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Abstract

Keywords:

In this chapter we present a mathematical formulation of complementar-
ity dynamical systems with arbitrary dimension and arbitrary relative
degree between the complementary slackness variables. The proposed
model incorporates the state jumps via high-order distributions through
the extension of Moreau’s sweeping process, which is a special type of
differential inclusion. The time-discretization of these nonsmooth sys-
tems, which is non-trivial, is also presented. Applications of such high-
order sweeping processes can be found in dynamic optimization under
state constraints and electrical circuits with ideal diodes, where it may
be helpful for a better understanding of the closed-loop dynamics in-
duced by some feedback laws.

Complementarity systems, Hybrid systems, Convex analysis, Differen-
tial inclusions, Variational inequalities, Numerical simulation, Zero dy-
namics, Relative degree.

Introduction

The general objective of this chapter is the study of complementarity
dynamical systems with arbitrary relative degree. As we shall briefly see
below, such systems possess complex dynamics and their well-posedness,
numerical time integration, and analysis for control, have not yet been
understood except in some particular cases. It is proposed here to settle a



general dynamical framework for such higher relative degree complemen-
tarity systems, using the concept of differential inclusions and Moreau’s
sweeping process. Besides showing the coherence of the presented dy-
namics and its usefulness in designing a numerical time-stepping scheme
(which in particular paves the way for well-posedness studies), numer-
ous problems like optimal control with state inequality constraints and
feedback control of circuits can benefit from the approach.

1. The ZD canonical representation

In this section several state space representations are derived, which
will prove to be useful to formalize the extended sweeping process.

1.1 Canonical state space representations

Let us consider the following linear complementarity system:

&(t) = Az(t) + BA(t), z(07) =9
(22.1)
0<At) Lw(t)=Cx(t)>0

where z € IR", A\ € IR. If the pair (A, B) is controllable, then the
system in (22.1) has a relative degree 7** < n (Sontag, 1998). Let us
note that it is implicitly assumed in (22.1) that the relative degree is
strictly larger than zero. Actually, the framework that is presented next
is essentially linked to systems with r®* > 1. As a consequence it is
of little interest for so-called relay systems, whose relative degree % is
always zero (Camlibel, 2001, Chapter 7). This allows one to perform a
state space transformation, with new state vector z = Wx, W square
full-rank, and 27 = (w,w,ﬂ},...,w(rm_l),fT) = (z7,¢7), ¢ € R
such that the new state space representation is (Sannuti, 1983)



Zrwr_1(t) = 2w (t) (22.2)

Zn(t) = CA™ W12(t) + CA™ ~1BA(t)

f(t) = Agf(t) + Bgzl (t)

0<z(t) LAt) >0, 2(07) =2

In Systems and Control theory, the dynamics £ = Ae€ is called the
zero dynamics, so we shall denote the state space form in (22.2) the ZD
representation. The notion of relative degree is quite similar to that of
index in DAE theory (Campbell and Gear, 1995), or to what is called the
state constraint order in optimal control (Hartl et al., 1995). We note
that the formalism in (22.2) continues to hold if A, w € IR™. The system
has a uniform relative degree if all the Markov parameter CiA’”mlej
are non zero for some r%* and all integers i,j € {1,m}, where C; is
the ith row of C' while B; is the jth column of B. Then CA™-1p
is an m x m matrix. One has in the multivariable case 2(-) = w;(+),
1 <i<m and

/

Zon(t) = GA™ Wl (t) + G A™ 1 BA (22.3)

Ei(t) = Ae&i(t) + Be,2i(t), 1<i<m

L 0< 21(8) LA®E) >0

Grouping terms together z; = (z{,...,2/")7, and so on, one gets the
same expression as in (22.2) but all z;, 1 <4 < r®*, are m—dimensional.
One has also mr*? < n.

1.2 Distributional dynamics

Until now possible state x(-) jumps have not been introduced. It is
of utmost importance to notice that in general, the solutions of (22.2)



(equivalently of (22.1)) will not be differentiable. Consider for instance
the initial data z;(07) < —6 for some § > 0 and all 1 < i < r**. Then
obviously all the z;, 1 < i < r®* need to jump to some non-negative
value so that the unilateral constraint z1(t) > 0 is satisfied on (0,¢€)
for some € > 0. At this stage we can just say that a jump mapping
is needed. Its form will depend on the type of system one handles (in
Mechanics, this is the realm of impact mechanics (Brogliato, 1999)). If
one considers (22.2) as an equality of distributions, then we can rewrite
it as

Dzl = 22
DZQ = Z3
DZg = Z4

(22.4)

Dzrw)\ -1 = Z,rw)\

Dzpur = CA™ W1z 4+ CA™ ~1BA

D¢ = Agﬁ + B¢z

where D denotes the distributional derivative (Ferreira (1997)). At a
reinitialization time one has z(t;) = F[z(t; )], where F(-) is an operator
that will be defined later. Let us denote the jump of a function f(-),
with right and left limits at time ¢, as os(t) = f(t7) — f(t7). Con-
sider the above initial conditions on z(-). Then Dz is a distribution
of degree 2 and we get Dz = {21} + 0,,(0)0gp = z2. Consequently
Dz is a distribution of degree 3 (Ferreira (1997), Theorem 1.1), and
Dz = D221 = D{Zl} + 021(0)50 = {2’2} + 0'{731}(0)(50 + Uz1(0)50 = Z23,
and {#1} = {22}. Then Dz3 is a distribution of degree 4, and we get
Dzg = D{ZQ} + 0{21}(0)(50 + 0, (0)50 = {2’3} + 0'{22}(0)(50 + 0{21}(0)50 +
031(0)50 = z4, and {Z"z} = {23}. Thus U{Z-l}(O) = 22(0+) — ZQ(O_),
and 0(:,1(0) = 23(07) — 23(07). And so on. Until now we have de-
composed only the left hand side of the dynamics as distributions of
some degrees. Now let us get back to the distributional dynamics in
(22.4). Starting from Dz; = z3, one deduces that the right hand side
has to be of the same degree than the left hand side. This means that
the right hand side is equal to {z2} + p1, where p; is a distribution of
degree 2, i.e. a measure. Similarly from Dz, = 23 one deduces that
z3 = {z3} + ph, where pf has degree 3 and can therefore further be
decomposed as g + py, with deg(pz) = 2 and deg(u}) = 3. It is not
difficult to see that p} = fi1, using similar arguments as in (Brogliato,



1999, §1.1). Therefore Dzy = {23} + po + f11. The variables p; and po
are slack variables (or Lagrange multipliers), and are measures of the
form p; = g;(t)dt + du;, gi(-) being Lebesgue integrable function, and
dp; an atomic measure. We will see later that one cannot merge g;(t)
with {z;+1}, because supp(g;(t)dt) C {t| z1(t) = 0}, and the measure
;i will obey specific sign conditions. It happens that when no external
inputs (functions of time) act on the system, the non-atomic part of pu;,
1 <4< rw)—1, will always be zero, see lemma 22.10. Continuing the
reasoning until Dz,..x, we obtain Dz,un = CA™ W=z} +CA™ ~1BA
where deg(\) =deg(Dz,wx) = r**+1. Consequently from (22.4) one gets

Dz = {2z} +m
Dzy = {23} + i1 + p2
Dzg = {za} + jin + f12 + pu3

. - - (22.5)
Dz ={zis1} + ,uéz 2 + ug 2) + A o1

' w)\il
Dzwx_y = {ZW;\”\} + HY ) + " + Hpwr g
Dzun = CA™ W12} + CA™ 1B

We keep the notation A for the multiplier which appears in the last
line, and whose expression will be given in the next section. It is impor-
tant at this stage to realize that X is the unique source of higher degree
distributions in the system, which will allow the state to jump. Therefore
the measures p; have themselves to be considered as “sub-multipliers”.
In (22.5) we have separated the regular (functions) parts denoted as {-}
and the atomic distributional parts. Notice that {z;11} = {%;}. Also
D{z} = {ziy1} + p;. From this last fact it is convenient to extract the
“measure” part of (22.5) as

Dz = {z2} + 1
D{z} = {z3} + p2
D{z3} = {za} + 3

: (22.6)
D{z} ={zit1} + i

D{erk—l} = {Zr“’)‘} Tt Hpwx g
D{zum} = CA™ "Wz} + CA™ " B un




where the terms D{z;} can now be interpreted as the differential mea-
sures of {z;} (Marques, 1993). It is noteworthy that (22.6) is not at all
equivalent to (22.4). It will be quite useful, however, for the character-
ization of the extended sweeping process and some of its properties, as
well as for time-discretization. Roughly speaking, (22.6) represents the
system before and after a state reinitialization, whereas (22.4) intends
to also represent the dynamics at jump times.

The measures y; and the distribution A in (22.5) play a similar role
to the Lagrange multiplier in Mechanics with unilateral contact. View-
ing the dynamics as an equality of distributions as in (22.5) paves the
way for time-discretization with time-stepping algorithms, i.e. numer-
ical schemes working without event detection procedures and constant
time-step.

Positivity of A: Only the Dirac measures p; and time functions are
signed. Consequently writing A > 0 is meaningless. The correct writing
of the complementarity 0 < z; L A > 0 (see corollary 22.9 below)
requires to reformulate the dynamics under a suitable representation
and will be done through several steps. Another point of view is to
assert that A > 0 implies that A\ is a measure. However as we shall see
this is not sufficient to assure z;(t) > 0. Consequently one has to resort
to higher degree distributions to give a reasonably general meaning to
the dynamics in (22.2).

2. The extended Moreau’s sweeping process

In order to simplify the presentation we shall assume in many places
that m = 1. When the statements or results also obviously hold for
m > 2 and uniform relative degree (see (22.3)) this will be pointed out.
Starting from (22.4) (22.5) the extended sweeping process is written as
follows (in order to lighten the writing we will denote the non-singular
part of a distribution z as z(t))

Wi € _angjl(zl(t—),...,zi,l(t—))(Zi(t+)) for all 1 <4 < rwh (22.7)

where T%(zl, ,Z,) = TTé)_l(Zl,...,Zi_ﬂ(zi)’ T(Il,(zl) = Tq;(zl), Tg(zl) =
® and Top(z) = {v|v>0if 2 < 0,v € R if > 0} is the tangent cone
to ® = IRT at = (extended outside ®), defined as in (Moreau, 1988)
to take into account constraint violations. We shall keep the notation
® noting that in general when one starts from the ZD dynamics, one
gets ® = (IRT)™. Moreover we also keep in mind the extension of the
material that follows towards formalisms involving convex sets ®(¢) and
not necessarily being the ZD dynamics of a given system. The sets



8¢T£71(z1(t,) zi,l(t*))(zi(ﬁ)) are cones and therefore the inclusions in

: o sl i = i i, (22. I
(22.7) make sense: since p gi(t)dt + dp;, (22.7) means that either

0u;(t) is the density of u; with respect to d;. Thus one sees that A in
(22.5) can be given a meaning as

A= (CA™ 1B Y g s ] e (22.8)

provided CA™ 1B is invertible. Then A is uniquely defined as in
(22.8). The positivity of A is now understood as the positivity of z4,wx.
It is then important to see that the distributional dynamics

D™ 2 = Dzpr = CA™" Wz} + CA™ 1B (22.9)

with A in (22.7) (22.8), is equivalent to (22.5) (22.7). In (22.9) we used

the standard notation for distributional derivatives (Ferreira (1997)).
Notice that (22.9) (22.8) (22.7) is the same as (22.4) (22.8) (22.7).

DEFINITION 22.1 The higher order (or extended) sweeping process is
the dynamical system represented in (22.4)-(22.5)-(22.7). This is a par-
ticular measure differential inclusion.

ASSUMPTION 22.2 Let the test functions ¢(-) be with compact support
and n times differentiable with continuous (n + 1)th derivative. The
solutions of the higher order sweeping process in (22.4)-(22.5)-(22.7)
are distributions T' such that (T, ¢) = ", supp(6) oD (t)dh;, where h;,
1 < i < n are RCLSBV (Right Continuous Locally Special Bounded
Variation), and n < r®* + 1.

Thus dh; = hi(t)dt + fh;a, Where hz() is Lebesgue integrable and
[h,q i an atomic measure with countable set of atoms. Distributions

of the form f(t) + 22:0 aidgi), I < +00, belong to the above set, with
9i(t) = a;H;(t), H;(-) is the Heaviside function with jump at ¢ = t;. The
proposed framework permits atomic distributions with support a set of
times {tx}r>0, 0 < & < o0, with possible accumulations, and that
may even not be orderable. We also note that assumption 22.2 implies
that outside the state jump times, right and left limits exist so that
2(t1) = lims— 51 2(s) and 2(t7) = lims_y s<¢ 2(s) have a meaning for
all t in the interval of existence of solutions, which is a crucial property in
the developments which follow. This framework also allows us to recover
the case of Mechanics which involves signed distributions of degree < 2,
i.e. measures (Ballard, 2000). The framework proposed in assumption



22.2 is thought to be large enough to encompass the non-autonomous
and nonlinear cases as well. One sees that from assumption 22.2, the
measures p; are the derivatives of some functions v;(-) € RCLSBV. We
recall that the continuous part of the derivative of special functions of
bounded variation is absolutely continuous.

From assumption 22.2, (22.6) (22.7) and (22.8) the extended sweeping
process can be formulated as the evolution Variational Inequality

( (D{zi} —{zin} v —a(th)) =
t

YV ove Ty (z(t), .., zioa( ))1<z<7““’)‘ 1

(CA™ T 1B) D{zm} — CA™ W12}, 0 — zun (t1)) > 0,
YV ve T&;wk_l(zl(t*), ey Zpwn_1 (£7))

(£(t) — Ack(t) — Bem(t),v — €(1) > 0, Yo € R

2(07) =z € R"

(22.10)

REMARK 22.3 Assumption 22.2 is not too stringent. Especially the fact
that solutions admit right and left limits everywhere seems to be a basic
requirement. Many of the technical results that follow use it.

Starting from (22.2) one is tempted to write the inclusion
Dzux — CA™ W lz(t) € —CA™ 1B 0o (21 (1))

which makes sense only if X is a measure since 9vY¢(z1(-)) is a cone. This
inclusion is replaced by

:LLTU»‘ € — ad}Tgw)‘fl (t_))( rwA (t+))

(Zl(t_),...,szA71

n (22.7). The following is true

LEMMA 22.4 The inclusion 8¢Trw/\ | )(zrwx) C 0Ya(z1) holds
1% wA g

for all z1, ..., zwx. Also from (22 7) one has z1 > 0 = pwr = 0, and
if z1 =0 then pwx > 0.

Proof: If 21 > 0 then Ty(z1) = IR and Jve(21) = {0}, and since
Ty (21, 2i-1) = IR then Opizi(zy s y(20) = {0} forall 1 <i <

rA. In particular from (22.7) prws = 0. If 21 = 0 then O+ (21) = IR™.
Depending on the values of 23, ..., z; being positive or non-positive, one



may have OwT;(zl,...,zi)(ziH) = IR or 877!1%(217__7%)(2@-“) = {0} for all

1 <4 <rw*—1. Indeed assume that z; = 29 = ... = zj =0and zj41 >0

(this implies that z = 0). Then (®) = T9(z1) = To(21) = T2(21,22) =

Tg(21,22,23) = ... = T(%(zl,...,zj) = R+. And T(%+1(Zl,...,2j+1) =
1 A

T3 (21, 00y 2j42) = oo = o Y(21, ., Zpwr_q) = IR. This can be seen

since for instance T3~ (21, ..., zj+2) = TT£+1(Z1,...,Zj+1)(Zj+2) =Tr(zj12) =

IR because also T£+1(Zl,...72j+1) = Tpr+(zj+1) = IR. Consequently
8¢T£(z1,...,zi)(zi+1) = IR for all 0 <i < j, whereas 8¢T$(Z17W7Zi)(zi+1) =
{0} for j +1 < i < r** — 1. We conclude that under such conditions
i > 0forall 1 <¢ < 541, and py; :Oforallj+2§i§rw)‘.
Consequently p,wx > 0 when z; = 0. The inclusion is also proved. [

LEMMA 22.5 The distribution Dz in (22.5) (22.7) is of degree < 2, so
that z1(-) is a function of time and the zero-dynamics is an ODE (i.e.
D¢ = %(t)) Also X has degree < r** + 1.

Proof: From (22.7) u; has degree < 2 so from (22.5) and (22.8) the
result follows. [

The following lemmas prove that the extended sweeping process in-
clusion defines a well-posed state jump mapping.

LEMMA 22.6 From (22.4) (22.5) (22.7) we get for all 1 <i < r®? —1
and allt > 0,

21 (1) = 201 (t7) € =0%gi 2y (1), )) (i1 (7)) (2)
0 (22.11)

zir1(t1) = prox [Té,(zl (t7), .y zi(t7)); Zi+1(t_):| (b)

Proof: The proof starts by noting that (22.5) is an equality of dis-
tributions, and that at state jump times, Dz; is a distribution of degree
strictly larger than z;41(-) which is a function (Ferreira (1997), Theo-
rem 1.1). Equaling distributions of same degree results in (22.11) (a)
(see (Brogliato, 1999, §1.1) for such a reasoning in the case of distribu-
tions of degree < 2). The rest of the proof is a direct consequence of
the equivalence —x 4+ y € Yk (x) <= = = prox|K;y| (Rockafellar and
Wets, 1998, Example 10.2) (Brezis, 1973, Example 2.8.2), where K is a
nonempty convex set, and prox[K;y| denotes the closest vector to y in
K (i.e. the projection of y on K). [ ]



REMARK 22.7 The prozimation operation in (22.11) (b) is used here in
the sense of (Moreau, 1963), i.e. proxyz is the point where the function
u— 3|z —u||> + f(u) attains its minimum value. When f(-) = g (-),
then prox ¢z = prox[K; .

This shows that jumps are automatically taken into account by the
dynamics as it is written in (22.4)-(22.5)-(22.7). We notice also that the
lower triangular structure of the tangent cones which appear in (22.7)
merely reflects the way the measures u; appear in (22.5). We also have

LEMMA 22.8 Let m > 1.A R
Let us assume that CA™ " ~'B = (CA™ " ~1B)T > 0. Then for allt >0,

— 2 (1) + 2,n () € CA™ 1B 09

0

w w (BT
7y L1<zl(t—>,-..,zrw,1<t—>>(’"’“ ()

PWA _ _ _ —
2 (E1) = PTOT G grwd—1 g1 [T(} Y21 (t7), o 2por 1 (87)); 2w ( )}

(22.12)
and these generalized equations possess the same unique solution z,.wx (tT)
for any zwx (t7).

COROLLARY 22.9 Let the solution of (22.4) (22.5) (22.7) exist on a time
interval [T, 7+¢€| and assumption 22.2 holds. Then z(tT) € Ty ' (21(t7),
for all 2 < i <ryy, and 0 < 21 (t%) L pun(t) >0 for all t € [1,7 + €.

Proof: From lemmas 22.4, 22.6 and 22.8, and also from assumption
22.2 which implies that solutions have right and left limits everywhere
in [7,7 + €. Indeed from lemma 22.4 we have that z; > 0 = p,wx =0,
and if z; = 0 then p,wx > 0. Let us assume now that g, (t) > 0. This
implies that O (ti))(zrm (t7)) = IRT which in turn

TN (a1 ()2 on
implies that z;(¢7) < 0 from the definition of the tangent cones (see also
the developments in the proof of lemma 22.4). Now from lemma 22.6 it
follows that 21 (¢1) > 0 for all t € [, T+¢] since 21 (t1) = prox[®; 21 (t7)].
We deduce that in fact if p,wx > 0 then z1(¢t7) = 0. Thus 0 < z1(t1) L

fyw(t) > 0. The assertion z;(t+) € Ty *(21(t™, ..., zi—1(t7)) is a conse-
quence of (22.11) and (22.12): right limits, which by assumption exist,
belong to the tangent cones. |

This result (which is also a consequence of the inclusion in lemma
22.4 and of (22.7) with 4 = 7%*) implies that on intervals [r,T + ¢),
e > 0, on which z;(¢) = 0, the inclusion (22.4)-(22.5)-(22.7) implies the
existence of a multiplier A\(t) = p,wx () that belongs to —0¢p+(0) = R™,

10
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equivalently which satisfies 0 < 21 (¢*) L A(¢) > 0 and is the solution of
the linear complementarity problem (LCP)

0<A(E) LCA™ Wlz(t) + CA™ " BA(t) > 0 (22.13)

Equivalently, g, is the sum of an atomic measure dg,wx, SUpp(dt,w )
{t|] z1(t) = 0}, that corresponds to jumps in z,wx(-) and whose magni-
tude is the solution of the LCP in (22.12), and of a Lebesgue measure
gyw» (t)dt where g,.x(t) is the solution of the LCP in (22.13). In corol-
lary 22.9, the complementarity condition 0 < 21 (¢) L p,wa(t) > 0 can
equivalently be written as 0 < 29(¢1) L gwr(t) > 0, since the comple-
mentarity holds at the right limit z;(T). Similarly u; = g;(¢t)dt + dpu; for
all 1 < i < %, with supp(du;) C {t| 21(t) = 0}. On [7,7 + €) one has
gi(t) =0forall 1 <4 < r**—1, as can easily be deduced from 21 (t) = 0.
We thus have proved the following

LEMMA 22.10 Consider the extended sweeping process dynamics (22.4)
(22.5) (22.7) and let assumption 22.2 hold. Then g;(t) = 0 for all 1 <
i < 1% —1 and almost all t > 0, whereas g,.»(t) is the solution of the
LCP in (22.13).

LEMMA 22.11 The following inclusion holds

awTé)il(zl,...,zifl)(zi) g awTé;z(Zl,...,Zifg)(zifl) = NT(%72(21,...,Z¢,2)(Zi71)
(22.14)
foralll <1< P,

Proof: Let 21 = 23 = ... = 2; = 0 and zj41 > 0. Then as already
shown in the proof of lemma 22.4, one has 0¢ri (., . .. (zit1) = IR~ for

all 0 < i < j, and Oy ., . (2ir1) = {0} forall j+1 < i < A — 1.

So one sees that in particular it always holds that vy, ) (Zh+1) ©

81/]’]“;—1(21,...,21671)(2]{) for any 1 < k < 7% — 1. -

COROLLARY 22.12 The operators z;(t1) v+ —p;, 1 <1 <1 in (22.7)
are mazximal monotone.

Proof: These operators can be rewritten as the following cone CP

Té)_l(zl(ti), ...,Zz‘_l(ti)) > Zi(tJr) 1
— i € 0Py o,y oy (B (ET)) - (2215)

Since from lemma 22.11 we have

aQbTéfl(zl(t—),...,zifl(t—))(Zi(t+)) - NTg2(z1 (6= )soonrzia(67)) (Zifl (t+)

11



the cones in both sides of (22.15) are closed polar convex cones. Con-

sequently the operators that correspond to these cone CPs are maximal

monotone. ]
We notice that from (22.15) we get

To(21(t7)) 3 22(t7) L —p2 € 0¢qy 21—y (22(t7)) € No(21(t7))

It is also noteworthy that from corollary 22.9 one gets that the opera-
tor —p,wr — 21(tT) is also maximal monotone. Hence our framework
contains that of the sweeping process for Lagrangian systems (Moreau,
1988).

3. Numerical time integration scheme

This section addresses the problem of the numerical time integration
of complementarity dynamical systems with arbitrary relative degree.
Particularly, it is shown how one can take advantage of the formalism
in (22.4)-(22.7) to design a time-stepping scheme, i.e, a time integration
scheme without explicit event handling procedure.

A naive way to design a time-stepping scheme for non smooth systems
is to apply a backward Euler method to the dynamical equation and to
discretize the complementarity condition in a fully implicit way. One
obtains for the system (22.1) the following discretized system:

Tr+1 — T
T TE = Awgy + BAg

W1 = Cxpy1 + DAt
0< Apy1 Lwgy1 20

(22.16)

where h is the constant time step of a subdivision {¢;} of the time interval
[0,T] and the subscript k& denotes the approximation of a value at time
tg.

A straightforward substitution of wg; in the complementarity condi-
tion leads to solve the following complementarity problem at each step:

0< App1 L CUI—hA) oy +hC(I —hA)1BAN >0 (22.17)

For the linear complementarity systems, some sufficient conditions for
consistency and convergence of this backward Euler scheme have been
given in (Camlibel, 2002). They also exhibit several examples for which
the scheme does not work at all. Let us consider one of these examples,
introduced in (Camlibel, 2001, Example 6.3.3), where the system (22.1)
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is defined by

010 0 0

A=]100 1|;B={0[;C=[10 0]sz0=] -1

000 1 0
(22.18)

In this example, the relative degree r** is equal to 3 (D = 0,CB =
0,CAB = 0,CA%2B # 0). Using the time discretization defined above,
we can remark that:

Jim hC(I —hA)'B=0 (22.19)

It is clear that if the time step h vanishes, which may be needed in many
practical cases or for the convergence analysis purpose, then the LCP
matrix in (22.17) has little chance to be well conditioned due to the fact
that CB = 0. Furthermore, the numerical solution is given by

k(k+1)
h 1

T = k NVE>1;, A= ﬁ; Ay =0,Vk > 2 (22.20)
1
I3

which cannot converge towards a solution when h vanishes.

In fact, the backward Euler scheme is only consistent for the systems of
relative degree, r,» < 1. Indeed, we can construct easily many examples
of inconsistency with systems of relative degree equal to two.

A similar time-stepping method has been introduced in (Moreau,
1977) for a mathematical analysis purpose of the existence of solution for
the first order sweeping process. For systems of relative degree equal to
two, such as Lagrangian mechanical systems with unilateral constraints,
Moreau (Moreau, 1988) introduces the Contact Dynamics method which
extends the simple Euler method when some discontinuities may be en-
countered in the first time derivative of the state. Although the resulting
scheme seems to be very close to a standard Euler scheme, there are sev-
eral slight, but fundamental differences based on a sound mathematical
analysis of Moreau about the nature of the solution. For the Lagrangian
systems, majors lessons of this seminal work may be stated as follows:

m the use of a differential measure associated with a function of
bounded variation leads to a first order approximation given di-
rectly by the integration of the differential measure,

m  the use of finite values, as primary unknowns, such as velocity and
impulse. This feature allows one to capture the discontinuities
when the time step vanishes,

13



m the reformulation of constraints in terms of velocity associated
with a viability lemma to ensure the satisfaction of the position
constraint.

In the next section, we propose a time-stepping scheme based on these
remarks, which is able to integrate in time linear complementarity prob-
lems of any relative degree.

3.1 The proposed numerical scheme

The proposed numerical scheme is based on the ZD dynamical form
written in terms of measures (22.6). Let us consider a subdivision {¢}
of the interval [0, T]. The time integration of the differential measure on
Jtk, tr+1] is given by

/ D{z} = =(th,,) — z(t)) (22.21)
Itk tit1)

and we pose as a primary unknown the right value of the non singular
part of z; such that z; ;, = z(;") (vecall that z(t) or {z} denote the non
singular part of the distribution z). These remarks leads to the following
numerical integration rule for a generic line of the system (22.6):

/ D{Zz} = Zik+1 — Rik = / {Zi+1} dt +/ (W.QQ)
Itk tet1] Itk tota] Itk st

~ hzi+1’k+1—|—/ i (2223)

Jthstrqa]

In order to manipulate only finite values, this second unknown, which is
the multiplier corresponding to u;, is defined as:

Tik+1 —/ j2% (22.24)
Itk byl
and we assume that:
. A
Tik+1 € _6¢qu;_1(zl,ky~~~:zi—1,k)(zi’k+1) forall 1<i<r® (22.25)
The approximation of z;(¢7) in the inclusion (22.7) by z;; is a basic
choice. The operation can be viewed as a prediction of the state before a

discontinuity. More accurate prediction may be performed using higher
order derivatives, if exist, of z;(¢7). Finally, the proposed discretization
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scheme may be summarized as follows:

21k41 — 21k = h2o g1 + 1 k41
2okl — 22k = h23 g1+ ro2k41

Zi k1 — Zik = hZig1 k1 + Ti g1

w\ _ w\ _
erk’k+1 - ZTUJ)‘,]C = hCAT w 12k+1 + CAT lBTrw)\7k+1

Ekp1 — Ek = hAe&py1 + hBez1 g1

Tik+1 € _awTi’l(sz,...,zi_Lk)(Zi’k“) for all 1< < pwA
(22.26)
If ® = IRT, the inclusion (22.25) implies a sequence of unilateral con-
straints on z; ; to be satisfied. If the integer j is the first for which z;; is
positive, then the system (22.26) is reduced to a linear complementarity
problem involving z; 41, 7; k41 for all ¢,1 <4 < j.

3.2 Numerical examples

We illustrate in this part the ability of the scheme to solve the prelim-
inary example. The numerical solution given by the scheme (22.26) for
the initial condition zy = [0; —1;0]" is given by z, = [0;0;0]" ,Vk > 1
and 19,1 = 1,79,k = 0,Vk > 2. The Figure 22.1 depicts a similar result
with the initial condition z{ = (1, -1,0).

15 15
2(1) (1
B g
2(3) (3)
1k 1

05 ~ 05

Val
Values

05 05

o 05 1 15 2 0 05 1 15 2
Time t Time t

Figure 22.1. EMSP scheme — Initial data z(07)% = (1, —1,0)
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