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PreambleThis report is organized as follows. Chapter 1 is of Curri
ulum Vitae that summarizes my resear
h,tea
hing and administrative a
tivities. Chapter 2 entitled �A
tivity report sin
e my nomination� is areport of my resear
h proje
ts, of my tea
hing a
tivity and of my administrative 
harge in a moredetailed presentation. Chapter 3 entitled �Developments of resear
h a
tivities� is fully devoted to thete
hni
al presentation of my main resear
h studies during eight years. It shows how these works haveprogressively moved from a 'postdo
toral` 
ontext with studies in the 
ontinuity of my Ph. D. thesis to areal will to animate a resear
h axis by proposing new subje
ts in our laboratory. During the in-betweenperiod I appropriated the tools and the methodologies of this resear
h axis. Chapter 4 �Con
lusionand perspe
tives� 
on
lude this report and give a number of resear
h propositions for pursuing theengaged works. Finally, appendi
es summarize my s
ienti�
 produ
tions, my parti
ipation to the s
ienti�

ommunity and 
ontra
t a
tivity, and the most signi�
ative produ
tions.
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Chapter 1Curri
ulum VitaeAssistant Professor (nominated the 1st of September 1998) in the Laboratoire d'Automatique Indus-trielle -LAI- (Industrial Automation Laboratory) of the Institut National des S
ien
es Appliquées of Lyon-INSA de Lyon- (National Institute of Applied S
ien
es of Lyon).Ph. D. thesis in Industrial Automation: 1994-1997Thesis at lai of insa de Lyon (Dir. Pr. Serge S
avarda).Engineering degree: 1992Me
hani
al Engineering Department, insa de Lyon.1.1 Resear
h a
tivitiesResponsibility and proje
t parti
ipationsLo
al: In 
harge of the resear
h axis Virtual Prototyping of the Fluidtroni
s team and later the Fluidpower, Transport and Roboti
s team -FTR- of LAI (sin
e 2003).Regional:� Setting up and animation of a group in the area of Lyon for a re�e
tion on modelling andsimulation of pluridis
iplinary physi
al systems using bond graph language (1999-2003).� Parti
ipation to a regional proje
t (2001-2003), topi
 Modelling and Control of Complex Dy-nami
 Systems.National:� Member of the reviewer board of the national journey LMCS (Logi
iels pour la Modélisationet le Cal
ul S
ienti�que -Software tools for Modelling and S
ienti�
 Cal
ulus-) of the 30thof November at the University Center Léonard de Vin
i and 
o-organized by IFP (InstitutFrançais du Petrole -Fren
h Institute of Petroleum-) and the University Léonard de Vin
i.� In 
harge for the LAI of the proje
t SimPA2 (Simulation pour le Pro
édé et l'Automatique 2 -Simulation for Pro
ess and Control 2-) in the ANR-RNTL framework (Agen
e National de laRe
her
he-Réseau National des Te
hnologies Logi
ielles -Resear
h National Agen
y-NationalNetwork of Software Te
hnologies-). Subventions: 103ke in
lusive of tax. Duration: 3 years.Ph. D. student re
ruiting.� In 
harge for the LAI of the METISSE proje
t (Méthodes numériquEs et Te
hniques Infor-matiques pour la Simulation et la Synthèse en Environnement -Numeri
al Methods and Com-puter Te
hniques for Simulation and Synthesis in Environment-) in the framework of RNTLand in this proje
t, responsible for a sub-proje
t. Subventions: 132ke ex
lusive of tax. 2post-do
torat resear
her re
ruiting. 5



1.1. RESEARCH ACTIVITIES � 6� Development of a planar me
hani
s 
omponent library (
ommer
ialization in 2004) for softwareAMESim (Imagine So
iety).� Parti
ipation to the program PREDIT 2, topi
 Design-Manufa
turing in 
ollaboration withPSA Peugeot Citroën so
iety.International :� Member of the s
ienti�
 board of the automation international s
hool of Lille (Fran
e, 2000):Bond graph methodology.� Spe
i�
ations of software MS1 developed by Fran
is Lorenz (Belgium).Proje
t submissions:� Proje
t submission for the Resear
h Cluster Transport, Territoires et So
iété (Transport, Ter-ritories and So
iety) of Rh�ne-Alpes Region.� Parti
ipation to a proje
t submission for the Competitiveness 
enter Lyon Urban Tru
ks&Bus2015 and managed by the LAMCOS (Laboratoire de Mé
anique des Conta
t et des Systèmes-Laboratory of Conta
t and Systems Me
hani
s-).� Parti
ipation to the submission of a Program Multi-Edu
ation managed by the CETHIL (Cen-tre de Thermique de Lyon -Center of Thermal S
ien
es of Lyon).Supervision� 2 post-do
torats under way [26, 27, 38℄1.� 4 Ph.D. theses in 
o-supervision (50%) (oneof whi
h defended the 13th of February 2003and 3 under way) [6, 17, 20, 21, 24, 26, 27℄.� Student trainings of postgraduate 
erti�
atestudents (3 of whi
h in 
o-supervision at50%).
15.4% Post-do
torats30.8%Ph. D. theses

53.8%Postgraduate
erti�
atesS
ienti�
 publi
ations (see list of publi
ations in appendix A)� 9 publi
ations in international journals withreview.� 19 publi
ations in international 
ongresseswith pro
eedings and review.� 2 
hapters in 
olle
tive books.� 2 national seminaries.� 4 
ontra
t reports (1 for the PREDIT 2, 2 forthe RNTL-METISSE, 1 for the ANR-RNTLSIMPA2).
23.5%Journals52.9%Congresses 5.9Chapters5.9Seminaries11.8% Reports

Reviews� 6 publi
ations in international journals.� 21 publi
ations in international 
ongresses.� 3 publi
ations in national 
ongresses. 20% Journals70%Int. 
on-gresses 10% Nat. 
ongresses1Numbers in bra
kets refer to the list of publi
ations in appendix A.



7 � CHAPTER 1. CURRICULUM VITAE1.2 Tea
hing a
tivitiesA typi
al year (2005-2006):196 hours pra
ti
al equivalent.Automation: 72 hours pra
ti
al equ.56.9%Bond graph
12.5%Num. simulation 30.6%Petri nets

Me
hani
s: 124 hours pra
ti
al equ.78.2%Kinem.andDyn. 16.9%Lagrange4.9 MultibodyBond graphTotal tea
hing sin
e 1994Automation: sin
e 1994� Modelling and bond graph language (
lass, pra
ti
al and pra
ti
al work, 246h pra
t. equ., �rst and�nal 2 years of degree 
ourse and graduate studies).� Systems of equations, Numeri
al methods, Simulation (
lass, 187h pra
ti
al equ., graduate studies).� Servoing, Regulation, Sequential logi
 (pra
ti
al work, 64h pra
ti
al equ., �nal 2 years of degree
ourse).� Petri nets (pra
ti
al, 22h, �nal 2 years of degree 
ourse).Me
hani
s: sin
e 1995� Kinemati
s and Dynami
s (Newton-Euler and Lagrange) (
lass and pra
ti
al, 1393h pra
ti
al equ.,�rst and �nal 2 years of degree 
ourse).� Numeri
al resolution of equations (
lass, 36h pra
ti
al equ., graduate studies).� Multibody bond graph (
lass, 57h pra
ti
al equ., graduate studies).Supervision: sin
e 1996� 18 End of studies proje
ts, 11 of whi
h in 
o-supervision at 50% (Engineer students INSA-Me
hani
alEngineering Dpt).� 4 student trainings in laboratory.� 1 following-up work of student training (supervision by Imagine so
iety).� 1 synthesis proje
t.1.3 Administrative a
tivities2004-:Organisation and animation of the monthly s
ienti�
 meetings of FTR team of LAI.2004-2005:� Member of the laboratory senate.� Re
ruiting 
ommittee for a professor of sport at INSA of Lyon.



1.3. ADMINISTRATIVE ACTIVITIES � 82001-2005:� In 
harge of the Centre d'Intérêt Ingénierie des Systèmes Automatisés: Analyse et Con
eption(Center of Automated System Engineering: Analysis and Design) whi
h re
eives the �nal yearengineering students of the Me
hani
al Engineering Department at INSA of Lyon for a spe
ializationand their End of Studies Proje
ts.� In 
harge of the database of the laboratory and of its web site.2000:Parti
ipation to a working group for the set up of the laboratory web pages at INSA of Lyon.depuis 1999:In 
harge of the kinemati
s and rigid body dynami
s modules of the groups ASINSA (Asian andFren
h students) of the �rst 2 years of degree 
ourse at INSA of Lyon.1994-2001:Setting up of the �uidetroni
s team web pages and maintaining of the LAI web pages.



Chapter 2A
tivity report sin
e my nomination
ContextI do my resear
h in the Laboratoire d'Automatique Industrielle (LAI) at the Institut National des S
ien
esAppliquées de Lyon (INSA de Lyon -National Institute of Applied S
ien
es of Lyon-) as an assistantProfessor sin
e September 1998. I tea
h at INSA in the �rst 2 years of degree 
ourse that re
eive 1520students, and in the department of me
hani
al engineering that awards a degree to 130 engineers peryear, re
eives 50 Ph. D. students and relies on 40 tea
hers/resear
hers and 8 laboratories.The LAI is 
onstituted of about 12 tea
hers/resear
hers developing resear
h at the frontier betweenAutomation and Me
hani
s that leads it to be a re
ognized laboratory in the domains of me
hatroni
sand event systems. Its obje
tives are to understand the physi
al phenomena and to model them in orderto design 
omplex systems (prin
ipally me
hatroni
) having fault tolerant behavior. For this the LAIis 
omposed of two teams: the 3SP team (Sûreté et Supervision des Systèmes de Produ
tion -Safetyand Supervision of Manufa
turing Systems-) relying prin
ipally on dis
rete event theory, and the FTRteam (Fluid power, Transport et Roboti
 -Fluid Power, Transportation and Roboti
s-) using 
ontinuoussystem theory, and issued from the fusion in January 2005 of the teams Fluidetroni
s and Roboti
s (Fig.2.1).Con
erning the team FTR, it has a matrix organization (see Tab. 2.1). The methodology a
tivities,verti
al axes of resear
h, are: multiphysi
s and multis
ale Modeling, Virtual prototyping and more par-ti
ularly sizing on dynami
 and energy 
riteria, and Control. The three horizontal privileged domains ofappli
ation are Me
hatroni
s and �uid power (histori
 appli
ation domain of the team), surgery roboti
sand transportation. The 
learly displayed obje
tives of the team is to 
ross these axes, the ones aboutmethodologies, and the others 
on
erning the appli
ations, in order to reenfor
e its lo
al, national andinternational position. Table 2.1 displays the resear
hers in this organization.The forth
oming 
reation of a Mixte Unity of Resear
h CNRS entitled laboratoire AMPERE andissued from the fusion between the CEGELY (Centre de Génie Ele
trique de Lyon -Center of Ele
tri
alEngineering of Lyon-) and the LAI will split the team FTR verti
al axes among two new teams, TheEASy (Equipe A
tionneurs et Systèmes -A
tuators and Systems team-) and the Control team. Thes
ienti�
 priority and the proje
ts shared between these two teams will enable resear
h to be pursued andthe developments put in perspe
tives in my works (se
tion 4.3.1) to be engaged. This new laboratorywill start in January 2007 and will be 
onstituted of about 45 tea
hers/resear
hers.2.1 Resear
h a
tivities2.1.1 PositioningKey words� Modelling, simulation, analysis and design of me
hatroni
 systems.9



2.1. RESEARCH ACTIVITIES � 10EA 3079Head : Tanneguy Redar
e (Pr)Head assistant : Eri
 Niel (Pr)Christophe Du
atTe
hni
ian Marie-Guy Mer
ierSe
retary (part-time)Resear
h2 teams3SPSafety and Supervision ofManufa
turing SystemsE. Niel (Prof.)L. Piétra
 (MCF)E. Dumitris
u (MCF)A. Hait-Hssan (MCF)
FTRFluid power, Transportation and Roboti
sD. Thomasset (Prof.)A. Jutard (Emeritus Prof.) J.-P. Simon (MCF)S. S
avarda (Emeritus Prof.) W. Marquis-Favre (MCF)M. Bétemps (Prof.) X. Brun (MCF)T. Redar
e (Prof.) M. T. Pham (MCF)E. Bideaux (Prof.) M. Smaoui (MCF)S. Sesmat-Bourdat (Dr. Eng.)1 Post-do
torat5 Ph. D. 1 ATER 2 Post-do
torats8 Ph. D.Figure 2.1: LAI organization 
hart

Modelling Virtual prototyping ControlSurgeryroboti
s MB-AJ-MTP-TR MB-AJ-MTP-WMF MB-MTP-TR-XBMe
hatroni
s andFluid power SS-SSB-EB SS-EB-WMF DT-XB-JPSTransportation SS-EB-SSB-JPS-WMF SS-EB-JPS-WMF XB-MS-DTMB : Mauri
e Bétemps, EB : Eri
 Bideaux, XB : Xavier Brun, AJ : Alain Jutard, WMF :Wilfrid Marquis-Favre, MTP : Minh Tu Pham, TR : Tanneguy Redar
e, SS : Serge S
avarda,SSB : Sylvie Sesmat, JPS : Jean-Pierre Simon, MS : Mohamed Smaoui, DT : Daniel ThomassetPh. D., ATER, Post-do
torats
Moreau Villegas-Medina OlabyCherejiDe Giorgi Jardin Girin RenardMouhibMohsine

Table 2.1: S
ienti�
 organization of team FTR



11 � CHAPTER 2. ACTIVITY REPORT SINCE MY NOMINATIONTeam FTR Team 3SP3 resear
h axesVirtual prototypingFormalization of theproblems posed by thesizing of a me
hatroni
system for spe
i�
ationsgiven in terms of dy-nami
 and energy 
riteria.
ModellingBond graph modellingand simulation of thedynami
 behavior of �uidpower systems and moreparti
ularly, ele
tropneu-mati
 systems.

ControlStudy of the potentialitiesgiven by the modernautomation methods andmore parti
ularly thoseof the nonlinear 
ontrolin the �uid power system
ontext.
︸ ︷︷ ︸Investigation �eld of my resear
h in the appli
ationdomains of transportation, surgery roboti
s andme
hatroni
 systems Table 2.2: Resear
h 
ontext in the LAI� Sizing methodology, bond graph language, inversion, optimization.� Kinemati
s and dynami
s of multibody me
hani
al systems, analyti
al me
hani
s.� Vehi
le dynami
s, surgery roboti
s.2 resear
h axes� Virtual prototyping : set up of methodologies and tools for aiding sizing and design of me
ha-troni
 systems on dynami
 and energy 
riteria.� Me
hatroni
 modelling : 
ontribution to the modelling of me
hani
al subsystems in a me
ha-troni
 
ontext.My work (see Tab. 2.2) is prin
ipally 
arried out in the Virtual prototyping and Modelling resear
haxes in the team Fluid power, Transportation and Roboti
s (FTR) of the Laboratoire d'AutomatiqueIndustrielle (LAI) at the Institut National des S
ien
es Appliquées de Lyon (INSA de Lyon). A summaryof the proje
ts with respe
t to my resear
h axes is given in Table 2.3.The Virtual prototyping axis aims at developing a methodology and spe
ifying 
omputer-aided toolsfor sizing me
hatroni
 systems on dynami
 and energy 
riteria. The methodology is based on an inversestate-model approa
h 
oupled to the use of bond graph language. On this resear
h axis and in theframework of the PREDIT 2 programme, I 
o-supervised (Ph. D. thesis of Olivier Mé
hin) the worksdone on the appli
ation of the methodology in an industrial 
ontext (
ollaboration with PSA PeugeotCitroën). Today I animate the developments that aim at 
oupling the methodology with optimizationmethods (post-do
toral positions of Omar Mouhib and Amine Moshine, and Ph. D. thesis of BogdanChereji in the framework of the RNTL METISSE proje
t) and at extending its appli
ation (Ph. D. thesisof Audrey Jardin in the framework of the ANR-RNTL SIMPA2).
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Proje
ts and promotion value ex
. of tax
Axes

Planar me
hani
slibrary forAMESim (1998-)Total: 26ke +royalties (9800e) predit 2(2000-2004),topi
 Design-Manufa
turingTotal: 315,5ke Region(2000-2002),topi
 Modellingand Control ofComplexDynami
SystemsTotal: 16,4ke
rntl(2003-2006)metisse proje
t,in 
harge of asub-proje
tTotal: 132keVirtualprototyping 2 trainings 2 post-do
torats1 Ph. D.1 masterMe
hatroni
modelling 6 esp1 training (foll.-up) 1 Ph. D. 
ifre

· imagine
·rexrothbos
h group
·renault
· istil ·psa peugeot
itroën

·lorenzsimulation
·OradeaUniversity(Roumania)

·lmst (insa deLyon)
·ltds (e
l) · imagine

·psa peugeot
itroën
·lms Fran
e
·
adoe
·
s-si
· ifp
·Sne
ma Moteurs
·eads-

r
· imft, leei(enseeiht)
·d2s (e
l)
· inria
·OradeaUniversity(Roumania)Industrial and university 
ollaborations linked with the proje
tsto be 
ontinued
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ontinuing Proje
ts and promotion
Axes

Laparos
opy(2004-2007) anr-rntl(2006-2009)simpa2 proje
tTotal: 103ke in
.of tax Contra
ts andother trainings(1998-)Total: 47,5keex
. of taxVirtualprototyping 1 Ph. D.1 master 1 Ph. D. 3 dea2 espMe
hatroni
modelling 2 dea 10 eps2 trainingsh
l ·
rilTe
hnology
·edf
· ifp
· imagine
· inria
·pelab (Sweden)
·psa peugeot
itroën

·rexrothbos
h group
·psa peugeot
itroën
·koyo steeringeurope
·antonovautomotivete
hnologiesfran
e
·mi
roturbo
·s
hneider
·renault
·r.v.i.
·alstom
·dlr (Germany)
·otis fran
eIndus. and univ. linked to the proje
tsTable 2.3: Organisation of proje
ts and 
ollaborations with respe
t to the resear
h axesCon
erning the Modelling axis, I bring my expertise in the bond graph modelling of multibody me-
hani
al systems a
quired during my Ph. D. thesis. This enables the study 
ontext of treated systems bythe team to be enlarged to their me
hani
al environment generally multibody. I also 
ontribute to thebond graph language development in a general manner a better formalization and use in me
hatroni
s.Re
ently I bring my experien
e in the multibody me
hani
al modelling to the surgery roboti
s and moreparti
ularly to a proje
t of a �exible robot design for laparos
opy (Gérardo Villegas-Medina's Ph. D.thesis)2.1.2 Developments on the Virtual prototyping axisNot translated.2.1.3 Developments on the Me
hatroni
s modelling axisNot translated.2.1.4 SupervisionNot translated.



2.2. TEACHING ACTIVITIES � 142.1.5 ResponsibilityNot translated.2.2 Tea
hing a
tivitiesNot translated.2.2.1 Tea
hing report2.2.2 Module des
ription2.2.3 Pedagogi
al publi
ations2.2.4 Supervision of End of Studies Proje
ts, work experien
e and foreignstudents (graduate studies)2.3 Administrative a
tivitiesNot translated.2.4 Con
lusionNot translated.



Chapter 3Presentation of resear
h a
tivitiesThis 
hapter is devoted to a more te
hni
al presentation of my prin
ipal resear
h works. It is organizedin three parts showing the progressive transition from the developments in the 
ontinuity of my Ph. D.thesis to more re
ent ones. First se
tion 3.1 is devoted to the 
oupling between bond graph modellingand the domains of the multibody me
hani
al systems and vehi
le dynami
s. Then se
tion 3.2 showsmy taking over of axis Virtual prototyping resear
h works of team FTR. Finally se
tion 3.3 presents thestarting up of new works in parti
ular linked to the introdu
tion of optimisation in the sizing methodologydeveloped in the LAI.3.1 Me
hatroni
 modelling in multibody me
hani
s and vehi
ledynami
sContextWorks presented in this part 
on
ern the Me
hatroni
 modelling resear
h axis prin
ipally linked to theappli
ation domains of the multibody me
hani
al systems and vehi
le dynami
s. They are the logi
al
ontinuation of my Ph. D. thesis works sin
e they use some of its results (for instan
e the one of themultibody privileged representation of a suspension -se
tion 3.1.3-) and take avantage of my a
quiredexpertise during this period (for instan
e use of Baumgarte stabilization in the planar me
hani
s libraryfor AMESim -se
tion 3.1.1-).These works were done in di�erent frameworks su
h as End of Studies Proje
ts of engineering students(planar me
hani
s library for AMESim development -se
tion 3.1.1- or multibody bond graph representa-tion of a suspension -se
tion 3.1.3-), student training for postgraduate 
erti�
ate (tire modelling -se
tion3.1.4-), or CIFRE Ph. D. (half government-funded and industrially-funded) in the PREDIT 2 program(automotive vehi
le models -se
tion 3.1.2-).In this se
tion the four following developments are presented:� planar me
hani
al 
omponent library for AMESim (se
tion 3.1.1),� automotive vehi
le models (se
tion 3.1.2),� multibody bond graph representation of a suspension (se
tion 3.1.3),� modelling of tire sliding phenomenon (se
tion 3.1.4).15



3.1. MECHATRONIC MODELLING IN MULTIBODY MECHANICS... � 163.1.1 Planar me
hani
al 
omponent library for AMESim3.1.1.1 Introdu
tionThe motivation for building this library appeared in 1998 from the need to enlarge the use of AMESim,developed by the so
iety Imagine, to systems in
luding planar me
hani
s. Number of appli
ations justifythis will in the automotive engineering (
rankshaft, opening, ...), in aeronauti
s (under
arriage, ailerona
tuation, ...), or in hydrauli
s (digger, ...) The 
hoi
e of AMESim was justi�ed by the previous 
ol-laborations between Imagine and the LAI (pneumati
 
omponent library) and its use in edu
ation andresear
h.After having set up the theoreti
al bases of this library in 1998, I supervise an End of Studies Proje
tin 1999 for the development of a �rst prototype in AMESim. In the following year this prototype wasused for the appli
ation of a manual gear box me
hani
al 
ontrol (with rods) in the framework of a se
ondEnd of Studies Proje
t in 
ollaboration with Renault. These works showed not only the feasibility of su
ha library in AMESim but also the operational level of the prototype in a test version for manufa
turersusing AMESim. Nevertheless this version remained not simple to manipulate due to a parti
ular attentionto pay for a 
onsistent initialisation of the modeled me
hanism and the la
k of a graphi
al interfa
e forits visualization in 2D.The period that followed was devoted to the set up, by the LAI and Imagine, of examples botha
ademi
al (quadrorhomb, pendulum, small 
hain, qui
k return me
hanism, ...) and industrial (ailerona
tuation, digger, automotive opening, ...) A new End of Studies Proje
t in 2003 in 
ollaborationwith Rexroth Bos
h Group on the 
omparison in simulation of a digger model between AMESim andSimpa
k, a multibody 
ode. The results gave full satisfa
tion and at the same time Imagine started theindustrialization of the library. A work experien
e that I followed up enabled an automati
 initializationmodule of planar me
hani
al models and a graphi
al interfa
e the visualization and the animation of theme
hanisms modeled, to be built.Today the library is 
ommer
ialized under the name PLM (Planar Me
hanism) in AMESim and isthe obje
t of a royalties 
ontra
t between Imagine and the LAI.The prin
ipal 
ontribution from a theory point of view is the set up of generi
 expressions for the
onstraint equations of geometri
al type in joints. These expressions 
an be used for every new 
onstraintof this kind. These developments took advantage of my tea
hing position in me
hani
s, of the me
hatroni
approa
h in the Modelling resear
h axis of team FTR and �nally of my Ph. D. thesis works 
on
erningmultibody me
hani
al system modelling through bond graph language and the ne
essary reformulationof the models for simulation. These developments were the obje
t of two publi
ations in a journal[Mar06
, Mar06d℄ and one in a 
ongress pro
eeding [Arm04℄.3.1.1.2 Developments presentationSee [Mar06
, Mar06d℄ in the appendix C do
ument.3.1.1.3 Con
lusionThe prin
ipal 
ontribution of this work was to express the 
onstraint equation of geometri
al type expli
-itly in terms of geometri
 spa
e ve
tors and to use them in this form instead of express them in terms ofs
alar variables. This showed the existen
e of a generi
 expression of 
onstraints whatever the joint is.The generi
 formulation proposed 
an be reused for developing other models of joint 
onstraints.The modelling proposed is based on Lagrange equations and the Lagrange multipliers methods forthe body 
omponents, and on the Baumgarte stabilization applied to 
onstraint equations in the joint
omponents. This 
hoi
e results from the ne
essity of the use of dependent 
oordinates in pre-orientedand organized 
omponent models in terms of equations. They are the intrinsi
 AMESim requirementsthat impose this strategy.Finally two extensions of this library have been studied in the framework of two End of Studies
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ts (2004) in 
ollaboration with Imagine. The �rst aimed at developing 
onta
t joint 
omponents.The se
ond extension aimed at studying the feasibility of extending the library to spatial me
hani
s.These proje
ts remained for the moment in a development phase.3.1.2 Automotive vehi
le models3.1.2.1 Introdu
tionThis work was done in the framework of the PREDIT 2 program (1998-2004), topi
 Design-Manufa
turing.It was 
arried out during the Ph. D. Thesis of Olivier Mé
hin (2000-2003) for who one of the goalswas to validate in simulation the sizing methodology developed at the LAI in parti
ular on industrialappli
ations. These works were undertaken in 
ollaboration with PSA Peugeot Citroën and required theset up of automotive vehi
le models answering di�erent 
riteria. These models had to be:� represented by bond graph,� relevant from their 
omponents and phenomena point of view in agreement with the sizing aimed,� relevant from the life situations point of view with respe
t to whi
h they are simulated,� with the same inputs and outputs as the manufa
turer's ones,� validated with respe
t to the models of PSA Peugeot Citroën that are experimentally validated.The �rst requirement is linked to the methodology that uses bond graph language. The se
ond item islinked to the sized systems envisaged during the Ph. D. thesis namely the EPS (Ele
tri
 Power Steeringsystem) and the suspensions. This se
ond item is also linked to the model level required by the proposedmethodology. The third point is linked to the manufa
turer approa
h in his design goal. The fourth itemis linked to the spe
i�
ations furnished by the prin
ipal and �nally the last item is linked to the validityof the sizing undertaken and thus to the e�e
tiveness of the methodology proposed.The analysis of the manufa
turer's approa
h in the vehi
le design enabled prin
ipally two models tobe pointed out for the sizing of the EPS and the suspensions. The �rst model is a full vehi
le modelthat will be put in di�erent life situations and di�erent tests during driving 
onditions for the energy anddynami
 sizing of both EPS and suspensions. A full vehi
le model is essential for a realisti
 behavior onone hand, and to obtain the right for
e levels in the steering 
olumn, the suspensions and the brakingsystem on the other hand. The se
ond model is vehi
le in parking. This model was pointed out from theanalysis of the manufa
turer's design approa
h as important for the EPS sizing.The di�
ulty to set up bond graph representations of these models is prin
ipally due to the manufa
-turer oriented form of the models as well as the use of bla
k boxes and tables. Bond graph modelling thusrequired to well understand these models and also to master modelling in the vehi
le dynami
s domain.The 
o-supervision of this thesis enabled for me a progressive transition from my resear
h duringthe do
toral period 
on
erning the bond graph representation of multibody me
hani
s, to the resear
haxis Virtual prototyping of the FTR team. The prin
ipal 
ontributions are on one hand bringing myexpertise in this domain, and on the other hand, the set up of design-oriented models enabling the sizingmethodology to be fully exploited on transportation appli
ations, one of the a
tivity axes of the team.These works gave one publi
ation [Mar06a℄.3.1.2.2 Full vehi
le modelSee [Mar06a℄ in the appendix C do
ument.3.1.2.3 Vehi
le in parking modelThe model of vehi
le in parking is a parti
ular model sin
e in this 
ase the vehi
le does not go. It enablesthe steering system in this life situation to be 
hara
terized and also 
onstitutes an aid to its sizing. The
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Figure 3.1: S
hema of a vehi
le front axle.
PSfrag repla
ements Steering

Sti�ness and damping in torsion Moment of inertia
Conta
t ground/tireFigure 3.2: Bond graph representation of the tire model in the parking life situation.vehi
le being still the inertial e�e
ts are not 
onsidered. The only motions are those indu
ed by the frontaxle kinemati
s. Thus this model simply retains in the full vehi
le model the elements of the steeringsystem, the front axle, the wheels and the tires as well as the EPS.The for
es from the vehi
le body are the gravity a
tion that 
omes from the height variation of thebody when steering. The ground/tire intera
tion takes into a

ount of the weight. A front axle of avehi
le is given Fig. 3.1.The bond graph representation of the steering system model is the same as the one given for thefull vehi
le. On the other hand, in the life situation in parking, the tire 
annot be de�ned by Pa
ejka'sformalism nor by a verti
al model. In fa
t the vehi
le dynami
s disappears in this model. Only thetorsion behavior 
an be taken into a

ount. The tire is thus 
hara
terized by a sti�ness and a dampingdetermined by experimental data. The 
orresponding phenomena are then represented by a pair of C andR elements. The I element models the kineti
s phenomena of the wheel in rotation and is 
hara
terizedby the wheel moment of inertia (Fig. 3.2).The 
onta
t ground/tire is prin
ipally asso
iated to dry fri
tion but also enables indire
tly the vehi
leweight a
tion to be modeled on the steering system. In fa
t for di�erent vehi
le loads the fri
tion(Coulomb's fri
tion) 
hanges and 
orresponds to a R element parametrized by the load and also dependingon the type of ground surfa
e (Fig. 3.2).The model established for the parking life situation is 
orrelated with existing measurements. Therewas no referen
e model be
ause the tire modelling in parking maneuver do not agree with measurements.Consequently the veri�
ations undertaken aimed at �nding on one hand the Jeantaud's diagram in
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Figure 3.3: a) Jeantaud's diagram, and b) Ra
k e�ort evolution.agreement with the one measured on the vehi
le, and on the other hand, the e�orts a
ting on the ra
kaxis. It was thus di�
ult to give a 
orrelation level with a referen
e model. The obtained results seemedin agreement with reality and then were 
onsidered as valid, in agreement with PSA Peugeot Citroën.Figures 3.3a and 3.3b present respe
tively the Jeantaud's diagram obtained by the front axle modelsimulation and the evolution of the ra
k e�ort versus its displa
ement.3.1.2.4 Con
lusionThe prin
ipal 
ontribution of this work was on one hand bringing my expertise in multibody me
hani
smodelling in parti
ular in the vehi
le dynami
s domain to obtain a bond graph representation of thestudied model, and on the other hand, adapting the model level so it 
an answer to a sizing obje
tive intwo life situations of the vehi
le.However it appears two dissatisfa
tions with the adopted models. The �rst one 
on
erns the axlekinemati
s whi
h is for the manufa
turer en
apsulated in an input/output model obtained by stati
measurements. The �rst drawba
k is the operating mode of the 
hara
terization not 
orresponding to avehi
le that goes. The se
ond drawba
k is the fa
t that any new axle requires experiments for settingthe model. The se
ond dissatisfa
tion is linked to the ground/tire intera
tion model when vehi
le goes.One one hand it also issues from an input/output model or bla
k box with the Pa
ejka's magi
 formulaexperimentally established in a stationary 
on�guration, and on the other hand, it requires the use ofad ho
 element in the bond graph representation showing the inability to 
orre
tly interpret the energyphenomena played in the ground/tire intera
tion. The two following se
tions present works in view ofanswering to these two dissatisfa
tions.3.1.3 Multibody bond graph representation of a suspension3.1.3.1 Introdu
tionThis work was 
arried out in the framework of an End of Studies Proje
t (2004) of a Spanish studentfrom the Cataluña University in s
hool ex
hange with INSA of Lyon in the Me
hani
al EngineeringDepartment. It is in the 
ontinuity of the works of modelling undertaken in the PREDIT 2 program andmore parti
ularly in Olivier Mé
hin's Ph. D. thesis partly presented in se
tion 3.1.2. The motivationof this work 
omes from the approa
h in great part not satisfying for the suspension modelling duringthe PREDIT 2 works. In fa
t this approa
h 
orresponds to the automotive manufa
turer approa
h andthe vehi
le dynami
s domain. This requires on one hand an experimental stati
 
hara
terization to
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PSfrag repla
ements

SpringDamperConne
ting rodVehi
le body
TrianglePivotFigure 3.4: S
hema of a pseudo M
 Pherson suspension.determine the axle elasto-kinemati
s, and on the other hand, the physi
al existen
e of the system torealize 
hara
terization. This se
ond point is in 
ontradi
tion with a design work in parti
ular in an earlystage of the design. On the other hand when the suspension stru
ture is given, a multibody modelling,parametrized, is well adapted to a design an sizing a
tivity.Thus the multibody bond graph representation of a pseudo M
 Pherson suspension has been set upduring this proje
t. It has fully exploited my Ph. D. works in parti
ular 
on
erning the appli
ationof the privileged representation in 
ase of multibody systems having kinemati
 loops. The result shallrepla
e the ad ho
 element 
hara
terized by the elasto-kinemati
 tables by a representation that takesinto a

ount of the kineti
 phenomena.3.1.3.2 Pseudo M
 Pherson suspension modelThis se
tion presents the suspension model with the hypotheses retained. A s
hema of pseudo M
 Phersonsuspension is given �gure 3.4. Figure 3.5 shows the joint s
hema between the di�erent bodies 
onsideredin the suspension. Then the following �gures present the word bond graph (Fig. 3.6) and the multibondgraphs for the di�erent bodies and joints (Fig. 3.7 for the triangle, Fig. 3.8 for the pivot, Fig. 3.9 forthe 
onne
ting rod, Fig. 3.10 for the damper piston, Fig. 3.11 for revolute joints, Fig. 3.12 for spheri
aljoints and Fig. 3.13 for the translational-revolute joint) whi
h are 
onne
ted as displayed in the wordbond graph.3.1.3.3 Con
lusionMy 
ontribution in this work 
onsisted of guiding in a 
orre
t and relevant manner the modelling of amultibody me
hani
al system. Here again I took advantage of my expertise a
quired on the bond graphrepresentation in this domain.A multibond graph stru
ture is now available for a model of a pseudo M
 Pherson suspension but nosimulation and thus no validation has been 
arried out with respe
t to referen
e models due to a la
k oftime in this proje
t. A �rst step will be to validate this representation alone and then to 
onne
t it to thevehi
le model in order to do global validation. This 
onne
tion will require however to revise proje
tionsand 
oordinate transformations sin
e the inertial frame of referen
e will not be any more atta
hed to thevehi
le. This global representation shall then be used for the sizing works on automotive systems and forstru
tural analyses.
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3.1.4 Modelling of the tire sliding phenomenon3.1.4.1 Introdu
tionThese works are also, like those on the suspension, in the 
ontinuity of Olivier Mé
hin's Ph. D. thesisin the PREDIT 2 program and in parti
ular of the part 
on
erning the automotive vehi
le modelling.The dissatisfa
tion of the tire bond graph representation motivated this proje
t that took part in theframework of Alessandro Zin's postgraduate 
erti�
ate (2001-2002).In the vehi
le dynami
s domain, the tire behavior and the dynami
 phenomena at the ground/wheelinterfa
e lie on, among others, the tire sliding 
hara
terization. This is measured by an angle betweentwo kinemati
 variables and energy phenomenon modelling (dissipation and vis
oelasti
ity) in the tireand the axle prin
ipally uses this angular variable.Con
erning the vehi
le bond graph representation taking into a

ount of these 
ornering phenomena,it shows a dis
repan
y between the vehi
le dynami
s approa
h and the 
lassi
al notion in bond graph ofpower and energy variables. This gap is �rst due to the use of a variable de�ned in bond graph languageas a generalized displa
ement in pla
e of a �ow variable for dissipation phenomena. In fa
t a wide spreadmodel in vehi
le dynami
s is the input/output model of Pa
ejka. Con
erning the 
ornering phenom-ena, showing among others dissipation phenomena, the Pa
ejka's magi
 formula relates the transversale�ort or 
ornering e�ort (e�ort variable) at the ground/wheel interfa
e to the sliding angle (generalizeddispla
ement variable). Moreover the variable pair (
ornering for
e and sliding angle) belongs to two dif-ferent physi
al domains, namely those of translation me
hani
s for the e�ort and of rotational me
hani
sfor the angle.Thus these works propose to investigate the tire 
ornering phenomena in the vehi
le dynami
s domainin order to obtain a 
onsistent representation with the energy bond graph approa
h.
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riptionReferen
e frame and wren
hThis se
tion de�nes the di�erent angles (steering angle β and 
amber angle γ) for the wheel orientation(Fig. 3.14) and the e�orts between the ground and the wheel in parti
ular the 
ornering for
e and theself alignment torque. It gives a brief overview of the tire stru
ture (Fig. 3.15) where 
omponents like thepat
h over the ground 
onta
t NST, the tread KM and the 
onta
t pat
h ADC will play an importantrole in the model proposed. Con
erning the 
ornering for
e denoted Y0/1 and the self alignment torquedenoted N0/1, experimental results are given �gure 3.16.3.1.4.3 Global modelsThis se
tion brie�y presents the Pa
ejka's magi
 formulas, the prin
iples of the 
onta
t pat
h ADCdeformation (Fig. 3.17, 3.18, 3.19 and 3.20), Fromm's model (Fig. 3.21 and 3.22) and Fromm's modelwith deformable pat
h over the ground 
onta
t NST (Fig. 3.23). The latter will be important for theproposed model.3.1.4.4 Proposed modelHypothesesThe proposed model lies on deformable pat
h over ground 
onta
t NST where only transversal phenomenaare 
onsidered. The longitudinal phenomena are not taken into a

ount and the wheel height is assumed
onstant. This latter is supposed longitudinally rigid and not subje
ted to any torque (driving or braking).In this model the tire 
rushing and 
oni
ity e�e
ts indu
ing a zero 
ornering for
e for a non zero slidingangle are negle
ted as well as a residual torque for this non zero sliding angle, a pushing for
e anda 
oni
ity torque. This model aims at expressing the 
ornering for
e and the self alignment torque as
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Figure 3.15: Se
tional view of a tire.
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Figure 3.24: Frames and notations for the wheel.fun
tions of time (and thus impli
itly as fun
tions of the sliding angle as well), in transient and permanentresponses. Moreover the possibility to 
hoose as input data the steering angle β will enable to 
al
ulate
Y0/1 and N0/1 as fun
tions of this angle.Furthermore the following notations and frames are adopted (Fig. 3.24):� ground: body S0 to whi
h is atta
hed the inertial frame of referen
e R0,� wheel plane to whi
h is atta
hed the frame of referen
e R1 in translation in plane (~x0,~y0) and inrotation (steering β) with respe
t to R0 around axis ~z0,1,� the rim �xed to the wheel: body S2 to whi
h is atta
hed the frame of referen
e R2 in rotation withrespe
t to R1 around axis (C,~y1,2) (rotation ϕ),� the 
onta
t pat
h ADC to whi
h the point I is linked,� the portion of the tread KM (without mass) in 
onta
t with ground through 
onta
t pat
h ADC,� the portion of pat
h over ground 
onta
t NST over the tread KM and the pat
h 
onta
t ADC, towhi
h is atta
hed the point E lo
ated above point I when tire is not deformed.The notations for the position and velo
ity ve
tors are the following:� −−→

MN = (xMN, yMN, zMN) for the position ve
tor and its 
omponents in the frame R1,� ~V i (M) =
(
Vx

i (M) , Vy
i (M) , Vz

i (M)
) for the point M velo
ity ve
tor with respe
t to the frame ofreferen
e i and its 
omponents in the frame R1,� ~V i

j (M) =
(

Vx
i
j (M) , Vy

i
j
(M) , Vz

i
j (M)

) for the driving velo
ity of point M in the motion of j withrespe
t of the referen
e frame i and its 
omponents in the frame R1.Jun
tion stru
ture for the sliding phenomenonThe kinemati
 relations involving the point E atta
hed to the NST, the wheel 
enter and the di�erentangular wheel velo
ities enable the �gure 3.25 jun
tion stru
ture to be set up. The driving velo
ity formulaat point E in the motion of the rim with respe
t to the inertial frame of referen
e ~V 0
1 (E) = ~V 0 (C)+~Ω0

1∧
−→
CEin proje
tion onto the axes ~x1 and ~y1 provides the �gure 3.25a and 3.25b jun
tion stru
tures. The velo
ity
ompositions of point E ~V 0 (E) = ~V 0

1 (E) + ~V 1 (E) and ~V 0 (E) = ~V 0
adc (E) + ~V adc (E) in proje
tion ontoaxis ~y1 provide respe
tively the �gure 3.25
 and 3.25d jun
tion stru
tures.
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PSfrag repla
ements ~x1

~z1

CInput OutputGroundFigure 3.26: Dis
retization of the area above the tire 
onta
t pat
h ADC.Modelling prin
ipleUndeniably the sliding phenomena are governed on one hand by the sti
king/sliding modes of tread KMpoints in 
onta
t with ground, and on the other hand, by the deformations of the tread and the pat
h overground 
onta
t NST between the rim and the ground. To be able to model this it is 
hosen to dis
retizealong the axis ~x1 the 
onta
t pat
h, the tread KM and the deformable NST all dire
tly above the 
onta
tin a 
ertain number of sli
es (Fig. 3.26). The tire part lo
ated in this area will be 
onstituted of thetread and the NST deformable. The part of the tire �far� from this dis
retized area will be 
onsideredas rigidly linked to the rim. Ea
h sli
e is 
omposed of a mass element of NST, of a massless element ofADC, of massless 
omponents equivalent to pairs of springs/dampers and asso
iated to deformation andshear phenomena, here supposed vis
oelasti
, along axis ~y1. These pairs of springs/dampers are lo
atedbetween the NST and the ADC for the tread KM, between two adja
ent NST elements and between theNST elements and the rim (Fig. 3.27). In this manner the retained idea is to model, in the ADC area, a
ir
ulation along axis ~x1 of tire elements while they go, these elements having dynami
s along axis ~y1.Moreover to model a 
ontinuity between the elements dire
tly above ADC and those out of this area,one mass element of NST and 
omponents springs/dampers 
oupling this element of NST to the one aboveADC on one hand, and to the rim on the other hand, are added. For the external sli
es to the ADC areait is assumed that the points I on the external layer of KM are not swerved with respe
t to the points
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es 
omposition in the ADC area.E linked to the NST in the same sli
e (this assumption is materialized by the absen
e of 
omponentssprings/dampers between the mass NST and the 
onta
t pat
h ADC). Finally, in the ADC area, if thereis no sti
king between the 
onta
t pat
h ADC element and the ground, then the 
orresponding point Islips with a ground velo
ity ~V 0

adc (I) = Vglis~y1.This modelling prin
iple lies on a Lagrangian approa
h where a lumped parameter system is 
onsidered(
ontrary to an Eulerian approa
h where the dis
retization model is the one of a distributed parametersystem governed by partial di�erential equations) [Kar78a℄.Bond graph representation of a tire sli
eThis se
tion presents the bond graph representation of a tire �motif� 
orresponding to a sli
e previouslyde�ned and 
omposed of a NST element, an ADC element and spring/damper elements for the intera
tionsNST/rim, NST/ADC through the tread KM and NST/NST in deformation. On the �gure 3.25 jun
tionstru
ture basis, the di�erent energy elements are introdu
ed to give the bond graph representation of atire sli
e (Fig. 3.28).The phenomena asso
iated to the spring/damper elements and taken into a

ount in a tire sli
e areintrodu
ed in the representation through C and R elements respe
tively. These pairs of elements are
onne
ted onto 1-jun
tions asso
iated to the velo
ities to whi
h these elements develop their power i.e.
Vy

1 (E) for the 
oupling between NST and the rim, the di�eren
e between the point E velo
ities of twoadja
ent NST elements for the 
oupling NST/NST, and Vy
adc (E) for the 
oupling between NST andADC. The kineti
 phenomena of NST masses in motion are taken into a

ount through an I-element
onne
ted to the 1-jun
tion asso
iated to the absolute velo
ity of point E Vy

0 (E).The presen
e of the C-R pair for the 
oupling between NST and ADC is valid in the 
ase where thepoint I of ADC sti
ks to the ground. In the 
ase where it slips phenomena 
hange. It is then supposedthat this point I stands upright above the point E and moves in the same manner as if it was atta
hedto it. A sliding fri
tion is then modeled and taken into a

ount through a R-element 
onne
ted to the1-jun
tion asso
iated to the slip velo
ity Vy
0
adc

(E) = Vy
0
adc

(I), jun
tion that disappeared in �gure 3.28.The X0-jun
tion on whi
h are 
onne
ted the R-element and the pair of the previous C-R elements is a
onditional 0-jun
tion that enables the ex
lusive swit
h between the sti
king and the slipping modes.Finally two zero e�ort sour
es are 
onne
ted on these 
onditional 0-jun
tions for representing the sli
esexternal to the ADC on the same bond graph. For the sli
e in front of the ADC input the X0-jun
tion�swit
hes� to the zero e�ort sour
e and �dis
onne
ts� the R-element and the pair of C-R elements whi
hare no more a
tive on this sli
e. For the sli
e behind the ADC area the se
ond X0-jun
tion �swit
hes�at the same time as the �rst does to the zero e�ort sour
e for de
oupling this sli
e from the pair of C-Relements and the bond behind.
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e.Thus the model prin
iple is that the sli
es previously des
ribed �ow in the ADC area from the inputto the output while the wheel turns, linking ba
k to the wheel when they get out behind the ADC area.As soon as a sli
e gets out, another one gets in in front of the ADC area. While the tire goes the sli
esturns with the wheel. At 
ertain times one sli
e will get out of the ADC area and another one will getin. The idea is to 
onserve always the same bond graph representation globally for the prede�ned setof sli
es and to 
hange the parameter values and state variables of ea
h sli
e when a 
ertain distan
e isrun. A word bond graph representation of the tire model proposed is given in �gure 3.29 where the bondgraph for ea
h sli
e word is the one of �gure 3.28. In this representation six sli
es are 
onsidered fourof whi
h are in the area above ADC. In view of the model simulation inputs in �ow have been 
hosenby 
onne
ting �ow sour
es for the wheel 
enter velo
ity ~V 0 (C), the steering velo
ity β̇, and the wheelangular velo
ity ϕ̇.Results and 
riti
ismThe sliding tire model proposed be
ame operational in simulation only at the end of the postgraduate
erti�
ate training. The results only provide the �rst tenden
ies and a more thorough work is neededto improve and to fully take advantage of this model. The �rst simulations aim at getting 
loser the
onditions of Pa
ejka's experiments (se
tion 3.1.4.3) for a �rst 
omparison in stationary 
onditions. Con-stant inputs on �ow sour
es 
orresponding to the wheel 
enter velo
ity, and the wheel angular velo
itywere imposed. An animation shows from a qualitative point of view the NST and ADC 
on�gurationswith respe
t to the wheel and the ADC area at a 
ertain time (Fig. 3.30). It is possible to note theNST swerve (�gurative sphere upper layer) and the tread KM deformation (di�eren
e between �gurativesphere lower and upper layers).From the quantitative point of view, in stabilized response, the 
urves giving the 
ornering for
e andthe self alignment torque as fun
tion of the sliding angle were plotted (Fig. 3.31 and 3.32). For anglesless than 6.4� these 
urves show interesting tenden
ies and orders with respe
t to experimental results
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urves show an in
reasing linear evolution againof the 
ornering for
e and the self alignment torque. Furthermore the undertaken simulations showeda strong presen
e of dis
ontinuities asso
iated to the swit
hing me
hanism between the sli
es. Finallythe observation of sti
king and slipping modes shows that the latter is soli
ited only in transient phasegenerally.3.1.4.5 Con
lusionMy 
ontribution in this work is original with respe
t to the domain to whi
h the automobile tire belongsto. In fa
t my will was to adopt at the same time a Lagrangian point of view for the elements 
ir
ulatingin the sli
es whi
h are issued from the dis
retization in the 
onta
t pat
h area, and another point ofview, very 
lose to the Eulerian one, where the 
ir
ulation of these elements are 
onsidered in the sli
es.Su
h an approa
h is already present in [Kar78b℄ but in the tire appli
ation, the Lagrangian dynami
sis along a perpendi
ular axis to the �owing dire
tion of the tire elements. Following the works on theautomotive vehi
le modelling (se
tion 3.1.2), my will was also to have an energy approa
h of the tiremodelling allowing the use of bond graph language.Though the 
riti
ism of the previous results, the model proposed presents a 
ertain number of possibil-ities. The sliding angle is no more a phenomenon input enabling the me
hani
al a
tions to be determinedbut an output resulting from the tire dynami
s. This is a dynami
 model that allows to simulate tran-sient response of tire swerve. The sti
king and slipping phenomena of the di�erent ADC parts 
an be
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ed. The 
lassi
al parameters of vehi
le dynami
s 
an still be observed like sliding and torquerigidities. All the model parameters have a strong physi
al interpretation 
ontrary to 
ertain of thePa
ejka's magi
 formulas. The dependen
y on the 
onta
t pat
h ADC width 
an be taken into a

ountby a similar dis
retization along the width. A matrix would then be obtained for whi
h the number ofsli
es 
ould 
hange in order to take into a

ount of the non uniformity of the 
onta
t pat
h ADC longi-tudinally. Moreover the 
oupling between both longitudinal and transversal dynami
s would be possible.Also it 
an be envisaged to introdu
e and 
ouple verti
al dynami
s. Due to the dis
retization this modeldoes not require any integration of a spa
e variable for the 
ornering for
e and the self alignment torque
al
ulus as it is the 
ase in Fromm's model. However the model enables the pressure repartition on thedi�erent sli
es to be taken into a

ount. Also the 
oupling with propulsion or braking a
tions 
an beeasily introdu
ed in the bond graph representation of the model proposed.A �rst en
ouraging step is marked in the 
onsistent tire modelling with the bond graph representationand thus with an energy approa
h. Contrary to the Pa
ejka's formulas this approa
h enables a dynami
behavior to be taken into a

ount. Number of ideas are possible to improve this model. A work on theparameters would �rst allow to de�ne a more realisti
 behavior qualitatively and quantitatively speaking.The swit
hing between sti
king and slipping modes seams also to have a great importan
e to reprodu
ethe tire behavior. Then it is envisageable to work with non linear models on 
ertain phenomena asso
iatedto the pat
h over the ground 
onta
t and the tread stru
tures or also asso
iated to fri
tion of the 
onta
tpat
h to the ground. Finally the dis
retization drawba
k is to introdu
e dis
ontinuities asso
iated toswit
hing between sli
es. Another point is thus to work toward the energy 
onservation in the 
ir
ulationme
hanism of the elements in the 
onta
t pat
h area.3.2 Contribution to the sizing methodologyContextThe works presented in this se
tion 
onstitute a pivotal part of my resear
h as an asso
iate professor. Theyare at a pivotal moment between my �rst years after my nomination and my a
tivities more exploratoryled today (see se
tion 3.3). They also 
orrespond to a themati
 transition between my �post-do
toral�resear
h on the bond graph representation of multibody me
hani
al systems and a resear
h axis of theteam FTR on the Virtual prototyping. Finally they are pivotal works between automation and me
hani
sdomains enabling tools and 
on
epts of ea
h to be exploited.The works presented are in great part in the framework of the PREDIT 2 program in whi
h I 
o-supervised Olivier Mé
hin's Ph. D. thesis in 
ollaboration with PSA Peugeot Citroën.In this se
tion the following three developments are presented:� re
all on the sizing methodology (se
tion 3.2.1),� sizing methodology extension (se
tion 3.2.2),� a
tuation line stru
tures (se
tion 3.2.3).3.2.1 Re
all on the sizing methodology3.2.1.1 Introdu
tionThe sizing methodology development takes pla
e on the resear
h axis Virtual prototyping of the LAI. Thisaxis starts with Serge S
avarda's original idea to 
ombine inversion of model and bond graph language[S
a91℄. It is now in pla
e sin
e more than �fteen years with a �rst Ph. D. thesis in 1991 [Ama91℄in 
ollaboration with the Unité Génie Robotique of CEA about the evaluation, on dynami
 and energy
riteria, of a
tuation line performan
es in mobile roboti
s. This work, in the 
ontinuity of Coeuillet's[Coe69℄ and Vukobratovi
's ones [Vuk87℄, starts the set up of an original methodology developed at the
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tuation line?Figure 3.33: Simpli�ed problem of the sizing methodology proposed.LAI and �rst based on the use of s
attering variables. It is then applied to design problems like forinstan
e pneumati
 servovalve sizing or te
hnologi
al 
omparison of a
tuation lines on energy 
riteria.The introdu
tion in 1995 of the bi
ausality 
on
ept by Peter Gawthrop marks an important datein the Virtual prototyping resear
h axis developments. Serge S
avarda immediately sees the bi
ausalityutility in the sizing 
ontext and introdu
es it in the methodology developed. Bi
ausality, 
ombined amongothers to 
ausality and power line 
on
epts, enables the inversion problem to be posed in a 
leaver wayand results to be obtained more rapidly in parti
ular by avoiding the use of s
attering variables. A newversion of the methodology is then proposed in 1997 during the Fotsu-Ngwompo's Ph. D. works [Fot97℄.It sets up an aid to the design and more parti
ularly to the sizing of a
tuation lines on dynami
 andenergy 
riteria [Fot96, Fot99, Fot01a, Fot01b℄. The basis 
on
ept is model inversion. This approa
henables all the data of the sizing problem to be used at the very beginning to spe
ify an a
tuation line, tosele
t 
omponents and validate them in terms of power variables (e�ort/�ow) and power. This approa
henables the number of iterations to be de
reased in the design pro
ess, also a better knowledge of the
omponent limitation origins in the 
ase they do not satisfy the 
riteria, and these limitations morepre
isely to be measured. This methodology shall 
ontribute to a more rapid and adapted design to theposed problem of the me
hatroni
 system sizing on dynami
 and energy 
riteria.The methodology also lies on the bond graph representation on one hand to verify ne
essary 
onditionsfor the resolution of the sizing posed problem, and on the other hand, to determine the inverse state modelproviding the solution to the problem. Sizing is dynami
 be
ause spe
i�
ation, sele
tion and validationare made on ea
h point of the spe
i�ed traje
tories (fun
tions of time) on the outputs. In this way the
riti
al points are ne
essary envisaged, the safety margins 
an be measured and the time of transientevolution in 
riti
al zones pre
isely evaluated.In the framework of the METISSE proje
t of the RNTL I developed an example introdu
ed by RogerFotsu-Ngwompo during his Ph. D. thesis [Fot97℄. It serves for illustrating the re
all on the methodologyand also the re
ent developments realized to implement its features in the tool MS1 developed by Fran
isLorenz.3.2.1.2 Methodology presentationThe methodology is summarized in both �gures 3.33 and 3.34 where starting from the problem of de-signing an a
tuation line it guides, by an inverse approa
h, for verifying the adequa
y between the loadstru
ture and the spe
i�
ations, sele
ting, validating the 
omponent in front of the load and repeat-ing 
hronologi
ally these steps until the devi
e of energy furniture and the open loop 
ontrol. See also[Fot99, Fot01a, Fot01b℄ in the do
uments atta
hed.3.2.1.3 MS1 and appli
ation exampleThe example is a two revolute axes robot (Fig. 3.35). Its bi
ausal bond graph representation is given�gure 3.36 where are displayed the spe
i�
ations on the terminal point traje
tory (Fig. 3.37) and thea
tuation lines to size. The simulation results is given only for the axis 1 a
tuation line. MS1 makesuse of a database of prere
orded manufa
turer 
omponents (Fig. 3.38) and systematizes sele
tion andvalidation of appropriate 
omponents in terms of power variables an power (Fig. 3.39). Finally simulationresults are given in �gures 3.40 and 3.41 respe
tively for a not validated and a validated drive.
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Figure 3.35: 2 revolute axes robot.
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Figure 3.38: Ele
tri
al drive sample.

Figure 3.39: Results of a validation phase on a drive series.
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3.2. CONTRIBUTION TO THE SIZING METHODOLOGY � 423.2.2 Sizing methodology extension3.2.2.1 Introdu
tionThese works were 
arried out in the framework of the PREDIT 2 program during Olivier Mé
hin's Ph.D. thesis in 
ollaboration with PSA Peugeot Citroën. One of the main obje
tives was to validate themethodology on industrial appli
ations and in parti
ular on automotive appli
ations. These appli
ationswere the EPS and the suspension systems. Some di�
ulties to dire
tly apply the methodology hasmotivated its extension. Further more the notion of global or synergy sizing has been introdu
ed. Finallyan a
tuation line stru
ture 
lassi�
ation has been set up with respe
t to the me
hani
al load degrees ofliberty in view of furnishing an aid to determine the spe
i�
ations.3.2.2.2 Motivations for extending the methodologyThe motivations for extending the methodology have two origins ea
h of whi
h being asso
iated to anautomotive example. Con
erning the EPS the di�
ulty was in the form of the manufa
turer spe
i�
ationsthat are not generally fun
tions of time as the methodology requires. For the suspensions the problemwas a singularity in the inverse model that 
annot be over
ome without extra model manipulation.However as illustration on suspensions, the methodology was applied su

essfully on a simpli�edvehi
le model freeing itself from any singularity. This model is the one of a longitudinal bi
y
le vehi
lein de
eleration. The results enabled for instan
e, depending on the pit
hing and pumping spe
i�
ations,to see if it was ne
essary to introdu
e an a
tive part on the suspension passive basis. These works wasthe obje
t of an international 
ongress publi
ation [Mé
02℄.3.2.2.3 Power steering 
onstraint 
on
eptSee [Mé
03℄ in the appendix C do
ument.3.2.2.4 Behavior 
onstraint 
on
eptProblemThe works followed by PSA Peugeot Citroën also motivated to apply the methodology to automotivesuspension systems. This enables a multivariable 
ase to be tested sin
e here four a
tuation lines arethe sizing obje
tive and four outputs are thus to be spe
i�ed. The prin
ipal sizing obje
tives of thesuspensions are 
omfort and road holding. In these works where the methodology is tested on industrial
ases only life situations of a 
ar in 
urve on one hand, and a 
ar in 
urve 
ombined to a braking on theother hand, are 
onsidered. Other life situations also important for sizing and 
orresponding to 
omfortprestations for the 
ar passing over an obsta
le exist but are not envisaged here. In this 
ontext thespe
i�ed outputs 
orrespond to yaw, pit
hing, rolling and pumping vehi
le behaviors.Contrary to the EPS 
ase the methodology appli
ation problem is here essentially in the stru
tureanalysis phase in order to invert the model. In fa
t this model 
orresponds to a full vehi
le one andthe power lines involved in the inversion between the suspension 
omponents and the outputs to bespe
i�ed ne
essarily go through the bond graph jun
tion stru
ture of the vehi
le model. That was notthe 
ase for the EPS. Now the stru
ture is relatively 
omplex. The analysis showed the ne
essity touse MS1 for identifying in a systemati
 way the inversion possibilities. Furthermore the analysis alsoshowed the existen
e of a stati
 singularity asso
iated to the form of the model and 
orresponding to avehi
le position where the suspensions axes are all parallel with the vehi
le verti
al axis. This singularityleads to an inverse model not de�ned for this position and thus to the impossibility to determine thesuspension for
es from the spe
i�ed outputs. This situation 
orresponds to the fa
t that it is impossiblein this 
on�guration to indu
e an instantaneous yaw motion for the vehi
le. In inverse if the yaw outputis spe
i�ed in this 
on�guration the model exploitation then leads to a division by zero.
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ept: Anti-Banking Repartition for suspensions.ExtensionOne �rst solution 
an be to deal with the singularity lo
ally in time by swit
hing to a degenerate inversemodel that frees itself from the yaw spe
i�
ation. A se
ond solution is to use only three output spe
i-�
ations (pit
hing, rolling, pumping) and to introdu
e a 
onstraint between the fourth suspension andother variables in the model pre
isely to spe
ify this suspension. This solution led to the methodologyextension. This extension 
onverges to a large extent toward the re�e
tions during the methodologyappli
ation to the EPS and the 
orresponding solution adopted.The methodology extension 
oming from its appli
ation to suspensions has a di�erent origin thanthe one stemming from the EPS but it is totally similar in its implementation. In fa
t this extensionstems not so mu
h from the di�
ulties to express the output spe
i�
ations as fun
tions of time but fromthe mathemati
al stru
ture of the model to invert whi
h possesses a singularity. It was then de
ided tofree ones selves from one spe
i�
ation on one of the outputs, namely the yaw, and to dire
tly spe
ify asuspension e�ort as a fun
tion of other variables in the system. The spe
i�
ations on the three otheroutputs, pit
hing, rolling and pumping of the vehi
le are 
onserved. The relation introdu
ed 
orrespondsto the well-known 
on
ept in the manufa
turer, the one of Anti-Banking Repartition whi
h 
orrespondsto the 
oordinated and resear
hed a
tion of the suspensions with respe
t to the vehi
le behavior (Fig.3.42). This type of spe
i�
ation introdu
es the 
on
ept of behavior 
onstraint. The implementation ofthis relation is totally analogous to the one 
arried out for the EPS with one di�eren
e: it 
on
erns nota load output spe
i�
ation but dire
tly an output of one of the suspensions to size.This extension enabled the suspension sizing to be undertaken su

essfully in simulation. It alsoopened other possibilities and a strong possibility toward both passive and a
tive suspension sizing.3.2.2.5 Con
ept of synergy or global sizingOne possibility not expe
ted at the beginning of Olivier Mé
hin's Ph. D. thesis appeared with bothautomotive system studies, the EPS and suspensions. The methodology appli
ation to these systems wasundertaken �rstly separately. It was then not di�
ult to envisage to 
ombine both sizings in an uniqueone aiming at spe
ifying, sele
ting and validating simultaneously the both systems (Fig. 3.43).In fa
t the vehi
le behavior results from all the 
ouplings between these di�erent systems but the pre-vious sizings was undertaken separately. The 
hoi
e for one system 
onstrains in return the performan
es
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: �nal for systems A and B together.Figure 3.44: Synergy sizing 
on
ept.expe
ted for the other. With separate sizings (phases 1O and 2O in �gure 3.44) one system design enablesthe expe
ted adequa
y for it alone to be a
hieved but generally at the expense of the other systems todesign (states a for system A -EPS for instan
e- and b for system B -suspensions for instan
e-). On
ethe systems gathered, a trade-o� has to be found (state a+b). Then the system adequa
y for their own
riteria must be lo
ally veri�ed.On the 
ontrary synergy sizing 
onsists of a simultaneous design of the di�erent systems (phase 3Oin �gure 3.44) taking into a

ount at the very beginning the 
oupling between them. A

ording to this,on the �gure 3.43 example, the steering wheel torque obje
tives de�ned by the methodology lead to thepower steering design but, at the same time, have an indire
t in�uen
e on suspension sizing. Likewisethe pumping, pit
hing and rolling spe
i�
ations a�e
t the EPS sizing whi
h shall be easily studied.
3.2.2.6 Con
lusionThe extension of the methodology is now available whi
h takes into a

ount of spe
i�
ations in formof 
onstraints between the model variables. These 
onstraints refer to the 
on
ept of power steeringlevel (for instan
e for the EPS) or to the 
on
ept of behavior requirement (for instan
e Anti-BankingRepartition for suspensions). These results enabled not only the methodology to be validated but alsoits appli
ation �eld to be in
reased.Furthermore the idea of a synergy or global sizing approa
h takes bene�ts of the methodology fea-tures and enables to be envisaged to spe
ify, sele
t and validate several vehi
le systems in one go andsimultaneously. This approa
h takes into a

ount at the very beginning of all the 
ouplings between thesystems for their sizing and all the output spe
i�
ations. No doubt that this idea of synergy or globalsizing shall permit to raise higher levels of performan
es in the me
hatroni
 system design.
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LoadΣ11 Σ1j Σ1nFigure 3.45: Mono-a
tuated load word bond graph.3.2.3 A
tuation line stru
tures3.2.3.1 Introdu
tionAlso in the framework of Olivier Mé
hin's Ph. D. thesis the analysis of the manufa
turer approa
h forvehi
le design and the di�
ulties met at the beginning to apply the methodology imposed on one hand,to try to formalize the relationship between the a
tuation stru
ture and the fun
tion assigned to load,and on the other hand, to start a re�e
tion on the spe
i�
ation possibilities of an a
tuation line in termsof form (in a general way from the mathemati
al point of view), and of output lo
alization. This �rstre�e
tion was led essentially in a me
hani
al load 
ontext and with respe
t to de degrees of freedom(understood as kinemati
 degrees of freedom) of this load.3.2.3.2 A
tuation stru
ture 
lassi�
ationThe works 
arried out on vehi
le system sizing permitted to make 
learly appear the ne
essity of pla
ingthe re�e
tion from the relationship point of view between the a
tuator number and the load degree offreedom. A �rst formalization led to present in a generi
 way the stru
tures met in the appli
ation exam-ples and to set up a 
lassi�
ation of a
tuation stru
tures together with their bond graph representations.This 
lassi�
ation, well inspired from the roboti
s domain, enables iso-a
tuated, degenerate iso-a
tuatedand over-a
tuated loads to be distinguished. This 
lassi�
ation shall permit to explain the di�
ultiesappeared when using prin
ipal spe
i�
ations. In fa
t the suspension 
ar, for instan
e, 
orresponds toa degenerate 
ase of iso-a
tuation due to a mathemati
al model lo
ally not invertible with respe
t tothe inputs/outputs 
onsidered. Consequently it was not possible to use the spe
i�
ations in a 
lassi
almanner in the proposed methodology. The EPS example illustrates a 
ase of over-a
tuation where ase
ondary a
tuation line assists a prin
ipal one. In this 
ase it is preferable then to use one spe
i�
ationon the power steering degree rather than dire
tly on the output.This se
tion presents a �rst step toward a 
lassi�
ation. In this 
ontext it does not pretend to beexhaustive with respe
t to all the 
ases of a
tuation/load systems that may be envisaged. Moreover it isstrongly linked to the appli
ation 
ases treated in the automotive axle systems (EPS and suspensions).However it presents the interest to set up a formalization basis that shall be extended in perspe
tive ofa generalization.Mono-a
tuated load: iso-a
tuationThe generi
 stru
ture presented in this se
tion is the 
ase 
onsidered in Fotsu's works [Fot97, Fot99,Fot01a, Fot01b℄. It 
onsists of an a
tuation line a
ting on a load with one degree of freedom (Fig. 3.45).The dete
tor asso
iated to the spe
i�ed output is represented by the letter D. The imposed and measuredvariables 
an be e�orts and/or �ows. Moreover the open loop 
ontrol variable u is an input of a powermodulation devi
e.The inverse model of this stru
ture, from the output y and if it exists, is a series of inverse models
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tuated load with iso-a
tuation.from the load and the di�erent a
tuation line 
omponents until the power modulation devi
e (Σ1j) ifthe input u is resear
hed, or until the energy furniture devi
e (Σ11) if it must be spe
i�ed. The relativeinput-output degree is thus the sum of the relative degrees of the load and the di�erent 
omponents
onstituting the a
tuation line. This degree indi
ates the di�erentiability 
ondition that the spe
i�
ationmust satis�ed.Con
erning the spe
i�
ations if the stru
tural and mathemati
al invertibility 
onditions are veri�ed,this 
lass of problems do not impose nothing parti
ular in general. Restri
tions may 
ome from thein
apa
ity to spe
ify the output traje
tory as a fun
tion of time but these restri
tions are of the prin
ipalresponsibility who has the possibility to use the 
onstraint 
on
ept and to free himself from the outputspe
i�
ation. However the methodology imposes that the traje
tories are fun
tions of time su�
ientlydi�erentiable. Finally this 
lass of problems 
orresponds to a SISO from the state spa
e representationpoint of view.Multi-a
tuated load: iso-a
tuationThis 
lass of problems 
orresponds to the 
ase of a load with several a
tuation lines the number of whi
his equal to its degree of freedom (Fig. 3.46).The input/output relative degrees are the sums of the input/output relative degrees of the load andthe di�erent 
omponents 
onstituting the a
tuation lines.From the state spa
e representation point of view the 
lass of problems presented in this se
tion isa generalization of the previous one to systems MIMO [Fot01a, Fot01b℄. Con
erning the spe
i�
ationsif the invertibility 
onditions are veri�ed stru
turally and mathemati
ally the appli
ation 
ontext of themethodology using fun
tions of time for the spe
i�ed traje
tories are still valid. However if the stru
tural
onditions are 
learly expounded in the methodology no study have been 
arried out 
on
erning themathemati
al 
onditions yet. These latter apply to the invertibility and di�erentiability properties ofthe element 
onstitutive laws of the bond graph representation. It is important to re
all here that thestru
tural 
onditions are ne
essary but not su�
ient.Multi-a
tuated load: degenerate iso-a
tuationThe model stru
tures presented in the previous se
tions 
orrespond to those already studied with themethodology. The 
lass now presented stems from the vehi
le model set up in se
tion 3.1.2. In fa
t themethodology was applied to the design problem of the suspensions. From the stru
ture point of view thisis an appli
ation 
ase of the previous 
lass with four a
tuation lines and four outputs asso
iated to fourdegrees of freedom of the load initially spe
i�ed (rolling, pit
hing, yaw and pumping).The pe
uliarity of this 
lass resides in the load kinemati
al stru
ture. By analogy to the roboti
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Figure 3.47: Word bond graph representing a spe
i�
ation solution for a load with degenerate iso-a
tuation.domain this stru
ture presents a stati
 singularity. This singularity indi
ates that, in the 
orresponding
on�guration, lo
ally, the a
tuation lines have no more a
tion on all the degrees of freedom resulting ina �degenerate� iso-a
tuation. In fa
t the load model is not invertible in this point of 
on�guration spa
eand the spe
i�
ations 
annot apply simultaneously. One �rst solution is not to use all the spe
i�
ationsand to repla
e one by using a 
onstraint between 
ertain variables. This solution is illustrated by the�gure 3.47 word bond graph for a four a
tuation line example where the letter J denotes a bond graphjun
tion.The use of a 
onstraint requires a partial inversion of the load sin
e an output does not 
hange itsrole for an input. The input/output relative degrees are the sums of the input/output relative degrees ofthe load and the di�erent 
omponents 
onstituting the a
tuation lines (ex
ept for the fourth one). Theinput-output relative degree for the last a
tuation line is simply the sum of the relative degrees of thedi�erent 
omponents between the input u4 and the jun
tion J.Multi-a
tuated load: over-a
tuationThe bond graph stru
ture presented in this se
tion is issued from the bond graph models worked out inse
tion 3.1.2 on the steering system. It is 
onstituted of a prin
ipal line (stri
tly me
hani
al bond betweenthe steering wheel and the ra
k) permitting the wheel steering. The power steering system asso
iatedto the prin
ipal line has the fun
tion of assisting i.e. furnishing an e�ort and redu
ing 
onsequently theone experien
ed by the driver. The good management of this energy 
ontribution shall improve, by thesteering wheel torque, the feeling (and the information) that the driver has on the vehi
le behavior. Thesedi�erent a
knowledgments led to 
onsider that a power steering system, independently of its te
hnology,is 
omposed of a prin
ipal a
tuation line (the one starting from the driver) and a se
ondary a
tuationline 
onsisting of the power steering system. Both a
tuation lines 
onverge on the same load input port.Consequently they 
an a
t together on an unique degree of freedom of the load and thus 
orrespond toan over-a
tuation. The elimination of one of these lines does not eliminate any a
tion possibility on theinvolved degree of freedom. In the EPS 
ontext a generi
 representation of the 
orresponding stru
tureis given in �gure 3.48.Con
erning the spe
i�
ations they apply to one of the prin
ipal a
tuation line 
omponents and no moreto the load. Consequently the obje
tive is the sizing of the se
ondary line that veri�es the spe
i�
ationrequirements on the prin
ipal line. The inversion pro
edure appli
ation enables the inverse model tobe obtained (if it is invertible) whi
h is 
onstituted of a unique path between the 
ontrol u and theoutput y. However when applying the methodology to the steering system a traje
tory fun
tion of time
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tuated load with 
onstraint.on the output 
ould not be de�ned. This problem overlapped to the one of over-a
tuation and hadto be otherwise treated. Due to the stru
ture of power steering type the 
on
ept of assistan
e, whi
h
orresponds to a fun
tion of a load variable was 
onsidered. Then a relation between a load variable andthe steering wheel torque was 
reated (Fig. 3.49).For this 
lass of stru
ture over-a
tuation of the load is deliberate and the assistan
e 
on
ept asso
iatedto this over-a
tuation is not a problem answer linked to the load fun
tion. In this 
ontext it seems logi
althat the assistan
e line 
annot be sized with the load spe
i�
ations. Moreover it is to be supposed thatthese spe
i�
ations on the load may already be used for the prin
ipal a
tuation line sizing. Consequentlythe problem to whi
h the assistan
e answers is linked the prin
ipal a
tuation line and its sizing lies onspe
i�
ations on one variable of the prin
ipal line in relation with the load. This relation exa
tly pointsout the assistan
e degree.3.2.3.3 Con
lusionMy 
ontribution in this work tried to work out, with respe
t to the given design obje
tives, an appropriate
lassi�
ation of a
tuation stru
tures. This 
lassi�
ation, based here on the 
on
ept of me
hani
al degreeof freedom and so asso
iated to the a
tuation kinemati
al fun
tion asso
iated, shall bring an aid for thespe
i�
ation set up or for their analysis in term of spe
i�
ation stru
tural validity.Identi�
ation of loads belonging to the both 
lasses of degenerate iso-a
tuation and over-a
tuationshould have indi
ated right at the beginning that it was not possible to exploit the spe
i�
ations in thesame way as the methodology originally required. Thus the 
onstraint introdu
ed in the methodologyextension (se
tion 3.2.2) are a solution for these 
lasses. However beyond the solution proposed this
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lassi�
ation gives indi
ations on the spe
i�
ation possibility and their lo
alisation i.e. the outputs onwhi
h they 
an apply. Consequently and before the methodology appli
ation a validation phase of loadspe
i�
ations 
an be set up.These di�erent results lead to de�ne a pro
edure in three steps:1. the �rst step 
onsists of de�ning for the bond graph model stru
ture whether the system is:� mono-a
tuated,� multi-a
tuated in iso-a
tuation,� multi-a
tuated in degenerate iso-a
tuation,� over-a
tuated,� mixte.2. The se
ond step 
onsists of studying the requirements resulting from the spe
i�
ations as being:� on the load,� on a 
omponent of the a
tuation line,� on a 
omponent and on the load.3. The third step 
onsists of verifying if, depending on the requirements and the model, the method-ology appli
ation is 
arried out:� dire
tly using fun
tions of time,� indire
tly by adding relations,� in a mixte way (fun
tions of time and relations).It is question here of a �rst step toward systematizing the methodology appli
ation. This work hasto be 
ontinued and developed in parti
ular with the study of new stru
tures that will in
rease theappli
ation domain of inversion methodology.In this 
ontext it is essential to work with the 
on
ept of power line. In fa
t it enables the 
lassi�
ationintrodu
ed to be generalized and the re�e
tion on the spe
i�
ation possibilities to be pla
ed at an energylevel. This work has been 
arried out in a se
ond Ph. D. thesis in the framework of the PREDIT 2program and 
o-supervised by Serge S
avarda and Eri
 Bideaux. However number of works are still to bedone. For instan
e the relations introdu
ed with the methodology extension free 
ertain initial 
onstraintsbut impose a study to be undertaken on the stru
tural involvements that they have, for example, on thesolution 
onditions of the models augmented with these relations.3.3 Introdu
tion of optimization in the sizing methodologyContextThe works presented in this last part 
onstitute the more re
ent developments and an important 
ontri-bution from myself in the resear
h axis Virtual prototyping of team FTR in the LAI. They mark the thirdphase of my resear
h a
tivities sin
e my nomination where I begin to measure my role in a resear
h team.These works aim at the sizing methodology extension developed by the LAI as well but they 
onstitute bythemselves a new important step. The optimization introdu
tion is not a 
ontribution for optimizationneither to reprodu
e in a 
lassi
al manner the methodologies based on optimization for design. There isa real will in this resear
h to methodologi
ally innovate by 
oupling di�erent tools.The idea of introdu
ing optimization in the sizing methodology stems from the works 
arried out inOlivier Mé
hin's Ph. D. thesis in the framework of the PREDIT2 program partly exposed in se
tion3.2. The works presented here is essentially in line with two RNTL proje
ts (METISSE 2003-2005 and
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h I am in 
harge for the LAI. In this 
ontext I 
o-supervise Bogdan Chereji'sPh. D. thesis (2003-2006) funded by a MIRA subvention and LAI fundings, Audrey Jardin's Ph. D. thesis(2006-2009) funded by the SIMPA2 proje
t, and I supervise two post-do
torats funded by the METISSEproje
t.In this part the following two developments are presented:� bond graph representation of an optimization problem (se
tion 3.3.1),� minimization problem of the output to the spe
i�ed traje
tory distan
es (se
tion 3.3.2).3.3.1 Bond graph representation of an optimization problem3.3.1.1 Introdu
tionThe optimization introdu
tion into bond graph language has beginnings in 2001 while I looked for formu-lating variational prin
iples of analyti
al me
hani
s in this language. In fa
t a bond graph representationis impli
itly the result of a variational prin
iple appli
ation for obtaining a dynami
 system equations. Myidea was then to express an optimization problem in bond graph. The tools used was the Euler-Lagrange
onditions, ne
essary 
onditions of a fun
tional extremalization, here under 
onstraints of di�erentialequation type be
ause applied to dynami
 systems. At this point the �rst results enabled to 
onvergewith those already obtained at the LAI about the bond graph representation of an adjoint system fromthe automation point of view [Xia00℄.When these developments feasibility was proved I proposed and supervised the postgraduate 
erti�
atetraining of Bogdan Chereji to formulate these developments on an example and to initialize a pro
edure.Then I proposed and 
o-supervised Bogdan Chereji's Ph. D. thesis (2003-2006) whi
h the obje
tivewas to formalize in a general manner the pro
edure previously started on an example and to establishits e�e
tiveness proof. The extension to problems under 
onstraints of inequality type, the numeri
alresolution and an appli
ation to an ele
trome
hani
al example are also proposed in this thesis. Theseworks are part of the RNTL-METISSE proje
t (2003-2005). The mathemati
al aspe
ts of these works ledme also to soli
it resear
hers of the Institut Camille Jordan for dealing with the theoreti
al developmentsrigorously.This work of translation in bond graph language of an optimisation problem, though it furnishes anew tool for formulating it, is not the end of the developments. In fa
t it has to be put in perspe
tive ofthe sizing methodology extension developed in the resear
h axis Virtual prototyping. This methodologyis based among others on bond graph language so it was essential to translate into bond graph anoptimization problem.The developments presented here gave a publi
ation in an international journal [Mou07b℄, threepubli
ations in international 
ongresses [Mar05, Che06, Mou06℄ and a publi
ation submission in an in-ternational journal [Mar06b℄.3.3.1.2 Pro
edure for building an optimization problem bond graphSee [Mar05, Mou07b℄ in do
uments atta
hed and appendix C do
ument.3.3.1.3 Methods and algorithms for optimizationThis se
tion presents a 
lassi�
ation of optimization problems. It enables the optimization problempresented in the previous se
tion to be situated and the more adapted numeri
al methods for its resolutionto be found.
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al simulationSee [Che06℄ in do
uments atta
hed.3.3.1.5 Con
lusionMy 
ontribution in this work is original and full in the life 
y
le of a resear
h idea from its emergen
e, itsdevelopment until putting it in perspe
tive for using it in more general obje
tives of resear
h. My willwas to 
ombine a domain (dynami
 optimization) and a tool (bond graph language) not 
ombined yetas far as I know, and to extend a methodology. This shall permit in perspe
tive to answer new designproblems.For a 
ertain 
ategory of models and in the 
ontext of the optimal 
ontrol, a pro
edure buildingin a systemati
 way the bond graph representation of the optimization problem is now available. Itse�e
tiveness is also proved. In the linear 
ase it was shown that the numeri
al exploitation of theobtained equation system was possible. These works 
onstitute an original 
ontribution and with nodoubt also it does for the resear
h at LAI. The tools developed now 
an be used in the resear
h axisVirtual prototyping in perspe
tive of 
oupling with the sizing methodology. However the 
lass of treatedsystems remains limited and work has to be done for extending to non linear systems and for exploitingthem in simulation.In parallel of this pro
edure set up, a more 
omplex example has been 
hosen to illustrate it. It is anasyn
hronous drive whi
h the model is 
onstituted of a permean
e 
ir
uit and internal dissipations thatwill be the obje
t of optimization. The model validation is in progress at this moment.Finally the bond graph formulation of an optimization problem brings a new point of view and agraphi
al visualization on this type of problem. in fa
t this approa
h 
an fa
ilitate the analysis of the
oupling between state and 
o-state or the output role assigned to the inputs to determine. In parti
ularthe bond graph representation 
learly shows that the 
o-state variables 
an be interpreted as 
o-energyvariables and that, by an appropriate variable mapping, energy variables 
orresponding to them 
an bepointed out on energy storage elements. Finally the pro
edure and the proof of its e�e
tiveness showedgeneri
 stages for the representation whi
h shall be exploited for other type of optimisation problems.3.3.2 Minimization problem of the output to spe
i�ed traje
tory distan
es3.3.2.1 Introdu
tionThey are the more re
ent developments that aim at using optimization in the sizing methodology. Theyare part of the RNTL-METISSE proje
t and in parti
ular Omar Mouhib's works during its post-do
toratposition in the LAI (2005-2006). Compared to the �rst developments on the optimization topi
 (se
tion3.3.1), these works 
onsider a 
riteria minimizing between the model outputs and their spe
i�ed traje
toryspe
i�
ations. This dire
tion of work stems from the results of Olivier Mé
hin's thesis (se
tion 3.2). Infa
t for over
oming the di�
ulties of expressing spe
i�
ations as fun
tions of time, the idea is to expresssome 
riteria as performan
e indi
es to minimize. This formulation enables to express the will for thedesigner to get 
loser of his requirements.These developments furnished a publi
ation in an international 
ongress [Mou07a℄.See [Mou07a℄ in do
uments atta
hed.3.3.2.2 Con
lusionMy 
ontribution in this work is about the extension of the previous developments (se
tion 3.3.1) 
onsid-ering a new 
riterion in the dynami
 optimization problem and the integration of the results obtained inthe design methodology. My idea is now, with this integration, to be able to 
arry out sizing problems
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i�
ation simultaneously. I see an unquestionable possibility for the manufa
turerpreo

upations in design as show dis
ussions with PSA Peugeot Citroën show it for instan
e.The bond graph representation of an optimal 
ontrol problem is extended to a minimization 
riterionof the output to referen
e traje
tory distan
es. The proof exploited the generi
 phases already set up forthe 
riterion of the dissipated energy minimization. This shows the possibilities for extending the bondgraph representation again to other 
riteria.The minimization of the output to referen
e traje
tory distan
es o�ers interesting perspe
tives forsizing when the spe
i�
ations 
an be expressed in this form. This is the obje
tive of the works onthe formulation of this type of optimization problem in bond graph language in view of the 
ouplingwith the sizing methodology. These developments are in progress in the framework of Omar Mouhib'spost-do
torat position in the RNTL-METISSE proje
t.
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Chapter 4Con
lusion and perspe
tives
4.1 General reportDuring these eight years as an asso
iate professor at the LAI, my a
tivities showed a strong and logi
alintera
tion between tea
hing and resear
h. In fa
t the pedagogi
al rightness and rigor required by mytea
hing 
ontributed to a relevant and thorough re�e
tion for the resear
h developments and, in return,my resear
h works served my tea
hing by means of 
ertain edu
ation module set up. Also number of Endof Studies Proje
ts 
ontributed to the progress of resear
h developments (see se
tions 3.1.1 and 3.1.3).Likewise the works 
on
erning for instan
e the multibody modelling in the planar me
hani
s (se
tion3.1.1) or the automotive (se
tions 3.1.2 and 3.1.3) domains take bene�ts of my expertise a
quired in mytea
hing. Also the more re
ent works on the optimization introdu
tion into bond graph language and thenin the sizing methodology lie on the same theoreti
al bases as those issued from Lagrange's me
hani
swhi
h I tea
h as well. In return the edu
ation modules about bond graph me
hatroni
 modelling andmore parti
ularly multibody me
hani
al system modelling, as well as the modules asso
iated to simulationand to the numeri
al aspe
ts of simulation in the me
hatroni
 domain (see se
tion 2.2.2), take dire
tlybene�ts from expertise of my resear
h a
tivities.My position in resear
h is de�nitively at the interse
tion of automation and me
hani
s.That was the 
ase during my Ph. D. thesis works and this position is reenfor
ed sin
e the progressiveevolution toward the resear
h topi
s of the laboratory in Modelling of me
hatroni
 systems �rstly, andthen in Virtual prototyping. On these both topi
s the a
tivities are 
oupled and in synergy the ones servingthe others. For instan
e the modelling works about automotive vehi
le (se
tion 3.1.2) are in perspe
tive ofthe sizing methodology appli
ation to this domain (se
tion 3.2). Furthermore the 
o-supervision of OlivierMé
hin's Ph. D. thesis in the framework of the PREDIT 2 program in 
ollaboration with PSA PeugeotCitroën enabled me to progressively appropriate the a
tivities of the resear
h axis Virtual prototyping andmore parti
ularly of the sizing methodology developed (se
tion 3.2). The 
ontributions then appeared onthis topi
 with the start of re�e
tions on stru
tural aspe
ts essentially asso
iated to me
hani
s (se
tion3.2.3), and by introdu
ing dynami
 optimization in the methodology (se
tion 3.3). Here again this lasttopi
 is not un
oupled from me
hani
s sin
e optimization development bases stem from the variationalprin
iples having initially their �eld appli
ation in analyti
al me
hani
s. Moreover these latter worksexploiting the tools of the optimal 
ontrol domain mark the beginnings, in the 
ontext of my resear
h,of a new synergy 
on
erning the third resear
h axis of the team FTR on Control with the axis Virtualprototyping. In this perspe
tive it is to note new works about the appli
ation of Baumgarte stabilization,usually used in the multibody me
hani
s domain (se
tion 3.1.1), to sliding mode 
ontrol (se
tion 4.3.1.3).These developments 
omplete the previous ones by �tting into a synergy between the axes Control andModelling of the team FTR.Finally, more re
ently, a resear
h topi
 begins about developments in the resear
h axis Virtual proto-typing in parti
ular in the me
hani
al domain. This topi
 is atta
hed to the 
o-supervision of GerardoVillegas-Medina's Ph. D. thesis on a �exible robot design. A re�e
tion starts about me
hanism synthesisand 
an pretend to the sizing methodology extension in this early phase of design (se
tion 4.3.1.2).55
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tions under progress4.2.1 Software transfer: MS1 spe
i�
ationsThe transfer of our resear
h a
tivities to industry in parti
ular from the axis Virtual prototyping requiresa software transfer of the tools and methodologies developed. This transfer is being 
arried out in thetool MS1 with a bond graph input and with Modeli
a language as well.4.2.1.1 For the sizing methodologyThis se
tion presents the methodology features introdu
ed in MS1 developed by Fran
is Lorenz sin
e thePREDIT 2 program.4.2.1.2 Modeli
a 
ode translatorIn the ANR-RNTL SIMPA2 proje
t framework a funding is devoted to the development of a translatorfor generating the Modeli
a 
ode of a model from its bond graph.4.2.2 Methodology developments4.2.2.1 METISSE proje
tA prolongation until July 2007 has been obtained for METISSE proje
t to pursue the developmentsstarted with two post-do
torat resear
hers on 
oupling optimization and the sizing methodology, and onstudying the bene�t of optimization in the spe
i�
ation writing.4.2.2.2 SIMPA2 proje
tBeside the obje
tive to develop a 
ompiler on Modeli
a language basis, this proje
t will enable us to
ontinue the studies on the spe
i�
ations writing, the stru
tural aspe
ts of design and the invertibilitymathemati
al 
riteria within bond graph language.4.2.2.3 Collaboration with Volvo PowertrainIn the resear
h axes Virtual prototyping and Control of the team FTR of the LAI, a 
ollaboration withVolvo Powertrain started in De
ember 2005 in the framework of the Ph. D. thesis of Sylvain Renard. Itake part of the work meetings of this thesis whi
h deal with modelling of hybrid power train for tru
ksand optimization of asso
iated 
ontrols.4.2.2.4 Flexible robot design for laparos
opyI 
o-supervise Gerardo Villegas-Medina's Ph. D. thesis (2004-2007) whi
h deals with the design of �exiblerobot for laparos
opy. First steps about me
hanism synthesis with respe
t to geometri
al spe
i�
ationsare under study. A
tuation and 
ontrol will also have to be 
arried out.



57 � CHAPTER 4. CONCLUSION AND PERSPECTIVES4.3 Perspe
tives4.3.1 Of resear
h4.3.1.1 ... on the axis Me
hatroni
s modellingA �rst perspe
tive is to pursue suspension modelling in a multibody bond graph 
ontext. Next stepsis to implement the model already obtained (se
tion 3.1.3) in a simulation tool with bond graph inputlike 20Sim [20S04℄ for instan
e and to 
ompare to models introdu
ed in devoted multibody 
odes likeSimpa
k for instan
e [sim04℄. An End of Studies Proje
t 
an be adapted for this work.A se
ond perspe
tive is the validation of the tire sliding model (se
tion 3.1.4). Works 
an be done onthe tire stru
ture whi
h has to be more realisti
ally taken into a

ount through better parameters andmore appropriate 
onstitutive phenomenon laws, better managing of the swit
hing me
hanism betweensli
es for attenuating the dis
ontinuities 
onsequen
es, and improvement of the global stru
ture of themodel in terms of numbers of sli
es and the 
oupling with longitudinal and verti
al dynami
s. Onevalidation obje
tive for instan
e is that this model gives at least equivalent results as Pa
ejka's modelsdo in stationary behavior. This work is envisaged in post-graduate 
erti�
ate trainings for example.4.3.1.2 ... on the axis Virtual prototypingThis is today the most open axis in investigation possibilities. I try here to de�ne the prin
ipal ones.MS1 developmentMS1 development has to be pursued in parti
ular by implementing the re
ent features and the work onoptimisation for instan
e. First perspe
tives 
on
ern the sele
tion and validation 
riteria whi
h mustextend the existing ones on the power variables and the power. Table 4.1 shows some bases for thisextension. The 
riterion de�nitions refer to information 
oming from:� the spe
i�
ations (in red in the table - spe
i�ed values),� the manufa
turer's data (in blue in the table - given values) for the 
omponent to be validated orsele
ted,� the simulation results of the inverse model (in green in the table - 
al
ulated values).Most of these 
riteria 
an be used in a validation and/or sele
tion phase.Figure 4.1 shows a synopsis of possible strategies for the use of MS1 and �gure 4.2 displays the di�erentfeatures already implemented in MS1 and those that remain to be introdu
ed. These works have to bedone dire
tly with Fran
is Lorenz with fundings 
oming from national or European proje
ts.Sizing methodology developmentOptimisation problem extension.The extension 
onsists of taking into a

ount of di�erent limit 
onditions (free or 
onstrained on timeand/or state), of time varying models, of nonlinear models for instan
e. A Ph. D. thesis framework seemsto be adapted for this work.Numeri
al aspe
ts of optimization.Simulation is essential in this topi
 and it was easily resolved for linear model by determining a prioriinitial 
o-states. For nonlinear models the issue will be real and a priori determination of initial 
o-state
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Criteria Sele
tion (S)and/orvalidation (V) NotesCriteria on power, power variables and dynami
 variablesA.1 Pcons ≥ Pspec S/V These 
riteria on power and power vari-able are available in the a
tual version ofMS1.A.2 econs ≥ espec S/VA.3 fcons ≥ fspec S/VA.4 varcons ≤ ou ≥ varspec V (or even S) Criterion applying to any variable of the
omponent.A.5 Pcons ≥ Pspec/η S Enables to take a priori into a

ount ofan adaptation element e�
ien
y betweenthe a
tuator and the load (example of agear).A.6 econs/espec ≥ r ≥

fspec/fcons
S Enables to take into a

ount of the adap-tation element parameter.Dynami
 and energy 
riteriaB.1 tcons ≥ tspec S/V t 
orresponds to a working time out ofadmissible zone. This 
riterion 
an bederived following the working zones ofa 
omponent (intermittent, a

eleration,...)B.2 [ωb,ωh℄⊂[ωb,spec,ωh,spec℄ S/V Problem of frequen
y range.B.3 τ ≤ τspec V (or even S)

τ and τr5%: time 
onstant and time re-sponse at 5%. ω0: eigen pulsation. z:damping (
an be obtained from τ and
ω0). A%: overshooting.B.4 ω0 ≤ ω0,spec V (or even S)B.5 z ≤ (ou ≥) zspec V (or even S)B.6 τr5% ≤ τr5%,spec V (or even S)B.7 A% ≤ A%,spec V (or even S)B.8 Criteria of the poles and zeros of a 
omponent linear model transfer fun
tion. Thiskind of 
riterion 
an be useful in a �ltering or stability study obje
tive for instan
e.System and e
onomi
al 
riteriaC.1 η ≥ ηspec S/V E�
ien
y problem.C.2 m ≤ mspec S/V Mass problem.C.3 dim ≤ ou ≥ dimspec S/V Bulk problem.C.4 dvie ≥ dvie,spec S/V Life time problem.C.5 cot ≤ cotspec S/V Cost problem.C.6 f (p1, . . . , pm, x1, . . . , xn)

≤ αspec
S/V Multi obje
tive 
riterion where the fun
-tion f is a weighting of di�erent param-eters pi and di�erent variables xj whi
hare found in the other 
riteria.Table 4.1: Sele
tion and validation 
riteria
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Figure 4.1: Synopsis of sizing strategies in MS1will no more work. Ideas like global time dis
retization or shooting methods will have to be worked out.A post-graduate 
erti�
ate training seems to appropriate for this work.Methodology/optimization 
oupling.The work envisaged on this topi
 is to 
ombine di�erent types of spe
i�
ations for the methodologylike fun
tions of time and output to spe
i�ed traje
tory distan
es enabling non squared model in termsof inputs and outputs to be treated. Post-do
torat resear
hers are envisaged for this work.Spe
i�
ation writing.This perspe
tive aims at taking bene�ts of the re
ent developments like with optimization for instan
eto propose rules to write relevant spe
i�
ations with respe
t to the design problem. A post-do
toratresear
her is a
tually working on this topi
.Stru
tural aspe
ts of the methodology.The perspe
tive here is to undertake a study on the intera
tion between the stru
tural position ofspe
i�
ations and their number, and the model stru
ture to whi
h apply the spe
i�
ations. The idea isto �nd out, in a given design problem, whi
h sizing are feasible and if not how to reformulate 
orre
tlythe design problem by 
onsidering for example:� only a part of the spe
i�ed outputs on the model if the problem is over 
onstrained.
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hart of 
on
epts and their intera
tions in MS1� extra outputs to be spe
i�ed if the problem is under 
onstrained. A priori the total number ofspe
i�ed outputs must be equal to the input number of the dire
t model.� in-between squared 
ases with loss of iso-a
tuation (linked to 
on
epts of assistant 
onstraints orsingularities for instan
e).This work 
an be undertaken in a Ph. D. thesis framework.Methodology of kinemati
 stru
ture designThe idea is here to extend the methodology to me
hanism synthesis with the same approa
h of inversemodel and bond graph language and to base the 
hoi
e of a me
hanism on dynami
 and energy 
riteria.4.3.1.3 ... on the axis ControlThe idea here is to pursue the work on the use of Baumgarte stabilization for robust 
ontrol. A study onthe method parameter has to be undertaken for answering to the time problem to make the system sti
kon the sliding surfa
e for instan
e.4.3.1.4 Submitted proje
tsResear
h 
luster Transportation, Territories and So
ietyProje
t on the tru
k design based on a
tive se
urity, 
omfort and energy 
onsumption 
ombined 
riteria.Competitiveness 
enter Lyon Urban Tru
ks&Bus 2015Asso
iated to the previous proje
t it 
on
erns the aspe
ts more te
hnologi
al of tru
k design.
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ation Program VerTThis proje
t for funding resear
h equipments 
on
erns the automotive engine and its 
ontrol.4.3.2 of tea
hingNot summarized.4.3.3 of responsibilitiesNot summarized.
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