9s and by a very big step at t = 1,3s. The output
voltage reference signal is depicted in Figure 8 below.
This is made to test the closed loop properties in both
ways even in demanding conditions.
6

5

4

Load Current [A]

0 5 10 15 20 25 30 35
Capacitor Voltage [V]

Figure 7: Volt-Ampere characteristic of the load.

—T1k1 mkz
_mkl —7'2 kz (3 1)
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Figure 8: Output voltage reference for boost converter
simulation, referred to E.
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Figure 9: Simulation results for the boost converter with
set-point changes: (a) original variables, and (b)
coordinate transformation variables.

The simulation shows that the controller achieves the
output regulation objective through the regulation of the
z variables to their origin, handling small and big
reference changes and having the same time of response
in both cases. The closed loop preserves internal
stability and the control input is within its limit values
in (0,1). This is confirmed by the time histories of the
most relevant variables shown in Figure 9.

4.2. Buck-boost converter

The model parameters of the converter are: L =
15.91mH, C = 470uF, E = 12V. The same load used
for the boost converter is used for this simulation case.
The controller parameters are: m =1, r, =10, r, =1,
k; = 150, k, = 50. The closed loop evolution matrix
has the following eigenvalues: 1; = —1494.8 and 1, =
—55.2. Once again, the controller performance is tested
in face to step changes in the output reference signal.
Since this converter can boost-up and buck-down the
output voltage, a new output voltage reference signal is
used, as shown in Figure 10. Small and big reference
changes are made to evaluate the closed loop response
even in demanding conditions.
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Figure 10: Output voltage reference for buck-boost
converter simulation, referred to E.
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Figure 11: Simulation results for the buck-boost
converter with set-point changes: (a) original variables,
and (b) coordinate transformation variables.

Time histories of the relevant variables of the system
displayed in Figure 11. The simulation results show that
the control objective is achieved, while preserving
internal stability. The control command, the duty cycle,
remains within admissible values in the interval (0,1)
with a good settle time for different reference changes.
Note that the control objective is achieved indirectly
through the regulation of the z variables to the origin.

5. CONCLUSIONS

This paper presented a common methodology allowing
to design PBC-based static feedback controllers for the
buck-, boost- and buck-boost power electronic
converters supplying a known nonlinear load.

The rationale of the unified approach consists in
choosing a flat output for each converter as the base for
a suitable change of coordinates allowing to formulate
an identical problem for the three cases and solving the
IDA-PBC matching equation by construction without
the need of solving PDEs. The result is a linear closed-
loop dynamics in the new coordinates that responds
with a desired set of eigenvalues, providing a simple
way to tune the controller gains. Future work will be
centred on the addition of integral action to the
controller to regulate the output voltage even under the
influence of parameter uncertainties and additive
disturbances on the original state-space model.
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ABSTRACT

This paper contributes a passivity-based approach to
obtain a control law that robustifies Port-Hamiltonian
(pH) control systems under external and state-dependent
disturbances using disturbance observers (DO). A two-
stage design procedure is used to define the Disturbance
Observed Based Control (DOBC) scheme. In the first
stage a passivity based control law, called
Interconnection and Damping assignment (IDA-PBC) is
designed in the Bond Graph (BG) domain via BG
prototyping, using an undisturbed model of the physical
system. This stage is not the main issue of this paper
and therefore the IDA-PBC law will be assumed to be
known. The second stage, the main result of this paper,
consists in the design of the DO and its integration with
the IDA-PBC control law. The DO is derived in the BG
domain via the integration of the residual signal
computed from a Diagnostic Bond Graph (DBG). The
methodology is developed through examples in the BG
domain and formalized and extended in the pH
framework.

Keywords: Disturbance Observed Based Control, Bond
Graphs, Port Hamiltonian Systems, Interconnection and
Damping Assignment.

1. INTRODUCTION

Usually in engineering systems the mathematical model
used to define the control law does not match exactly
the real system due to parameters uncertainties,
modeling errors, non-modeled dynamics, or external
disturbances acting on the system. This fact calls for the
redefinition of the control law, in robust control theory,
or the addition of an extra control action to face the
mismatch.

In the classical approach to robust control the law
becomes robust for the worst condition, making the
closed-loop system conservative, and usually losing
performance. The most common resource to make
robust a control law is the integral control action. Its
goal is to force the equilibrium value of the integrated
variable to be equal to zero, making the closed-loop

robust against parameter uncertainties, modeling errors,
non-modeled dynamics, or external constant
disturbances (Khalil, 2002).

Another approach widely used in the industry to make
robust a control law is the use of DO. It consists of a
behavioral model of the plant fed with the outputs and
control inputs. The output of the DO is an estimate of
the external disturbance acting on the plant, which
closes a control loop through a filter or compensator
(Schrijver E and Dijk J., 2002). In the absence of
uncertainty and disturbances, robust control based on
DO features the nominal performance without
interfering the internal loop, while the performance is
gradually degraded as the uncertainties and disturbances
grow (Chen et al., 2016).

The controllers based on DO are used for the definition
of an outer control loop whose main objective is to
compensate the uncertainties and external disturbances
of the plant (Shim et al., 2016). In (Johnson, 2008) the
integral control action is interpreted as a primitive form
of an implicit Disturbance-Observer. In (Bickel and
Tomizuka, 1996) (Bickel and Tomizuka, 1999) the
authors prove that under certain conditions the use of
DO to reject disturbances in the joint control of robot
manipulators is equivalent to developing classic PBC
techniques.

DO have been used to estimate and reject or attenuate
disturbances in linear systems when the disturbance acts
on the same channel that the control input (matched
disturbances). Then this result was extended for
nonlinear systems when all the nonlinearities were
considered as disturbances in (Shahruz, Cloet and
Tomizuka, 2002). In (Back and Shim, 2008) a nonlinear
version of DO was presented recovering not only the
steady state response under presence of external
disturbance but also recovering the transient nominal
response, i.e. the transient response of the nominal
system.

For systems with unmatched disturbances, most of the
methods proposed in the literature can be applied using
changes of variables which convert the unmatched
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disturbance into a matched one (Shim et al., 2016). In
(Fu et al., 2018) a DO based output global regulation
for unmatched disturbances for a particular class of pH
systems is presented. The reader must refer to (Radke
and Gao, 2006), (Shim et al., 2016) and (Mohammadi,
Marquez and Tavakoli, 2017) for a sound review of
DOBC.

Another approach, related to the DO, is the concept of
unknown input observed (UIO). This concept has been
explored in the Bond Graph domain in (Yang et al.,
2013) and (Tarassov et al., 2013) where a UIO is
developed for the control of linear systems with
unknown input matched with the control input. In that
work (Yang et al., 2013) a DC motor example is studied
with flatness based control with the estimation of an
unknown load. In (Gonzalez and Sueur, 2018)
(Gonzalez and Sueur, 2017), based on a structural
approach of the BG model, the authors proposed a
solution for the state and unknown input estimator of
linear MIMO systems when the matching condition
between the control and the unknown input is not
satisfied.

In this paper a two-stage design procedure is used to
define the Disturbance Observed Based Control
scheme. In the first stage passivity based control law,
called Interconnection and Damping assignment
(Ortega and Garcia-Canseco, 2004), is designed using
an undisturbed model of the physical system. This stage
is not the main issue of this paper and therefore the
IDA-PBC law will be assumed to be known. The
second stage, the main result of this paper, consists in
the design of the disturbance observer and its
integration with the IDA-PBC control law.

The IDA-PBC is a paradigm emerged in the last two
and a half decades as an approach to control physical
systems whose success resides in the fact that it is based
on the universal physical principles of energy storage
and power transfer and dissipation in the system.
Indeed, the control system objectives are specified in
terms of desired closed-loop energy and damping
characteristics (Ortega and Garcia-Canseco, 2004). The
robustness properties of IDA-PBC designs in the
presence of parameter uncertainties and unmodeled
dynamics are well known. But the occurrence of
external disturbances requires additional control actions
in order to preserve its performance and stability
properties. For disturbances acting on coordinates
related to non-colocated outputs. i.e., outputs with
relative degree higher than one respect to the control
input, this problem has been first successfully addressed
in (Donaire and Junco, 2009) via the addition of an
integral control loop preserving the pH form, and
further developed (as applied to fully actuated
mechanical systems) in (Romero, Donaire and Ortega,
2013) (Ortega and Romero, 2012).

In this work the DO is derived in the BG domain
(Karnopp, Margolis and Rosenberg, 2006) via the
integration of the residual signal computed from a

DBG. The DBG notion has been proposed by
(Samantaray et al., 2006) to generate residual signals
from BG models in order to evaluate analytical
redundant relationships for fault detection and isolation
in the context of active fault tolerant control (FTC).
This DBG concept was exploited in (Nacusse and
Junco, 2015) to develop —entirely in the BG domain— an
energy based method to design a passive FTC law. The
close relationship between BG and pH models (Fantuzzi
and Secchi, 2004) (Donaire and Junco, 2009) and the
possibility to convert or interpret control system design
methods from one formalism into the other (Donaire
and Junco, 2009) immediately led to the idea of
translating the BG-design techniques of (Nacusse and
Junco, 2015) into the powerful theoretical context of pH
systems. The resulting DOBC scheme is formalized in
the pH domain and then extended for cases with
unmatched disturbances. The dynamics of the complete
closed-loop, i.e. IDA-PBC law plus DOBC scheme,
preserves the pH form and has the following properties:
the desired equilibrium is asymptotically stable when
the system is under the action of constant matched
disturbances, and the closed-loop is (integral) input-to-
state-stable for time-varying matched disturbances. The
results are illustrated with application examples.

The rest of the paper is organized as follows. In Section
2 some background on DBG and pH systems, as well as
the concept of diagnostic-pH system (D-pH),will be
presented. In Section III the DOBC scheme is
presented. In Section 4 the developed scheme is applied
to a power electronic converter. Finally, Section 5
conveys some conclusions.

2. BACKGROUNDS AND
FORMULATION

The main objective of this section is to introduce the

concept of Diagnostic-pH system and to motivate its

use as a tool for the design of the disturbance observer.

To that end the DBG is reviewed first with the help of

an electrical example to inspire the D-pH System.

PROBLEM

2.1. pH systems
Consider a perturbed system in PHS form as follows:

% =[J(x) = RG)IVH + g, (x)(u + 81) + g,(x)6, 1)
y=g."(x)VH

Where x € R" is the system state, u,y € R™ are the
input and output vectors, respectively, their scalar
product representing the power exchanged with the
environment. The scalar state function H(x):R™ - R
is the storage function and VH is its gradient respect to
the state x. J(x) = —JT(x) and R(x) = R (x) are the
interconnection and dissipation matrices; g;,(x) are
matrices weighting the inputs; and §; and §, are
matched and unmatched disturbances, respectively, that
could depend on the states.

In the sequel it is assumed that the control signal has the
form u = u;pa(x) + v, with u;p,(x) being an IDA-
PBC law (possibly) changing the interconnection and

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018 44

ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.



dissipation matrices to J; y Ry, and the energy function
into Hy. It is designed such that when applied alone
(i.e., with v = 0) to system (1) unperturbed (i.e., with
6, =0 and 6§, =0), bounded solution trajectories
X1pa(t) converging to a desired equilibrium point x* are
generated.

Assuming the control law u = u;p, + v is applied on
(1), the perturbed closed-loop dynamics results:

% = [J4(x) = Rg()IVH; + 9, () (v + 6,)
+9,(x)6; 2)
y = g1 (x)VH,

where Hy(x) € R™ —» R is the desired storage function
with a minimum at x*, which is the desired equilibrium
point of the system (2), J;(x) = —J; T(x) and Ry (x) =
R, (x), are the desired interconnection and dissipation
matrices with R;(x) = 0.

The system (2) can be re-written according on how the
input v acts on the states splitting the state vector in the
n, actuated variables x, receiving a direct action from
the control input and the remaining n, unactuated
variables x,. Also the gradient vector of the energy
function Hy(x) is splitted in V;H; = dH;/dx, and
V,H; = 0H;/0x,.

[ ] [i id /au—Rzu] VaHd]

tia Ry 11huHa
2(0)8; 3
+[ga(x)]v + guggaz] ©)

= [ga(x) 0]VH,

2.2. Diagnostic Bond Graph

The DBG was proposed by (Samantaray et al., 20006)
for numerical evaluation of analytical redundant
relationships. These are calculated to perform fault
detection and isolation in an active fault tolerant control
framework. To illustrate the DBG concept, consider a
series RLC electrical circuit, with its corresponding
behavioral BG model, where the parameter of each
circuit element can be denoted as: R =R, + AR,C =
C.+AC, L=L.+AL, E=E,+AE, where the
subscript “r” stands for a rated or nominal parameter
value.

-------------- cc T e
I : ) I\ i

. R 1
}—EV—H--MSe —11——iD i

P ¥xd i

Behaworal Flant BG Diagnostic-BG
Figure 1: Behavioral BG and DBG for the series RLC
circuit.

The DBG shown in the right-hand side of Figure 1 is
the nominal BG model of the plant enhanced with
modulated sources injecting the plant measurements at
the model junctions which replicate the junctions where
the measurements have been made. It is important to
notice for the sequel that these signals injected into the
DBG are the power co-variables of the energy variables
x; = ¢ and x, = q, the flux and charge of the I- and C-
storages, respectively. These power co-variables are the
components of the gradient of the energy stored in the
system, meaning that they correspond to the vector VH
of the pH formalism. The SCAP procedure (see
(Karnopp, Margolis and Rosenberg, 2006)) has been
used to assign preferred integral causality to the
behavioral BG. The residual signal is computed by
measuring the power co-variables of the modulated
sources from the DBG. Thus, the residual signal can be
readily obtained from the DBG reading the causal paths
as follows:

e gl @
SO S (R A

Notice that each residue is driven by the plant
measurements, i.e. the outputs of the storage elements
in the behavioral BG, x, /L and x,/C.

The residuals are the discrepancies between the inputs
of the storage elements in the behavioral model and
those in the nominal model. Moreover, the parameter
discrepancies between the behavioral BG and the
nominal model can be seen as producing extra power
flowing through the parameters ports (Fantuzzi and
Secchi, 2004). This means that the power that the DBG
is fed equals the associated power on the faulty (or,
simply, non-rated) element. As an example of this,
consider the particular case in which R = R, + AR, C =
C,, L=1L, and E = E, then replacing in (3), then
re(x) = 0, (x) = —A4AR (x,/L) and the power flowing
thought the input ports of the DBG are B.. =0,
P., = —AR(x,/L)>.

A simple causal analysis of the BG shows that
parametric faults or discrepancies in C, R and the source
of voltage E, translate into (state-dependent in the first
two cases) voltages applied to the 1-junction to which
the inductor is  attached. So  that these
faults/discrepancies can be conveniently emulated by a
modulated voltage source attached to this I-junction
and imposing to it the effort (voltage) &;(x), as shown
in Figure 2, with (unknown) values determined by the
faults. Similarly, the effect of an inductor fault is
equivalent to injecting a current (depending on the
inductor magnetic flux, its energy or state variable) into
the capacitor C. Thus, all the previous faults or
discrepancies can be represented using the generalized
behavioral plant BG shown in left-hand side of Figure
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2, where 8;(x) and §,(x) can represent the effect of
modeling faults as well as external disturbances.

i —
: —»MSe—,-H—HMSfI—/OI—A
8,9 ] V,ZzH
'éé-ﬁé-\flb-fél-ﬁlgﬁi-éél Diagnostic-BG
Figure 2: Behavioral BG and DBG model for the series
RLC circuit.
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2.3. Diagnostic-pH System

As seen in the previous subsection, by capturing energy
and structural properties of the BG, the DBG allows a
direct physical interpretation of problems associated
with FDI. For the purposes of a more general theoretical
treatment it is appropriate to move to a kind of
formalism that, besides these BG features, offers also
greater flexibility for mathematical manipulation and
generalization. The pH system is the adequate
formalism for the transposition of the above ideas.
Figure 3 depicts the block diagram representation of the
connection between the plant and the D-pH system,
where the measurements injected into the D-pH are
identified as the gradient of the Hamitonian or stored
energy.

As the residual signal will be used to design the outer
control loop, it is convenient to use the desired closed-
loop dynamics yield by u;p,(x) to construct the D-pH
system, instead of the behavioral model of the fully
open loop plant. Thus, the residual signal will be a
measure of the discrepancy between the desired and real
perturbed closed-loop dynamics.

v

—> ;
VHy Closed Loop )

Plant > —>

S(x: 4 D-pH System

Figure 3: Interconection between plant and Closed-loop
D-pH System

Figure 4 shows an internal representation of the D-pH
system, where the assumption of existence of the
inverse of VH,; is made, i.e, exists hd(VHd(x)) = Xx.
Notice that, x is the state variable driven by the
dynamics of the perturbed system.

VH X

U L. 'X.:
L. hi(,) > Z_t
Y
J(9)-R o
| % x)- d(x) — >

Figure 4: Internal block diagram of the closed-loop D-
pH.

Hence, the output of the D-pH system, i.e. the residual
signals, can be written as:

d
Ta(X) = _(xa) - Ug - Rg ]gu - Rgu]VHd
a 5)
Tu(X) = E (xu) - [Iga - Rga ]3 - chtl]VHd

Thus replacing (2) in (5) yields (6) where the residual
signal is driven by the perturbations. Notice also, that
the scalar product between VH,; and r(x) has power
units and its time integral defines the difference
between the desired and the real stored energy of the
plant.

Ta(X) = ga(x)(v +61) (6)

(%) = gu(x)6;

3. MAIN RESULT: DISTURBANCE OBSERVER
BASED CONTROL

In this section the DO in the pH domain will be defined

in order to define a new control law v capable to reject

constant and attenuate time variable disturbances.

The problem is to design an outer control loop yielding
v = v(x,z), with z the state of this outer controller,
such that when the complete control law u = w;p,(x) +
v(x, z) is applied to the perturbed plant (1) the whole
system state (x,z) will remain bounded and the
following condition for some € > 0 will be satisfied:

tlfg) lx1pa(t) —xp(O)] <€, 7

where xp(t) are the trajectories of the states ruled by
the perturbed plant.

The main assumption made in this section is that the
residual signal (5) can be constructed from the D-pH
system and it is available to be used in the control law
v. This control law will be of the form v = v; + v,,
where v; will reject or attenuate the disturbance that
enters in the same channel that the control input, i.e. &y,
while v, will reject or attenuate the disturbance 6.

3.1. Definition of the Disturbance Observer

The dynamics of the DO for the matched and
unmatched disturbances is defined as follows using its
associated residual signals 1 and 7;,.

Z1 = K (g () T1,(x) — v,) 8)
_KZ Z2 +K2 gu(x)Tru(x)
-1
where g ()1 = (k)79 (X)) g, K; >
0,K; = KT, for k = a,u and i = 1,2. Or, expressed in
term of the desired closed-loop pH system replacing (5)
into (8), obtaining (9).
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Z1 = =K', + K g (0t

(. —U§ —RE J&u — RGIVH,}
z; = —K3'z, + K3 g, (0"

{xu - Uga - Rga ]g - Rg]VHd}

©)

To show that z; and z, are disturbance estimations
replace x, and x, from (3) in (9), with v; = —z;,
obtaining (10).

Zl = _Kl_lzl + K1_151
—K;'z, + K516,

(10)

Z.Z =
Then, define the perturbation error as es, = z; — §;, for
i = 1,2. Thus, replacing es; in (10) the dynamics of es,
are (11).

_1 A
—K; Tes, — 6,

_1 A
—K; "es, — &,

€s,

an

és,

The perturbation-error dynamics are driven by &;, the
time derivative of the perturbations. It is straightforward
to prove that this error tends to zero exponentially for
constant perturbation, i.e. 81 = 0, and remains bounded
if ||51|| < a;. Notice that the choice of the constant
matrixes K; and K, fixes the rate of convergence of the
DO.

Remark: the DO defined in (9) contains the time
derivatives of the states, i.e. x, and x,. In real
applications these variables cannot be always measured
via sensors, thus it is needed to compute them with the
consequent error due to noise in the measurements. To
solve this problem, an internal extra variable of the DO
can be defined, see (Mohammadi, Marquez and
Tavakoli, 2017) for further details about this procedure.

To have a complete definition of the control law v it is
necessary to define v,. This control law will be

responsible for rejecting or attenuating the unmatched
disturbances. Thus, to allow the control input to act over
the unactuated variables a change of variables in the
actuated states variables x, is implemented. Putting
together (3), (10) and expressing the control law v the
resulting closed-loop systems can be computed
obtaining (12).

To obtain the change of variables it is necessary to
express the new desired closed-loop pH system as (13)
with the change of variables {, = ®(x,4, x, 21, 2,) and
{y = x. Then the control input v, is computed via
solving the change of variables {, = ® (x4, Xy, 21, 23),
taking its time derivative as in (14) and replacing the
states variables using (12) to obtain (15). This
procedure was previously used in (Donaire and Junco,
2009) to perform integral action control to non-passive
output in the pH domain.

The control law v, can be computed from (15) if the
state transformation @ is invertible. Thus applying the
control law v, into (8), then the resulting closed-loop
scheme is shown in Figure 5. Where the VR Block
builds the VH, variables from the VH and the desired
equilibrium points x*. Notice that, the DO also can be
implemented using (9).

+ 5(x)

IDA-PRC
Control Law Plant
x x VH;
Closed-Loop

Figure 5: Resulting closed-loop scheme with DO.

%] [Ji-R& J& —R& —ga(OK: 0 ggd 9a@®]  [9a()81]
qu = ]ga - Rga ]g - Rﬂ 0 0 ”_1d 0 v gu(x)62 (12)
Z 0 0 —I 0 [[Ki 2 0 |2 |K 76
2% 0 0 0 —11K, "z, 0 K,7'8,
l[ 6a1| JE-RE Jh—RE —guOK: 0 rgazdz 1 [g%g
¢ d d d d
ul — [Jua —Rua Ju — Ry 0 —gu({)Kz utlag _I_lgu 2| where H -n 13
|Z'1| 0 0 -1 0 K1_121 | K2_151 I' d{((a:(u) d((a; Zu) (13)
2, 0 0 0 1 kg, 12,1 Lk, 6,
P oD . 9D . 9D
Ca I a+axu+£zl +£22 (14)
o
(Ig - Rg)VaHd( + Ugu - Rgu)Vqu{_ga(i)Zl = EPl [(]g - Rg)VaHd + Ugu - Rgu)Vqu = 9a(0)z1 + ga(X)v;]
L0, Lo, 00 (15)
gt T o, 1 T 55, %2
Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018 47

ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.



3.2. Properties of the DOBC

Assuming that the control law v, can be computed from
(15) then the new closed-loop system can be written as
(16), by simply decomposing it into its symmetric and
skew symmetric components to obtain the dynamics.
Choosing the values of the matrix K = diag(K;, K;)
such that the matrix Ry — (1/4)g"(DKTg(K >0
then, the properties of the closed-loop system (16) can
be summarized in the following proposition with
perturbations with the form &; = 6,;(t) + 6, where
84(t) and 8, are a time variable and a constant
perturbation respectively, for i = 1,2.

[g] = U@ = R(DIVW +d(Q) (16)

Ja@ S 9@k
“g@TKT 0
(9] 6.6 = 161,881,817,

9(9) = diag(9:(9). 9:(9), Re(§) =
Ra@) 29K
~g@)TK” l

1 _
EZTK 1z.

,d(Q) =

With J.({) = [

,and W({,z) = Hy({) +

Proposition: The pH system (16) has the following

properties:

1- If the disturbances are constant, that is §; = 8,4, and
64i(t) =0, for i=1,2, then the equilibrium
¢,z =(3,84) of the closed-loop is
asymptotically stable.

2- If Hy({) is a proper scalar function, positive definite
and |Hg(D)|? < ¢(0), with ¢(x) € ke, 64i(t) # 0
and R;({) > 0, then the closed-loop is Input-to-
state stable (ISS) (Sontag, 2008).

3- If §4() #0 and Ry(¢) >0, and in a region
D ={¢ e R"|||¢]| <r} around the equilibrium
point the function H;({) satisfies (see lemma 5.2 in
(Khalil, 2002)) the following:

. alISl? < Hy(§) < clI¢II? (17)
dHg »

. 7 ¢ < aligl? (18)
oH

o3 s et (19)

. The perturbation term satisfies |§| < &, where

< 23 "21 Or v (-(O) € D and some positive constant
4 2
6.

Then, the solution {(t) of the perturbed system satisfies

IO < ke YEDNLO YV E <t <ty (20)

IS <bvt>t (2D

for some finite time ¢;. The equilibrium point is llocally
ultimately bounded. Where b is the ultimate bound of

e G0 [
Comdk= [2y =000 =0 far

Proofs:

1- To prove that (C%,z")=({,84) is an
asymptotically stable equilibrium point of the system
define  Q = Hy(Q) +§(z - 6_d)TK‘1(Z -64), and

express the closed-loop system as:

[£] = v - reoIme (22)

Then use Q as a candidate Lyapunov function, and
compute its time derivative, which results as follows

0= Q" [g] > 0 =-VQ"R.()VQ 23)

Applying Schur’s complements in R.({) >0 < R; —
(1/4)g" (OKTg()K > 0 which implies that Q < 0.
Thus, the equilibrium point is asymptotically stable.

2- To prove the second claim, take the derivative

of W along the trajectories.

Ww=rvrw’T [5] (24)
Z

W= vW{[J.(Q - R.@QIVW + d(D} (25)

W= —VWTR.(QVW + VvWTd (0 (26)

Since R.({) >0 < Ry — (1/4)g" (DK "g()K >0,
then

W < =dmin(R) IVWII* +7Q"d(Q) 27)

. 28
W = vwi|? + (28)

}‘min(Rc) 2
- lal

Amin (Rc)
which means that W ({, z) qualifies as an ISS Lyapunov
function, then the system is ISS.

3- The proof of this claim is similar to the proof
of Lemma 5.2 in (Khalil, 2002).
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4. APPLICATION EXAMPLE: DC-DC BUCK
CONVERTER

Figure 6a shows the schematic circuit of a step down
DC-DC buck converter with a generic load indicated as
nonlinear law i; = h(v) satisfying v.h(v) >0 for
v >0 and h(v) =0 for v = 0, i.e., entirely contained
in the first quadrant thus being truly dissipative. In this
circuit the commutation cell composed by the diode and
the ideal switch (a MOSFET or IGBT in the practice)
modulates the power flowing from the source to the
nonlinear load. Figure 6a shows the averaged BG model
of the buck converter where the signal d(t), the
continuously varying duty cycle of the commutation
signal controlling the switch, and the mSe represent the
commutation cell and the voltage source, respectively;
see (Mohan, Undeland and Robbins, 2003) for
background on averaged models.

»mSeﬁﬂ Hoﬁ R

E i I h(v)

l:L

@ b)
Figure 6: Buck converter: (a) Equivalent circuit. (b)
Averaged BG model.

The dynamics of the average DC-DC buck converter is
given in (29), where §; and 6, are the matched and
unmatched disturbances, respectively, acting on the
states i and v respectively.

di v 4 u +s

dt L Lt (29)
dv i h(v) 5

dt ¢ € 2

In (Junco, Tomassini and Nacusse, 2016) an IDA-PBC
control law was designed, for the undisturbed system,
ie. with 6; and &, equal to zero, using the BG
prototyping control method (Junco, 2004) and then the
obtained control law was robustified using an integral
control action. This method consists in two main steps.
The first one is the definition of a Target BG which
captures the desired dynamics at closed-loop. The
second step is the construction of a so called virtual BG
(VBG) which matches open loop BG of the plant with
the target BG via the addition of BG elements.

To achieve the control objective, which is the output
voltage regulation, the authors defined a TBG as shown
in (Junco, Tomassini and Nacusse, 2016) with its
corresponding equivalent circuit. The TBG given in
Figure 7, which defines a closed-loop energy function
and dissipation as (30), is composed by a linear
dissipator (conductance G) in parallel with the C-

of the open loop equivalent circuit and the TBG are
defined in (31), where p = Lf and q, = Ce are the
magnetic flux and the capacitor charge of the virtual I
and C elements of the TBG.

1. C:c

a) b)
Figure 7: a) Equivalent Circuit. b) Target BG.

1p* 1¢.°
W(p,qe)—ET+ET>O
(30)
: p? qe?
W, q.) = RL Gc <0
v=e+V
i=f+h(e+V)-—Ge (1)

The control law u can be computed as (32) where u;py4
is expressed in (33) and h'(v) = Z—Z.. See (Junco,

Tomassini and Nacusse, 2016) for the construction of
this control law in the BG domain using the VBG.

U = Uipa + <_Z1 - (RZZ + LZ2)> (32)
v=v1+v,
Upa = —RGv + V(1 + RG) + (i — h(v)) (33)

(-6 )

Notice that, in this example, the change of variables
{, =p + Lz, can be computed to obtain the desired
closed loop system expressed in (13).

The application of a control law of the form u = u;p, +
v on (29) leads to the following dynamic system.

P
L

71=00 -1 9 2 T R e

Where p = Lf, q, = Ce, and §; = §; + 6,(G — K’ (v))
and SZ = 62.

\.J

The disturbance observer can be constructed as (35)
where the choice of K; and K, determines the rate of
convergence between the disturbance and the z
variables.

element, ie attached to a to a O-junction, with a = —K[ 1z, + kit [p + P_4e

common effort e =v —V, where V is the desired ¢ (35)
output voltage, and a I and R elements sharing the 7, = —K; 'z, + k31! [qe + G———]

common flow f. The relationship between the variables
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In the following it is assumed that the current trough the
inductor, i.e. the current i, and the voltage across the
capacitor, i.e. the voltage v, can be measured from the
electrical circuit and the new desired output closed-loop
variables p/L and q,./C can be computed through (31).

To avoid the computation of the time derivative of the
states p and q, to implement (35), two auxiliary
variables are defined as: ¢, =z, —kilpy ¢, =2z, —
k31q,. Thus expressing (35) in terms of the variables ¢;
and ¢, yield to (36), where the outputs of the DO are
3.

. - p_q
¢ =—Ki'¢i + kit _P+Z_?e
1 -1 qe p (36)
$2=—K; 76 + k3 _Qe+G?_z]
z=¢ +ki'p (37)

4.1. Simulation results
In this subsection some simulations results are
presented to show the performance of the control law
(32), where z; and z, was obtained using the DO
defined in (36) and (37), with a linear resistive load i.e.
h(v) =v/R,.

The parameters used in the simulations are: L =
500uH, C = 1000uF, R, =240, F =18V, R = 1.5Q
and G = 005071, K, =10,K, =10. A +10% of
discrepancy between the plant and the model
parameters used in the control laws has been chosen to
show the robustness of this control scheme.

1
=y +y
IDA
0.6
04
0.2
0
0 0.2 0.4 0.6 0.8 1 1.2 14

time {s}

Figure 8: time response of control input signal.

In the simulation scenario the controlled system starts
with zero initial condition and the reference output
voltage is set at 13V, then at time t = 0.5s a 10%
reduction of R; occurs, this increases the output current
which demands an increment of the duty cycle. Then at
time t = 1s a variable voltage is added to the voltage
source v(t) = 1.8sin(507m). In Figure 8 and Figure 9
the time response of Scenario 1 for system with and
without the control law v. While in Figure 10 the time
evolution of the z; and es,are shown.

= V_ref

= vout
15 = \out

0

0 0z o0s 06 os i 12 14

time {s}
Figure 9: time response of output voltage. In Blue, for
control input u = up,, while in red for control input
U = Upa + v.
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Figure 10: time response of z; and es;.

5. CONCLUSIONS

In this paper a disturbance observed based control
scheme has been developed in the pH framework. To
define it, a two-stage design procedure is used. In the
first stage passivity based control law, called
Interconnection and Damping assignment (IDA-PBC) is
designed in the Bond Graph (BG) domain via BG
prototyping, using an undisturbed model of the physical
system. The second stage, the main result of this paper,
consists in the design of the DO and its integration with
the IDA-PBC control law. This result has been
summarized in a proposition where some stability
properties have been proved. Finally the developed
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scheme was implemented in a DC-DC buck converter
showing good simulation responses.
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ABSTRACT

This paper focuses on the problem of reducing via
control actions the interaction between the mobile
platform and the arm in a mobile robot equipped with a
redundant planar manipulator. It is solved maintaining
the mobile base as immobile as possible once it has
been moved to a desired position, which serves to a
double purpose. On the one hand, it helps keeping fixed
the workspace of the manipulator, as predefined in the
world coordinates, in order for the end-effector being
able to reach the points where it has to perform its tasks.
On the other hand, as this reduces the disturbances that
the otherwise moving base would introduce on the arm
movement, this serves to improve the precision in the
execution of whatever task the end-effector has to
perform. The problem is solved via a combination of
operational space control to solve the arm tip trajectory
tracking problem and energy-shaping and damping
assignment to restrict the movement of the mobile base.
The latter is achieved using a backstepping technique in
the Bond Graph domain which emulates dissipation and
stiffness at the base wheels coordinates through the
control of the DC motors actuating them. Simulation
results show the good performance of the control
system.

Keywords: Planar mobile manipulator, Omniwheeled
robot, Bond Graphs, Euler-Lagrange equations,
Damping Assignment, Simulation, Nonlinear control.

1. INTRODUCTION

Mobile robots equipped with a redundant manipulator
(MRRM), arise from the conjunction of two types of
robots, the mobile robots (MR), which can be of the
terrestrial, aerial or aquatic type, and the robotic
manipulators (RM) of wide diffusion in the industry
(Spong and Vidyasagar, 2008) (Siciliano et al., 2009)
(Garcia, Jimenez, Santos, & Armada, 2007).

These kind of robots have many important applications,
especially for tasks where access and space are limited
and/or dangerous for humans as, for example,
inspection of the state of pipes (Marconi, y otros, 2012),

repairs in nuclear reactors (Buckingham & Graham,
2010), etc.

The presence of kinematic redundancy is of great
advantage if not mandatory where avoiding obstacles is
needed for the tool to reach every point in the
manipulator workspace. For example, in "multi-link" or
"snake-arm" robots, redundancy allows the manipulator
tip to access places dodging objects in its path (Minami,
2007), (Liu, Yang, Zhu, Han, Zhu, & Xu, 2016).
However, this feature complicates the design of the
control system.

Two main approaches to control of MRRM can be
distinguished, centralized and decentralized control. In
the first one a unique control law is defined for the
whole system, while in the second a particular control
law is designed for each subsystem, i.e., the mobile base
and the redundant manipulator.

Due to the existing interaction forces between the
mobile base and the manipulator, special care must be
taken in the design of decentralized controllers in order
to fulfill the performance requirements of the
manipulator tip (Liu & Lewis, 1990) (Yamamoto &
Yun, 1996), (Chung, Velinsky, & Hess, 1998). In (Hsu
and Fu, 2006) a fully adaptive decentralized controller
is developed for trajectory tracking of robot
manipulators. In (White, Bhatt, Tang, & Krovi, 2009)
the authors present a two decentralized null-space
controllers to solve the trajectory tracking problem of
the MRRM with experimental results. In (Ngo, Phuong,
Duy, Kim, & Kim, 2007) the control of a welding
mobile manipulator is considered, where a kinematic
controller is designed for the manipulator based on its
tracking error and the motion of the mobile base, while
a sliding mode controller is designed to control the
mobile base. (Ge, Ye, Jiang, & Sun, 2008) a sliding
mode controller solves the trajectory tracking problem
for the mobile base and the manipulator arm (MA).

The intrinsic multi-physical and energy-processing
features of MRRM, due to the multi-domain nature of
the actuators (mostly electrical, hydraulic or pneumatic)
driving the wheels of the mobile base and the joints of
the MA, call for multi-domain modelling frameworks.
Besides the traditional Euler-Lagrange approach to
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modelling and control in robotics (Siciliano et al.,
2009), the Bond Graph (BG) technique (Karnopp,
Margolis, & Rosenberg, 2006) is increasingly gaining
space as it is capable of representing the different multi-
domain components of the MRRM in a single graphical
model, very useful for analysis and simulation. The BG
approach also provides methods to design the control
law for physical systems (Junco S. , 2004), (Dauphin-
Tanguy, Rahmani, & Sueur, 1999)

This paper considers a decentralized approach to control
a three-wheeled omnidirectional platform with a
redundant MA mounted on it. One controller takes care
of the mobile base motion and the other of the arm. It is
emphasized that the arm controller is designed not for a
mobile but for a fixed manipulator. The operation of the
whole system is splitted in two main stages. In stage
one (S1) the base controller is in charge of positioning
the MRRM in the field in such a way that the
manipulator is able to perform all the required tasks
during stage two (S2), i.e., assuring that the tasks places
fall in the workspace of the manipulator. During S1 the
arm is retracted and locked at its home position on the
base, so that just a standard trajectory control problem
has to be solved for the base motion. During the
execution of S2, once the MRRM positioned, not only
the arm controller is activated, but the base controller
remains active with the additional task of reducing the
effect of the arm movement on the base, in order to
keep it as immobile as possible in order to avoid the
disturbances it would otherwise introduce on the arm
movement. This paper focuses on the design of the base
controller for stage S2 and the subsequent
demonstration of the overall system behaviour. The
success of this approach would allow to build a MRRM
just mounting on a mobile base a manipulator with a
standard controller, i.e., designed for a fixed base.

For the design of the mobile base controller the BG
prototyping technique (Junco S. , 2004) is applied to the
brushless dc-motors (BLDCM) acting on the wheels.
Each controller is designed in such a way that the
motors in closed-loop emulate the presence of
(physically non-existent) friction at each of the wheels
axes, as well as a torsional spring attaching each axis to
the ground reference system. Clearly, the (virtual)
presence (induced by the controllers) of these two
elements at each wheel counteracts the efforts, due to
the arm movement, transferred to the wheels by the
base, thus tending to immobilize them and,
consequently, the base itself. In this way the
stabilization of the base at its desired position is
reached. It is shown that this design is equivalent to
particularizing for fixed position the trajectory tracking
controller presented in (Junco & Donaire, 2005)

For the redundant manipulator a classic control law in
the operational space using the Euler-Lagrange
equations of motion (Siciliano et al., 2009) is employed.
The controlled transfer of the mobile base from its
home position to the desired one during stage S1 is not
discussed here as, first, it is not the focus of this paper
and, second, it is a standard problem with many known
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solutions. It can be even solved with the trajectory
tracking controller of (Junco & Donaire, 2005) already
mentioned.

The paper is organized as follows: Section 2 presents
the MRRM model. In Section 3 the controller design for
each subsystem is discussed, while Section 4 addresses
some simulation responses of the system in closed-loop
under different scenarios. Section 5 presents the
conclusions.

2. MODELLING

Figure 1 shows a sketch of the planar MRRM
considered in this paper: an arm built by four links
articulated through revolute joints mounted on a circular
platform moving on the horizontal plane driven by three
independent omniwheels located 120 degrees apart each
other. P, the point of attachment of the arm to the base
through a revolute joint, is located at a distance /, from
the platform centre and has coordinates (xp , yp) in the
fixed Cartesian world reference frame {Xg,Yr, Zp},
where Z denotes the vertical axis. Notice that, despite
the fact of having only four links, this is a redundant
manipulator. Indeed, as the arm is constrained to move
on the (horizontal) plane, the end-effector has only three
degrees of freedom, two translational and one rotational
(the latter not considered here, as the end-effector is
treated as a point). The base wheels are actuated by
three independently controlled three-phase BLDCM.

Y. A

Vol -

)
ZG/ e x

F F

Figure 1: Schematic model of the MRRM

The next subsections present the models of the base, the
BLDCM driving the wheels and the arm. First, the
corresponding BG models are separately given, and
later they are coupled to build the overall MRRM
model. Besides that, an EL model of the four-link arm
is presented. This MRRM BG model, enhanced with the
models of the base and arm controllers, will be used at
the end, in Section 4, for simulation purposes. As
modelling these subsystems is a standard problem, it is
only pointed-out that all the BG models are created
starting with the construction of their power exchange
or interconnection structure, using the kinematics
relationships among the different parts of the system.
The BG model of the BLDCM will be used in Section 3
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to derive its controllers. The EL model of the arm is the
plant model used to get the manipulator control law in
the operational space with a classic design method.

2.1. Mobile base BG model

Figure 2 shows more details of the mobile base, among
them some parameters and the coordinates (xg, Yo, Po)
representing the three degrees of freedom of the
platform in the Cartesian frame {Xg,Ys, Zp}. Ideal
behaviour is assumed for each wheel, i.e., it rolls on its
actuated turning direction without slipping relative to
the ground and ideally moves (no efforts nor losses) in
the lateral direction. Friction at the wheel axis is
considered negligible. Each wheel has moment of
inertia I, and mass M,. The symmetrical location of the
wheels allows for subsumming their masses into the
circular platform mass without changing the position of
its centre of mass. The resulting overall inertia
parameters considered for the movement of the platform
are m,, for translation on the horizontal plane and I, for
rotation around its vertical axis.

Y, A

Yo

ZF

Figure 2: Schematic of the mobile base

For the mobile base, these are the relations linking the
1-junctions representing the translational and rotational
velocities  (%g, Vo, o) of the body with those

As usual in BG modelling, the interconnection structure
joining the two sets (of three velocities each) given in
(1), is built using a MTF-element with modulus
A1(@,) (notice that matrix A is invertible, which
corresponds to the holonomicity of this robot). Then,
the effort sources corresponding to the actuation torques
Tr1, Trp, Tz, provided by the BLDCM, and the wheels
inertias are added to the 1-junctions on the left side of
the MTF, as shown in Figure 3. Further, the inertia
elements of the platform are added to the 1-junctions on
the right of the MTF, and three bonds are left available
for the interconnection with the BG model of the
manipulator presented later.

1: 1,7 1:myp
T rF,
Seﬁlﬂ— 1+ M
Q7 X A
N
1:1;2 I:Ip |
P
U
Se~2A41 'ﬁ |7MTFI: 'ﬁ"_'ﬁ k
@2 a % T
A4 (¢0) 0
R
1:7;3
1:mp A
T rF [ R
sei1—4 3 M
3 '

Figure 3: BG model of the mobile base

2.2. Manipulator arm dynamic models

The planar MA is depicted in Figure 4. All the x;, y;
and @; coordinates are defined with respect to the
inertial frame {Xg, Y, Zp}. The chosen set of
independent generalized coordinates is collected in
vector q = [0,0,050,]. The distance from the centre
of mass of link i to joint axis i is [;, the mass and length
of each link is m; and a; respectively, and the moment
of inertia of each link with respect to its centre of mass
is I;, with i =1,...,4. The masses and moments of
inertia of the actuators at the joints (motors and
reductors) are included in those of the links.

A

corresponding to the rotational velocities of the wheels ¥,
(Qr1,Q05,Q,3) as given in (1) and (2) below. The Ve
derivation of this kind of relationships can be found in ’
many publications, see (Viet, Doan, Hung, Kim, & °
Kim, 2012) or (Ram, Pathak, & Junco, 2018) for
instance. In (2) r is the radius of the wheels and L the &)
distance of the wheels to the centre of mass of the ’
mobile base. y;
1 f >
2 = A(Q)O)[ l ( ) ZFG X, X, X, X, X, X, ;F
Figure 4: Schematic of the manipulator arm
) s
1 [COS 00— _ sin ((DO - §) _L] 5 2.2.1. Kinematics and differential kinematics
A(By) =—| cos((z)o) sin(@o) —L| @ The positions of the centre of mass of the links are
rlcos (@0 ) “in (®0+E) 1| given in (3), where s; and ¢; stand for sin(®;) and
3 cos(@;), respectively:
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X1 =xp+cih yi=yp+sih

X, =x1 + ¢l + el Yy, =y + 51l + 550, (3)
X3 =Xy +Cly 3l Y3 =y, + 550, + 5303
Xo=x3+c3lztclly yio=y3+ 5303+ 541,

Taking the time derivatives yields the associated
differential kinematics:

X =%p — 51140y =9p+ el

Xy =3y — 51101 — 51,0, Y2 = Y1+ 1y + L0, 4
X3 =%y — $1,0, — 530303 V3 = V5 + 21,0, + 31303

Xg = X3 — 5313(2)3 - 5414(2)4 Ya=ys+ C3l3¢3 + C4l4¢4

2.2.2. BG model of manipulator arm

Using the previous differential kinematics equations the
manipulator-arm BG-model of Figure 5 can be easily
constructed. In the middle of the figure the four I-
elements associated to the rotational inertias of the links
can be noticed, all of them in integral causality, attached
to the I-junctions associated to the generalized
velocities §. Four effort sources applying the torques
T,7,T3T4 provided by the joint actuators can be
recognized. In the upper and lower horizontal strips the
x and y translational inertias of the links are
represented, all in derivative causality. The two bonds
coming from the left are associated with the velocities
Xp and yp and transport the power exchanged with the
base.

i 1 1 i
1 1 1 1
. / ‘/\o \//1, \ /1\0 /1,
— A A A
M
o MTF:, singy)  MTF:lsin)) MTF.L sinh) MTF:, sinig ) MTF sinig)
B8
(8] L1, L1 L
1 ) : : ‘
Ll o i \ S
¢ @ T 1% ) % %
L O O A A
s T mSe mSe mse
£ MTFcosigy) MTF:fcosg) MTF:hcos) MTFcosgy) MTF cosy)
0 1 0 1+ 0 1t 0 1
\1/ ‘\1 \1/ ,
I I3 I 3
Vi,

my 1% [

Figure 5: BG model of the manipulator arm

2.2.3. Euler-Lagrange model of fixed manipulator
The EL model of the fixed MA presented next will
serve, as already stated, the only purpose of defining a
standard trajectory controller for its end-effector.

The EL equations are given in compact matrix form in
(7), in the same coordinate system q = [@;0,050,]
used in the BG model of the previous subsection, i.e., it
is a joint space dynamic model. There, M (q) is the mass
matrix and matrix C(q, q) regroups the centrifugal and
Coriolis effects. In Appendix the expressions of both
matrices are presented. As the manipulator moves in the
horizontal plane, and due to the absence of friction, no
gravitational nor dissipation terms appear on the left-
hand side of (7). Otherwise said, the first member of (7)
is completely due to the contribution of the kinetic co-
energy K of the Lagrangian. The latter is obtained
replacing in the expression of K — given in (5) — the

dependent coordinates x;, y; according to the
differential kinematics equations (4).

On the right-hand side of (7) appear the only non-
conservative terms of the system, the four joint torques
T = 147, T3 T4]. For simplicity, no tip contact forces
have been modeled, but this does not reduce the validity
of the results, as enhancing the controller to reject their
effects is a standard matter. Finally, as it is well-known,
the model (7) can be obtained applying to the
Lagrangian the operations indicated in the general
expression (6) of the EL equations, where Q; stands for
the vector of generalized non-conservative forces, in
this case Q; = ;.

K = omysd +Smiy? + 2L 0% + Smyid +5myyE +

103 +Smaxd +2mayd 4+ 21303 + S mil + )

1 ., "1
;m4yf + 514(33,

LY (B0 =1 ©)
M(@§+ (.9 =7 @)

2.3. BLDCM BG model

The (d, ¢) equivalent circuit of a three-phase BLDCM
depicted in Figure 6 is considered, see (Junco &
Donaire, 2005) for details, including its representation
in machine variables. Motor inertia and friction have
been lumped together with all other inertia and linear
friction rigidly coupled to the motor axis, and any
remaining load has been represented by an external,
load torque 77;. In the case treated here the mechanical
inertia includes those of the rotor, the wheel and the
gear-box if it is not a direct-drive. The friction is
neglected so that the R-element disappears. The load
torque T}, represents the base reaction on each wheel.

1 R L,
+os AV
Vv, emf,

Figure 6: Equivalent circuit of a BLDC Motor

The BG-model of Figure 7 clearly suggests the
physically meaningful decomposition of the model in
electrical, mechanical and coupling subsystems. The
first two are dynamical systems, while the third is a
static one. This decomposition will be used later for the
design of the BLDCM control system. The constitutive
relationships of the coupling structure (the two MGY’s,
the TF and the I-junction) given in (8), (9), and (10)
express the counter-electromotive forces in the axes d
and ¢, and the electromotive or drive torque,
respectively. The variable @, stands for the constant
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flux of the permanent magnet and n,, is the number of
pole-pairs.

emfy =n,Lol,w ®)
emfy =np(Laly + 0w ©)
(10)

To = np[(Lalg + B)lq — Lalgla]
. I
L,
| -

L
MSe —I1 KT—MGY<—

lq . 1:J
Voot |
R:R ! T,
I 1—ATF————I1 ﬁli'
lL, 1 ® .0, 1
| |
: : R:b
MSe —i1 |7 MQY— X
v, Ilq 1Ly |
I I
R:R | 1
Electrical : Coupling : Mechanical
Subsystem Subsystem , Subsystem
|

Figure 7: BG model of the BLDC Motor

2.4. BG model of the complete MRRM

Coupling together the BGs of the three BLDCM (Figure
7), the base (Figure 3) and the manipulator arm (Figure
5) the overall BG model or the whole MRRM shown in
Figure 8 is obtained. Notice the parasitic C-elements, in
red colour, added in order to avoid the derivative
causality of the translational inertias for simulation

purposes

3. CONTROL SYSTEM DESIGN

Stated again, the purpose of this research is to design a
mobile base controller such that it keeps the base as
immobile as possible when the manipulator is
performing the prescribed tasks in a predetermined
work space, in such a way that it yields possible to use,
as part of the RMMR, a standard manipulator system
with its controller designed under the typical
assumption of fixed base. As mentioned in the
Introduction, to reach this purpose a decentralized
control scheme is presented, with two different
controllers.

For the tip of the manipulator arm an operational space
trajectory controller based on the manipulator inverse
dynamics is presented.

The control of the mobile base is designed with a BG-
based backstepping approach, aiming at shaping the
energy and assigning dissipation to the mechanical side
of the BLDCM via the feedback control of their supply
voltages. In this way the reaction of the base and arm on
the base wheels is strongly attenuated keeping the base
almost immobile.

3.1. Operational space control of fixed manipulator
A standard operational-space controller for the fixed-
manipulator tip (end-effector) to follow prescribed

trajectories in the work space is presented in the
following, see (Siciliano et al., 2009), for instance. To
this aim, the kinematics of the end-effector given next is
necessary.

3.1.1. Kinematics of manipulator end-effector
The end-effector position vector of the manipulator arm
P, = [x,,V,] T can be written in the form

Xp + a.c; + azc, + azes + a4c4] (11)

P =
e Yp + 151 + a5, + azSz + a.Ss,

The differential kinematics (12) relates the end-effector
velocity vector P, with the joints velocity vector ¢
through the Jacobian J(q) given in (13). As a controller
for a fixed arm will be used, the time-derivatives of xp
and yp are set equal to zero.

B =J(g)q (12)

_[T@S1 —ApS; —A3S3 —QuS, (13)
I@) = [ a6 azC2 azCs AyCy ]
Taking the time-derivative of (12), (13) yields the
relationships between the accelerations of the end-
effector and the joint coordinates vectors given in (14),

(15).

B = (@) +/(@ )i (14
i(a,4) = [—a151‘:11 —02C2q2  —A3C3q3  —a4C4qs| (15)
—a1S141  —A25242 —0A353(3  —Q45144

3.1.2. Control of manipulator end-effector

The control law generating the actuator torques
T = [1,T, T3 T,4] is basically obtained in two steps. First,
they are calculated via the inversion of the EL equations
(7) and replacement of the acceleration vector § by a
new control signal y, as given in (16), which leads to
the second-order vector-dynamics (17).

T=M(q@)y +C(q,4)q (16)

i=y a7
The second step simply consists in designing a
trajectory tracking controller for system (17), where the
trajectory to be follow is specified by P,, P,, and P,
the desired time-evolutions of the end-effector tip,
velocity, and acceleration respectively. The control law
(18) yields the error dynamics (19). In (18) JT stands for
the right-pseudo inverse of the Jacobian, which must be
used instead of its non-existing inverse, as J is a 2x3-
matrix, for details see (Siciliano et al., 2009). In both
equations P = P; — P, is the error of the end-effector
instantaneous position with respect to its reference.

y =7 (@@Fs + Knﬁ +KpP — (0, 9)d) (18)

P+KyP+KoP=0 (19)

In (19) Kp and K, are positive definite diagonal
matrices with entries of convenient values (resulting
from the controller tuning). It can be seen that, besides

q and g, also P and P, therefore, P, and P, are necessary
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Figure 8: BG model of the MRRM

to construct the control law (18). They can be obtained
computing the expressions (11), (12) and (13),
respectively, which shows that the knowledge of the
joint angles and velocities suffices to calculate (18). The
latter are provided by the usual measurement and
processing of the joint angles signals obtained via
encoders.

3.2. Control of the mobile base

The controller for the mobile base is inspired in the
physical fact that friction and elastic coupling between a
rotational axis and a fixed frame have an antagonic
effect on its movement with respect to the axis. Put in
BG terms in the problem handled here: if there were R-
elements of considerable friction and C-elements of
high stiffness at the wheels of the mobile base, then
they would barely move. These effects on the wheels
will be physically emulated by an adequate design of
the control systems of the BLDCM.

The subsystem to the right of the dashed vertical line in
Figure 9 represents the mechanical part of the BLDCM
BG model shown in Section 2.3, with the assumption of
negligible friction at its axis. The whole BG, called a
Target BG (TBG) represents the wheel with the friction
and stiffness to be emulated controlling the BLDCM.
The torque T, represents the load felt by each wheel due
to the reaction of the rest of the system on it. The torque
T, is the torque to be imposed by the motor on the axis.
The law of T, is immediately obtained from Figure 9. It
is given in (20) below, where the R- and C-elements
have been chosen linear, with desired coefficients b and
k, in order to simplify the controller tuning.

T;:—bw—kawdt=—bw—kT6 (20)

with 8 = [ w dt the angular displacement of the wheel.
As the BLDCM controller will impress voltages to the
motor and not torque, the motor is not able to exactly
impose the torque T, on the wheel axis, but if it were,

the wheel angle dynamics would be like in (21), i.e., it
will be driven by the load torque.

Cik, I_:FJ
R:b 11—

e

Figure 9: TBG prototypiné of BLDCM torque

As each actuator consists of a set of motor plus speed-
reductor, with high reduction index —about 20 or
higher— the load torque appear strongly reduced on the
motor axis. Therefore, the controller designed in the
sequel does not contain any term meant to cancel the
load torque, i.e., for the controller design the latter is
neglected, but it will be of course present in the
simulation run to validate the performance of the
control system. With this assumption, the angle
dynamics satisfies the homogeneous differential
equation (22), which indicates that the angle tends
asymptotically to zero if there is any angle and/or speed
deviation from zero. In fact the angle will remain close
to the origin, the closer the higher the choice of the
coefficients b and k.
JO+bO+kp6= T, @1

J6+bO+kr8=0 (22)
Nevertheless, it is pointed out that, if necessary, some
terms could be additioned to the control law in order to
take care of these loads, for instance according to the
standard compensation “computed torque” technique,
widely used in robotics (Siciliano et al., 2009).

The torque T, is in fact built by the motor through its
electromagnetic magnitudes according to (10). As it is
well-known, the torque is indirectly determined by the
motor voltages controlling the currents.

Solving (10) for I, and using the reference T, yields the
following reference I4 for the quadrature current
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I = Te (23)
! "p[(Ld - Lq)ld + Qe]

Now, a control law for the voltage V; has to be found in
order for I, to track its reference. Also a law for V; is
necessary to control I;. This is an additional degree of
freedom of the controller that can be used to satisfy any
other requirement on the motor functioning. Here, the d-
axis controller given in (24) is used for I; to track a
convenient (in most applications constant chosen)
reference 1.
Va = Laly + Lakaly + (R — Lakg)1q — oLyl (24)
a = Lalg + Lakalg alta)la = NpWhqlq
This law for V,; just cancels the emf;, replaces the
resistance R for a convenient value Lyk, in closed-loop
(kg > 0 is a free controller parameter) and —as it is a
tracking controller— feedforwards I; and I. It yields the
d-axis current error dynamics ey = [ — I
o= st 29)
The focus is put now on the design of the g-axis
controller, for which a cascade structure enhanced with
some terms resulting from a Lyapunov redesign is
proposed in the next subsection.

3.2.1. BLDCM cascade controller

Considering the extra control action u, set to zero, the
law (26) for V; forces I, to track I with the dynamics
(27) (uq = 0 also here) in the quadrature current error
eq, where I is specified in (23).

Vo = Lolg + Lokgly + (R — Lokg) 1y + npw(Laly + ©,) (26)
+Lguy

This law for V, (with u, = 0) just cancels the emf,,
replaces the resistance R for a convenient value Lk, in
closed-loop and, as it is a tracking controller,
feedforwards [; and I'[;, thus the error dynamics
eq=1Ig—1Iq

@7

éq = —kqeq —uq

The construction of the g-axis controller through the
cascade coupling of (20), (23) and (26) yields a third
order closed loop feedback system in the g-axis whose
state variables are 6, w and I, or, alternatively, the error
eq- This has the following two consequences:

First, the error e, induces the following error ez = T,” —
T, in the motor torque

er =ny e [(La = Lq)la + O]

Therefore, equation (22) is no longer satisfied but (29)
instead, which also shows the unidirectional incidence
of the d- on the g-axis through the action of 1;:

JO+b6+kr 0= —er=-nyeq[(La—Lg)la+ 0] 29)

(28)

Second, and still considering u, = 0, despite the fact of
all the feedback loops being negative, the stability of the
g-axis subsystem is not assured for every set of positive
controller parameters. In order to assure (internal)

stability for all cases of positive parameters {b, kr, kg,
kq4} —which in any case have to be adequately tuned for
good closed-loop performance— the following
Lyapunov redesign is performed, where the extra
control action u, will be determined.

3.2.2. Lyapunov redesign on the g-axis controller
The positive definite function 1 (6, w, eq, e4) given in
(30), which considers the whole system, is chosen:
1 1 1 1
2(6,0,e4,€4) =§kT62+§]a)2 +§Lqe§ +§Lde§ (30)
Taking into account (25), (27) and (29) the orbital

derivative of A can be easily computed to be

. d

A= i [1(6,w, eqr eq)]
= —b w? — Lykse? — Lgkge3 D
— ny weq [(La—Lg)la + 8]

— Lqequq
It is immediately seen that choosing u, as
n
g = =7 0 [(La = Lo)la + 0] (32)
q

yields the negative semi-definite orbital derivative

A=—bw?— Lykse? — Lykge} (33)

As 1 does not depend on the state 6, it is not negative
(but just semi-) definite, which implies that only
Lyapunov-stability of the closed-loop system can be
concluded from (33). However, asymptotic stability is
easily proven via Lasalle’s Theorem, as the state-space
manifold defined by {8, w,eq eq} = {6,0,0,0} is not
invariant under the closed-loop dynamics.

The previous choice of u, yields the final expression
(34) for the voltage V;

Vy = Lols + Lakgly + (R — Lokg)Ig+n,w Loly

Remark: The d-axis state variable e; has been
considered in (30) just to have an integral proof of the
asymptotic stability of the whole system. Eq. (25)
already shows its asymptotic stability and
independence, and (26) (32) show that the Lyapunov
redesign affects only the g-axis dynamics.

The complete structure of the BLDCM controller is
shown in Figure 10. The combination of the classical
cascade structure with the Lyapunov redesign renders it
equivalent to a backstepping controller.

(34

I

e oo R I * fmm——- . L
: : d ; v Ve
: R Sl R UM BLDC
1 Eq(20) : T" : L% & : v Motor
: 5! E(23) ! Ey34) —>

Ta),e Tld Tld,lq,(o Id,Iq ,,0

Figure 10: Cascade controller structure

4. SIMULATIONS
In this section, the performance of the control system is
assessed via simulation runs performed in the 20Sim
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environment (Controllab Products, n.d.). The model of
the MRRM is implemented in the BG domain as shown
in Figure 8 whereas the controllers of both the MB and
the manipulator arm are constructed as block diagrams.
Only the controlled BLDCM of the mobile base are
modelled in detail. The controlled actuators of the
manipulator joints are modelled as ideal torque sources.
On the one hand, this approximation is a well-validated
common practice, and, on the other hand, the focus of
this work resides in validating the capability of the
mobile base controllers to stabilize its position despite
the movements of the arm.

In the chosen simulation set-ups the tip should move
along a circular path of radius R = 1.4m at a constant
angular velocity w = 0.8 rad/s. Figure 11 shows this
path inside the reachable work space of the manipulator
arm with the mobile base already located at the desired
position. The corresponding reference trajectory is
given by

_ [R cos(wt) + X,

a7 [Rsin(wt) + Y, (35)

where X, = 0.9m, Y, = Om. The manipulator arm has
to follow this trajectory whereas the base should remain
at its initial position.

! Reference trajectory
p- P = = = Work space

Y [m]

3 ; ; ;

-4 -2 0 2 4

Figure 11: Reference trajectory and workspace

The parameters of the MA and the MB are given in
Table 1. The omniwheels of the base are actuated by
three 200W BLDCM of the type given in Table 2

Table 1: MA and MB parameters

Three different scenarios defined by the following three
parameter sets of the backstepping controller are tested
i) b=0,kr =0, ii)) b =500,k; =0, and iii)) b =
500, kr = 300. In this particular case, the centres of
mass of the links are located at the middle of each link.

Table 2: Motor maxon EC-4pole and control parameters

P;\::r)rtl(;er Value Pgr(e)llrlrtlre(i:r Value
Ji 33.3e-7 Kgm’ kq 60
R 0.579 Q K, 5
Ly, L, 9.75¢-5H Kp [40,0; 0,40]
n, 2 K; [9,0;0,9]
k. 27.6mNm/A LI 0A
b 5.68e-6 Nms - -
D 0.0138 Nm/A - -

The remaining parameters of both, the operational space
and the cascade controllers are the same in the three
cases. These scenarios allow to compare what happens
if the base is not actuated at all (case i, T, = 0), or only
dissipation at the wheels is emulated (case ii), or both,
dissipation and elastic antagonic torques are emulated
(case iii). The simulations start with the centre of the
MB located at the origin of the frame with the
manipulator arm completely extended, and are carried
out for a period of 30 seconds.

4.1. Scenario 1
4

MB disturbance [m]
o
MB disturbance [rad]

I I I -80
0 5 10 15 20 25 30
Time [s]

» : ;

Figure 12: MB disturbances

With the backstepping controller not active, the torques
applied to the omniwheels are zero, what implies that
the mobile base moves under the only action of the rest

Parameter Value Parameter Value of the MRRM, without any rejection of these
L 05m m 10Kg disturbances. These phenomena can be appreciated in
oL 025 m I, 0.5 Kgm’ Figure 12 where, as 1.t can be seen, the base moves
along the x and y directions and rotates more than
s 0.125m b 0.15m 70 rad. Due to this movement of the MB the tip
my,m; 05Kg Tp 0.05 m trajectory error evolution, shown in Figure 13, is
Mg, My 0.25Kg L 0.2m significant.
I 0.0015Kgm® | Iy, Iy5, 15 | 0.004 Kgm®
1 0.0012 Ker? 4.2. Scenario 2
>3 . em - - In this case, the positive value given to the parameter b
I 0.001 Kgm® - -
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Figure 13: Tip trajectory error

emulates damping assignment to the mobile base
dynamics. As a result, the effects of the disturbances on

the MB, plotted in Figure 14, are considerably reduced.
0.01 1 1 1

ka]
_y[m] . . . .
0.006F —— g lrad] ... e - [ERRREEEE B

0.008F

0.004} - T R 11| SR | | X L .

0.002 - N | Y |-
) : :

-0.002} AT} ARl [l —

-0.004f - N S | [— e ]

oo W

oL

—0.01 i i i i i

Time [s]
Figure 14: MB disturbances

In this way, the tip trajectory error shown in Figure 15
converges to zero with a rate determined by Kp and Kj,

0.15 ‘ : : : :
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Figure 15: Tip trajectory error
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The coupling between the two subsystems, MB and
MA, can be seen in Figure 15 that shows that the bigger
the movements in the base are the bigger the tip
trajectory error is.

4.3. Scenario 3

The plot in Figure 16 shows that, when the capacitor is
incorporated in the prototyped BG, the controller makes
decrease the error. Also, it can be seen in Figure 17 that
the tip trajectory error converges to zero. These plots
evidence that the controller ensures trajectory tracking
and disturbance rejection showing very good
performance.
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Figure 16: MB disturbances
0.15 ‘ ‘ ‘ , ‘
. : : : : x direction
01 : : : | = = =y direction
A R R T —
—_ 1 .
£ ! :
A= . :
5 0.05f b R IR TR R
2 s
E o < ]
5 K |
T :
S-005 - r L R
o i
= 3
SO R RE EREETETEPRI PEPERETRS g
0 5 10 15 20 25 30

Time [s]

Figure 17: Tip trajectory error

5. CONCLUSIONS

This paper shows the effectiveness of regulating a
mobile base to a fixed position in order to mount on it a
standard controlled fixed manipulator arm and use the
ensemble as a mobile redundant robotic manipulator
still able to efficiently perform its tasks. In particular, a
backstepping control technique was performed in the
BG domain in order to control the mobile base
emulating mechanical damping and stiffness assignment
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to the BLDCM actuating a three-wheeled
omnidirectional base. The objectives of the designed
control system have been reached, as verified through
simulation in different scenarios.
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APPENDIX
The mass matrix M(q) is

Mll Mlz M13 M14

_ MZl MZZ M23 M24
M@=\ My My M,
M41 M42 M43 M44

My, =1 + Pmq + 48m, + 412ms + 412m,

My, = My = 2L lmycqp + 4l lmaeyy + 4lilamycy;
Mz = M3y = 2ll3maeis + 4l lzmycys

Myy = Myy = 2L1ymycyy

My, = I, + Zm, + 4l3m5 + 412m,

M3 = M3y = 2l,13m3ca3 + 4l l3mycy

Myy = Myy = 2L1,mycyy

Mgy = I3 + 2ms + 412m,

Mz = Myz = 2l3l,myc3,

My, =14+ Bm,

The notations s;j,c;; denote respectively sin(@; —
@;), cos(@; — @;)). The expression of matrix C(q, q) is

0 Cyp Gy Cu
v _[Ca1 0 Ca3 Coy
Cad=\c, ¢, 0 c,
Co Cip Cig O

Ci3 = 43 (2L lsmssyz + 4l 13mys;3)
Cia = 4421 lymysy,

Co1 = —li1,(2my + 4my + 4my)s1, G,
Ca3 = (2L;lzmssy3 + 4l313myS,3)q3
Caa = 21514myS244,

C31 = —lil3(2m3z + 4my)s;34,

C3z = —(2L13m35,3 + 4l;13mys,3)q;
C3q4 = 2l314myS344,

Ca1 = =21 1lymysy4Gq

Caz = —21514m4524G;

Caz = —2131,m4534q3
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ABSTRACT

This paper presents a study on the development of smart
factory in the context of the manufacturing industry. We
show that such systems must be agile, i.e. able to adapt
quickly to changing contexts such as a particular
production or material faults. In this study we model the
control system of these systems by a layered and generic
approach. We distinguish several classes of models to
manage different categories of flexibility. The main
objective of the study is to provide a rigorous and
systematic method for modeling and verifying
systematically, rigorously and effectively this type of
system.

Keywords: Colored Petri nets, Smart Factory, discrete
event system, controller, verification

1. INTRODUCTION

Smart Factory is a key concept in the current
development of production systems. The idea of this
concept is the construction of industrial systems
(production and logistics) that can adapt their production
according to their environment (market demands,
material faults ...). This study concerns the design of
Smart Factory production part belonging to the Discrete
Event Systems class (DES). The agility of this type of
system depends on its degree of flexibility and its
reconfiguration capabilities (Radziwonadt 2014).

The objective of this study is therefore the design of the
control of such systems in order to take advantage of the
material flexibilities offered by the system to
continuously adapt its production. This requires the use
of a formalism to check very early the quality of the
system built. For this, we chose to model them by Petri
Nets (PN). Indeed, itis a formalism that makes it possible
to easily model DESs characterized by a strong
parallelism and synchronization. It also makes it possible
to check a priori properties of the model and to simulate
its dynamic behavior. The major issue of modeling a
system characterized by numerous flexibilities is
combinatorial explosion. To deal with this, we chose
Colored Petri Nets which are an abbreviation of the
Places/Transitions PN (P/T PN). Itis a good compromise
between modeling power and formal verification, and
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transcription capacity in implantable code on industrial
computers.

The goal of this work is to provide a systematic
engineering method to ensure the rigorous design of
control models for Discrete Events Smart Factory. Itis a
complement and an improvement of the works presented
in (Toguyeni 2006). It proposes a more concise modeling
of Extended Operating Sequences (EOS, hereatfter), thus
greatly reducing the combinatorics of models in the
design phase. It also proposes the modeling of resource
allocators for the control of the production system. In
addition, it is also interested in the formal verification of
these models, aspect not addressed in previous work.
The paper is structured as it follows. The second section
concerns the problematic and the context of the study. In
the third section we will present the formalism of the
colored Petri nets used to answer this problem. In the
fourth section, we will present our modeling method.
And in the fifth section we will show how we check the
behavior of our models to ensure its quality. We will end
this study with a conclusion and perspectives of this
work.

2. PROBLEM STATEMENT AND STUDY
CONTEXT
Current production systems must be systems capable of
adapting to their environment. In other words, they must
be agile systems. Agility means that they have to be able
to produce new types of products on demand, without
having to make heavy reconfiguration studies of the
system as on the production lines found in the car
industry. They must also adapt their configuration in real
time to cope with production hazards such as the
breakdown of a machine. They must be able to take into
account very quickly the possibilities offered by the
addition of new resources in these systems. To face these
challenges two key concepts must be taken into account
for their design: flexibility and reconfiguration
capabilities.
Flexibility is the ability of a system to produce different
types of products simultaneously. In the DES class, in the
1980s, this property gives birth to the concept of Flexible
Manufacturing System (FMS). In practice, FMSs are
characterized by several types of flexibility: product
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flexibility, process sequence flexibility, machine
flexibility, routing flexibility, production flexibility ...
(Beach etal. 2000). These different forms of flexibility
will induce more or less complex control. For example,
process sequence flexibility consists in stating that the
transformation operations of a type of part are not
necessarily totally ordered. This is the distinction
between FMSs of flow job type, job shop type (fully
ordered operating sequences) and the open shops
(unordered operating sequences). The implementation of
open shops is of course more difficult than that of the job
shops. Also one of the objectives of this study is to be
able to model open shops, knowing that a priori the
modeling of open shops is a difficult problem because it
is very combinatory. We will notably propose in section
4, a new model of Extended Operating Sequences to deal
with this problem. Figure 1 describes a flexible workshop
that will serve as an illustrative case study throughout
this study. It owns many kind of flexibilities. Each
machine has different machining operations noted ‘fi’.
‘f3" is held by three machines: M1, M2 and M3. At the
opposite, operation ‘f4’ is held only by machine M4. The
machines in this system are distributed around a
conveyor belt. On this conveyor are positioned working
stations (Zi) allowing robots to palletize or de-palletize
parts on pallets moving on the conveyor. Reachability
relationships are shown in the figure (the arrows on
Figure 1) showing the direction of movement of parts and
pallets. To go from Zto Z;, a part hast two possibilities:
either go throup the 1S-Z,-IS, path or go directly
through the 1§ pah. These alternatives illustrate the
routing flexibility. Similarly, robot R4 can directly
transfer a part of the input stock IN to the loading station
Z, of the machine M In normal operation it loads and
unloads parts frm the pallets arriving at «Zfrom the
input stock IN © Z; or from 2 to the output stock
PiOUT. The I1$(i 0 {1,2,3,4,5,6}) are temporary storage
areas on the cemyor. This study assumes the capacity
of each Zis only one pallet and the capacity of areas IS
is 5 pallets. Thdimitation of Z capacity to one pallet
enable the robotkor loading and unloading operations
with great precision.

f2 f,

R2

Figure 1: lllustrative example of manufacturing plant
with flexibilities
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The reconfiguration of a production system occurs
schematically in two contexts: during a change of its
resources (for example when adding a new resource) or
because the breakdown or the repair of resources. One
can notice that the differences are related to the static or
dynamic nature of the reconfiguration and the delay
constraints to perform it. Adding new resources is a static
reconfiguration that is done offline. At the opposite, a
resource breakdown is an unforeseen event that must be
addressed on line, to manage products that are already in
the system and for products that need to be loaded on the
system. Reconfiguration concept was formalized a few
years by a new class of production systems called
Reconfigurable Manufacturing System or RMS (Koren
2014 ; Koren and Shpitalni 2010).

The main problem to model the control of FMS and RMS
is combinatorial explosion. This problem is faced in the
two stages of a design process: the modeling stage and
the verification stage. Verification stage aims to check if
the model has good properties (boundness, liveness ...)
and respects the requirements. This verification must be
done very early in a design process to avoid later
expensive modifications. To face this problem, it is
necessary to choice a good formalism that enables both
modeling and verification, and the development of an
efficient design process. Next section will first present
Colored Petri Nets, the formalism selected to restrict the
size of controller models.

3. COLORED PETRI NETS

3.1. Introduction

As noted in the previous section, one of the key issues
facing the designer is combinatorial explosion
management. For this, we chose the formalism of the
Petri nets (PN hereafter). They were designed in 1962 by
Carl Adam Petri a German mathematician. The initial
formalism is called, Places/Transitions Petri nets
(notation P/T-nets). But since that time, many
abbreviations or extensions of PN have been proposed by
other authors. Colored Petri Nets (CP-nets hereafter) are
basically an abbreviation for P/T-nets. It means that any
colored model can be unfolded to find the equivalent
P/T-nets model. Coloration consists of defining sets of
objects. Thus, the model's tokens can model real-world
objects. With P/T-nets, it is necessary to make a specific
net for each object. CP-nets make it possible to factorize
the behavior common to several objects into a single
model of the same size as the model of an object in the
case of P/T-nets. Thus, they make it possible to gain in
concision and thus to reduce the size of the model
representing the set of physical objects. Figure 2
proposes a naive modeling of the operating sequence f1
in the two formalisms. Thanks to the coloring, the CP-
net model has only 3 places and 3 transitions compared
to 20 places and 19 transitions for the P / T-nets model
(Table 1a). It should be noted that the CP-nets use
functions associated with the arcs of the model in order
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to define the color transformations of the token (cf
functions 'next’ or 'next2' in Figure 2: Naive modeling of
the operating sequence f1 by P / T-nets and by CP-nets).
If one considers two operating sequences and five parts
per operating sequences the concision of CP-nets is
stronger (Table 1b).

o/ o . o P - e - g M annotation

Z2t0M1 M1 M1 w‘

f+e fl+ f+ fe A+ e A+ fle fe @ /

PIOUTZLtoPIOUT Z1  IS6tozl IS6  Z3tolS6 IS3toZ3 Z2t0IS3 72 ‘

annotation

IN INtoZ1 71 Zzitols1 IS1 ISltoz2  Z2

a) P/T — nets of operating sequence f1

\ , ~
(chg(tf,loc), next(loc)) J
T /

| @ oc
@ |~ O
(tf, loc) | (. loc) (f1+, Ifm, PIPOUT)

Z1toPiOUT)
TFLOC
PLACE
TYPE .
b) CP- nets of operating sequence f1

Figure 2: Naive modeling of the operating sequence f1
by P / T-nets and by CP-nets

colset TRF=with f1-|f1+;

colset OSA=with IN|INtoZ1|Z1]|...|Z1|Z1toPiOUT;
colset OSA2=with Z1toPiOUT|PiOUT

colset TFLOC=product TRF*OSA;

colset TFLOC2=product TRF*OSA2;

Var tf tf2: TRF;

Var loc: OSA;

Var loc2: OSA2

TFLOC2

But there are several types of CP-nets. In particular, this
study is based on Karl Jensen’s Colored Petri Nets (CPN
hereafter (Jensen and Kristensen 2015)). They are not
pure CP-nets. They have many extensions that extends
the modeling capacity of P/T-nets. The next sections

present their definition and their main features.

Table 1: Dimension of the P/T-net and CP-net models of

Figure 2
Number of Number of
operating | Number of [ Number of | tokens per | Number of | Number of
Class of PN| sequence [ part per OS| models models places | transitions
P/T-nets 1 1 1 1 20 19
CP -nets 1 1 1 1 3 3
a) Case of one operating sequence and one part
Number of
Number of Number of | Number of | transitions
operating | Number of [ Number of | tokens by |places of all of all
Class of PN| sequence | part per OS| PN models| models models models
P/T-nets 2 5 10 1 200 190
CP -nets 2 5 1 10 3 3

b) Case of 2 operating sequences f1 and f3 and 10 parts

3.2. Formal definition

CPN formal definition given in this part is based on the
definition of non-hierarchical CP-nets given in (Jensen
1997).
In the following definition, ‘Type’ defines the type of a
variable or an expression and ‘Var' defines a set of
variables.
Definition 1: A CPN is a
CPN=(2,P,T,AN,C,G,E,l) with:

* Y is a finite set of non-empty types, called color

sets.
e Pis afinite set of places.
» Tis afinite set of transitions.

tuple

« N is a node function. It is defined from A into

PXTOTXP.

» Cisacolorfunction. It is defined from P into

e G s a guard function. It is defined from T into
expressions such thatt € T: [Type(G(t)) =

B and Type (Var(G(t))) cy.
e E is an arc expression function. It is defined
from A into expressions such thata €

A: [Type(E(a)) =

C(p(a))MS and Type(Var(E(a))) € ¥]

where p(a) $ the place of N(a) and
C(p(@)),, is a multiset on the color of the place

p(a).
* lis anintialization function. It is defined from P
into closed expressions such thatp e

P:[Type(I(p)) = C(p)us] whereC(p)ys is a
multiset onthe ®lor of the place p.

¥ (*General declarations *)

¥ (* Define partid *)

colset PID=INT;
¥ (*Declaration of newEOSeq *)

¥(* Define part localisation *)
colset OSA=with IN|INvVZ1|Z1vZ2|Z2vZ3|Z3vZ4|Z1vZ3|
Z3vZ1|Z4vZ1|Z1vOUT|Z2vM1|M1vZ2|Z3VM2|Z3vM4|
M2vZ3|M4vZ3|Z4vM3|M3vZ4|M1|M2|M3|M4|OUT|
1S1|1S2|1S3|1S4|155(156121|22|Z23|Z4;

¥ (* Define part operation status *)
colset TRSF=with f1|ul|f2|u2|f3|u3|f4|u4|fS|uS|f1f2|u1f2]
flu2|ulu2|f3fif4|u3fif4|usuife|usfiud|usulus;

¥ (* Define part statuts *)
colset PST=product PID*TRSF*OSA;

¥ (* Define part status and destination *)
colset PSTD=product PID*TRSF*OSA*OSA;

¥fun machining (ope:TRSF)=case ope of
fl=>u1l
| f2=>u2
| f3 =>u3
| f4 =>u4
| f1f2 =>u1f2
| ulf2 =>ulu2
| _=>ope;

¥ (* Empty declaration *)
var pid,pid2:PID;

vvar loc, loc2,dest,ndst : OSA;

vvar tf,tf2 : TRSF;

‘PRE_R’Name 1
of the place \\ u
(* Prellocation of a machine
and a pallet *)
PeT PSTD

(pid tf Joc,dest)

Initialization of
E_A 8 marking
1,f1F2,IN,22)++

1°(
17(1,u1f2,M1,24)++
15 (1 u1u2,M3, Zl)

| Guard |-

(1,f1f2,IN) destsToe
id tf I d tf I
_ G ey ey
@ 1° (112, lN)J
\
X \

N\ (pid tf,nextS(loc),dest)
‘\

(pid,tf,loc)
(pid tf,nextS(loc),dest)

SRCtolA

SRCtoPRE_S

pST PSTD

Rl the ype Expresswn of the
of the place @ (* Part palettisation *)
‘SRC”

PSTD

Figure 3: Example of CPN model

Figure 3 gives an example of CPN model with its
declaration of types (‘colset’ declarations), variables and
ML function. In this example, each place has a type such
as PST that is a composed type from elementary types.
Place PRE_A s initialized with three tokens that are each
a 4-uple. Based on the operator of multiset, if M
represents the marking function, one can write the
marking of PRE_A by the equation (1).

« A is a finite set of arcs such that M(PRE_A) = 1°(1, f1£2,IN, Z2) +
PAT=PnA=TnA=L. +1°(1,ulf2,M1,Z4) + +1'(1, ulu2, M3,71) (1)
Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018 65

ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.



1" (1, f1f2, IN, Z2) is a token composed of 4 elementary
colors: 1 is the identifier of the object, f1f2 is its status
with regard its operating sequence, IN its current location
and Z2 its destination.

3.3. Main features
The choice of CPNs is also justified by the existence of
CPN Tool, a suite of tools for editing and analyzing them.
Figure 3 gives an idea of the editing capabilities offered
by the Editor of CPN Tool. It makes it possible to
develop a model in a modular and hierarchical way.
These possibilities are offered by the notion of
substitution transition. Transitions of a model of level n
can be substituted during the execution by a module. This
module will correspond to an n-1 level CPN model. The
entry places (respectively the exit places) of the transition
at level n will be considered as entry places (respectively
exit places of the module at level n-1. The editor also
allows to merge several places of a model so that it
corresponds to a single place (see the annotation 'SRC' in
blue under the place of the same name in Figure 3).
CPN Tool also offers designers the ability to analyze the
properties of their models. The analyses are based on the
generation of the reachability graph of the CPN model
called occurrence graph by the authors (Jensen 1997). Its
generation makes it possible to obtain a report on the
usual properties of a PN such as boundness or liveness.
But CPN Tool also has a model-checker called ASK-
CTL that allows to analyze specific properties of a model
(Christensen and Mortensen 1996).
4. DESIGN OF PART
CONTROLLERS

CONTROL

4.1. Design process
Our design process is based on a decoupling between the
constraints from the product specifications and the
constraints from the resource specifications. As a result,
it includes two flows of designs: a product-centered flow
and a resource-centered flow. These two flows are
summarized in . For more details on these flows, the
reader can refer to (Toguyeni 2006). This study focus on
the construction of the final models built by the product
flow. Given the distribution of these models on separate
computers communicating through industrial computer
networks and industrial messaging, one uses a
client/server approach to take into account the constraint
of asynchronism induced by this environment (see
Toguyeni 2006). In our models this will result in the use
of pairs of Request/Acknowledge places to synchronize
exchanges between distinct PN processes.
The main final models are extended operating sequence
(EOS), the transport system coordination graph (TSCG)
and the resource allocators (Figure 4: A summary of the

design process

). An EOS models the different operations applied to a
product so that it goes from its raw state to a finished
state. TSCG makes it possible to manage the palletizing
and de-palletizing operations of a part on a pallet running
on a conveyor belt, as well as transfers from one working
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area to another one. Resource allocators allow resources
to be allocated to parts as needed. To build these models,
the design process is based on an initial modeling of the
production system based on the reachability relations
between the different working areas of the production
system. To this end, one considers the concepts of
characteristic area and reachability relation (Toguyeni
2006).

Products’
viewpoint

Product Functional
Requirements.
Functional operationg
specifications
Logical Operating Sequende

Transformation requirements

Resources’
viewpoint

Plant
description,
Initial Transport|
|System Modeling
Reachability relation Characteristic Area
Transport operations

sjuawalinbay
19sn

|

S|opo
Areujwijaid

Legend

Processing
Operating Sequences

Transformation Refinements

Machining . Extended

Resource Operating
Allocators Sequence

Models extensions

Transport .
5 Cuordlnatlon

Resource o=
Controllers,

Transport
Resource
Allocators.

Figure 4: A summary of the design process

sjepon
feury

Transformation
Controllers

As an example, Zand M are in external reachability
relation becausi¢is necessary to use robot R1 to transfer
parts between these two areasi Eelongs to the
conveyor and M repesents a machine. Conversely,
there is an indect internal reachability relation between
Z1 and 2z because they both belongs to the conveyor (Z
and IS in one handand IS and 2 in other hand are in
direct reachabily relations).

Some details of the models in sections 4.2 and 4.3 will be
explained in section 5 when interpreting the results of the
verifications.

Decisional o
level Piloting
Product

level Extended Operating Sequences

Transportation

Transport system coordination graph
level GG g

Resource

level Transformation Resource Controllers

Transport Resource Controllers

Figure 5: The four levels of the control part

4.2. Piloting

In our approach, it is the highest level of the control part
(Figure 5). Its role is to solve in real time the residual
indeterminisms of the command. Among these
indeterminisms, let us consider the problem of resource
allocation. The resources considered are the pallets, the
machines, the robots, the points and the junctions of the
conveyor. Due to the limitations of the paper, this study
will be illustrated only with the issue of the allocation of
machines. The transfer of a part from one area to another
is similar to the problem of packet routing in a computer
network by the datagram technique. This means that each
part is routed hop-by-hop with regard the plant areas.
Consequently two parts from same origin to same final
destination can take different routes according to the state
of the system (intermediary areas congestion, resource
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breakdown ...). Thus, to perform a transfer, it is
necessary to know the final destination to reach. Let us
consider the block diagram given in Figure 6. This
diagram illustrates the steps for transferring a part from
one machine to another. From the point of view of
piloting, it is necessary to perform the assignment of the
destination machine (Nlbefore the departure of the part.

If its capacity § of one unit, it means that one cannot do
more than one allocation at a time. As a result, all other
parts that would like to go to Mvould be blocked at the
departure area tihthe destination machine is free. This
would limit the system productivity. In order to increase
its work in progress the concept of pre-allocation has
been proposed in (Toguyeni, 2006).

For a given transformation operation, the pre-
allocation consists to indicate the machine to which the
part is to be transferred. This pre-allocation therefore
does not require that the machine be free. It just needs it
is not fail. The result of the pre-allocation is the
characteristic location upstream of the destination
machine. Let us called it destination area or DA. Thus,
allocation will be madden when the part arrive on DA. If
the destination machine chosen by the pre-allocation is
not faulty, the allocation consists to change its state to
occupy and then in giving the final destination
corresponding to IMas a result.

In fact pre-all@ation and allocation work very closely.
They both depend on the state of the machine and of the
location of the part when they are requested. For the pre-
allocation, the machine must be available (not in
breakdown) and the request must be made at a source
location such as M(Figure 6). For the allocation, the
machine must bevailable and free. Request is made on
DA the characteristic area which precedes the final
destination machine. In case of failure of this machine,
the allocation must be transformed into pre-allocation to
reroute the part to another machine implementing the
same function than the one that has become faulty during
the transfer of the part to MAfter a transformation
operation has lea performed on a machine, whether the
next operation exists on the same machine, the pre-
allocation request must turns into allocation. These two
cases show that it is necessary to implement pre-
allocation and allocation in the same way. As a result, it
is the same controller that implements both functions.
The behavior is differentiated by the area from where
originate a request and the state of the machine.

(DEST)

Rd

Figure 6: Schematic diagram to transport a part

To implement the machines’ allocator controller, let us
define the following types and variables in CPN ML. Let
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us first define the different types using the colset
primitive.
(* Define part location *)
colset OSA=with IN|INvZ1|Z1vZ2|Z2vZ3|Z3vZ4|Z1vZ3|
Z3vZ1|Z4vZ1|Z1vOUT|Z2vM1|M1vZ2|Z3vM2|Z3vM4|
M2vZ3|M4vZ3|Z4vM3|M3vZ4|M1|M2|M3|M4|OUT]|
IS1]1S2|I1S3]IS4|1S5]|1S6|21|22|Z3|Z4;
(* Define part operation status *)
colset TRSF=with f1|ul|f2|u2|f3|u3|f4|u4|f5|u5|f1f2|ulf
2|flu2|ulu2|f3f1f4|u3flf4|u3ulf4|u3flud|u3ulud;
(* Define part status *)
colset PST=product PID*TRSF*OSA;
(* Status of a resource *)
colset STAT=with free|occupied|faulty ;
colset RES=subset OSA with [M1,M2,M3,M4];
colset RAWOP=subset TRSF with [f1,f2,f3,4];
(* Define list of raw operations *)
colset LOP=list RAWOP;
(* Define a machine *)
colset MACH=product RES*STAT*LOP*OSA,
(* Define allocated machine *)
colset ALMAC=product RES*PID*TRSF*LOP*OSA*O
SA;

1°(LFL1N)

1w |

estProc

Figure 7: Machines ’Allocator controller

These types are used to define the places of the CPN of
Figure 7. After that, let us define the variables that are
used to write the expressions of the model.

(* Part Identifiers *) var pid,pid2:PID;

(* Location variables *) var loc, loc2,dest,ndst : OSA,;

(* Machining operation variables *) var tf,tf2 : TRSF;

(* List of machining operations *) var Itf:LOP;

(* Machine status *) var st;:STAT,;

(* Machine variable *) var m:RES;

Using these variables, one can write expressions of the
CPN arcs. As an example, the expression of the arc
between place Standby and transition Regpro¢ is
(m,st,ltf,loc) This expression means that the transition
‘Reqgprotis validated if there is at least one token of this
type in the placeStanby and a token of expression
(pid,tf,loe) in the place ‘ALLO_R’. Standby is the
default place modeling the machine status. To define that
a machine is available and free, one puts a token such as
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(Mg, free, [, T3], Z2) in ‘Stanby. Such a token means that
machine M is free and can perform operatidt' ‘or ‘f3'.
LocationZ; of this token models the characteristic area
where each allo¢®n request is considered by the
allocator as an allocation request of.Mn all other
location, any regest received in placeALLO R
(allocation request) is considered as a pre-allocation
request.

To select a machine that can be allocated let us define the
ML function ‘selmach lIts definition is the following:

fun selmach(r:RES, ope:TRSF, lope:LOP)=

if lope=nil then false

else if ope=hd lope then true

else selmach(r,ope, tl lope) ;

This function is used in the guard of transiti®egpro¢

in order to check whether the machind@rmplements the
operation 6pé. This operation must be a member of
‘lop€ the list of the operations of" This ML function

is defined in a recursive way.

In the same way, let us define in ML, the allocation
function.

fun allocation(r:RES,I:OSA,I2:0SA)=

if 2=I then r else I;

This function is used in the expression of the arc from
transition AckSend (Acknowledge sent) and place
‘ALLO_A. It defines the final destination of a part. If the
request location correspond to the allocation location, it
is an allocation and the destination is the machine.
Otherwise it is a pre-allocation and the destination is the
destination area where the real allocation will be done.

In Figure 7, all the part of the model in green color
represents the interface with the EQS. The part in purple
models the management of faults and reparations of the
machines. The rest of the model in black color represents
the pre-allocation/allocation process. It is worth noting
the use of alternative expression for the arcs between the
transition AckSend and the place Standby and
‘Occupied respectively. In case of pre-allocation (case
whereloc2<>loc) no token is added in plac®¢cupied

and a token of the machine is put back in place ‘Standby
with the value free for the machine status. In case of an
allocation the machine token is put both in places
‘Standbyand ‘Occupiedwith the value occupied for its
status. One can be surprised that the token is put back in
the place Standby: This enables other parts to be able to
request pre-allocations even in the machine is processing
a part. Normally to avoid that a new allocation can be
requested, one must modify the guard Biegpro¢
transition by checking the machine status field and the
location. This modeling error will be checked in the
verification section (85.2).

When a machine is returned after use (in case a token is
put in the REST place), it is necessary to reset to the
value fre€ the status field of the token of the machine in
the Standbyplace. It is why theRestProttransition is
validated simultaneously by th&tandbyand Occupied
places. When this transition is fired, it removes the
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tokens from both places and it puts in the pl&taridby
a token with the value of the status field equalre®"

4.3. Extended operating sequence
An Extended Operating Sequence (EOS) models all the
operations to apply to transform a raw part to a finished
one. In (Toguyeni 2006) we had already proposed to
model the EOS by CPN. But for each class of parts
characterized by its manufacturing range, we had a
separate CPN model. Given the number of operations in
the manufacturing range and the machine flexibilities
corresponding to the various transformation operations,
the resulting EOS could have a very important
combinatorics. Indeed, to achieve this manufacturing
range on our production system of Figure 1, given that
the f1- operation can be done indifferently on machines
M1 and M2, the resulting EOS has 52 places and 29
transitions  (Toguyeni 2006). In reality, the
manufacturing range of a product have dozens of
processing operations and each operation could be
carried out on dozens of different machines. It is
therefore necessary to propose a new way of modeling
operating sequences that makes it possible to reduce this
combinatorial explosion.

To do this, a generic sequencing model of all the
operations necessary to move a part from a machine to
another one, must be first define. It must takes into
account the operations of the manufacturing range of the
part. To establish this model, let us first define the
schematic diagram for the transfer of a part from a source
operating area to a destination (Figure 6). Based on this
model, let us specify a sequence chart of operations to be
implemented from the point of view of the EOS in
relation to the other controllers of the control part (Figure
8). It shows that every transfer systematically requires 5
operations:

« A pre-allocation on the source location JMo
define the destiation of the part (DA for Destination
Area).

*A palletization of the part of the source maching M
on the palletizig area (called here LA for Local Area),
in direct reachability relation with the source machine.

« A transfer from LA to DA. LA and DA are a priori
in indirect reachability. In order not to model at the level
of the EOS all the possibilities of routing between two
characteristic areas in indirect reachability, one just
models the fact that the part is in transfer between LA
and DA. The flexibility of the transfer and therefore the
combinatorics generated by this flexibility will be taken
into account by TSCG CPN model (see Toguyeni 2006).

» Arequest for allocation of the destination machine
Mg when the palletized part arrives in DA.

* A de-palletizaibn of the part in DA and its loading
on the destination machinegM
Once the part ares on M, the EOS must start the
manufacturing prgram corresponding to the requested
machining operation. When it is finished, the situation of
the machined part on Ms exactly the same situation
than the initialsituation considered on the maching M
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Thus, it is obvious to consider thatkMow plays the role
of previous M andthen it a possible to restart the entire
procedure descréa here.

Tscc Machine

Palettization request (Src,LA)
Palettization
(src, LA)

| ransfer
- LA on
Depalettization request (DA,DEST)

Arrival (DEST) ]

Transfer request (LA, DA)
Arrival (DA)
Depalettization
(DA, DEST)
Run(op)

] Machining(op)

Stop(op)

Figure 8: Sequence chart to transfer a part based on the
schematic diagram of Figure 6

In order to be generic, one has to deal with specific cases
such as the departure of the part from the stock 'IN' and
its return to the stoclPiOUT when it is finished. In fact,
when there is no more manufacturing operation, it is
necessary that the pre-allocation/allocation function
routes the part towards the exit of the system (Case 1).
Another specific case is when the pre-allocation
designates the current machine as the one to perform the
next manufacturing operation. This means that at this
point the pre-allocation works like an allocation and
consequently there is no need to transfer the part since it
is in the good location.

1

(Case 2
Saunile

Figure 9: Generic EOS —partl

Figure 9, Figure 10 and Figure 11 show the generic CPN
model of EOS. The model is decomposed into 3 figures
because of its size and to allow a better reading. Some
places are repeated in several figures to show the
connection between the different parts of the model. As
an example, the placeAtoDA (which means a transfer
from location ‘LA’ to location ‘DA’) is repeated in
Figure 9 and Figure 10. The black part of the model is
the effective chart of EOS. The green parts represent
asynchronous communications (interfaces) with the
resource allocation graph. The blue parts represent the
interfaces with TSCG. The red parts represent the
interfaces with the machines’ models.

The placeSRC (Figure 9) represents the beginning of
the EOS. Plac®_SRC(Figure 11) represents the end of
the EOS according to the sequence chart of Figure 7. But
as the process is repeated until all manufacturing
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operations have been completéttSRC'is actually the
same place as 'SRC'. These two places are associated by
the fusion setsrc' (tag in blue next to the two places in
Figure 9 and Figure 11).

ED  cmmmmns e
e

(* Case 1)

lfigure 11: Generic EOS — part 3

The transitionSRCtoSRUnodels the situation of a pre-
allocation equivalent to an allocation (note that the places
'PRE_A and 'PRE_Ab are merged by the fusion set
'fusion 7). In this case, the token modeling the part goes
directly from the source place to the place modeling its
presence on the destination machine. Therefore the place
'DEST_Mb'(respectivelyRun_b) of Figure 9Figure 9 is
merged with the plac®EST_M'(respectivelyRuri) of
Figure 10 by the fusion set ‘fusion10' (respectively
‘fusion 5'). A similar construction is carried out in Figure
10 by the transition DAtonewDA It models the
reorientation of a part to another destinatias\WDA) in

case of failure of the destination machide"during the
transfer from 'LAto DA

5. VERIFICATION OF CONTROLLERS

5.1. Formal verification

We consider two methods of verification: global
verification and modular verification. The two
verification methods used here are based on the
construction of the occurrence graph of a CPN model.
The problem of verification is the size of this occurrence
graph. Global verification is the natural method of
verification. It consists of checking all the models
together. Unfortunately, if coloring makes it possible to
reduce the combinatorics of the models, one pays it here
by a very strong combinatorics of the occurrence graph.
This graph can has more than 200 000 marking states that
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is the limit that CPN tools can reach (Jensen 1997). So
this form of verification will be used here with a reduced
number of parts (and therefore tokens) to make the inter-
module functional check.

Modular verification concerns a part of a given model. In
this case, the fact that the model has less transitions and
less tokens, its occurrence graph is smaller, so the
combinatorics is limited. The problem of modular
verification is to well define the different test cases. It is
necessary to identify the different scenarios that can
happen and treat them by properly defining the initial
marking corresponding to each case. Sometimes, the
module model can be partially modified to abstract its
environment or to check some properties.

CPN tools offer other forms of verification based on the
Strong Connected Component Graph (SCC Graph) or
based on partial occurrence graph (occurrence graph
which construction is stopped by checking some stop
predicates). In the next subsections, we are going to
present first the modular verification of the two models
presented here. After that, we will present a global
verification of the two models together.

5.2.Modular verification of Allocator Controller

In this part, we want to check the different cases that we
have mentioned during the modeling stage (84.2) of this
module.

Case 1:A pre-allocation of a machine for part 1 of
type f1

The initial marking of this case study corresponds to that
illustrated in Figure 7MO(ALLO_R) = 1" (1, f1, IN)
'‘ALLO_R'corresponds to both the pla&RE_R'(pre-
allocation request) and the plac&LLO_R' (for
allocation) of the EOS that have been merged by a fusion
set. Thus, the tokefi, f1, IN) corresponds to a pre-
allocation request to perform the operation f1. In this
scenario, operation f1 can be indifferently carried out on
the machine M1 or the machine M2. BUO(Faultdec)

= 1"M1, meaning that M1 is faulty. As on the other hand
the transition ‘fault' has a priority P_HIHG while the
other transitions are in P_NORMAL, this transition is
fired in priority (see transition from state 1 to state 2 of
Figure 12). This means that for M2 destination, Z3 will
be defined by the pre-allocation. The M1 fault setting
allows here to have determinism with the allocation of
the machine M2.

Fired transition and
its binding elements

!

Figure 12: Occurrence Graph of the CPN of Figure 7

Case 2: Double request for pre-allocation of the M2
machine.

The purpose of this scenario is to check, whether a
machine can be pre-allocated to multiple parts at a time.
In this case, one assumes thift (ALLO_R) = 1" (1, f1,

Z4) ++ 1" (2, f1, IN)and MO (faultdec) = 1 "M1 Since

the machine M3 does not implement the operation f1, the
token (1, f1, Z4) corresponds to a pre-allocation request
by the part 1. The obtained final marking of the
occurrence graph, Mf such thamf (ALLO_A) =1 (1,

f1, z4, Z3) ++1° (2, f1, IN, Z3)The token(1, f1, Z4, Z3)
indicates that machine M2 has been pre-allocated to part
1 which must be transferred from Z3 to Z4. Similarly, the
token(2, f1, IN, Z3)indicates that the machine M2 has
also been pre-allocated to part 2 to be transferred from
IN to Z4. This final state shows that several pre-
allocations can be done simultaneously. In this case, the
occurrence graph has 9 states.

Case 3: Verification of two simultaneous allocation
requests of the same machine.

In this scenaricM0 (ALLO_R) = 1" (1, f1, Z3) ++1" (2,

f1, Z3) Both parts apply from Z3, so these are two
allocation requests. One always considers the fault of
ML1. So the machine M2 is solicited by the two parts. The
obtained final markingf is such thaMf (Occupied) =

1" (M2,1, f1, [f1, 3], Z3, M2) ++1° (M2,2, f1, [f1, 3],
Z3, M2) This means that M2 machine has been allocated
to both parts. But during the modeling, one has assumed
that the M2 machine is of unit capacity. This is not
possible and reveals a modeling error. To avoid this
error, it is necessary to check the status of the machine to
know if it can be allocated. Consequently, the guard of
transition Regprot must be changed frotselmach (m,

tf, Itf)’ to 'selmach (m, tf, Itf) andalso st = free’

Case 4: A pre-allocation followed by an allocation of
the same machine for a part

Figure 13. Example of modified CPN for modular
verification

This case enable us to show that sometimes it is
necessary to modify partially a model to be able to check
some property. In this case, one needs to check if the
model is resettable, live and bounded when performing
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all allocation operations requested to make one part. The
initial model is changed by adding the PN part in blue in.

These places and transitions are an abstraction of the
EOS that must normally connected to the allocator

model.

The generated Occurrence Graph of Figure 13 has 9
marking states. It shows that the model is resettable,
bounded and live.

5.3.Modular verification of Extended Operating
Sequence
Three scenarios are also considered in this section.

Case 1: Checking if ‘f1f2" manufacturing range can

be performed when all machines are working
properly.

The obtained occurrence graph has 22 states and is
completely linear. The fact that it is linear means that one
runs only the main branch of the CPN model. This branch
has 8 places (seven in reality sin&RC and ‘N_SRC

are merged). The part is initially in the place ‘SRC’. To
achieve completely the EOS, the token corresponding to
the part must go 3 times in succession through the CPN
model of the generic EOS. This is the reason why all
interface places corresponding to acknowledge are
initialized with 3 appropriate response tokens
(destination location) so as to simulate the pre-allocation
/ allocation functions. The 22 states therefore correspond
to the progression of the token in the 7 places of the
model with changes of values of the places of interfaces
and a return in the place 'SRCSRC place which
corresponds to both the starting place (input stock
modeling IN) and the place of arrival (output stock
modeling PiOUT) cause a dead-state when the marking
reaches is '(1, ulu2, PiOUTThis marking means that
part 1 is arrived in the output stocRiOUT after
realization by the production system of all the operations
of its manufacturing range. Because of this dead state, the
analysis report indicates that the model is not alive. In
reality this dead marking indicates that functionally the
objective has been reached. So, in reality having done the
range completely proves that the model is alive for this
product. To guarantee that it is living in absolute terms,
it is necessary to iterate this analysis for each type of
products.

Case 2: Evaluation of the ability to allocate the same
machine to perform the next manufacturing
operation.

For this case one considers the manufacture of a part
‘f1f3. The machine M1 performs both operations. So
there must be a pre-allocation / allocation of the machine
M1 for the realization of f3 after f1. For this, the CPN is
initialized in the following wayMO0 (SRC) = 1" (2, f1f3,
IN); MO (PRE_A) = 1" (2, f1f3, IN, Z2) ++ 1" (2, ulf3,
M1, M1) ++ 1" (2, ulu3, M1, Z1); MO (PAL_A) = 1" (2,
fif3, Z1, Z2) ++ 1" (2, ulu3, Z2, Z1); MO (LAtoDA_A) =
1 (2, fif3, z2, z2) ++ 1° (2, ulu3, Z1, Z1);
MO(ALLO_A)= 1" (2, f1f3, Z2, M1) ++ 1" (2, ulu3, Z1,
PiOUT); MO (DEP_A) = 1" (2, f1f3, M1, M1) ++ 1" (2,

ulu3, PIOUT, PiOUT); MO(STOP) = 1" (2, f1f3, M1) ++

1" (2, ulf3, M1)

The obtained occurrence graph has 18 states (Figure 14).
There are fewer states than in case 1 because the two
manufacturing operations were done on the same
machine, thus allowing to reduce 4 states: a palletization,
a transfer, an allocation and a de-palletization. In Figure
14, it can be seen that the transition 9 from the state 9
(Marking M8) to the state 10 (marking19) corresponds

to the firing of transitionSRCtoSROmaking it possible

to interpret the pre-allocation as being in fact an
allocation of the same machine. State 1 corresponds to
the initial markingMO and state 18 corresponds to the
final markingMf. It can be seen that this dead marking
corresponds in fact that the part has been completely
machined and has been stored ROUT. It illustrates

that the EOS has been perfectly executed.

newEOS2q'DER_R 1 emp
new EOSeq'PRE.

) mpty
new EOSeq'PRE_R 1! empty
newEOSeqPRE_A 11 1" (2.f1f3.1N,22)++

6¢2=PIOUT dest=PIOUTpid=2}] 8:8->3 new EOSeq'PRE 11 {tf=u 13, loc= M1 pid =2}

I
59->10 new EOSeq'SRCEaSRC 1: {ef=ulf3.de st=Mi,loc=M1.pid=2}]
T —— oo

12 11 1 [ 9 )
e e
EOSeq'SRC 1; 17 (2,u1u3,PiOUT)
EOSeq'DEP_R 1 1'(21f3,22,M1)++

G

AL 1; empty
R 11 (21314

AL empty
X

mpty
17 (2113 1121,22)++

4'DER_A 1: empty
newEOSeq'DEST M 11 empty v

Figure 14: Occurrence Graph for case 2

Case 3: Test of a re-routing on a de-palletization
station.

For this case study, one considers a part with
manufacturing rangé3'. At the beginning, it is supposed
to be made on machine MMQ (SRC) = 1" (3, 3, IN)
andMO(PRE_A) =1" (3, f3, IN, 22The request of a new
destination for the part is thus defined by the marking MO
(ALLO_R) = 1°(3, f3, Z3) (pre-allocation request).
Therefore, to test this case the initial marking of the CPN
model is the:

MO (SRC) = 1" (3, f3, IN); MO (PRE_A) = 1" (3, f3, IN,
Z2) ++ 1" (3, u3, M2, Z1); MO (PAL_A) =1 (3, f3, Z1,
Z2) ++ 1" (3, u3, Z3, Z1); MO (LAtoDA_A) = 1" (3, f3,
Z2,272) ++ 1" (3,13, Z3, Z3) ++ 1 (3, u3, Z1, Z1); MO
(ALLO_A) =1" (3,13, Z2, Z3) ++ 1" (3, 13, Z3, M2) ++
1" (3,u3, Z1, PiOUT); MO (DEP_A) =1" (3, f3, M2, M2)
++ 1" (3, u3, PiOUT, PiOUT); MO (STOP) = 1" (3, 3,
M2).

Figure 15 shows that the transitiobAtonewDA is
effectively fired from state 5 to state 6, indicating that
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there is a re-routing of part 1when it reaches the area Z2
(dest=Z2 in the binding variables) to new destination Z3
(ndst=Z3 in the binding variables).

5,56 new EOSeq DAton ew DA 1i {dest=22,t=13 ndst=23,lsc=22,pid=3}]

new EOSeq'SRC L empty
few EOSeq'DEP_R 1i empty

new ECSeq'SRC 1: empty
new EG5eq'DEP_R 11 empty
newEOSeq'PRE_AL 11 empty
newECSeq'PRE R 1: 17(3,03,1)

newECSeq'SRCtaLA 1
newEOSeq'PAL_R1:1°[
newEOSeq'PAL_A1: 1" [3u3,23.21)
new EOSeq'LAraDA 11 1°(3,13,22.23)
newEOSeq'DA It empty
newEOSeq'LAtoDA A 1: 1°(3.63 23, 23)+ +
21 1°(3.3.21,21)
eq'LAoDA R 11 1°(3.63.151,22) new EOSeq'LALoDA R 13 1°(343151.22) ¢+
new EOSeq'ALLO_R 1: 1°(343,22) 1°(3.f3152.23)
new EOSeq'ALLO_A1: 17(3,3,22,Z3)++ new EOSeq'ALLO_R 1: 17(3,§3,22)
1°(3.£3.23M2)++ newEOSeq'ALLO_AT: 1’ (3.63,23,M2)++
1'(3.u3,21,Pi0UT) 17(3.43.21,PiOUT)

E new EOSeq DERPAL 1: empty
newEOSeq'DER_A 1: 17(3.f3, M2,M2)++
1°(3 43 PIOUT,RIOUT)

1 17(343,22.22)
LAtoDA_A 11 17(3.£3,23.23)++

new EOSeq'DEPAL L1 empty

new EOSeq'DEP_A 1 1 (373 M2,M2)++
1 (3.4 3,PIOUT,PIOUT)

new EOSeq'DEST_M i empty new EOSeq'DEST_M 1: empty
new EOSeq'Run I empty newEOSeq'Run 1) empty

new EOSeq'STOR 1 1 (3.3,M3) W onewEOSeq'STOP 1; 1 (3.f3,M2 v
Figure 15: Occurrence Graph of the CPN of the generic
EOS for case 3

5.4.Global verification of the two models

This section aims to illustrate how the global verification
is done. For that, one must merges some interface places
of the two models first. For a better understanding, now
the name of each place is preceded by the name of its
module (‘EOS’ for the module of the Extended Operating
Sequence and ‘Allocator’ for the allocator module). As
an exampleEOS PRE_Rs the placePRE_Rof module
EOS. Thus, place€0OS'PRE_R, EOS'PRE_Rind
EOS'ALLO_R, EOS'ALLO_Rb  (respectively
EOS'PRE_A and EOS'ALLO_A) are merged with
AllocatorALLO_R (respectively AllocatorALLO_A).
EOS’'RESTis also merged witAllocatorREST.

For this global verification scenari®0(SRC) = 1" (1,
fif2, IN) This corresponds to the verification of the
machining of a part of type fif2 (two machining
operations: f1 and f2) which is initially in the input stock.

In order to simulate the operations with the TSCG and
the machine models, the response places of these models
are initialized with the appropriate values. For example,
MO (PLA_A) = 17 (1, f1f2, z1, Z3) ++ 1" (1, ulf2, Z2,
Z4) ++ 1" (1, ulu2, Z4, Z1)The generated occurrence
graph has 82 markings and 137 arcs. The final marking
shows thaMf(SRC) = 1" (1, ulu2, PiOUT)ndicating

that part 1 has been completely machined and stored in
the output stock PIOUT. This shows that the two
integrated models are functionally correct.

6. CONCLUSION AND FUTURE WORKS

This study is both a complement and an improvement of
the works that were presented in (Toguyeni 2006). It
shows how the CPN formalism and a judicious modeling
make it possible to manage the combinatorial explosion
induced by the flexibilities of a production system.

The prospects for this work are twofold. Initially, it is a
question of continuing the possibilities of verifications of
such models, either by exploiting the functionalities of
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CPN Tools like the possibility of using Ask-CTL model-
checker, or by proposing methods of formal verifications
based on the calculation of CPN invariants. Another
perspective concerns the automatic transcription of CPN
models in IEEC 61131-3 languages or C language using
model-driven engineering. This would allow the use of
these formalisms in the industry.
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ABSTRACT

This research concerns the formulation of models and
methods for supply chains risk analysis. An ontological
approach using the KOD method (Knowledge Oriented
Design) has been implemented to clearly identify
relationships between the concepts of supply chain, risk,
vulnerability and disturbances (critical scenarios). As a
result, conceptual models of supply chains facing risk
situations and critical scenarios are proposed. From the
resulting conceptual models and mathematical models
proposed in the literature, a multi-stage supply chain
model using ARIMA models incorporating the
randomness of the demand has been elaborated. In order
to adapt this model to scenario criticality, constraints on
orders and inventories have been taken into account.
Under critical disturbances on information flows
(demand) and physical flows (quality of the product
supplied), constraints can be reached and supply chain
behaviours can evolve toward critical dynamics or even
become unstable. Supply chain vulnerabilities has been
assessed and discussed.

Keywords: Supply chain, Risk, Vulnerability, Cognitive
Engineering, ARIMA, Simulation.

1. INTRODUCTION

New technologies and globalization increase the
complexity of supply chains and therefore expose them
to risks of different types. Faced with uncertainty,
supply chains appear more sensitive in the context of
competitive pressure, unpredictable and volatile global
market demand. In particular, supply chains are
sensitive to local disturbances and uncertainties related
to demand, supplies or information. Several studies
have been conducted to analyze the topic of risk
especially in the context of the supply chain. In general,
risk is a combination of a probability of occurrence of
an adverse event and a measure of the severity of the
consequences of this event in terms of damage or injury
(ISO / CEI73). The concept of risk is significant only in
the presence of targets vulnerable to the effects of

hazards induced by accidents.

Due to the complex structures of today supply chains, a
risk in a company may have consequences for other
companies upstream or downstream. It thus threatens
the entire chain. The resilient supply chain has the
ability to adapt whatever the events to which the chain
is subjected. Resilience is “the system’s ability to return
to a new stable situation after an accidental event”.
Taking into account that resilience is a
multidimensional concept, Serhiy Y et al. define
resilience of a supply chain as “the adaptive capability
to prepare for unexpected events, respond to
disruptions, and recover from them by maintaining
continuity of operations at the desired level of
connectedness and control over structure and function”.
To preserve the resilience of supply chains, the areas of
risk analysis and risk management are currently
acquiring great interest, both from the theoretical and
applicative standpoints. It is necessary to have
indicators of vulnerabilities in the chain to determine
the sensitivity of the chain to adverse events and to
characterize the system's lack of resilience.

This paper seeks to evaluate the vulnerability of supply
chains. In agreements with the findings of (Gilbert
2005), we propose to use a time series representation of
the supply chain in the form of an ARIMA (Auto
Regressive Integrated Moving Average) model that
propagates along the supply chain and makes possible
to represent the bullwhip effect. The limits of validity of
this model correspond to hitting positivity and capacity
constraints as the result of strong disturbances on
product flows. It is then possible to simulate the
constrained system evolution and compute some
vulnerability indicators related to the frequency of
constraints saturation.

Due to a large amount of works in the areas of supply
chain, risk, vulnerability and resilience, we were
confronted with a large number of definitions that
sometimes could be contradictory. In the first part of
this paper, a conceptual analysis of supply chain and
risk areas was carried out to clarify what might appear
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to be ambiguities. In section 2, the problem of the
disparity of terms and concepts is presented. In section
3, the methodological approach, based on knowledge
engineering, to address this problem is developed. In
paragraphs 4 and 5, the ontological study is conducted
to finally propose conceptual models linking the main
concepts of the domains of supply chains and risks. In
the second part of this paper, aspects of formal
modeling and simulation are discussed.

2. PROBLEM ANALYSIS
The increased complexity of supply chains in recent
years has naturally led to an increase in the number of
potential points of weakness. By becoming more
complex, they have become more vulnerable to the
different disruptions they face (Chopra and Sodhi
2004). In addition, (Haywood 2002) indicates that the
lack of a common understanding of the term "supply
chain" represents a significant barrier to identifying
vulnerabilities and implementing appropriate risk
management methods.
The study of risk in supply chains was approached
according to several fields of research. As suggested by
(Zsidisin 2003), the term "risk" can be a source of
confusion because it is perceived as a multidimensional
concept. According to (Jiittner et al. 2003), this term can
be used to designate internal or external uncertainties
that reduce the predictability of the expected results. In
this sense, "risk" refers to a source of risk and
uncertainty, such as "political risks", "market risks" and
"volatility of customer demand". According to the same
author, the term can also be used to describe the
consequences of these events. According to (Chopra
2004), there is no consensus on the definition of supply
chain risks, nor on the definition of supply chain risk
management.
If we focus on supply chain vulnerability, the literature
shows that only a few studies have been done to date.
Supply chain vulnerability is defined by (Juttner et al.
2003) as the propensity of risk sources and risk drivers
to outweigh risk mitigating strategies, thus causing
adverse supply chain consequences.
According to (Asbjernslett 2009), the vulnerability of a
supply chain is an intrinsic property. It represents the
sensitivity of the chain to the effects of certain
phenomena or disturbances. The concepts of
consequence or damage have meaning only in relation
to that of wvulnerability. In other words, without
vulnerability, there is no harm and therefore the risk is
zero (Hennet et al. 2008, Hennet and Mercantini 2010).
As a conclusion, the literature review concerning
studies of supply chain vulnerabilities has shown a
domain with a large number of ambiguities du to the
large number of definitions:

- ambiguities within supply chain definitions,

- ambiguities within risk definitions,

- ambiguities within definitions of supply chain

risk management,

- and ambiguities within definitions of supply
chain vulnerability,

The notion of ontology and works currently developed
by the scientific community of knowledge engineering
can bring interesting answers to clarify these
ambiguities. According to (Gruber 1993) and completed
by (Borst 1997) et (Studer 1998), an ontology is a
formal, explicit specification of a  shared
conceptualization. A conceptualization is an abstract,
simplified view of the world that we wish to represent
for some purpose, by means of concepts and their
relationships. Ontologies structure a knowledge domain
in highlighting concepts and semantic relations that are
linking these concepts.
As part of this study, we do not aim to build the
ontology of the domain of supply chains. Our aim is to
highlight the differences in the definitions proposed by
the actors in the domain and whether these differences
are based on genuine conceptual differences, or are they
just the different complementary aspects of the same
reality. Thus, our ontological analysis is in the spirit of
the definition of (Gruber 1993), with the intention of
arriving at a common conceptualization. At the end of
this analysis, we will propose a conceptual model of
supply chains through which we will position the rest of
our work and in particular, we will justify the choice of
the variables selected for the simulation models.

3. METHODOLOGICAL APPROACH

3.1. The methodological process

The followed methodological process (Figure 1)
consists in adopting approaches and methods from
Knowledge Engineering (KE) combined with formal
modelling and simulation.

KE methods are used in order to elaborate an
ontological analysis of the domain as a basis for the
development of conceptual models of supply chains,
risks and vulnerabilities. The process is based on the
"Knowledge Oriented Design” (KOD) method (Vogel
1988; Mercantini 2007). KOD was designed to guide
the knowledge engineer in its task of developing
knowledge based systems. This method was designed to
introduce an explicit model between the formulation of
a problem in natural language and its representation in
the chosen formal language. The inductive process of
KOD is based on the analysis of a corpus of documents,
speeches and comments from domain experts, in such a
way to express an explicit cognitive model (also called
conceptual model).

From the resulting conceptual models, a multi-stage
supply chain model using ARIMA (Auto Regressive
Integrated Moving Average) models incorporating the
randomness of the demand has been elaborated. Finally,
supply chain vulnerability has been studied thank to the
simulation of critical scenarios.

3.2. The KOD method
KOD is based on an inductive approach to explicitly
express a cognitive model (or conceptual model) based
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on a corpus of documents, comments and experts’
statements. The main features of this method are based
on linguistics and anthropological principles. Its
linguistics basis makes it well suited for the acquisition
of knowledge expressed in natural language. Thus, it
proposes a methodological framework to guide the
collection of terms and to organize them based on a
terminological analysis (linguistic capacity). Through
its  anthropological basis, KOD provides a
methodological framework, facilitating the semantic
analysis of the terminology used to produce a cognitive
model (conceptualisation capacity). It guides the work
of the knowledge engineer from the extraction of
knowledge to the development of the conceptual model.
The implementation of the KOD method is based on the
development of three successive models: the practical
models, the cognitive model and the software model
(Table 1). Each of these models is developed according
to the three paradigms: <Representation, Action,
Interpretation / Intention>.

The Representation paradigm gives the KOD method
the ability to model the universe such as experts
represent it. This universe is made of concrete or
abstract objects in relation. The KOD method provides
methodological tools to develop the structure of this
universe of knowledge according to this paradigm. The
Action paradigm gives the KOD method the ability to
model the behaviour of active objects that activate
procedures upon receipt of messages. The Interpretation
/ Intention paradigm gives the KOD method the
capability to model reasoning used by experts to
interpret situations and elaborate action plans related to
their intentions (reasoning capacity).

The practical model is the representation of a speech or
document expressed in the terms of the domain, by
means of “taxemes” (static representation of objects —
French word), “actemes” (dynamic representation of
objects — French word) and inferences (base of the
cognitive reasoning pattern). A “taxeme” is a minimum
grammatical feature; it is the verbalisation of an object
or a class of objects. An “acteme” is the verbalisation of
an act or a transformation, a unit of behaviour. An
inference is the act or process of deriving logical
conclusions from premises known or assumed to be
true. The cognitive model is constructed by abstracting
the practical models. The cognitive model is composed
of taxonomies, actinomies and reasoning patterns. The
software model results from the formalization of a
cognitive model expressed in a formal language
independently of any programming language.

3.3 The ontology building process using KOD
Research work in Ontology Engineering has put in
evidence five main steps for building ontologies
(Dahlgren 1995; Uschold 1996; Aussenac-Gilles 2000;
Gandon 2002):

1. Ontology Specification. The purpose of this
step is to provide a description of the problem
as well as the method to solve it. This step
allows one to describe the objectives, scope
and granularity size of the ontology to be
developped.

2. Corpus Definition. The purpose is to select
among the available information sources, those
that will allow the objectives of the study to be
attained.

3. Linguistic Study of the Corpus. It consists in a
terminological analysis of the corpus in order
to extract the candidate terms and their
relations. Linguistics is specially concerned to
the extent that available data for ontology
building are often expressed as linguistic
expressions. The characterization of the sense
of these linguistic expressions leads to
determine contextual meanings.

4. Conceptualization. Within this step, the
candidate terms and their relations resulting
from the linguistic study are analyzed. The
candidate terms are transformed into concepts
and their lexical relations are transformed in
semantic relations. The result of this step is a
conceptual model.

5.  Formalization. The step consists in expressing
the conceptual model by means of a formal
language.

The projection of the KOD method on the general
approach for developing ontology shows that KOD
guides the corpus constitution and provides the tools to
meet the operational steps 3 (linguistic study) and 4
(conceptualization) (Table 2). The KOD method has
been already implemented for diverse research projects
(Mercantini 2003; Mercantini 2004; Mercantini 2007;
Mercantini 20015) in the domains of road safety, safety
of urban industrial sites and conduct errors of industrial
plants.
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Figure 1: The implemented methodological approach for the Supply Chain Vulnerabilities Study

Table 1. KOD, the three modelling levels.

Paradigms Representation Action Interpretation
Models
. . Acteme: i
. Taxeme: object static ceme- dynamlc.
Practical . representation of active Inferences
representation .
objects
Taxonomy: object static . .
... . . Actinomy: dynamic .
Cognitive organization according to . . Reasoning Pattern
. . object organization
theirs properties
Software Classes Methods Rules

Table 2. Integration of the KOD method into the elaboration process of ontology.

Elaboration process of KOD process Elaboration process of
Ontology ontology with KOD
1. Specification 1. Specification
2. Corpus definition 2. Corpus definition
3. Linguistic study 1. Practical Model 3. Practical Model
4. Conceptualisation 2. Cognitive Model 4. Cognitive Model
5.  Formalisation 5. Formalisation
3. Software Model 6. Software Model

Proc. of the Int. Conf. on Integrated Modeling and Analysis in Applied Control and Automation, 2018
ISBN 978-88-85741-10-2; Bruzzone, Dauphin-Tanguy and Junco Eds.

76



4. ONTOLOGICAL ANALYSIS OF SUPPLY
CHAINS

4.1. Ontology specification

As discussed in paragraph 2, this work is not intended
to develop an ontology but rather to understand
disparities of views and definitions in the areas of
supply chains and risks. In this sense, the ontological
analysis will be conducted at a high level of abstraction
and KOD will be implemented only for the
representation paradigm.

4.2. The corpus of the study

The ontological analysis is based on a corpus of
definitions (Table 3) supplemented by documents that
specify the meaning of each of the terms in these
definitions. These additional documents may come from
the same authors or authors who have analyzed and
discussed these same definitions.

The advantage of considering a corpus of definitions is
that they are, in essence, a conceptual vision of their
authors. That is, they are already the ultimate outcome
of a work of abstraction and reflection on the domain.
On the other hand, this choice is consistent with the
objectives of this analysis, which are to acquire a clear,
global and precise vision of the field without wanting to
build a detailed ontology.

Given the large number of definitions, which emerge
from the literature review, our choice was based on the
following criteria:

¢ the competent authority of the authors (and
thus of their definitions) within the scientific
community. Thus, we have retained the
definitions of the authors who are most often
referenced;

* the exclusion of the financial and economic
perspectives since they are outside our
disciplinary field of competence;

* the compliance with the classification criteria
of (Thierry and Bel 2001) which distinguish
the "firm" perspective from the "product”
perspective;

According to the "firm" perspective (definitions 6, 7
and 8 from Table 3), the supply chain is progressively
apprehended by focusing on each company and
determining all the other companies connected to it
(depending on the customer-supplier link) whatever the
product to be produced. In this case, the supply chain
may be limited to a customer and a supplier, or it may
be expanded by the fact that suppliers of the supplier
and customers of the customer can always be identified.
According to the "product" perspective (definitions 1, 2,
3,4,5,6,and 9 from Table 3), the different actors in the
supply chain and the different activities are identified by
following a product from its initial state (often as raw
material) to its final state (the finished product at
customer). The chain is thus apprehended from end to
end with respect to the product under consideration.

Table 3: The corpus of definitions

1. Lee et Billington (1993)

A supply chain is a network of facilities that performs the
functions of procurement of material, transformation of
material to intermediate and finished products, and
distribution of finished products to customers.

2. La Londe et al. (1994)

A supply chain is a set of firms that pass materials forward.
Normally, several independent firms are involved in
manufacturing a product and placing it in the hands of the
end user in a supply chain (raw material and component
producers, product assemblers, wholesalers, retailer
merchants and transportation companies are all members of a
supply chain).

3. Ganeshan et Harrison, (1995)

A supply chain is a network of facilities and distribution
options that performs the functions of procurement of
materials, transformation of these materials into intermediate
and finished products, and the distribution of these finished
products to customers.

4. Rota (1998)

A supply chain is the set of firms involved in the
manufacturing, distribution and sales processes of the
product, from the first supplier to the final customer.

5. Lummus et Vokurka (1999)

Supply chain can be stated as: all the activities involved in
delivering a product from raw material through to the
customer including sourcing raw materials and parts,
manufacturing and assembly, warehousing and inventory
tracking, order entry and order management, distribution
across all channels, delivery to the customer, and the
information systems necessary to monitor all of these
activities.

6. Tsay et al. (1999)
A supply chain is two or more parties linked by a flow of
goods, information and funds.

7. Stadler et al (2000)

A supply chain consists of two or more legally separated
organizations, being linked by material, information and
financial flows. These organizations may be firms producing
parts, components and end products, logistic service
providers and even the (ultimate) customer himself.

8. Mentzer et al., (2001)

A supply chain is defined as a set of three or more entities
(organizations or individuals) directly involved in the
upstream and downstream flows of products, services,
finances, and/or information from a source to a customer.

9. Supply Chain Council (2004)

The supply chain is the continuation of the stages of
production and distribution of a product from the suppliers of
the suppliers of the producer to the customers of its
customers.

4.3. Corpus analysis

This step consists in extracting from each definition and
complementary documents of the corpus, all the
elements that are relevant to the representation of
supply chain.

Let us consider the (Lee and Billington 1993) definition
(n°1, Table 3), supplemented by (Botta-Genoulaz 2005)
and (Bouchriha 2002) comments which are:

“Facilities can be storage units, production units, a
whole set of storage and production units (factories),
suppliers, distributors, customers, etc.”
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4.3.1 Extracting taxemes

Modeling in the form of Taxemes consists in organizing
the terms of the definition (and its comments)
representing objects and concepts by means of binary
predicates (binary relations): <Object, Attribute,
Value>. Five types of predicative relations are defined:
the relations Classifying (is-a, kind-of), Identifying (is),
Descriptive (name of the property), Structural (is-
composed-of) and Situative (is-in, is -on, etc.).

In this study, only two predicative relations are relevant:
the classifying and structural relations. The following
taxemes have been extracted:

<Supply Chain, kind-of, Facilities Network>

<Facilities Network, is-composed-of, Facilities>
<Storage Unit, kind-of, Facilities>

<Warehouse, kind-of, Storage Unit>

<Production Unit, kind-of, Facilities>

<Supplier, kind-of, Facilities>

<Distributor, kind-of, Facilities>

ete.

The systematic application of this analysis and
modelling at the whole corpus, have led to obtain the
Practical Model (PM) of each definition. The
abstraction of the PMs (from Practical Models to
Cognitive Model)(Table 1) made it possible to build the
tree representations of the Figures 2, 3,4, 5, 6.

4.3.2 The cognitive model

To be coherent with the two supply chain definition
perspectives  (firm and product), the abstraction
operation (for building the cognitive model), has been
conducted specifically for each area of definitions.
Figures 2, 3 and 4 are modelling supply chain
definitions with the product perspective, and Figures 5
and 6 are modelling supply chain definitions with the
firm perspective.

The two perspectives (firm and product) do not
introduce a conceptual contradiction, but on the
contrary, they are complementary. The firm approach
broadens the scope of concepts while the product
approach specifies them.

The enterprise approach introduces the concept of
flows, which can be financial, informational, "service
product” or "physical product". "They are the objects to
be managed within the supply chains" (Lauras M.
2004). The product approach specifies the concept of a
physical product.

From the point of view of definitions, a supply chain is
considered as a network of firms consisting of a set of
firms and flows. Flows establish customer / supplier
relationships that are defined relative to each company.
The notions of customer and supplier are properties that
characterize each firm in the chain. A firm for which no
supplier is defined is a source of the chain and a

company for which there is no customer (relative to the
product under consideration) is an end customer.

A supply chain can be limited to a customer and a
supplier (the source and the end customer), as it can be
extended by the fact that suppliers of suppliers and
customers of customers can always be considered.

5. ONTOLOGICAL ANALYSIS OF RISK AND
VULNERABILITY

The ontological analysis of Risk and Vulnerability has
been conducted in the same way than for Supply chains.
This section 1s limited to a discussion about the results
of this analysis.

Work on vulnerability can be divided into two main
categories today: so-called "biophysical" vulnerability
and so-called "social" vulnerability. Biophysical
vulnerability (of stakes) is determined by the nature of
the hazard, its intensity, its probability, the level of
exposure of the stakes and their physical sensitivity to
the hazard. According to this approach, for each stake, it
is possible to establish an evaluation of the damages (or
consequences, cf Figure 7) according to the properties
of the hazard (nature, intensity, probability), the
sensitivity of the stakes to this hazard and their
exposure.  Social  vulnerability, also  called
“organisational vulnerability”, expresses an
organization's ability (i) to anticipate the hazard, (ii) to
face with emergency, (iii) to adapt its behavior during
crisis, and (iv) to rebuild itself. Social vulnerability is
thus directly related to the resilience and functioning of
societies (Wisner et al. 2004) (Barroca 2013).

The shift from vulnerability to resilience or vice versa 1s
not formalized because of the different definitions (Brey
2015). The implementation of these concepts in risk
management appears to have differences in perspective
centered on the notions of damage for vulnerability and
notions of functional recovery and reconstruction for
resilience (Lhomme et al. 2010). One is significant of
the weaknesses of something (system, organization,
ete.) and the other of its strengths.

Risk Vulnerability

/@b;m%\ ‘/Iémpas\elk{‘

| Probability || Intensity || Biophysical Social
Vulnerability | | Vulnerability

A

Is a Combination of
Or;

vaulnerability

undergo

¥
Physical
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§——

<
Functional recovery capability
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Figure 7: semantic network

Vulnerability concepts.
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Figure 2: a) A Supply chain is a kind-of Firm network - b) A Supply chain is-composed-of Firm(s) and Firm is-
composed-of Facilities — ¢) Raw material, Finished product, Component and Intermediate product are kind-of Product.
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Figure 3: The Firm concept taxonomy (kinf-of relation). (Product perspective).
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Figure 5: a) A Supply chain is-composed-of Firm(s) and Flow(s) — b) Service Product and Physical Product are kind-of
Product. (Firm perspective).
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Figure 6: The Flow taxonomy (Firm perspective).
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A qualitative analysis of risk, as defined within the
“safety engineering domain” show that risk is a
combination of (Figure 7):
e the probability (likelihood) of something
(hazard or disturbance) happening,
* the intensity of hazard or disturbance,
* the vulnerability of stakes according to the
nature of hazards or disturbance.

And Damages are a combination of intensisty and
vulnerability. By reducing the notion of combination to
a multiplication, we can symbolically express the
concept of Damage in the form of an equation:

Vulnerability = Damages / Intensity

Variations in the relationship are consistent with the
idea of Vulnerability. Something (or stake) is all the
more vulnerable that the damage it undergoes is
important for a given intensity of the disturbance.
Similarly, something (or stake) is all the more
vulnerable that the damage it suffers is due to a low
intensity of the disturbance.

6. SUPPLY CHAINS MODELLING

6.1 Introduction

In this section, the formal model used for this study is
presented. It is assumed that a supply chain is a series of
facilities that exchanges flow (Figures 2.b, 4 and 5).
Our modeling unit is a production unit or entity with its
stock upstream. It is considered that this entity is
autonomous and therefore akin to an independent firm.
Each entity will be referred to as the stage.

A modular approach using ARIMA model (Box et
Jenkins 1976) has been adapted to model supply chain
dynamic and its flow exchanges (Figure 6). Each entity
of the supply chain is modelled by its current stock
quantity I; (at the date t) and its order policy. From this
order policy and from knowledge about the end
customer demand Dy, orders O, are set and the flow of
information exchanged is given by D; and O;. Finally,
from an order issued at a date t-L, a physical product
flow (Ry) is received at the date t. The delivery lead
time L is supposed fixed and known (L = do + dp + dd
(Table 5)).

Table 5: Conceptual interpretation of ARIMA variables
ARIMA
Conceptual Entities (concepts and attributes) | variables
Current Customer

Demand Dt
Customer Demand

. Demand Flow
Informational

Flow Average w
antit: Ot
Order Flow Quantity
FLOW Preparing Delay do
Physical
Product Flo antit Rt
Product Flow ,u W | Quantity
Service
Product Flow Not modelled

Financial Flow Not modelled
Current Stock Level |It

Storage Unit Replenishment
FIRM Threshold S
Product Unit

Distribution Unit

Production Delay dp
Distribution Delay |dd

In the following we present the modelling of a supply
chain using ARIMA model. The class of ARIMA
models is the most used representation of a time series.
It is a combination of an autoregressive process (AR),
an integrated process (I) and moving averages (MA)
(Box and Jenkins 1976). When this process is stationary
we talk about ARMA model. ARIMA models are built
to represent the behavior of processes subject to random
shocks over time. Random shocks represent random
events (strikes, stock market crash, etc.), also known as
disruptions, which affect the temporal behavior of these
processes. Moreover the main purpose of this model is
to predict the future values of the random process,
taking into account its previous values observed.

6.2 The ARIMA supply chain model

Assuming that the demand is random and uncertain, in
the form of an ARIMA (p, d, q) process (equation 1),
and that the quantity of the products received at the date
t is equal to the quantity of the products ordered at a
date t-L (R; = Or), in (Graves 1999; Vuttichai 2004;
Gilbert 2005; Gilbert et Vuttichai 2006; Hennet et
Mercantini 2010; Sakli et al. (2014)) supply chain
modeling is about formulating the demand D,, the level
of stock of I; (equation 2) the quantity of products or
components to be ordered O; taking into account
forecast demand Dy.y.

Moreover, from this presentation, and under « order up
to policy » (Gilbert 2005) proved that the stock and
order are also ARMA and discussed the causes of the
bullwhip effect, a phenomenon in which variation in
demand produces larger variations in upstream orders
and inventory. This gives the dynamic of one stage of
the supply chain.

A mathematical formulation of the demand D, can be
constructed by the method of (Box and Jenkins 1976),

where ¢; and 6; are two identification parameters (Box
etal. 2011) and ¢, is a white noise.

De=pu+Xi0iDei — W)+ — Xit 1 6jge—; (D)

Under «order up to policy », the inventory balance
equation is written :

Iy =11+ 0¢p— Dy 2

The quantity to be ordered represents the difference
between the inventory level S and the position of the
current inventory.

Ot =5- It + ﬁt(l) + ot 5t(L) - Ot—l -t 0t—L+1 (3)

where D,(1) + ---+ D,(L) the previson of the demand
in period t for the next t+1, ... , t+L periods.

To find the model of the whole chain, we iterate this
model by assuming that the demand D; in an upstream
stage is the order passed by the downstream stage O.
This basic model can be used to model a multi-stage
supply chain, put in series. The approach is to assume
that the demand for an upstream stage is equal to the
order quantity of the downstream stage.
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6.3 A constrained ARIMA supply chain model

The stationary behavior of an ARIMA model used for
the representation of a supply chain is valid when the
constraints of the companies forming the supply chain
are respected.

In real cases, the company has a limited inventory
capacity (/) and cannot order more than a maximal
amount of products from the supplier (0). Also, the
level of the stock and the quantity delivered cannot have
negative values. To take these constraints into account,
(Sakli et al. 2015) present a constrained ARMA model,
in which the dynamic equations (2), (3) are respectively
replaced by the following non-linear equations.

To illustrate the effect of the demand disruption, we
take this example again. The same average demand is
maintained and its Standard deviation is modified to
obtain the three scenarios of the table 5.

Table 6: the three scenarios of the demand.

Scenario Demand Standard deviation
1 D1 10
2 D2 7,5
3 D3 5

With the values: S=45, L=3, [=45, et 0 =55
To compare the behavior of these three demands

{ I; = min (I,_;+0._,—D;, 1) 4 through the proposed indicators, the following table
I, = max (I_;+0,_,—D; ,0) “4) groups together the different results obtained, assuming
that the sliding observation window d = 500.
{ 0, = min(S — I, + D, (1) + -+ D (L) = Op_y — = — Or_y4,,0) ) ) '
0, =max (S—1I,+D,(1)++D,(L) = Op_y — = Op_y41,0) Table 7: simulation results.
Scenario | ICostInd | CostInd | Lind SInd
6.4 Vulnerabilities indicators 1 0.805 0.2140 0.1177 0.3939
The study of the vulnerability of the system facing an 2 0.0199 0.1204 0.0540 0.3531
undesirable event is necessary when the supply chain is 3 0.0120 0.1063 0.0240 0.2109
deviated with respect to its objectives (reliability,
responsiveness, etc). From this table we can deduce that the more the demand
It is extremely important to follow stock movements in is fluctuating, the more the system arrives at states of
order to avoid to have too much stock (immobilized imbalance and therefore becomes vulnerable to adverse
money, risk of obsolescence of the articles which leads events. The interest of these indicators is to evaluate the
to a loss of money) or to be in stock-outs situation (loss disturbances resulting from the expected objectives in
of turnover, very bad for the brand image). terms of performances. Periodic observations of these
Vulnerabilies indicators can be calculated by evaluating indicators can highlight changes in existing imbalances
the damage of the disturbance and its intensity (Hennet and also reveal potential imbalances monitoring and
et Mercantini 2010): an Inventory cost indicator detection of drift that require risk-related decisions.
(ICostInd), a total Cost indicator for the stage (CostInd),
an indicator of excess products (Lind) and a Supply 8. CONCLUSION
limit indicator (SInd). This paper presents the process employed in obtaining
conceptual models of supply chains facing risk
7. SIMULATION situations. The process is based on the analysis of
The purpose of this simulation is the implementation of academic and return on experience documents
the indicators facing the disruption of demand. To do according to the knowledge acquisition method KOD.
this we assume that the D demand is The resulting conceptual model has been used to build a
multi-stage supply chain model based on ARIMA (Auto
Di=05D,_;+05D;_, +¢ Regressive Integrated Moving Average) models
incorporating the demand randomness. Finally, supply
&; is a Gaussian white noise of zero mean and standard chain vulnerability has been studied thank to the
deviation ¢’=5. The dynamic of the demand and its simulation of critical scenarios. The results characterize
prediction are shown in the figure 8. the effect of demand variability on stock level and order
- — quantity on the upstream stage.
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ABSTRACT

The classical work system describes the interaction of
people and resources for the fulfillment of defined tasks.
The goal of an intelligent work system is to support
people in production, to improve the performance and
product quality of the companies in the long run. At the
same time, the flexibility of production systems is to be
increased. To do this, it is very important to face these
future challenges. For this, the employee's cognitive
flexibility and willingness to act must be linked to the
high productivity and accuracy of automated logistics.
The article describes an approach to designing such a
Cognitive Logistic Zone. It describes an approach to
transfer human cognitive abilities to technologies and
processes. An example is a human-robot collaboration.
The model is intended to merge future requirements for
object, process, and infrastructure into a cognitive overall
system.

Keywords: cognitive logistics, intelligent
manufacturing, smart work systems, intelligence factors

1. INTRODUCTION

Conventional individual workstations in today's
industrial production are mostly cycle-controlled and
require that the person fulfill the task assigned to him
within the cycle time. Logistical material handling
systems and machines that participate in the task are
matched exactly to the pre-planned process and dominate
the human workflows. The recurring processes are rigid,
planned in advance and leave a small room for changes.
As a result, the person is exposed to an ever-increasing
burden. This burden is insufficiently adapted to his
temporal, mental and physical abilities. The result can be
signs of fatigue that negatively affect the quality of the
work done (Neudorfer A. 2014; Parasuraman et al.
2008). Organizational approaches are one way to
mitigate the burden on individual employees. Companies
that use a detailed and transparent work system design
are mostly large companies. The interaction of all
elements of a work system and its relevant environmental
factors can thus be described, recorded and controlled.
(Serensen et al. 2007). For cost reasons, small and
medium-sized enterprises usually refrain from this
measure.

Current situation Future approach

Leading topic:
Logistics

Leading topic: ] [Lcadmg topic: J Leading topic: ]
N ?

Automation Logistics
Focus on: Focus on: Focus on:
Technology Process Technology

Focus on:
Process

)

Planning and
:  control of
: material and

i information | : ;iulttlmolmﬂ.us
i flow i technologies

L \ , __________

Human

Human

Planning and
control of
material and
information
flow

Use and
i evaluation of }

Use and
evaluation of
autonomous
technologies

Classical work system with Smart wor; system in a
wid and cycle-controlled processy K cognitive logistics system /
Figure 1 Comparison of classic work systems and the
described approach of an intelligent work system

Figure 1 shows the main contents of the described
approach. The current "classical" work system is
contrasted with the approach of an Smart Working
System (SWS) within a Cognitive Logistics Zone (CLZ).
The topic is limited to the main topics of logistics and
automation. Logistics considers the procedural design of
the work system. This includes the planning and
maintenance of material and information flow.
Automation considers the use and evaluation of applied
techniques and technologies. In the classical work
system, the planning and control of the material and
information flows as well as the use of techniques and
technologies for the automation of the work task are
designed. The employee assumes an executive, non-
determining role in the work task. Alternatively, the
SWS triggers the cycle-based processing. This allows the
employee the individual selection and execution of work
tasks. The employee in production and logistics plays a
central role in the coordination of material and
information flow as well as in the selection and use of
technologies. This means that the logistics and the
automation must adapt to the selection of the employee.
In the current work systems this is done poorly or not at
all.
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The increase or equalization of the reaction rate of
material and information flow and the technology used
requires a common cognitive basis.

The CLS serves as the basis for the intelligent work
system. Two main points are thus identified in the
developed approach:

1. The Cognitive Logistics Zone (CLZ):
Implementation and harmonization of human
cognitive abilities and skills on the technical
processes, objects, and infrastructures within a
scalable study area.

2. The Smart Working System (SWS):
Linking cognitive flexibility and human action
with the high productivity and accuracy of
automated systems for the selected work
system. It designs integrated solutions for the
use of digital assistance systems and state-of-
the-art measurement and testing technologies
for quality assurance in production and logistics

Both specialties must be combined to form an intelligent,
people-centered work system. One way to combine the
CLZ and the SWS is the definition and reduction of
intelligence factors. This intelligence factors described
so far the properties of human cognition. Another
research goal is to adapt intelligence factors to the
technical system. The derivation and use of intelligence
factors with measurable indicators of logistics is not part
of the article.

2. COGNITIVE LOGISTICS ZONE

An adaptively controllable transparency of the processes
within the production and logistics at any time requires
individually adjustable service levels for the
communication, location, identification and condition
monitoring of the objects in the system and involved
processes. The key prerequisite for its implementation is
that infrastructure and objects are equipped with
"intelligence". By using appropriate technologies for
sensing, computing and communication, process relevant
information are provided across the value chain. By that
logistics objects can be clearly identified, localized and
controlled (Richter et al. 2015; Schenk et al. 2015).
Depending on the technical characteristics and the object
level, functions such as identification, localization and
control by the surrounding logistics system can be
carried out centrally or, increasingly, by using Industrie
4.0 technologies by the objects themselves. With regard
to the physical level and the information technology level
a scalable examination area — independent from defined
system boundaries — can be defined (Richter et al. 2015).
Based on system theory (Ropohl 1979) a system can be
described by a set of elements that are linked (relations)
for achieving defined goals. The entire system can be
subdivided into other subsystems within its system
boundaries.

The subsystems are created by further hierarchical
subdivision of the entire system in the vertical direction.
If the summarized elements have a different relation
which get over the subsystem boundaries, it is a
comprehensively subsystem, which arise primarily
horizontally, like the flow of material and information
(Schenk et al. 2014). The operation of logistics systems
is formed by the availability of one or more logistics
infrastructures. The objective of a logistics infrastructure
is the provision of logistics services for people and
goods. IT systems control the traffic and logistics flows
with their available resources, e.g. means of transport. By
networking sensors, communication modules and
computer processors, an ambient intelligence is created
that allows efficient use of the logistical and transport
infrastructures. The number, performance and distribu-
tion of logistics nodes and traffic routes thus determine
the logistics infrastructure of an economic area.
Depending on the mode of transport, large geographic
regions and traffic routes, but also a city area or business
premises are addressed. The concept of CLZ should
equally include the possibility of examining the logistical
behavior of objects, processes and systems.
Accordingly, the Cognitive Logistics Zone should also
be understood as a research and design framework for the
(optimal) interaction of logistics objects, processes and
systems. Its characteristic as a flexible and scalable zone
makes it possible to freely define the examination area
without having to consider the fixed system relations and
limits. The considered elements of the Cognitive
Logistics Zone are not dependent on the respective sys-
tem boundaries. Their specifications are determined by
the objective settings, so that the zone can also contain
elements from independent systems. It serves as a goal-
oriented solution method for the analysis and design of
Logistics 4.0 solutions by using Industrie 4.0
technologies.

3. SMART WORKING SYSTEM

In this way, the scientific field of action is integrated into
the topic of the future of work at manual workplaces of
industrial production. The focus is on the operational
level, on which people, autonomous robots and
intelligent material logistics work closely together in the
future. The theme is based on an everyday role model:

Two people who work hand in hand for a common cause
and who flexibly adjust to the actions and achievements
of each other optimally. A cognitive work system that
works in the same way has the advantage of exploiting
the economic potential of a combination of manual and
mechanical work in the best possible, sustainable and
tolerant way. As best as possible, since efficiency and
quality are balanced by the accurate retrieval of work
performance, and sustainable, since it does not take
people beyond their own borders. The tolerance feature
results from the inherent flexibility of such a work
system that enables it to self-organize when, for example,
delays delay the delivery of material and the next step.
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It is postulated that such systems are capable of new
levels of excellence in industrial production because the
ability to adapt reduces interference and optimally
exploits individual human performance. This thesis thus
positions itself as an alternative to a company work
organization, which is particularly interesting for small
and medium-sized companies. The sustainable use of
manual labor is not achieved through organizational
measures, but through the human centered or humanized
work systems themselves. Cognitive and autonomous
skills form the functional backbone of the work system
outlined here. It is only through them that it is able to
grasp, interpret and reconcile the present work situation
with expected images in order to derive and execute
autonomous actions from the context. The result is a fed
back process control loop, on operational and temporal
level, which innovative methods such uses artificial
intelligence for self-organization and all the functional
elements such as Material flow and automation precisely
adapted to the respective work situation. Due to the high
degree of independence of the mechanical actors in the
work system, the protection of humans is of particular
importance. ~ Appropriate  and  release-friendly
mechanisms must ensure that autonomous machine
decisions and actions do not endanger humans. For
example, a material-carrying AGV or an assisting robot
should not pose an unacceptable risk of injury to humans.
Any action planned by technical facilities must be
assessed and approved by a higher level security system
before it is allowed to do so in the human environment.

4. STATE OF THE ART AND SCIENCE

4.1. Motivation for human — robot collaboration

In the context of assembly, the close cooperation of
humans and robots can combine the desirable traits of
both. The abilities of robotic systems in terms of
repeatability, speed of operation, precision, strength and
productivity, are far superior to those of humans, but
their flexibility is handicapped due to factors like cost,
complexities in programming and work piece handling,
among others. The flexibility and adaptability
requirements of robotic systems are only to increase as
lot sizes become smaller and products become more
customized. Humans on the other hand, may lack the
above mentioned qualities of robots, but possess superior
sensor-motoric abilities and the ability to quickly adapt
to process changes (Kruger et al. 2009). Compared to a
fully automated assembly system, its human-guided but
robot assisted counterpart can provide numerous
significant benefits, and it is not necessary to limit this
cooperation to only assembly tasks and environments.
Today, almost all industrialized nations are experiencing
a falling birth rate coupled with a higher life expectancy
which in turn, is resulting in a higher average age of the
workforce and population (Coale 1990, Harper 2014;
Cutler et al. 1990, Lutz et al. 2003, Zulch 2009). Flexible
migration policies and long term migration is unlikely to
fully compensate for this trend. In cases of European
companies facing economic stagnation, the retention of

elderly workers by companies instead of replacement
with young ones, is also a cause for the higher average
age among the workforce (Lutz et al. 2003). Ever-
increasing global competition and the aim to produce at
an ever-reduced cost is leading organizatios in high-wage
countries to adapt lean production systems Physical
human abilities such as strength, the maximum speed of
operation, grasping ability, dexterity, eyesight and
hearing power, perception, reaction time etc. all undergo
deterioration with increasing age (Fleishman and Reilly
2001, Carroll 1993). As some tasks, including assembly
cannot be fully automated efficiently due to practicality
or complexity issues, man-power involved in such
partially-automated environments serve to carry out
controlled manual tasks, involving more physical effort
than mental exertion (Zaeh and Prasch 2007). It is
obvious to state that the performance of such tasks will
suffer as a result of an aging population. Human robot
collaboration is one method. Human robot collaboration
has great potential for the improvement of process
ergonomics (Z&h et al. 2007). Reduced loads,
improvements in working posture and a reduced number
of repetitive motions are only some of the benefits
attainable. Industrial robots with properly designed and
tested collaborative lead-through systems, can aid in
compensating for inertial forces of heavy components.
Any industrial activity, be it in the context of
manufacturing or assembly comprises of value-adding
and non-value adding processes. A collaborative process
characterized by high speed robotic movement in
material transport and loading/placement by a human
operator , for example, can result in a much superior
process time when compared with operation by human
operator alone assuming full automation is not
technologically possible or economically feasible.

4.2. Human-robot collaboration in logistics
Kriger et al. (2009) classify human robot collaborative
systems, in the context of assembly, as either

1. Workplace sharing systems or
2.  Workplace and time sharing systems.

A Workplace sharing system is characterized by one
where human operators and robots are working in the
same workplace and performing separate tasks (handling
or assembly), the risk of collision or unwanted
interaction being avoided by monitoring a safe distance
between the two beings. The robot is programed to stop
if the distance between the robot and human operator lies
below a defined ‘security’ distance. A Workplace and
time sharing system is one characterized by both, the
simultaneous performance of a task by the human
operator(s) and robot(s) and the operating principle of the
Workplace sharing system described above. Workplace
and time sharing systems put great requirements on
feedback mechanisms and interfaces to ensure safe and
efficient cooperative operation of the robot and human
operator.
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To ensure a safe collaborative operation, EN ISO 10218-
2:2011 (2011) requires the adaptation of one or more of
the following operation methods.

e Safety-rated monitored stop: Describes a state
where a robot is stopped with drive power still
active with a monitoring system ensuring no
robotic movement. This operation method (of
the same name) ensures that there is no
simultaneous movement of the operator and
robot in the collaborative workspace. If an
operator enters the collaborative workspace, a
safety-rated monitored stop is initiated, the
operator can interact directly with the robot
(load a part onto the end-effector for example)
and autonomous motion is resumed upon the
operator’s exit from the collaborative
workspace. If an arrangement requires the
operator to work in the collaborative workspace
while the robot is engaged in autonomous
activity outside the collaborative workspace,
the robot will stop at the interface of the
collaborative -non-collaborative workspace.
Intrusion into the non-collaborative workspace
by the operator will result in a protective stop.

e Hand guiding: This operational method allows
simultaneous movement of the operator and
robot in the collaborative workspace. The robot
is not permitted to move autonomously and
must be guided manually by the operator. Prior
to hand guided operation, the robot must be in a
safety-rated monitored stop state at a designated
switch-over region. The hand guiding tool must
have an emergency stop feature and release of
the guidance facilities (buttons, joystick etc.)
should return the robot to a safety-rated
monitored stop state. Safety limits are also
imposed on the robot’s speed. It should also be
ensured that the operator’s position and guiding
tool do not result in additional hazards. The
robot can resume autonomous movement upon
the operator’s exit from the collaborative
workspace.

e Speed and separation monitoring: This
operation method allows the robot to move
simultaneously and autonomously with the
presence of the operator in the collaborative
workspace, however close interaction between
the operator and robot is not permissible. A
surveillance system monitors and determines
the safe distance based on robot speed. For low
speeds, this safe distance can be small but for
higher speeds, the safe distance will need to be
determined by a risk assessment. If the safe
distance is violated, a safety-rated monitored
stop is initiated, the robot moves autonomously
again once the operator increases his distance
from the robot above the threshold value.

e Power and force limiting: This operation
method allows the simultaneous, autonomous
movement of robot in the collaborative
workspace with the operator present, and allows
for very close interaction between the two, even
permitting contact. Risk for accidents is reduced
by limiting power or force of the robot system
in the event of contact. Excessive force or
pressure arising from contact triggers a
protective stop. The limiting pressure and/or
force and maximum robot operation speed is
determined through a risk assessment suitable
to the application. This operation method is
limited to robots with soft surfaces, cushioned
padding and free from sharp or pointed edges.
Also, all robotic movements and paths should
be predictable by the operator in order to avoid
unintentional contact.

5. TECHNOLOGICAL CONCEPT

Figure 2 shows the basic technological concept with its
most important components. It shows the envisaged
work system in the form of a process control loop whose
actual state, represented by the current work and
environment situation, calculates a state interpreter based
on data from information technology and sensory
sources. The gained context is then compared with the
target state, ie the current work task and the higher-level
process goals. Deviations due to faults, variations or
decreasing performance of the participating employee
are recognized by the State Interpreter (SI) at this point
and forwarded to the Logistics Planner (LP) and
Autonomy Planner (AP) functional units. The LP is on a
second cognitive level. He analyzes the influence of the
determined deviation on the material flow chain. On the
basis of cognitive predictive models, he calculates
measures with which the connected material flow
systems react optimally to the changes in the work
system. For this, it is necessary for the Sl to provide
usable data. The interpretation of the delivered state data
is done using machine learning methods. On the second
cognitive level is also the AP. Based on the supplied
context, it calculates robot actions with which the
participating automation responds to detected changes in
the workstation. The reactions of the robot can be very
different. For example, if the employee changes the order
of assembly, it may be necessary to adapt the current
assistant program of the robot without delay, so that the
entire process continues without delay. Like the LP, this
planner works completely autonomously, but is subject
to much shorter response times. The AP must react to
changes within a few seconds in order not to hinder the
workflow. The high degree of autonomy of the second
level requires that any autonomously initiated machine
movement does not endanger man. Although the robot
used has safety sensors to detect a jamming or collision,
its program and its speed of movement must ensure that
each of its movements does not exceed the limits of 1ISO
/ TS 15066 for all candidate body parts.
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Figure 2 Complete overview of the areas mentioned in the presented concept

For this purpose, the work system has a digital human
body model simulating and evaluating every possible
hazard. Only when the result of the simulation-based and
model-based hazard assessment reveals that there are no
unacceptable residual risks for humans are the machine
movements and actions released and executed. The
selected basic technologies and their focuses cover the
essential aspects of an intelligent, autonomous and
cognitive work system in which material-assisting and
assisting functions accompany and support people in
their work. The described Sl is of particular importance.
It forms a cognitive interface to the human being through
which the various systems take human decisions and
actions. It is an important prerequisite for responding
adequately and in a reasonable time to changing
situations in the work system, so that a smooth and
trouble-free cooperation between man and machine is
possible. Downstream control and planning components
in the second cognitive level ensure that the material
supply and automation assume the function of actuators
in the process flow. They work completely
autonomously and are guided only by the current
condition and the targets. The digital human in the work
system is a virtual twin of the human body and helps the
autonomous machines in the work system to protect their
planned and initiated actions in a way that enables them
to release. This technology can serve as a door opener for
the widespread use of autonomous robots and
comparable systems. The challenges to the individual
priorities lie primarily in the interaction of the individual
basic technologies. In order to master this task, the
heterogeneous  group  relies on very close
interdisciplinary cooperation. The overall goal of the
concept described is not only the development of the
basic technologies but also their functional integration.
In the following, the individual parts of the concept of a
smart work system will be explained in more detail.

5.1. Status Interpreter (SI)

The SI develops a methodological approach that uses
heterogeneous data to create a structured context using
data analytics techniques. The goal is to recognize in
which work situation a person is currently located and to
determine which work step will follow. The aim is to use
machine learning methods to channel the available
sensory and information-technical data sources of the
work system and to compare them with expectation
patterns on an ontological basis. See, for example the
next step in the assembly precedence graph is to use a
cordless screwdriver, then the cordless screwdriver
torque sensor is a useful data source that provides
information as to whether the operator is following or
deviating from the work schedule. It is explicitly
intended to include all available data sources of the
workstation. These include safety sensors that primarily
monitor shelters but also provide information about the
employee's whereabouts, or machine data that indicates
that the operator is making an entry and, as a result, is
standing in front of the machine (Schenk et al., 2016). It
also takes into account data from networked work
equipment and the Internet of Things (10T).

The applied research question is: How can the work
result and current detail conditions of a work situation be
recorded from the local and information system
environment and interpreted and evaluated in terms of
assistance requirements and quality of work?
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5.2. Logistics Planner and Controller (LP)

The previously performed cycle-bound disposition of
material to be explored within the man-machine
interaction in terms of dynamic material-flow design and
management. The focus is on the cognitive-simulation-
based forecasting of short-term planning and control of
material provision as quantity-, time-, location- and
quality-appropriate material provision in the event of
changes in work processes, work situation and
environmental conditions (Hanisch et al. 2005; Weigert
2017b, 2017a). By coupling the real material and
information flow with its digital image, the system is able
to simulatively check and implement future changes in
advance. The requirements of the strategic, tactical and
operational planning goals in combination with long-,
medium- or short-term time horizons represent all
variants for the cognitive-simulation-based prognoses. A
pattern recognition from past data as well as the supply
of current data enables a holistic and comprehensive use
in a dynamic material flow planning and control. This is
to be achieved by the integration of data sources (eg ERP
systems, telematics and identification technology, PLC
systems) as well as interpretation and utilization of this
information by machine learning and artificial
intelligence (eg artificial neural networks) summarized
in a planning tool (eg material flow simulation ). The
resulting cognitive simulation model supports the
logistics planner and controller in time-critical material
flow design and control through early warning
(recognition of target deviations), alternative courses of
action (provision of possible solution variants for target
deviation) and forecasts (calculations of future
scenarios). By interacting with the logistics planner and
controller, the artificial intelligence to be developed for
this purpose should be able to include their decisions in
future events and planning.

The applied research question is: How should the
cognitive-simulation-based forecast for the logistics
planning and control of material and information flows
be strategically, tactically, operationally as well as long,
medium and short-term designed to derive intelligent and
thus plausible action alternatives for the logistics planner
can?

5.3. Digital Human (DH)

Autonomy and machine safety are not to be combined
according to the current state of the art. To date, there are
no technical solutions that allow autonomous systems to
assess their actions and actions against security criteria.
Especially with a very close cooperation between these
systems and people, the reduction of injury risks has the
highest priority. Contact avoidance by sensors is not
practical in many cases. This situation creates a major
obstacle to the use of autonomous and collaborative
systems, such as assistive robots. Therefore, it requires a
release-effective  basic  technology with  which
autonomous systems can independently assess their
physical impact on humans. In the presented concept, it
is planned to develop a technology that simulates and

evaluates potential danger situations based on a digital
human body model. The body model required for this
purpose must be clearly different from models in the
automotive sector, as it must be tailored to simulate
minor stresses below the onset of injury and thus
preclude injuries related to collaborative robots due to
their severity and associated damage are permitted. As a
result, car body models are largely unsuitable because
they are primarily intended to use simulation to estimate
the occurrence of serious and life-threatening injuries.
On the other hand, the simulation mechanisms and
models available today are not based on structures that
have been approved by the accident insurance companies
for automated release. For both constraints, the concept
develops workable solutions. Fundamentally, it is
possible to draw on a very extensive data from
biomechanical stress studies with volunteers that the
Fraunhofer IFF has carried out since 2011 to investigate
minor strains due to robot collision (Behrens et al. 2012).
In addition, there is an extensive literature fund, which
emerges from a study on biomechanical load limits
(Behrens and Elkmann 2014). The excellent contacts
between the Fraunhofer IFF and the Wood and Metal
Employers' Liability Insurance Association serve the
research group to agree methods for the automated and
simulation-based approval of machine and robot
movements. It is not intended that the research group will
use the digital body model to compute human internal
stress and estimate its physical state (exhausted or
exhausted).

The applied research question is: How must a model of
the human body be designed in order to enable an
autonomous system to independently assess the risks and
unacceptable demands of human beings as a result of
their actions?

5.4. Autonomy Planners (AP)

The focus is on a method that analyzes the current
context and its overarching goals and derives
autonomous actions for the assistant robot participating
in the work system. These actions can be applied both to
employee support (assistance operation) and to an
automatically  performed work step (automatic
operation). This form of planning is a central element in
the overall concept, which directly influences the overall
process as an actuator. The AP distinguishes between
cognitive and physical assistance, depending on the
context. A deeper planning component generates the
actual robot program, incorporating the results of the SI.
Intelligent basic skills are used, which program the robot
by specifying targets instead of motions. When the
assistance operation provides the employee with
cognitive support, the emphasis is less on a robot
movement, but rather on multi-modal communication
that transports information to the employee (e.g., by
projecting the information into the environment).

The concept is dedicated to the generic methods that
functionally design and implement the described
planning system including its basic skills.
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The applied research question is: What basic skills does
an autonomous robotic system need in order to be able to
collaborate with humans and technical systems alike in a
secure and flexible way in a multi-modal way?

6. OBJECTIVES OF THE FUTURE, SCIENTIFIC
DEVELOPMENT

The presented concept of an intelligent work system in
production and logistics thus has a good starting position
in international competition. To underpin this situation,
the concept follows the strategic goal of building on
exclusive results right from the start. Thus, there are
digital human body models that are based on real data
and thus ideal for the implementation of a secure
autonomy. Taking into account economic and social
challenges as well as the resulting research and
development requirements, the concept has a future-
oriented focus (Figure 3). The themes of the Digital
Agenda, represented by Industry 4.0 and digital work
environments of the future, play a major and prominent
role. Cognitive and autonomous systems are explicit
topics of this agenda and a central component of the
strategic development goals.

[ Methods ][ Competences ][ Technologies ]
. . . Autonomy planners
Data Analytics Biomechanics Virtual bo dp
Machine Learning Computer science models Y
. . els
Ontologies Ontologien . .
= y b Active information-
Human Factors Cognitive . .
. = . based interaction
Prototyping mechatronics

context detection

Figure 3 Desired profile creation and extension of the
concept

For further investigations, the proposed methods, tools
and technologies have to be adequately assessed in
Cognitive Logistics Zone. To this end, a staged model
offers. This tiered model incorporates the combination of
technology and intelligence factors. It serves to describe
the cognitive maturity of the examination system. The
development of a step model is the next important step in
the development of an smart and cognitive work and
logistics zone

7. CONCLUSION AND OUTLOOK

The written article describes a forward-looking approach
to the future transformation of conventional work
systems. The article describes a first approach of an
Smart Work System. The article summarizes several
levels and aspects. Classical work systems reach their
limits in today's digitized world of work. These limits are
to be overcome with the intelligent system of work in a
Cognitive Logistic Zone. The goal is to implement the
cognitive abilities and skills of humans in the work
system. Intelligent processes, objects and infrastructures
should be able to interact with humans. For this purpose,
a step model is to be developed. This model involves the
evaluation of the technologies used by the so-called
intelligence factors. These intelligence factors serve as
the basis for technical and cognitive criteria. These
criteria are to be reduced with key figures from

production and logistics. The article describes a possible
application scenario. A key issue is the human-robot
collaboration in production and logistics. Then the focus
of intelligent material supply relies on. As soon as the
currently popular cycle-bound system is dissolved in
favor of a versatile and agile production (such as island
or cell production), the requirements for the individual
workspace concrete change are confronted with. In
addition to data acquisition, data analysis and the
development of close-to-reality human models for
automation and robot control, needs-based material
provision and the analysis and correction of faults play
an important role. The logistics of the future will be
supported by predictive methods, competences and
technologies. The individual human-robot collaboration
has a great influence on future research and topics. The
described system with all components is an initial rough
planning for the implementation of a collaborative, smart
work system in production and logistics. The next steps
describe the analysis of work fields within the production
and logistics (for example transport - transhipment -
storage). In these areas, the classic work systems are to
be replaced by the use of flexible production areas.
Subsequently, the presented concept for the logistics is
implemented.
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ABSTRACT

This paper proposes a strategy to find the combined
design of hybrid PV/wind electric system and the policy
of financial support of state. Different from the most
existing proposals, this study formalizes the problem as
a multi-objective optimization considering the benefits
of both user and supplier. Multi-objective evolution
algorithm based on decomposition (MOEA/D) is
adopted to solve the formulated problem. The proposed
strategy is applied in the case of a company located in
the southeast of France. The results validate the
effectiveness of the proposal.

Keywords: Hybrid electric system; optimal sizing;
financial policy; multi-objective optimization problem;
MOEA/D

1. INTRODUCTION

Nowadays, it is expected that the future solution for
energy production will be local by using the potential
energy of the site and avoiding its transportation. The
production can be realized by a hybrid system, which
consists in combining efficiently those sources.

The problem of hybrid system design and sizing has
attracted the interest of several authors. KELLOGG et
al. 1998 presents a method of sizing a hybrid wind /
photovoltaic system with storage. It is based on the
determination of the optimal production capacity and
the storage required for an autonomous wind /
photovoltaic hybrid system. The production and storage
units of each system are sized to meet the annual load
and minimize the total annual cost to the customer.
Another methodology proposed by BOROWY et al.
1996 for optimization of the size of a hybrid PV / wind
system. The algorithm consists in determining all the
possible combinations of the number of PV panels and
batteries verifying a desired level of reliability. The
optimal solution corresponds to the point of intersection
between the curve representing the number of PV
panels and its tangent. YANG et al. 2007 proposes a
technical-economic optimization to determine the size
of a hybrid PV / wind system. Two criteria are used, the
Loss of Power Supply Probability (LPSP) which
corresponds to the reliability index and the Leveled

Cost of Energy (LCE) to determine the cheapest
solution. KAABECHE et al. 2011 used an iterative
technical-economic optimization approach of a hybrid
PV / wind system by evaluating different criteria to
ensure a reliability threshold while guaranteeing the
lowest possible cost of the system. This procedure takes
into consideration of the Deficiency of Power Supply
Probability (DPSP), the Relative Excess Power
Generated (REPG), the Total Net Present Cost (TNPC),
the Total Annualized Cost (TAC) and Break-Even
Distance Analysis (BEDA). SEDIQI et al. 2017
proposes a methodology for designing a PV/wind
hybrid system with storage based on multi-objective
optimization (MOP). This approach takes into account
life cycle cost (LCC), LPSP. It consists of evaluating
metrological data collected in a given site and then
modeling the different components of the system. The
optimal configuration is obtained by applying a multi-
objective optimization model based on the genetic
algorithm. Nevertheless, the above-mentioned works do
not take fully the public policy into consideration.

Many scientific investigations have dealt with
regulations and political and economic measures around
the concept of renewable energy and their development
such as NIJKAMP et al. 1990, WALKER et al. 2007,
OWENS et al. 2008, DUSONCHET et al. 2010. They
all insist on the importance of proposing a new energy
development strategy to reduce the energy bill of the
user while ensuring a reasonable cost of contribution
from the state. However, those proposals have not yet
sufficiently developed.

This work is dedicated to the problem of combined
system sizing and policy optimization. The proposed
strategy will take into account the available energy at
the considered location, a specific load and aims to
optimize both the interests of the user and the host state.
More precisely, we consider the case when the policy of
host state aims the use of renewable sources for energy
production. The objective is allowing conception and
use of local production system where the financial
aspect is beneficial for both the user and the host state.
Thus, the goal is to propose solution for solving this
problem. To do this, the system design is formalized as
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a multi-objective  optimization problem, whose
objectives and constraints are detailed by using the
specific data obtained in the concerned location and
from the costumer. To solve the formalized problem, a
multi-objective  evolutionary algorithm based on
decomposition (MOEA/D) (ZHANG and LI 2007),
thanks to its superior performance, is applied in our
study to find the optimal solution set. One real case
concerning involving a company located in the
southeast of France is studied to verify the proposed
strategy.

2. STRATEGY
2.1 Principle

To define such strategy, a global analysis is considered
for modeling and optimization (see Fig. 1).

E 5 Financial Financial assistance
nerg_eatic report purchase/ | rate for system
potenti @1 sell of energy  #2| conception
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- *| .
7 Pro@ucuon > Global
Ny system Energetical Cost
— > —
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Figure 1: Multi-objective optimization problem
explanation.

It is assumed that host state assistance is achieved for
both system conception and consumption. Hence, two

variables &;,a, are used for denoting the state

assistance. The first variable &, is denoting the ratio of
energy purchase/sell applied by the state. The second
variable &, is representing the support, expressed as a
percentage, for system conception.

Moreover, the considered hybrid system is assumed to
be composed of Np, solar panels and N; wind

turbines.
Finally, and on the considered period, the user's
energetic bill can be assumed to be composed of two
parts as follows:

FG(NPVv Ny 7a11a2): Fe+Fs (D
The first part is due to the consumption using the
energy provided by the network and the second part
represents the cost of the local system.
The objective of this work consists in solving a multi-

critical optimization problem that is the minimization of
both the criteria

FG(NPV, Nyr ,al,az) and o, + fa, (2)
where S is a constant parameter used to privilege the
policy of the use or system design.

2.2 Models of PV and wind turbine

The first step of our procedure begins with a precise
sizing of the different renewable sources composing the
hybrid electric system of the two generators PV and
WIND. This requires establishing models for different
renewable sources.

Photovoltaic production depends on solar irradiation,
the surface the photovoltaic generator and the efficiency
of the panel. Assuming that photovoltaic panels used in
our system are controlled by a MPPT regulator allowing
it to extract maximum power. A mathematical model
for giving the generated photovoltaic power as a
function of temperature and solar irradiation is given by
KAABECHE et al. 2011 in the following expression:

Ppy = Npy.G.Apy.npy  (2)

Where np, and Apy are respectively the efficiency and
the surface of a specific solar panel.

The power produced by the wind generator depends on
the wind speed. Assuming that the wind turbine is
driven by an MPPT command, the mathematical model
of the power generated by the wind turbine is given by
[M. SEDIQI et al. 2017]:

PWT (V) -
Pt SiVy <V <V,
n—Vst
P, SiVy SV < Ve O
0 otherwise

2.3 Formulation of the problem

The global cost of the energy bill can be written in the
following form:

Ce =Cc+Cis (4)
With

Cc =Cp —Cs (5)
and

Cp = pp-Ec (6)

The energy consumed can be written in the following
from:

Ec = [ Pc(t).dt ¢t €[0,T](7)

with
0 siP,(t) < Pgg(t)
Pc(t) = { _ . >
P(t) — Ppg(t) siPL(t) = Pre(t
and where Pgg = Ppy + Pyr
the energy revenues sold to the grid can be formalized
as follows:

)@

Cs = ps. _ES ©) )
The energy sold to the grid can be formalized as
follows:

Es = [} Ps(t).dt ,t €[0,T] (10)

where
0 siP,(t) = Prg(t)
PO ={p 0. .
Prp(t) — P(t) siPL(t) < Prg(t
We can conclude then that:
Ce = pp(Ec — aq. E5) (12)
with

) (11)
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@ =% (13)

The cost of system installation:
Cis = (Co + Cpy + Cyr)(1 — a3) (14)
The cost of the photovoltaic generator:
Cpy = Cpy + CFy, (15)
The initial investment cost of the photovoltaic generator
can be written as follows:
Cpy = Ppy-Npy (16)
The maintenance and operating cost, which is assumed
to be fixed during the life cycle of the PV generator
project, is as follows:
CBY = Ng. Cpv. Ny (17)
The cost of the wind generator:
Cwr = CI9I/T + Cyr (18)

The initial investment cost of the wind generator can be
written as follows:
Cwr = Cwr-Nyr (19)
The maintenance and operating cost of the PV generator
is as follows:
Clpr = No- Cyp'- Ny (20)
Our goal is to strike a balance between minimizing the
cost of the total energy bill and the state's contribution
to this type of project. This amounts to optimizing the
following multiobjective equation:

{Mir? (Fg = Fr + Fig) 1)

Min (a; + a,.8)

where B is a configurable parameter. Here,  reflects the
government policy to balance the direct financial
support on renewable energy system installation and the
indirect support in the form of electricity purchase.

To make a reasonable system and policy design, the
four variables, i.e. Ny, Ny, o4, &, should be optimized
under the constraints. For instance, Ny, N, are limited
by available space for the concerned customer. While
a, and a, should also be limited in the closed intervals.
The constraints can therefore be expressed as

(V™ < Ny < N3
4NJV";” < Nyt < NJ&* 22)
l a" < a; < al"*™*

al'* < a, < af'v*

3. OPTIMIZATION ALGORITHM

In the last section, the system sizing problem is
formulated as a multi-objective optimization problem
on x = [Npy, Ny, a5, a,]". It is obviously that the two
objective functions, denoted as z = [z(1),z(2)]” cannot
be minimized meanwhile with one single solution,
called dominating solution. For a multi-objective
optimization, if one point is not dominating by any
point, it is called Pareto optimal. In this study, a
powerful  multi-objective  evolutionary  algorithm
(MOEA) based on decomposition (MOEA/D) will be
employed to find the solution set or Pareto set.

The general idea of MOEA/D is to transform a multi-
objective problem into multiple computationally

efficient single-objective optimization tasks. Such a
decomposition is fulfilled by configuring multiple
evenly distributed weights. With one weight, the
multiple objectives are formulated into a single
objective function. More details on MOEA/D can be
found in (ZHANG and LI 2007).

The application of MOEA/D in the concerned study is
summarized as Algorithm 1

Algorithm 1: MOEA/D based system and policy design

Step 1) Initialization:

Initialize population number M, neighbor size B, and
generation number G.

Generate M uniformly initial solution candidates
{x?,..x%} ; corresponding objective  functions
(z9,..z%} ; reference point z, , where z,(1)=
miin(z?(l)), z.(2) = miin(z?(Z)).

Generate M uniformly distributed weights {A,, ...Ay}.
The neighborhood set of ith candidate, denoted as B(i) =
{iy, ...ig} is formed by finding the closest weights.

Step 2) Evolution:

forg = 0:Gdo

fori = 1:Mdo

Reproduction: randomly select two indices j and k from

B(i) and generate a new candidate, as
g9 _

X,, =
x! + 0.5(x§’ —-x))+ rr:d(o, o) if rnd,(0,1) < 0.5
{ x{ +0.5(x] —x})) otherwise

limit xlt", into the preset limit interval.

Evolution: calculate objective function
{z, (xf,), z,\g,,,(x;a,)}.

Replacement: Vi, € B(i) , if max A, (f)|z](f) —
z.(f)| <max 2, (D|z] (f) —z.(f)|, where f=12,

then replace x? and z? with x and z9.
lp lp 2 i

Updating: z.(f) = min (z;g(f)),f =1,2.
end for

Updating: {(z9%, 28"} = (27, .29} ,
g+1 g+1y _ g g

(xI xg = {xI, xg).

end for

4. CASE STUDY

In this section, the proposed design strategy will be
applied to one case where a grid connected renewable
energy system hybridizing wind generators and solar
panels is designed. To simplify the calculation, the data
are averaged for each month and the climate is
supposed to be unchanged from one year to another.
The load power of concerned company is shown in Fig.
2.
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Power [kW]

0 2 4 6 5 0 1
Month
Figure 2: Monthly load power of concerned user.

The data used for the system design are summarized in
Table 1.

Table 1. Data for sizing and financial optimization:

Description Details

N, 20

Data of solar panel

Type of photovoltaic panel | Mono crystalline

03

A + PPV
0251~ + Pwr |+
— 02 Vi
= ~——+_ /
5 0.15 ~N—F
@ +
=
[s]
T o4l _o—o-
: o e
e el
0.05 o e
o ~
o o
0 .
0 2 4 6 8 10 12

Month

Figure 3: Powers generated by one solar panel and one
wind turbine.

With the data in Table 1, the multiobjective problem in
(21) under the constraints given in (22) can be solved
using MOEA/D algorithm. The parameters of the
algorithm are configured as follows (regarding
Algorithm 1): M=200; B=60; G=100. In order to avoid
undesirably biased search direction, the two objective
functions should be normalized to the same order.
Additionally, among the four variables to optimize, the
first two variables are searched in discrete space, while
the other two are in continuous space.

Firstly, the parameter B in the second objective function
is set to 1.5. After implementing MOEA/D algorithm,
the Pareto optimal set containing 200 solutions is found.
The cost functions corresponding to the set are
illustrated in Fig. 4

3.5

Npy 0.17
Apy (M?) 1.64
Data of wind turbine
Type of wind turbine NEMO 4000 Grid Tie
System
Wind turbine life time 10
(year)
Vst (m/s) 3.5
V. (m/s) 12.5
Vmax (m/S) 20
P, (KW) 4
Data concerning financial calculation
ppy (€) 399
Pwr (€) 2186
Cov" /v . Cyy [Pwr 0.03
G 0.1
(CBy+Ciyr)
Data concerning financial calculation
[N,Z’,l,in, Ny [0, 300]
[N, N [0. 20]
o, 0] | 0.2]
o™, ay ][ 0]

By combing the parameters of selected solar panel and
wind turbine with the monthly solar irradiation and
wind speed data of the concerned location, the powers
of one solar panel and one wind turbine for one year are
illustrated in Fig. 3. It can be seen that the energy
generated by the wind turbine and the solar panel can
somehow compensate each other, which will lighten the
power disturbance to power grid. This is one of the
main reasons of hybridizing two different renewable
energy.

X:-12.83
3F % Y: 2.852
* ]
x X
25| solution 1 ’*Xxx
: ™ X: 61.67
X Y: 2.049
b 3
> solution 2
Q
S L
Si1s % %
15 &%(*
X:133.7
Y:0.4822
0.5 . | |
solution 3

*
%

0—40 -2‘0 l; 2‘0 4‘0 6‘0 8‘0 1(;0 12‘0 14;0 160

Energetic bill [KEURO]
Figure 4: Optimal solution set via MOEA/D algorithm
(B=1.5)
From the vertical axis, it can be seen that the solutions
cover a wide interval. One specific optimal solution can
be picked from the Pareto optimal set, when a weight is
put to cost functions. As shown in Fig. 4, three solutions
are taken here as examples. The three solutions are as
follows:

Xopt1 = [297,6,1.3524,0.9996]"
Xopt2 = [275,1,0.549,1]"
Xopt3 = [164,0,0,0.3215]"
In the first solution, the benefit of investigator (user) is
put in a more important position than that of state. It
means that a big amount of financial support will be
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provided by state to promote the development of
renewable energy. In this condition, the energy bill can
even be negative, which means that the company can
gain money from state during the considered time scale.
In the second solution, the installed PV and wind
turbine numbers are less than that in first solution
because of the reduction of financial support from state.
When the financial support is further reduced in
solution 3, the number of PV and wind turbine is
obviously reduced.

w
o
1

Power [kW]

& 8 & 8

/
tﬂi
5 2

N
b

o
T

e e et
0 2 4 6 8 10 12
Month
(@)

30
—o—Ppy

25
Pwr

Power [kW]

20

Power [kW]
/ ;

0 ‘ ; ‘ Jt } (; } E; ‘ 1“0 ‘ 1“2
Month
_ (©) o
Figure 5: Generated energy vs load with different
solutions. (a) solution 1; (b) solution 2; (c) solution 3.

In each solution, it is observed that the installation of
PV is preferable because the cost per kW of PV is less
than that of wind turbine for the studied PV and wind
turbine models. Normally, the cost per kW can be
reduced when a higher power wind turbine is selected.

This will certainly change the system design and the
cost.

From the solutions, it is also noticed that o; and o, have
different influences on the first cost function. Even a
weight (B) of 1.5 is given to oy, ay Still reach at 1 which
is the up limit. This means that the installation support
plays a more important role for the state to reduce the
total cost of user.

To further evaluate the effect of B, this constant is set to
2. The cost functions corresponding to the Pareto
optimal set is shown in Fig. 6. The cost functions of one
solution is marked in the figure. The corresponding
solution is

X ope2 = [290,0,1.6629,0.1941]"

The value of the second cost function is close to that of
the solution 2 in Fig. 4. When the two solutions are
compared, it can be seen that the value of oy is smaller
when a bigger B is set. Hence, the value of B can
influence the partition of financial support between the
direct installation support and the support by electricity
purchase.
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Energetic bill [KEURO]
Figure 4: Optimal solution set via MOEA/D algorithm

B=2)

5. CONCLUSION

In this study, a strategy is proposed for hybrid energy
system design. Both the benefits of a specific
user/investigator and the supplier/state are considered
and formulated as multi-objective optimization
problem. To solve the multi-objective problem, an
algorithm named MOEA/D is adopted to find the
optimal solution set. The proposed strategy is applied to
a real case where a system is designed for a company.
The results show that with the given data, a set of
solutions is found. The solutions of the proposed
problem can provide the system design information and
possible policy respectively to the concerned user and
supplier.
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Nomenclature

Variables

Cost (€)

Price (€)

Energy (KWH)

Sales income

W n|mo (O

A constant that illustrates the
policy of the electricity supplier
or the state

oy A variable that refers to the
ratio of the price of energy sold
to the supplier to that consumed

A variable that designates state
help

Q
IN)

Number

Solar irradiation (KWh/m?)

Area (m?)

Temperature (C°)

Power (KW)

Wind speed (m/s)

Photovoltaic efficiency

o |I<|TE 02

Electricity bills

Index

Global

Consumption

Sale

Dinoo

System installation

_U
<

Photovoltaic

=
—

Wind turbine

Nominal

>

st Starting

y Year

max Maximum

EXxponent

Initial

0
m Maintenance

y Year
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