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Abstrat: In this doument, a brief overview of the Sionos Platform is given. One of the goal is togive a �avor on a simple example of the ability of the platform to model and simulate the so-allednon smooth dynamial systems (NSDS). In partiular, some examples of Lagrangian mehanialsystems with ontat and frition or eletrial iruits with ideal and pieewise linear omponents(diodes, MOS transistors, . . . ) are ommented. Finally, the Sionos software is presented, startingfrom its arhiteture to a non exhaustive presentation of its omponents and funtionalities. Theaim of this doument is not to serve as a referene guide but more as a illustrative introdutiondoument to promote the use of the platform.Key-words: Nonsmooth Dynamial Systems, Linear Complementarity Systems, LagrangianMehanial Systems with Contat and Frition, Eletrial Ciruits with Ideal and Pieewise LinearComponents, Sionos, Time Stepping Sheme, Event Driven Sheme, Nonsmooth Law.



Une introdution à SionosRésumé : Dans et artile on présente sommairement la plate-forme Sionos. Dans un premiertemps, la démarhe de modélisation et de simulation des systèmes dynamiques dits "non régu-liers" (NSDS) est illustrée grâe à un exemple simple. Ensuite, l'arhiteture du logiiel Sionosest détaillée et omplétée par une desription non-exhaustive de ses omposants et fontionnalités.Pour terminer, quelques exemples de alul sont présentés, notamment des systèmes méaniqueslagrangiens ave ontats et frottements, ou enore des iruits életriques onstitués de ompo-sants idéaux et linéaires par moreaux (diodes, transistors MOS ...). A noter que e doumentn'est pas un guide de référene ou d'utilisation de la plate-forme mais simplement une illustrationde ses apaités, et est plut�t dédié à la promotion du logiiel Sionos.Mots-lés : Systèmes Dynamiques Non Réguliers, Systèmes à Complémentarité Linéaire, Sys-tèmes Méaniques Lagrangiens ave ontats et frottements, Ciruits Eletriques ave omposantslinéaires par moreaux, Sionos, Time-Stepping, Shéma à Evènements, Loi Non Régulière.
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Sionos Platform Overview 5IntrodutionSICONOS was a European Projet, starting in September 1, 2002, ending in Deember 31, 2006,gathering sientists from various ommunities like Mehanis, Applied Mathematis, Systems andControl, and Numerial Analysis. More details are available at http://sionos.inrialpes.fr.The projet has resulted in the Sionos Platform, a sienti� omputing software dediated tothe modeling, simulation, ontrol and analysis of NonSmooth Dynamial Systems (NSDS), mainlydeveloped in the BipOp team (http://bipop.inrialpes.fr) at INRIA Rh�nes-Alpes in Grenobleand distributed under GPL GNU liense.The software an be downloaded at http://sionos.gforge.inria.fr/, where one an also �ndan installation guide, a tutorial, the full doxygen doumentation of the ode, support, mailing listsand all that sort of utilities.Sionos aims at providing a general and ommon tool for nonsmooth problems in various sienti��elds like applied Mathematis, Mehanis, Robotis, Eletrial iruits and so on. However, theplatform is not supposed to re-implement the existing dediated tools already used for the modelingof spei� systems, but to possibly integrate them. For instane, strong ollaborations exist withHuMAns (humanoid motion modeling and ontrol1) or LMGC90 (multi-body ontat mehan-is2) software pakage. Some interfaes with the Silab/Sios environment, the Matlab/Simulinkenvironment, the Modelia language and the Spie software either already exist or are planned.In the present doument, we begin in Part I with the presentation of a harateristi example ofthe ability of the Sionos Platform: A 4-diode bridge. The goal of this �rst setion is to providethe reader with an insight into the Sionos platform without entering into further details. Afterthis part, some realls are given in Part II on what an be a NonSmooth Dynamial system(NSDS) and what are the possible strategies to simulate it. In Part III, The general modelingand simulation priniples in Sionos are explained. This part ends with a desription of the mainbasi omponents, whih help the user to build a NSDS in Sionos. Finally, in Part IV, Someillustrative examples are presented.It is noteworthy that this doument is nor a user guide neither a tutorial; for a pratial use ofSionos please refer to the douments on http://sionos.gforge.inria.fr/. The only goal ofthis doument is to give a �avor of the Sionos platform and to promote its use.

1http://bipop.inrialpes.fr/software/humans/index.html2http://www.lmg.univ-montp2.fr/~dubois/LMGC90/RT n° 0123456789
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6 Aary & PérignonPart IAn insight into SionosThe present part is dediated to a short presentation of the general writing proess for a problemtreated with Sionos, through a simple example. The point is to introdue the main funtionalities,the main steps required to model and simulate the systems behavior, before going more into detailsin parts II and III, where the NSDS will be desribed.The hosen example is a four diodes bridge wave reti�er as shown on Figure 1.

Figure 1: A 4-diodes bridge wave reti�erA LC osillator, initialized with a given voltage aross the apaitor and a null urrent throughthe indutor, provides the energy to a load resistane through a full-wave reti�er onsisting of a 4ideal diodes bridge. Both waves of the osillating voltage aross the LC are provided to the resistorwith urrent �owing always in the same diretion. The energy is dissipated into the resistor andresults in a damped osillation.One of the ways to de�ne a problem with Sionos onsists in writing a C++ �le. In the following,for the diode-bridge example, only snippets of the C++ ommands will be given, just to enlightenthe main steps. It is noteworthy that one an also use an XML desription as shown in theBouningBall example 9.1, or the Python interfae.1 Step 1. Building a NonSmooth Dynamial SystemIn the present ase, the osillator is a time-invariant linear dynamial system, and using theKirhho� urrent and voltage laws and branh onstitutive equations, its dynamis is written as(see Figure 1 for notation)
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Sionos Platform Overview 7the dynamial system (1) results in:
ẋ = A.x+ r (3)whih �ts with the formalism of �rst order linear dynamial systems proposed in (24).The �rst step of any Sionos problem is to de�ne and build some DynamialSystems. The orre-sponding ommand lines to build a FirstOrderLinearTIDS objet are:// User-defined parametersunsigned int ndof = 2; // number of degrees of freedom of your systemdouble Lvalue = 1e-2; // indutanedouble Cvalue = 1e-6; // apaitanedouble Rvalue = 1e3; // resistanedouble Vinit = 10.0; // initial voltage// DynamialSystem(s)SimpleMatrix A(ndof,ndof); // All omponents of A are automatially set to 0.A(0,1) = -1.0/Cvalue;A(1,0) = 1.0/Lvalue;// initial onditions vetorSimpleVetor x0(ndof);x0(0) = Vinit;// Build a First Order Linear and Time Invariant Dynamial System// using A matrix and x0 as initial state.FirstOrderLinearTIDS * osillator = new FirstOrderLinearTIDS(1,x0,A);The su�x DS to the name of a lass suh as the FirstOrderLinearTIDS objet means that thislass inherits from the general lass of DynamialSystem.Thereafter, it is neessary to de�ne the way the previous de�ned dynamial systems will interattogether. This is the role of the Interation objet omposed of a Relation objet, somethinglike algebrai onstraints, and of a NonSmoothLaw objet.The linear relations between voltage and urrent inside the iruit are given by
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(4)whih an be stated as in (34) by the linear equation
y = Cx+Dλ, (5)with:
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(6)Completed with the relation between r and λ (see (2)) it results in a linear equation as in (34)
r = Bλ. (7)This orresponds to a Sionos FirstOrderLinearTIR objet i.e. a linear and time invariantoe�ients relation, (34). The orresponding ode is as follows:
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8 Aary & Pérignon// -- Interation --// - Relations -unsigned int ninter = 4; // dimension of your Interation = size of y and lambda vetorsSimpleMatrix B(ndof,ninter);B(0,2) = -1.0/Cvalue ;B(0,3) = 1.0/Cvalue;SimpleMatrix C(ninter,ndof);C(2,0) = -1.0;C(3,0) = 1.0;// the Relation:FirstOrderLinearTIR * myRelation = new FirstOrderLinearTIR(C,B);SimpleMatrix D(ninter,ninter); D(0,0) = 1.0/Rvalue;D(0,1) = 1.0/Rvalue; D(0,2) = -1.0; D(1,0) = 1.0/Rvalue;D(1,1) = 1.0/Rvalue; D(1,3) = -1.0; (2,0) = 1.0; D(3,1) = 1.0;myRelation->setD(D);To omplete the Interation objet, a nonsmooth law is needed to de�ne what the behaviorwill be when a nonsmooth event ours. On Figure 2 below, the left-hand sketh displays theideal diode harateristi and the right-hand sketh displays the usual exponential harateristias stated by Shokley's law. Thus the behavior of eah diode of the bridge, supposed to be ideal,
i(t)

v(t)(a) The diode omponent.
0

i(t)

v(t)(b) Charateristis of an ideal diode. Aomplementarity ondition
i(t)

v(t)
0() The graph of the Shokley's law.Figure 2: Diodes harateristisan be desribed with a omplementarity ondition between urrent and reverse voltage (variables(y, λ) ). Depending on the diode position in the bridge, y stands for the reverse voltage aross thediode or for the diode urrent. Then, the omplementarity onditions, results of the ideal diodesharateristis, are given by:

0 6 −vDR1 ⊥ iDR1 > 0
0 6 −vDF2 ⊥ iDF2 > 0
0 6 iDF1 ⊥ −vDF1 > 0
0 6 iDR2 ⊥ −vDR2 > 0

⇔ 0 6 y ⊥ λ > 0 (8)whih orresponds to a ComplementarityConditionNSL objet whih is an inherited lass formthe NonSmoothLaw lass. The Sionos ode is as follows.// NonSmoothLaw definitionunsigned int nslawSize = 4;NonSmoothLaw * myNslaw = new ComplementarityConditionNSL(nslawSize);The Interation is built using the onerned DynamialSystem, the Relation and theNonSmoothLaw de�ned above: INRIA



Sionos Platform Overview 9// A name and a id-number for the Interationstring nameInter = "InterDiodeBridge";unsigned int numInter = 1;unsigned int ninter = 4; // ninter is the size of yInteration* myInteration = new Interation(nameInter,allDS,numInter,ninter, myNslaw, myRelation);When the DynamialSystem and Interation have been learly de�ned, they are gathered intoa NSDS,// NonSmoothDynamialSystem onstrutionNonSmoothDynamialSystem* myNSDS = new NonSmoothDynamialSystem(osillator,myInteration);Finally the NSDS is inserted into a Model, an objet that will link the NSDS to the strategy ofsimulation. It also de�nes the time boundaries of the simulation.// Model onstrutiondouble t0 = 0; // Initial timedouble T = 10; // Total simulation timeModel * DiodeBridge = new Model(t0,T);// The pre-built NSDS is linked to the DiodeBridge Model.DiodeBridge->setNonSmoothDynamialSystemPtr(myNSDS);From this point, the diodes bridge system is ompletely de�ned by theNonSmoothDynamialSystem objet named myNSDS and handled by the Model objet DiodeBridge.In the next setion, a strategy of simulation will be de�ned and applied to this model.2 Step 2. Simulation Strategy De�nitionIt is now neessary to de�ne the way the dynamial behavior of the NonSmoothDynamialSystemwill be omputed. This is the role of Simulation lass. In Sionos, two di�erent strategies ofsimulation are available at this time: the time-stepping shemes or the event-driven algorithms.They will be detailed in Setion 4.To be omplete, a Simulation objet requires:� a disretization of the onsidered time interval of study,� a time�integration method for the dynamis,� a way to formalize and solve the possibly nonsmooth problems.For the diode bridge example, the Moreau's time�stepping sheme is used, where the integration ofthe equations over the time steps is based on a θ�method. The nonsmooth problem is written as aLinear Complementarity Problem (LCP) and solved thanks to a projeted Gauss-Seidel algorithm.The resulting ode in Sionos is:double h = 1.0e-6; // Time step// The time disretisation, linked to the Model.TimeDisretisation * td = new TimeDisretisation(h, DiodeBridge);Simulation * s = new TimeStepping(td);// Moreau Integrator for the dynamis:double theta = 0.5;Moreau* myIntegrator = new Moreau(osillator,theta,s);// One Step nonsmooth problem:string solverName = "PGS"; // nonsmooth problem solver name.OneStepNSProblem* myLCP = new LCP(s, "LCP", solverName, 101, 0.0001, "max", 0.6 );Note that the Simulation is onneted to the Model thanks to the TimeDisretisation.The last step is the simulation proess with �rst the initialization and then the time-loop:
RT n° 0123456789



10 Aary & Pérignon// Simulation proesss->initialize();s->run()The �nal results of the previous simulation are presented on Figure 3.
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Figure 3: Diodes bridge wave reti�er simulation results.
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Sionos Platform Overview 11Part IIOverview of NonSmooth DynamialSystems (NSDS)The NonSmooth Dynamial Systems (NSDS) are a speial kind of dynamial systems haraterizedby the nonsmoothness of their time-evolution and of their onstitutive equations. The instants ofdisontinuity of the state or its derivatives an be viewed as events, or transitions, where the systemmodi�es its struture. In this way, a NSDS ombines features of ontinuous dynamial systemswith the harateristis of �nite automata. Thus, as a mixture of time-ontinuous dynamis anddisrete systems, the NSDS an be viewed as a sublass of hybrid systems.Like the term "hybrid�, the "nonsmooth" one is not a preise de�nition, in the sense that it is notrestritive enough. A better way to de�ne a oherent lass of dynamial systems is to onsider themathematial nature of their solutions depending on the hosen formulation. This introdutionaims at giving a �avor of the mathematial properties and of the numerial onsequenes, thatare shared by NSDS. The term "nonsmooth" is partly inherited from the extensive use of a well-reognized mathematial theory: the Nonsmooth Analysis [3℄. Sine they are speializations ofhybrid dynamial systems, new mathematial results an be derived and more e�ient simulationtools an be designed. The role of the Sionos platform is then to take advantage of these propertiesin order to provide general modeling and simulation tools for NSDS.3 Standard Classes of NSDS3.1 The Example of the Constrained First Order DynamisA standard example of NSDS is a �rst order dynamial system of the form:
ẋ = f(x, t), x ∈ IRn, t ∈ [0, T ], (9)subjeted to a set of onstraints on its state3:

y = h(x) = [hα(x), α = 1 . . .m]T > 0. (10)The onstraints (10) are usually enfored by an external input, let us say a multiplier λ ∈ IRm,through an input funtion g suh that
{

g : λ ∈ IRm 7→ g(λ) ∈ IRn,

ẋ = f(x, t) + g(λ).
(11)Finally, in order to omplete the system, additional modeling information are needed. Partiularly,two laws are of utmost importanea) A generalized equation [16℄ between the output y and the multiplier λ, denoted by thefollowing inlusion:

0 ∈ F (y, λ) +Q(y, λ) (12)where F : IRm×m 7→ IRm×m is assumed to be ontinuously di�erentiable and Q : IRm×m
 

IRm×m is a multivalued mapping with a losed graph. In simple ases, a omplementarityondition is usually introdued for (12):
0 6 y ⊥ λ > 0 (13)3The inequality is to be understood omponent-wise.RT n° 0123456789



12 Aary & Pérignonb) A reinitialization mapping or an impat law de�ning the state of the system after a possiblenonsmooth event:
x(t+) = F(x(t−), t) (14)3.2 Nonsmooth Lagrangian Dynamial Systems or NonSmooth Multi-body Systems.Lagrangian dynamial systems or NonSmooth MultiBody Systems (NSMBS) an be de�ned bythe following set of relations



























M(q)v̇ = F (t, q, v) +G(q)λ (15a)
q̇ = v (15b)
y = g(t, q, v) (15)
0 ∈ S(y, λ) + T (y, λ) (15d)
v+ = F(v−, q, t) (15e)The two �rst equations (15a) and (15b) de�ne in terms of generalized oordinates, q ∈ IRn andveloities, v ∈ IRn the standard dynamis of a multibody systems in whih some inputs aremodeled by some Lagrange multipliers λ ∈ IRm. The matrix M(q) is the mass matrix and thevetor F (t, q, v) ollets the external fores, internal fores and the gyrosopi aelerations. Theequation (15) de�nes an output of the state y ∈ IRm.The inlusion (15d) de�nes the behavior of the multiplier λ with respet to the output y. As pre-viously mentioned, the funtion S : IRm×m 7→ IRm×m is assumed to be ontinuously di�erentiableand T : IRm×m

 IRm×m is a multivalued mapping with a losed graph. Finally, if the evolutionis nonsmooth, a reinitialization rule has to be added to speify the behavior of the veloities. Thisrelation is also known as an impat law.3.2.1 Examples of NonSmooth Lagrangian Dynamial SystemsMost well-known instanes of Lagrangian dynamial systems are the multibody systems subjetedto nonsmooth bilateral onstraints, the multibody systems subjeted to perfet unilateral on-straints or the multibody systems subjeted to unilateral ontat with Coulomb's frition.� Multibody systems subjeted to nonsmooth bilateral onstraints. Choosing S(y, λ) = y =
g(t, q) and T (y, λ) = 0, a Di�erential Algebrai Equation (DAE) is retrieved:











M(q)v̇ = F (t, q, v) +G(q)λ

q̇ = v

g(t, q) = 0

(16)If the onstraint is not su�iently smooth, let us say, g is only ontinuous in q, some nons-mooth solutions have to expeted (see for more details Chap 11 in [7℄) and then an impatlaw has to be added v+ = F(v−, q, t).� Multibody systems subjeted to perfet unilateral onstraints. Choosing y = g(t, q), S(y, λ) =
∂ψIR+

(λ) and T (y, λ) = λ, where ψK is the indiator funtion of the set K and the symbol
∂ denotes the subdi�erential in the sense of the Convex Analysis, we obtain,































M(q)v̇ = F (t, q, v) +G(q)λ

q̇ = v

y = g(t, q)

0 6 y ⊥ λ > 0

v+ = F(v−, q, t)

(17)
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Sionos Platform Overview 13� Multibody systems subjeted to unilateral ontat with Coulomb's frition. The output isde�ned as y = [gn, vt]
T where gn is the normal gap between two bodies and vt is the tangentialveloity at ontat. We assume in the same that λ is deomposed in normal and tangentialomponent as λ = [λn, λt]

T . Choosing S(y, λ) = λ and T (y, λ) = [∂ψIR+
(gn), µλn∂‖vt‖]

T ,where µ is the oe�ient of frition.More details on nonsmooth Lagrangian dynamial systems an be found in the following referenes[15, 2℄.On one side the Lagrangian dynamial system an be understood as an hybrid system with 2mmodes, a mode being de�ned by the fat that eah onstraint α = 1 . . .m, is ative or not. In eahmode, the solution is assumed to be smooth with disontinuities arising at transitions between twomodes. On the other side, it an be onsidered as a single NSDS. Its solution is then de�ned as aglobal one, possibly nonsmooth, ontaining the instants of disontinuity. Usually, for Lagrangiansystems, the oordinates are onsidered as absolutely ontinuous funtions of time, the veloitiesas funtions of bounded variations and aelerations as measures [17, 13, 12℄.3.3 Complementarity Systems.A generalized dynamial omplementarity system in a semi-expliit form is de�ned by






























ẋ(t) = f(x(t), t, λ(t))

y(t) = h(x(t), λ(t))

C∗ ∋ y(t) ⊥ λ(t) ∈ C

(18)where C ⊂ IRn and C∗ = {x ∈ IRn | xT y > 0 for all y ∈ C} is its dual set. The term generalizedis used when the set C is a general one of IRn. If this one is a nonnegative orthant like IRN
+ , wespeak of DCS or shortly CS. A dynamial omplementarity system (DCS) in an expliit form isde�ned by































ẋ(t) = f(x(t), t, λ(t))

y(t) = h(x(t), λ(t))

0 6 y(t) ⊥ λ(t) > 0

(19)In [8℄, the authors study the so-alled Linear Complementarity Systems (LCS) de�ned by






























ẋ(t) = Ax(t) + Bλ(t)

y(t) = Cx(t) +Dλ(t)

0 6 y(t) ⊥ λ(t) > 0

(20)In this type of systems, a linear output y of a linear dynamial system is de�ned as the om-plementary variable of an input λ. The linear omplementarity ondition an model for instanethe behavior of an ideal diode. If the output y represents the urrent through the diode, thisondition states that this urrent must be positive. The multiplier λ is then the opposite of thevoltage aross the diode. The graph of this relation is illustrated on Figure 4.
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y0Figure 4: Complementarity ondition. 0 6 y ⊥ λ > 0.3.4 Other Classes of NSDSWithout entering into more details, the following system are usually onsidered to belong to thelass of NSDS:� Ordinary Di�erential Equations (ODE) with only Lipshitz ontinuous right-hand sides.� Di�erential inlusions with ompat and onvex set valued mappings ( suh as Filippov'sinlusions).� Di�erential inlusions in normal ones.� Measure di�erential inlusions.� Evolution variational inequalities.� Projeted dynamial systems.The Sionos platform aims at providing in the future release a sienti� simulation software forall lasses of systems for whih some spei� algorithms have been designed. For a omprehensivereview of NSDS, we refer to the following monographs [2℄ and [18℄.3.5 Comparison with the Hybrid ApproahFor simple dynamis (onstant or linear) and small systems (up to 100 degrees of freedom), thehybrid approah allows us to exploit the widespread analysis tehniques for �nite-state systems,suh as the veri�ation tehniques to hek some fundamental properties. For larger systems withfully nonlinear dynamis, it seems that these disrete tehniques hardly apply.In the ase of NSDS, the mathematial properties of the solution and the assoiated numerialtehniques allow the simulation and the analysis of large systems to be performed. We laim thatthe ontinuous approah is more e�ient from the mathematial and the numerial point of view,rather than an event-driven or a disrete approah.On the mathematial point of view, a NSDS an be onsidered as a unique time-ontinuousdynamial system whih an enounter disontinuities and reinitializations. That leads to thede�nition of global solution of suh systems in a lass of appropriate funtions or measures. Thease of the onstrained Lagrangian dynamis leads for example to the formulation of the dynamisin terms of measure di�erential inlusions [17, 13, 12℄ valid on the ontinuous part of the evolutionas well as at the events. Suh types of solutions and formulations an omprised omplex sequenesof events, like onurrent events or aumulation (Zeno), together with mathematial results suhas global existene and uniqueness. INRIA



Sionos Platform Overview 154 Simulation of NSDS4.1 The NonSmooth Approah vs. the Hybrid ApproahFrom the numerial point of view, a nonsmooth approah of hybrid systems exploits the pre-vious notion of solution de�ned everywhere in time. This fat leads to the design of powerfultime�stepping shemes without expliit event-handling proedure. For the ase of the Lagrangiandynamis, the measure di�erential inlusion is evaluated on a �xed time interval and the struturalhanges of the dynamis are taken into aount in a weak sense. Contrary to event-driven shemes,suh time-stepping ones are proved to be onvergent even in the presene of events aumulations.Another advantage of the nonsmooth approah of NSDS is the algebrai formulation of ertainlasses of state transitions at events. To shed more light on this aspet, the simple example of anideal diode might be taken. This behavior an be modeled as a pure logial omponent thanks toan �if� statement as in Modelia [6℄. Indeed reognizing that the urve of the graph in Figure 4an be parametrized by a parameter s, we an de�ned the following Modelia sript :
off = s < 0

λ = if off then −s else 0

y = if off then 0 else sThe same representations an be performed with ideal swithes, pieewise linear model of MOStransistors. The main di�ulties to view systems with ideal omponents this way is that for eahnew Boolean variable like off, two modes of the hybrid dynamial system are possible. If weintrodue n-Boolean variables, in the worst ase, 2n modes have to be heked. Therefore theproblem omplexity is exponential.On the ontrary, in the nonsmooth approah the disretized problem at eah step an be reformu-lated as a Linear Complementarity Problem (LCP)[4℄ of the form:
{

w = Mz + q

0 6 w ⊥ z > 0
(21)Under some usual assumptions on the matrix M , (positiveness, n-step property), and on thevetor q, numerial algorithms an be used with polynomial omplexity, avoiding an exhaustiveenumerative veri�ation of eah modes in an exponential time algorithm [14℄.To onlude, from the mathematial point of view, the nonsmooth framework yields preise de�ni-tions of solutions together with uniqueness and existene results under appropriate assumptions.From the numerial point of view, the use of spei� algorithms (time�stepping shemes, LCPsolvers with polynomial omplexity) leads to an e�ient simulation environment. Therefore, theSionos platform is based on these two features.4.2 Event�driven and Time�stepping ShemesTwo types of methods are available in Sionos to numerially integrate in time NSDS.� The �rst one is known as the Event-driven method where the time of disontinuities in thestate or in its derivative, also alled a nonsmooth event, is deteted and loated. This methodan also be referred to nonsmooth event traking method. Between two events, the system isintegrated with any standard ODE or Di�erential Algebrai Equation (DAE) solver with asuitable order aording to the regularity of the system. This method for any standard ODEan be very e�ient and of any order but su�ers for several drawbaks. If the number ofevents is large, or worse in�nite in a �nite time interval, the time integration annot e�ientlyRT n° 0123456789



16 Aary & Pérignonadvane in time. This is partiularly the ase when a �nite aumulation of impats isenountered. Seondly, in pratie the method is very sensitive to numerial toleranes andauray used for the detetion of events. Finally, suh a method needs a reformulationof the generalized equation at di�erent kinemati levels. This index-like redution ontainssome new onditional statements on the unilateral onditions, whih leads to new numerialtoleranes with theirs assoiated di�ulties. Event-driven approahes are well-suited whenthe nonsmooth events are rare and well-separated in time.� The other method is known as time�stepping method or nonsmooth event apturing method.In suh a method, the time-integration is performed with a time step, whih do not dependon the exat loation of nonsmooth events. The advantages of this lass of methods are theonvergene proofs and the e�ieny, even in the ase of �nite aumulation of impats andthe ability to work without an aurate event detetion. Finally, another pratial interest ofthis method is that it needs lower kinemati reformulation, and even better no reformulationat all for the onstraint. The major drawbak of this method is its order. It is at best of�rst order at impat but also on smooth solutions.As we said the two possibilities are available on the Sionos software. There is also a possibilityto take into aount exogenous events in a time�stepping approah by ontrolling the integrationthrough an event manager. The feature allows one to exploit the time�stepping abilities for thenonsmooth events and to drive the simulation when external events (Control, swith, user output,. . . ) are enountered.
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Sionos Platform Overview 17Part IIISionos Software5 General Priniples of Modeling and SimulationSionos software is mostly written in C++ and thus integrally relies on the objet orientedparadigm. In this �rst setion we will not get into details on how to build these objets4, butrather on what they are and what they are used for.As explained in Part I, the entral objet is the Model. Roughly speaking, a Model is a NonS-mooth Dynamial System and some instrutions on how to simulate its behavior during a giventime period. The ompulsory proess to handle a problem with Sionos is �rst build a NonS-mooth Dynamial System, as explained in Setion 5.1 and then desribe a simulation strategy, seeSetion 5.2. Additionally, a ontrol of the Model objet an possibly be de�ned, see Setion 5.3.The way the Software is written relies also on this "utting-out" with learly separated modelingand simulation omponents as explained in the last Setion 8.5.1 NSDS Modeling in Sionos SoftwareA NSDS an be viewed as a set of dynamial systems that may interat in a nonsmooth way troughinterations. The modeling approah in the Sionos platform onsists in onsidering the NSDSas a graph with dynamial systems as nodes and nonsmooth interations as branhes. Thus, todesribe eah elements of this graph in Sionos, one needs to de�ne a NonSmoothDynamialSystemobjet omposed of a set of DynamialSystem objets and a set of Interation objets.A DynamialSystem objet is no more than a set of equations to desribe the behavior of a singledynamial system, with some spei� operators, initial onditions and so on. A omplete reviewof the dynamial systems available in Sionos is given in Setion 6.1.An Interation objet desribes the way one or more dynamial systems are linked or mayinterat. For instane, if you onsider a set of rigid bodies, the Interation objets de�ne anddesribe what happens at ontat. The Interation objet is haraterized by some "loal"variables, y (also alled output) and λ (input) and is omposed of:� a NonSmoothLaw objet that desribes the mapping between y and λ,� a Relation objet that desribes the equations between the loal variables (y, λ) and theglobal ones (those of the DynamialSystem objet).You an �nd a review of the various possibilities for the Relation and the NonSmoothLaw objetsin Setions 6.2 and 6.3.As summarized in Figure 5, building a problem in Sionos relies on the proper identi�ation andonstrution of some DynamialSystems and of all the potential interations.4This is the role of the Tutorial, Users Guide or the others manuals you an �nd onhttp://sionos.gforge.inria.fr/
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(a) A simple NonSmoothDynamialSystem with one DynamialSystem objet and oneInteration
Interaction

DS

DS

DS

DS

DS

NSDS

(b) The graph struture of a omplex NSDS with DynamialSystemobjets as nodes and nonsmooth Interation objet as branhesFigure 5: Sionos NonSmooth Dynamial System Modeling Priniple.
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Sionos Platform Overview 195.2 Simulation Strategies for the NSDS BehaviorOne a NSDS has been fully designed and desribed thanks to the objets detailed above, it isneessary to build a Simulation objet, namely to de�ne the way the nonsmooth response of theNSDS will be omputed.First of all, let us introdue the Event objet, whih is haraterized by a type and a timeof ourrene. Eah event has also a proess method whih de�nes a list of ations that areexeuted when this event ours. These ations depend on the objet type. For the objetsrelated to nonsmooth time events, namely NonSmoothEvent, an ation is performed only if anevent-driven strategy is hosen. For the SensorsEvents and AtuatorEvent related to ontroltools (see Setion 5.3), an ation is performed for both time�stepping and event�driven strategyat the times de�ned by the Control law. Finally, thanks to a registration mehanism, user�de�nedevents an be added.To build the Simulation objet, we �rst de�ne a disretisation, using a TimeDisretisationobjet, to set the number of time steps and their respetive size. Note that the initialand �nal time values are part of the Model. The time instants of this disretisation de�neTimeDisretisationEvent objets used to initialize an EventsManager objet, whih ontainsthe list of Event objets and their related methods. The EventsManager objet belongs to thesimulation and will lead the simulation proess: the systems integration is always done betweena "urrent" and a "next" event. Then, during simulation, Events of di�erent types may be addedor removed, for example when the user reates a Sensor or when an impat is deteted.Thereafter, to omplete the Simulation objet, we need:� some instrutions on how to integrate the smooth dynamis over a time-step, that is the roleof the OneStepIntegrator objets.� some details on how to formalize and solve the nonsmooth problems when they our, thisis done with the OneStepNSProblem objets.To summarize, a Simulation objet is omposed of a TimeDisretisation, a set ofOneStepIntegrator plus a set of OneStepNSProblem and belongs to a Model objet. The wholeSimulation proess is led by the hosen type of strategy, either time�stepping or event�driven.To proeed, one need to instantiate one of the lasses that inherits from Simulation objet:TimeStepping or EventDriven.5.3 Control ToolsIn Sionos, some ontrol an be applied on a NSDS. The priniple is to get information fromthe systems thanks to some Sensor objets, used by some Atuator objets to at on the NSDSomponents. Eah Sensor or Atuator objet has its own TimeDisretisation objet, a list oftime instants where data are to be aptured for sensors or where ation ours for atuators. Thoseinstants are sheduled as events into the simulation's EventsManager objet and thus proessedwhen neessary.The whole ontrol proess is handled thanks to a ControlManager objet, whih is omposed of aset of Sensor objets and another set of Atuator objets. The ControlManager objet "knows"the Model objet and thus all its omponents.Eah DynamialSystem objet has a spei� variable, named z, whih is a vetor of disreteparameters (see setion 6.1). To ontrol the systems with a sampled ontrol law, the Atuatorobjet sets the values of z omponents aording to the user instrutions.
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20 Aary & Pérignon6 NSDS Related ComponentsIn the following paragraphs, we turn our attention to the spei� types of systems, relations andlaws available in the platform.6.1 Dynamial SystemsThe most general way to write dynamial systems in Sionos is:
g(ẋ, x, t, z) = 0whih is a n-dimensional set of equations where� t is the time,� x ∈ IRn is the state5� the vetor of algebrai variables z ∈ IRs is a set of disrete states, whih evolves only atuser spei�ed events. The vetor z may be used to set some perturbation parameters or tostabilize the system with a sampled ontrol law.Under some spei� onditions, we an rewrite this as:
ẋ = rhs(x, t, z)where "rhs" means right-hand side. Note that in that ase ∇ẋg must be invertible. From thisgeneri interfae, some spei� dynamial systems are derived, to �t with di�erent appliation�elds. They are separated in two ategories: �rst and seond order (Lagrangian) systems, andthen speialized aording to the type of their operators (linear or not, time invariant . . . ).The following list reviews the dynamial system implemented in Sionos:� FirstOrderNonLinearDS lass, whih desribes the nonlinear dynamial systems of �rstorder in the form,

Mẋ(t) = f(t, x(t), z) + r (22)
x(t0) = x0 (23)with M a n × n matrix, f(x, t, z) the vetor �eld and r the input due to the nonsmoothbehavior.� FirstOrderLinearDS lass, whih desribes the linear dynamial systems of �rst order inthe form (oe�ients may be time-invariant or not)

ẋ(t) = A(t, z)x(t) + b(t, z) + r (24)
x(t0) = x0. (25)Eletrial iruits for instane �t to this formalism, as shown in the Diode Bridge examplein part I.5The typial dimension of the state vetor an range between a few degrees of freedom and more than severalhundred thousand, for example for mehanial or eletrial systems. The implementation of the software has beendone to deal either with small or large sale problems.
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Sionos Platform Overview 21� LagrangianDS lass, whih desribes the Lagrangian nonlinear dynamial systems in theform,
M(q, z)q̈ +NNL(q̇, q, z) + Fint(t, q̇, q, z) = Fext(t, z) + p (26)

q(t0) = q0, q̇(t0) = v0 (27)where q denotes the generalized oordinates, NNL the nonlinear inertia operator, Fint theinternal, nonlinear, fores and Fext, the external fores, depending only on time. Thisformalism orresponds to Mehanis, and an be written in a simpler manner as:
M(q, z)q̈ = fL(t, q̇, q, z) + p (28)
q(t0) = q0 , q̇(t0) = v0 (29)The full-form (26) with several operator has been designed to �t with di�erent users habits,depending on the appliation �eld (Multibody mehanis, Robotis, Solid and struturesMehanis through Finite Element Method (FEM)).� LagrangianLinearTIDS lass, whih desribes the Lagrangian linear and time invariant o-e�ients systems:

Mq̈ + Cq̇ +Kq = Fext(t, z) + p (30)
q(t0) = q0, q̇(t0) = v0 (31)where C and K are respetively the lassial visosity and sti�ness matries.As illustrated on the Figure 6, all the lasses inherit from the DynamialSystem lass.DynamicalSystemLagrangianDSFirstOrderLinearDSFirstOrderNonLinearDSLagrangianLinearTIDSFigure 6: DynamialSystem-type lasses6.2 RelationsAs explained above, and aording to Part II notation, some relations between loal, (y, λ), andglobal variables (x, r), have to be set to desribe the interations between systems. The generalform of these algebrai equations is:

y = output(x, t, z, . . .)
r = input(λ, t, z, . . .)

(32)and is ontained in the abstrat Relation lass. Any other Relation objets are derived fromthis one.As for DynamialSystems they are separated in �rst and seond order relations, and spei�edaording to the type and number of the variables, the linearity of the operators, et. The possibleases are:RT n° 0123456789



22 Aary & Pérignon� FirstOrderR lass, whih desribes the nonlinear relations of �rst order as:
y = h(X, t, Z)
R = g(λ, t, Z)

(33)Note that we use upper ase for all variables related to DynamialSystem objets. Rememberthat a Relation objet applies trough the Interation objet to a set of dynamial systems,and thus, X , Z,. . . are onatenation of x, z,. . . of the DynamialSystem objets onernedby the relation.� FirstOrderLinearTIR lass, whih desribes the �rst order linear and time invariant relations:
y = CX + FZ +Dλ+ e (34)
R = Bλ (35)One again, see for instane the Diode Bridge example in part I.� LagrangianSleronoumousR lass: the sleronomi onstraints ase, where the relation de-pends only on the global oordinates of the Dynamial Systems.

y = h(Q,Z) (36)
ẏ = G0(Q,Z)Q̇ (37)
P = ∇th(Q,Z)λ = Gt

0(Q,Z)λ (38)with
G0(Q,Z) = ∇Qh(Q,Z) (39)� LagrangianRheonomousR: in that ase, the relation depends also on time.

y = h(Q, t, Z) (40)
ẏ = G0(Q, t, Z)Q̇+

∂h

∂t
(Q, t, Z) (41)

P = Gt
0(Q, t, Z)λ (42)with

G0(Q, t, Z) = ∇Qh(Q, t, Z) (43)� LagrangianCompliantR lass: there, the relation depends on λ. For instane in the me-hanial ase, this may orresponds to a spring, sine it links more or less a fore to adisplaement.
y = h(Q, λ0, Z) (44)
ẏ = G0(Q, λ0, Z)Q̇+G1((Q, λ0, Z)λ1 (45)
P = Gt

0(Q, λ0, Z)λ0 (46)with
G0(Q, λ0, Z) = ∇Qh(Q, λ0, Z) (47)
G1(Q, λ0, Z) = ∇λ0

h(Q, λ0, Z) (48)and λ0 the multiplier orresponding to y, while λ1 orresponds to ẏ.� LagrangianLinearR lass: the simplest one, with linear and time invariant relations betweenloal and global variables.
y = HQ+Dλ+ FZ + b (49)
P = Htλ (50)As shown on the Figure 7, all the lasses inherit from the Relation lass. INRIA



Sionos Platform Overview 23RelationFirstOrderR LagrangianRLagrangianLinearR LagrangianCompliantRLagrangianRheonomousRLagrangianScleronomousRFirstOrderLinearRFigure 7: Relation-type lasses.6.3 Nonsmooth LawsThe NonSmoothLaw objet is the last required objet to omplete the Interation objet. Wepresent here a list of the existing laws in Sionos.� ComplementarityConditionNSL lass whih models a omplementarity ondition as :
0 6 y ⊥ λ > 0 (51)� NewtonImpatNSL lass whih models the unilateral ontat with the Newton's impat law,known also as the Moreau's impating rule:if y(t) = 0, 0 6 ẏ(t+) + eẏ(t−) ⊥ λ > 0 (52)� RelayNSL lass whih models the simple relay mapping as

{

ẏ = 0, |λ| 6 1

ẏ 6= 0, λ = sign(y) (53)� NewtonImpatFritionNSL lass whih models the unilateral ontat with Coulomb's fri-tion in 2D and 3D as
y = [yn, yt]

T , λ = [λn, λt]
T (54)if yn = 0,











0 6 ẏn ⊥ λn > 0

ẏt = 0, ‖λt‖ 6 µλn

ẏt 6= 0, λt = −µλnsign(ẏt)

(55)� PieewiseLinearNSL lass whih models one-dimensional pieewise linear set-valued map-ping with �ll in graphs as depited on the Figure 87 Simulation Related Components7.1 Integration of the DynamisTo integrate the dynamis over a time-step or between two events, OneStepIntegrator objetshave to be de�ned. Two types of integrators are available at the time in the platform, listed belowand represented on Figure 10.a:� Moreau lass for Moreau's time stepping sheme, based on a θ-method.� Lsodar lass for the Event Driven strategy; this lass is an interfae for LSODAR, odepakintegrator (see http://www.netlib.org/alliant/ode/do).RT n° 0123456789
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ComplementarityConditionNSLNewtonImpactFrictionNSLNewtonImpactNSL RelayNSL
NonSmoothLaw

Figure 9: NonSmoothLaw-type lasses.7.2 Formalization and Solving of the Nonsmooth ProblemsDepending on the enountered situation, various formalizations for the nonsmooth problem areavailable.� LCP lass whih desribes the Linear Complementarity Problem,
{

w = Mz + q

0 6 w ⊥ z > 0� FritionContat2D(3D) lass, for two(three)-dimensional ontat and frition problems� QP lass for the Quadrati Programming problem






min
1

2
zTQz + zT p

z > 0� Relay lass for the relay problemFrom a pratial point of view, the solving of nonsmooth problems relies on low level algorithms(from the Sionos/Numeris pakage). The available nonsmooth solvers for LCP are LexioLemke,PGS (Projeted Gauss Seidel), QP (Quadrati Programming), CPG (Conjugate Projeted Gradi-ent).
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LsodarOneStepIntegratorMoreau(a) FrictionContactFrictionContact3D
OneStepNSProblem

FrictionContact2DLCPQP(b)Figure 10: (a) One-Step Integrators lasses - (b) One-Step Nonsmooth Problem lasses.8 Sionos Software Design8.1 OverviewSionos is omposed of three main parts: Numeris, Kernel and Front-End, as represented onFigure 11 below.
SICONOS/Kernel

SICONOS/Front−End
Interface (Python, Scilab ...) 

program
C++

User
Plug−in

SICONOS/NumericsFigure 11: General design of Sionos softwareThe Sionos/Kernel is the ore of the software, providing high level desription of the studiedsystems and numerial solving strategies. It is fully written in C++, using extensively the STLutilities. A omplete desription of the Kernel is given in Setion 8.2.The Sionos/Numeris part holds all low-level algorithms, to ompute basi well-identi�edproblems (ordinary di�erential equations, LCP, QP . . . ) and is based on BLAS/LAPACK linearalgebra routines and ODEPACK. It is written in C and FORTRAN.The last omponent, Sionos/Front-End, provides interfaes with some spei� ommand-languages suh as Python or Silab. This to supply more pleasant and easy-aess tools forusers, during pre/post�treatment.Note that while the Kernel annot work without Numeris, Front-End is only an optional pak.
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26 Aary & Pérignon8.2 Sionos Kernel ComponentsAs previously said, Kernel is the entral and main part of the Software. The whole dependeniesamong Kernel parts are fully depited on Figure 12 below.
SICONOS KERNEL 

UTILS

MODEL

(XML)
INPUT−OUTPUT

PLUG−IN

NUMERICS

CONTROL

SIMULATIONMODELING

Figure 12: Kernel omponents dependenies.All the Kernel implementation is based on the logi we gave in Setion 5. It is mainly omposedof two rather distint parts, modeling and simulation, that hold all the objets used respetivelyin the NSDS modeling (see Setion 5.1) and the Simulation desription (see Setion 5.2).The Utils module ontains tools, mainly to handle lassial objets suh as matries or vetorsand is based on the Boost library6, espeially, uBLAS7, a C++ library that provides BLASfuntionalities for vetors, dense and sparse matries.The Input-output module onerns objets for data management in XML format, thanks to thelibxml2 library. More preisely, all the desription of the Model, NSDS and Simulation, an bedone thanks to an XML input �le. A example of suh a �le is given in Setion 9.1.Control pakage provides objets like Sensor and Atuator, to add ontrol of the dynamialsystems through the Model objet, as explained in Setion 5.3.A plug-in system is available, mainly to allow the user to provide his own omputation methodsfor some spei� funtions (vetor �eld of a dynamial system, mass . . . ), this without having tore-ompile the whole platform. Moreover, the platform is designed in a way that allows user toadd dediated modules through objet registration and objet fatories mehanisms (for exampleto add a spei� nonsmooth law, a user-de�ned sensor . . . ).To onlude, lass diagrams for modeling and simulation omponents are given in Figures 13and 14, whih make learer the various links between all the objets presented before.6http://www.boost.org7http://www.boost.org/libs/numeri/ublas/do/index.htm INRIA
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Figure 13: Simpli�ed lass diagram for Kernel modeling part.
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TimeSteppingOneStepNSProblem
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Figure 14: Simpli�ed lass diagram for Kernel simulation part.Note that the above presentation is only an overall view whih is moreover likely to hange, soif you are interested in, we enourage you to hek on the http://sionos.gforge.inria.fr/pages for the last updates.
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28 Aary & PérignonPart IVExamples9 Mehanial examples9.1 The Bouning Ball(s)As shown in the �gure below, we onsider a ball of mass m and radius R, desribed by 3 generalizedoordinates q = (z, x, θ). The ball is subjeted to the gravity g. The system is also onstituted bya rigid plane, de�ned by its position h with respet to the axis Oz. We assume that the positionof the plane is �xed.

Figure 15: A ball bouning on the ground.The equation of motion of the ball is given by:
Mq̈ = Fext(t) + p (56)with M the inertia term, p the fore due to the non-smooth law, i.e., the reation at the impattimes and Fext(t) : R 7→ Rn the given external fore.

M =





m 0 0
0 m 0
0 0 I



 , I = 3
5mR

2, Fext =





−mg
0
0



 (57)The ball bounes on the rigid plane, introduing a onstraint on its vertial position, given by:
z −R− h > 0 (58)We introdue y as the distane between the ball and the �oor and λ as the multiplier that orre-sponds to the reation at ontat. Then from (58), we get:

y = Hq + b = [1 0 0]q −R− h (59)ompleted by:
p = Htλ (60)

INRIA



Sionos Platform Overview 29Finally we need to introdue a non-smooth law to de�ne the behavior of the ball at impat. Theunilateral onstraint is suh that:
0 6 y ⊥ λ > 0 (61)ompleted with a Newton Impat law, for whih we set the restitution oe�ient e to 0.9:if y = 0, ẏ(t+) = −eẏ(t−) (62)

t+ and t− being post and pre-impat times.Then, (56) �ts with LagrangianLinearTIDS (30) formalism, (59) and (60) withLagrangianLinearR (49) and (61) and (62) with NewtonImpatNSL (52). If we use XML forthe Model desription, the part orresponding to the NSDS will look like:<NSDS bvp='false'><DS_Definition><LagrangianLinearTIDS number='1'><Id> Ball </Id><q0 vetorSize='3'>1.0 0.0 0.0</q0><Veloity0 vetorSize='3'>0.0 0.0 0.0</Veloity0><FExt vetorPlugin="BallPlugin:ballFExt"/><Mass matrixRowSize='3' matrixColSize='3'><row>1.0 0.0 0.0</row><row>0.0 1.0 0.0</row><row>0.0 0.0 1.0</row></Mass></LagrangianLinearTIDS></DS_Definition><Interation_Definition><Interation number='1' Id='Ball-Ground'><size> 1 </size><DS_Conerned all='true'></DS_Conerned><Interation_Content><LagrangianLinearRelation><H matrixRowSize='1' matrixColSize='3'><row> 1.0 0.0 0.0</row></H></LagrangianLinearRelation><NewtonImpatLaw><e>0.9</e></NewtonImpatLaw></Interation_Content></Interation></Interation_Definition></NSDS>For the simulation, we use a Moreau's time-stepping sheme and an LCP formalization with aLemke solver:<Simulation type='TimeStepping'><TimeDisretisation><h>0.005</h></TimeDisretisation><OneStepIntegrator_Definition><Moreau><DS_Conerned vetorSize='1'>1</DS_Conerned><Theta all="0.5"></Theta></Moreau></OneStepIntegrator_Definition><OneStepNSProblem><LCP><Solver type="Lemke" maxIter="101" /></LCP></OneStepNSProblem></Simulation>And then, in the C++ input �le we have:RT n° 0123456789



30 Aary & Pérignon// Loading of the XML input file that desribes the model:Model * bouningBall = new Model("./BallTS.xml");// Get the simulation objetSimulation* s = bouningBall->getSimulationPtr();// ...// Initialize and run ...s->initialize();s->run();The results are presented on Figure 16.
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(d) Energy balane vs. timeFigure 16: Simulation results (time-stepping) for a ball bouning on the ground.We onsider now a olumn of 1000 spherial beads, in ontat or not, falling down to the ground.The modeling is quite the same as for the single ball, it is just neessary to de�ne more dynamialsystems, one for eah bead, and more interations, one for eah potential ontat between twobeads. The interest of this example lies in the important number of degrees of freedom (i.e.size ofvetor q) and of relations (size of y and λ) equal to 1000. Figure 17 displays vertial displaementsof the 8 lowest beads aording to time.9.2 A Lagrangian Nonlinear System: Simulation of a Roboti ArmAs a seond example, we onsider now the Mitsubishi PA-10 Robot, a seven degree�of�freedomanthropomorphi robot, presented on Figure 18.In Sionos, this roboti arm is modeled using a Lagrangian (nonlinear) dynamial system, thatinterats with the ground. The arm falls down due to its own weight and bounes on the ground.Moreover, artiular stops have been inluded to limit angular rotations. The degrees of freedomare the rotation angles, represented by the vetor q. Neither external fores nor ontrol terms arepresent. Finally, the robot dynamis is ast into the framework of Lagrangian dynamial systems
INRIA
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Figure 17: Vertial displaement of the ten lowest beads aording to time.

Figure 18: Mitsubishi PA-10 roboti arm
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32 Aary & Pérignonas in (26). As a relation, we set that the distane between the arm and the ground must remainpositive, whih means that ontats an our but without penetration. The ontat is supposedto be fritionless with a restitution oe�ient denoted as e. This leads to nonlinear links betweenthe angular position (i.e. omponents of q), that an be written as:
ẏ = ∇qh(q)q̇ r = g(q)λ = ∇t

qh(q)λ (63)A Newton-Impat non smooth law omplete this set of equations.
ẏ(t+) = −eẏ(t−) (64)with a restitution oe�ient e = 0.9 for ontat with the ground and e = 0 for angular stops.The results of Sionos simulation, using Moreau time-stepping, Newton algorithm and a non

(a) (b) () (d)Figure 19: roboti arm fall-down (a) initial position - (b) before ontat with ground - () ontat- (d) post-ontatsmooth quadrati programming solver, are presented on Figures 19 and 20. We denote A andB respetively the �rst (the one lamped on the ground) and seond parts of the arm; θ1 is theangle between A and the vertial position and θ2 the angle between A and B. First, θ1 and θ2inrease, until the last one reahes its maximum angular position. Then θ1, goes on inreasingand θ2 remains onstant until the extremity of the arm touhes the ground and bounes, here witha restitution oe�ient e equal to 0.9. Finally A touhes the ground and bounes also, togetherwith B, until the omplete arm lies on the ground. Note on 20. and d that the angular veloityanels when the angular stops are reahed, and hange their signs when ontat is established.9.3 The Woodpeker ToyThis system has been implemented in Sionos by M. Moeller from ETH Zurih, following theexamples proposed in [10℄. The Woodpeker toy is presented on Figure 21.a and b and onsists ina sleeve, a spring and the woodpeker. The hole in the sleeve is slightly larger than the diameterof the pole, thus allowing a kind of pithing motion interrupted by impats with frition. Itsdynamial behavior shows both impat and frition phenomena.The Woodpeker Toy is a system whih an only operate in the presene of frition as it relieson ombined impats and jamming. Among other things, an animation of the toy an be foundthere: http://www.zfm.ethz.h/ leine/toys.htm.Some results obtained with Sionos are presented on Figure 22.9.4 The Cam Follower SystemThe am-follower system has been proposed and implemented by G. Osorio, Mario di Bernardoand Stefania Santini from University of Naples Federio II, Italy. INRIA
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(a) θ1(t) (b) θ2(t)

() θ̇1(t) (d) θ̇2(t)Figure 20: Sionos simulation of the roboti arm
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34 Aary & Pérignon

(a) (b)Figure 21: The woodpeker toy.
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Figure 22: Simulation results for the woodpeker toy using Sionos platform.
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Sionos Platform Overview 35The am-follower system is represented on Figure 23. The free body dynamis an be desribedby a linear seond order system. An external input is onsidered ating diretly on the follower.This input is a nonlinear foring omponent oming from the valve. The follower motion isonstrained to a phase spae region bounded by the am position. The non onservative Newtonrestitution law is used for the omputation of the post impat veloity. The am is assumed tobe massive, therefore only rotational displaement is allowed. Under these assumptions, the freebody dynamis of the follower an be desribed by:
µ
d2u(t)

dt2
+ ζ

du(t)

dt
+ κu(t) = fv(t), if u(t) > c(t). (65)where µ, ζ and κ are onstant parameters for the follower mass, frition visous damping andspring sti�ness respetively. The state of the follower is given by the position u(t) and veloity

v(t) = du
dt

. The external foring is given by fv(t) . The am angular position determines c(t)that de�nes the holonomi (i.e. onstraint only on the position) rheonomi (i.e. time varying)onstraint. The dynami behavior when impats ours (i.e. u(t) = c(t) ) is modelled via Newton'simpat law that in this ase is given by this ase is given by:
v(t+) =

dc

dt
− r

(

v(t−) −
dc

dt

)

= (1 + r)
dc

dt
− rv(t−), if u(t) = c(t). (66)where v(t+) and v(t−) are the post and pre impat veloities respetively, dc

dt
is the veloity vetorof the am at the ontat point with the follower, and r ∈ [0, 1] is the restitution oe�ient tomodel from plasti to elasti impats. In Figure 23 is presented the shemati diagram of thephysial am-follower system. In Figure 23.a for t = 0 , 1.b for t = β , and 23. the pro�le ofthe onstraint position δc(t) , veloity dc

dt
(t) and aeleration d2c

dt2
(t) . It is possible to visualizethe follower displaement as a funtion of the am position. It is also important to notie thatdi�erent types of ams and followers pro�les are used in pratial appliations.

(a) (b)Figure 23: (a) Shemati diagram of the am-follower system - (b) pro�les of the onstraintposition.It is possible to ompletely desribe the am-follower system as a driven impat osillator intothe framework of Lagrangian NSDS using a translation in spae. Setting û(t) = u(t) − c(t) andRT n° 0123456789



36 Aary & Pérignon
v̂(t) = v(t)− dc/dt , then equations (65) and (66) an be expressed as (the argument t will not beexpliitly written)

µ
d2û

dt2
+ ζ

dû

dt
+ κû = fv −

(

µ
d2c

dt2
+ ζ

dc

dt
+ κc

)

≡ f̂ , if û > 0 (67)
v̂+ = −rv̂−, if û = 0. (68)Using the framework presented in (26) we an derive all of the terms whih de�ne a LagrangianNSDS. In our ase the model is ompletely linear:

q =
[

û
]

, M(q) =
[

µ
]

, NNL(q, q̇) =
[

0
] (69)

Fint(t, q, q̇) =
[

ζ
]

q̇ +
[

κ
]

q, Fext =
[

f̂
] (70)The unilateral onstraint requires that û > 0 so we an obtain

y = HT q + b, HT =
[

1
]

, b = 0 (71)In the same way, the reation fore due to the onstraint is written as follows:
R = HλThe unilateral ontat law may be formulated as in (52) with a omplementarity ondition and aNewton's impat law.Simulation The simulation of the am follower system has been performed for di�erent valuesof the am rotational speed with the SICONOS software pakage using a time-stepping numerialsheme with step size (h = 1.10−4 ) and an event-driven sheme with minimum step size (hmin =

1.10−12 ). Figure 24 and 25 show the time simulations for di�erent values of the am rotationalspeed and Figure 26 shows the haoti attrator at rpm = 660 for impat and strobosopi Poinarésetions.10 Eletrial Examples10.1 MOS Transistors and InvertersMost of this work has been done by P. Denoyelle. More details an be found in [5℄10.1.1 Pieewise Linear Model of a MOS TransistorPeople ould bene�t from a simpli�ation of devies models (e.g MOS models) in the form of apieewise linear representation instead of the ompliated formula implemented in SPICE simula-tors. For instane, in [9℄, the authors onsidered the Sah model of the NMOS stati harateristi:
IDS =

K

2
· (f(VG − VS − VT ) − f(VG − VD − VT )) INRIA
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40 Aary & Pérignonwith:
K =

µCOXW

L
µ mobility of majority arriers(sample values of 750 cm2.V −1.s−1 for a NMOS, 250 cm2.V −1.s−1 for a PMOS)
COX =

ǫSiO2

tOX

ǫSiO2
= ǫr SiO2

· ǫ0 (ǫr SiO2
≈ 3.9)

tOX oxide thikness ≈ 4nm in a reent 180nm tehnology
W hannel width
L hannel length ≈ 130nm in a reent 180nm tehnology
VT threshold voltage depending on tehnology, VBS , temperature ≈ 0.25 to 1 VThe funtion f : R −→ R is de�ned as:

f(x) =

{

0 if x < 0
x2 if x > 0The pieewise and quadrati nature of this funtion was approximated by the following 6 segmentspieewise linear funtion by the authors of [9℄ (see Figure 27):

fPWL(x) =































0 if x < 0
0.09 · x if 0 6 x < 0.1
0.314055 · x− 0.0224055 if 0.1 6 x < 0.2487
0.780422 · x− 0.138391 if 0.2487 6 x < 0.6185
1.94107 · x− 0.856254 if 0.6185 6 x < 1.5383
4.82766 · x− 5.29668 if 1.5383 6 x
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Figure 27: Pieewise linear approximation of fThe relative error between f and fPWL is kept below 0.1 for 0.1 6 x < 3.82. The absolute erroris less than 2 · 10−3 for 0 6 x < 0.1 and 0 for negative x. In pratie, the values of VG, VS , VD, VTin logi integrated iruits allow a good approximation of f by fPWL.
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Sionos Platform Overview 41The �gure 28 displays the stati harateristi IDS(VGS , VDS) of an NMOS obtained with theSPICE level 1 model and the pieewise linear approximation of the Sah model. The followingparameter values were used:
ǫr SiO2

= 3.9

tOX = 20 nm

µ = 750 cm2.V −1.s−1

W = 1 µm

L = 1 µm

VT = 1 VBottom �gures inlude both models results with two di�erent viewpoints to display the regionswhere di�erenes appear.
PWL model solved by LCP
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Figure 28: Stati harateristi of an NMOS transistor with a simple PWL model and SPICElevel 1 model10.1.2 Inverter ChainThis simple model of a NMOS transistor was adapted to the PMOS transistor and both modelswere used to simulate an inverter hain (see Figure 29). The output of eah inverter is loaded bythe intrinsi apaitanes of transistors (with values of a few fF ) and a load apaitor of 50 fFrepresenting the wiring between suessive inverters.
RT n° 0123456789



42 Aary & Pérignon
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Cload Figure 29: Inverter hain in CMOSIn these early simulations, the dynamial behavior of the MOS transistor was simpli�ed by keepingthe intrinsi apaitanes CGS and CGD independent from voltages. Of ourse, this di�ers fromthe Meyer nonlinear apaitanes implemented in the SPICE level 1 model. Figure 30 shows theomparison between simulation results with SPICE (dotted lines) and SICONOS for a seletionof inverters output voltage and MOS urrents.
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Figure 30: Simulation of a 10 inverters hain with SICONOS and SPICE level 1 model
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Sionos Platform Overview 4310.2 Power ConvertersThe funtioning of swith mode power supplies is based on �ybak diodes and swithed transistorswith a regulation on output urrent or voltage. The artile [1℄ presents some simulation results ofa Cuk onverter 8 whih have been reprodued in Sionos.This example has been proposed and developed by I. Merillas, E. Fossas and Carles Battle fromUniversitat Politènia de Catalunya (UPC), Barelona [11℄. The system onsists in a ParallelResonant Converter (PRC) whih is basially a d-d power onverter. The shemati of the PRCis shown in Figure 31. The system is omposed of four parts: an inverter blok, a resonant tank inseries, a reti�er blok and an output �lter. In our ase, the inverter blok is a full-bridge inverter.It is alled parallel resonant onverter beause the load is in parallel with the resonant apaitor.

Figure 31: A Parallel Resonant Converter diagramTo represent the system in Sionos, we use a FirstOrderLinearDS, a FirstOrderLinearTIR anda ComplementarityConditionNSL, as given in (24), (34) and (51) respetively.An thus we obtain a LCS (Linear Complementarity System) of the form:
ẋ(t) = Ax(t) + b(t) + r, (72)
y(t) = Cx(t) +Dλ(t), (73)

0 6 y ⊥ λ > 0 (74)with the state x = [ir, vr, iL, v0], and the omplementarity variables y = [vD1, vD3, iD2, iD4] and
λ = [iD1, iD3, vD2, vD4]. And:

A =















0 − 1
Lr

0 0

1
Cr

0 0 0

0 0 0 − 1
Lf

0 0 1
Cf

− 1
RLCf















, B =











0 0 0 0

− 1
nCr

1
nCr

0 0

0 0 1
Lf

1
Lf

0 0 0 0











, (75)
C =









0 − 1
n 0 0

0 1
n 0 0

0 0 1 0
0 0 1 0









, D =









0 0 1 0
0 0 0 1
−1 0 0 0
0 −1 0 0









, (76)8This work was supported by the European projet SICONOS IST-2001-37172.RT n° 0123456789



44 Aary & PérignonAnd for the external soure:
b(t) = E Sign(sin(wt)), E =









1
Lr

0
0
0









(77)The numerial simulations are performed with the following parameter values: Lr = 150µH ,
Lf = 0.4mH , Cr = 68nF , Cf = 2.2µF , RL = 33Ω and the frequeny of the input voltage
F0 = 55000Hz. The results are given on Figure 32.
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