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1. Introduction

The analysis of nonsmooth dynamical systems with set-valued right-hand sides sa-
tisfying maximal monotone properties has witnessed a very large number of contri-
butions, e.g., [4, 5, 15, 17, 18, 21, 24, 25, 26, 33, 36, 38, 39, 41, 43, 49, 54, 56, 55].
Within this class one finds linear and nonlinear complementarity dynamical sys-
tems, projected systems, differential variational inequalities, differential inclusions
with maximal monotone right-hand sides, Moreau’s sweeping process, some switch-
ing dynamical systems, etc, see [20] for details and references. In this article we
focus on descriptor-variable linear complementarity systems (DVLCS), which may
be viewed either as an extension of descriptor-variable systems, or of linear comple-
mentarity systems, or of differential-algebraic equations (DAEs). Generally spea-
king, systems with nonsmooth constraints arise in chemistry [51, 52, 53|, switching
DAEs analysis [47, 46], circuits with nonsmooth electronic components [1, Section
3.5] [24], mechanical systems with bilateral and unilateral constraints [16].

It has to be noted that the study of such singular nonsmooth dynamical systems
has not received a lot of attention yet. The first goal of this article is to analyze
the well-posedness of the one-step nonsmooth problem (OSNSP) obtained after an
implicit Euler discretization. The convergence of the piecewise-linear approximated
discrete-time solutions towards a continuous-time limit which is a solution to the
continuous-time differential inclusion, is tackled also. Implicit Euler method has
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been widely used for DAEs, see, e.g., [35, 40|, differential inclusions like Moreau’s
sweeping process [41] and maximal monotone DIs [6, 9, 45], see [20, section 5] for
more references. But its application to DVLCS remains an open issue. Passivity
and maximal monotonicity properties are pivotal throughout the article.

The class of singular systems and their discretization are introduced in Section
2. In Section 3 the so-called one-step nonsmooth problem of the implicit Euler
scheme is analysed. Section 4 is dedicated to the convergence analysis of piecewise-
linear discrete-time solutions. Section 5 is devoted to relax a basic assumption
made in Section 3. Several examples illustrate the theoretical developments, in
Section 6. Section 7 outlines a different proof for the convergence of discretized
solutions. Conclusions are drawn in section 8. The appendix is dedicated to recall
various mathematical tools and to present some proofs.

Notation and definitions: For any vector z € R" and any matrix M € R™*"
||z|| is the Euclidean norm and ||M]]| is the Frobenius norm, which are compatible
norms [11, Proposition 9.3.5], i.e., ||Mz|| < ||M]| ||z||. Let M € R™ ™, then Im(M)
is its range, Ker(M) is its null space. The Moore-Penrose pseudo-inverse is denoted
by MT. We use (x,y) = 2"y, so (z,x) = ||z||?. Positive definite matrix: M = 0 if
2" Mx > 0 for all x # 0, positive semidefinite matrix: M = 0 if 2" Mz > 0 for all =
(such M is not necessarily symmetric). The maximum singular value is denoted as
Omax(M ), and the minimum and maximum eigenvalues as A\yin (M) and Apax(M).
Given M € R™ ™ M;, € R™ denotes the ith row of M, M,; € R™ denotes the ith
column of M.

A set-valued mapping A: dom(A) C R" = R" is said to be monotone if for all zy,
x9 € dom(A), y1 € A(xy1), yo € A(z2), one has (x; — x9,y1 — y2) > 0. It is maximal
monotone if its graph cannot be enlarged without destroying monotonicity. More
definitions are given in Appendices B and C.

2. Descriptor-variable linear cone-complementarity systems

Let us consider the following system, that we may name a descriptor-variable linear
cone complementarity system (DVLCS):

{ Pi(t) = Ax(t) + BA(t) + E(t), ae.t>0 (1)

K> X\t) Lw(t)=Cx(t)+ DA(t) + F(t) € K*, forallt >0

with z(t) € R™, A\(t) € R™, A, B, C, D constant matrices of appropriate dimensions,
P € R™™ has rank p < n, K C R™ is a closed convex nonempty cone, K* is its
dual cone, E, F' : R, — R are functions of time. In the sequel it is assumed always
that:

Assumption 2.1. There exists F.x < 400 and Fj., < +0oo such that we have
|E(t)|| < Emax and [|F(t)]] < Fiax for all ¢.

Our first objective is the analysis of the well-posedness of the Euler discretization of
such nonsmooth systems, in particular under which conditions the OSNSP possesses
a solution. This class of singular systems are an extension of the Lur’e set-valued
systems analysed, e.g., in [38, 39)].
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3. Time-discretization with an implicit Euler method

Let us consider the time interval [0,7], T >0, h=Z neN,n >0, t, = kh, k >0,

n?

to =0, t, = T. The implicit Euler discretization of (1) reads as:

{ Pxy,1 — Pz, = hAZL’k+1 + hBAgy1 + hEg (2)

K> X ey Lwgyy = Capyqg + DAy + F € K™

This is called implicit because w4, is computed with x;,;. Let P" Sp_ hA, (2)
is rewritten equivalently as:

{ Ph$k+1 — Pl‘k — hB)\kJrl — hEk =0 (3)

K3 Mey1 L wgyr = C$k+1 + DAy + Ff € K7,

This forms a kind of mixed linear complementarity problem (MLCP). If instead an
explicit discretization of the linear terms is chosen, i.e., hAxy, then (3) is changed

to, with P 2 P+ hA:

{ Pl’k+1 — Phl’k — hB)\k_H - hEk =0 (4)

K> >\k+1 L wgy = ka-&-l + D/\k+1 + F, € K*.

3.1. Case D=0

Let us consider D = 0 in (3) (or in (4)). In this case we have
Met1 € —Ng+ (Cpqr + Fr) (5)
from which the generalized equation (GE) with unknowns z;; and zj44
Pz — Pxy, — hE), € —hB Ng+ (Capyr + Fr) (6)

follows using (3). This GE is not in the standard form [29] because of both P",
which may be singular, and of B and C', which destroy in general the monotonicity
of the set-valued part. It is neither in the canonical form used in [3]. Let us make
the following passivity-like assumption:

Assumption 3.1. There exists X = X T > 0 such that XB = C".

Mimicking [15] and many articles afterwards (see references in [20, Section 3.4]), let
us define R = R" = 0, R?> = X, and the variable change ¢ = Rz. This allows us to
transform (6) into the equivalent GE:

RP"R™'¢., — RPR™'¢, — hRE, € —hR™'C" Ng+(CR Y0 + F).  (7)
Let us define f(-,t) = ¥+ _ py © CR(+), then this is equivalently rewritten with
fe() 2 (- th) = Yxe — g 0 CR7A(:) as:
RP"R™"¢11 — RPR™'& — hRE, € —0 fi(§11)
& &1 € (RP"R™Y 4+ 0f,) Y (RPR™Y, + hRE}), (8)
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where h > 0 pre-multiplying the right-hand side in (7) disappears since it multiplies
a cone. It is also assumed that there exists & such that CR™ ¢, + F, € K* to
apply the chain rule of Convex Analysis [48, Theorem 23.9]. The function fi(-) is
proper convex lower semicontinuous for each £ > 0. Again for each £ > 0, the GE

in (8) can be rewritten equivalently as the variational inequality of the second kind
VI(RP"R™, q, fx): Find &1 € dom(f;,) such that

(RP"R™¢,1 — RPR'¢, — hREp, v — &1) + fr(v) — fu(€rir) >0 9)

holds for all v € dom(fy), where dom(f;,) = {w € R" | CR™'w € K* — F}} and
G & —~RPR™'¢, — hRE;. The GE in (9) can be analysed using the tools in [3].
Noticing that fi(-) = ¥z, (-) with Iy ={¢€R"|CR '€ € K* — F,}, one sees that
(8) is also an inclusion into a normal cone.

Proposition 3.2. Suppose that T}, is nonempty compact, then the set of solutions
&ky1 to the GE in (8) is nonempty and compact.

The proof follows from [29, Corollary 2.2.5], since I'; is convex. Going further
necessitates that P" possesses some positivity property. It is noteworthy that due
to its structure, there is no reason that P" be a symmetric matrix in general. Let
us make the following assumption.

Assumption 3.3. For all h > 0: RP"R™! = 0.

Let us now apply [3, Corollary 3] to analyse the GE, without the compactness
assumption of Proposition 3.2.

Proposition 3.4. Let Assumptions 3.1 and 3.3 hold, h > 0 and k > 0 be given.
Assume that K* = {£& € R™ | GE€ > 0} for some G € R™ ™. Let us consider the set:

SE{€eR" | GCR'€ > 0} N {€€R" | RP'R7'¢ =Y M(GCR™), | X > 0}

=1

A
=5
N Ker(RP"R™' + R™Y(P")"R). (10)
(1) If S = {0}, then the VIIRP"R™*, q, fx) has at least one solution.
(2)  If S # {0}, and if there exists & € Ty, such that
(g — (RP"R™Y)T¢y,v) > 0 for allv € S, v # 0, (11)
then the VIIRP"R™, qx, fx) has at least one solution.

(3)  If&hy, and &, are two solutions of the VIIRP"R™, qi, fy), then
& — &y € Ker(RP"R™' + R7Y(P")TR).

(4)  Let RP"R™" be symmetric. If &, and &, are two solutions of the
V](RPhR_I,C]k, fr), then <Qk,511+1 - 51%+1> = 0.

(5) Let RP"R™' be symmetric. Then any solution of the VIIRP"R™L q, f1) is
also a solution of the optimization problem:

min € RPYRE + (g, €). (12)

gel
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Proof: The proof relies on [3, Corollaries 3 and 4|, see Proposition B.2 in Appendix
B, noting that fi(-) = ¥, () is proper, convex and lower semicontinuous, while

RP"R™! = 0 (this plays the role of the matrix M in Proposition B.2). First one
calculates (dom(fy))e (the recession cone of dom(f)) as

(dom(fi))oo = (dom(vg ) = (Ti)os = {{ ER™ | GCRTIE >0} = &

(applying the rule of calculation of recession cones for polyhedral sets, see [33, Ex-
ample 17] [48, p.62], and Proposition B.1 item (e) in Appendix B). The second
step is to calculate (dom((fx)s))*, which is the dual cone of dom((fx)s), Where
(f&)oo(+) is the recession function of fi(-). Indeed Proposition B.2 involves the set
K(RP"R™, fi) = {{ € R" | RP"R™'¢ € (dom((fi)o))*} in (63). Due to the fact
that fi(-) = ¥, (-) and I'y is closed convex nonempty, one has (fi)oo(") = ¥, (*)
hence dom((fi)os) = (Ik)se. One has (I'y)s = {€ € R* | GCR™¢ > 0}, so that
(Th)oo)* = {w €R™ [w = 37, N(GCR™Y)L , \i > 0} [33, Example 15].

The third set is equal to Ker(RP"R™! + R(P")" R™!) directly from Proposition B.2
(a). Then items 1 and 2 are a direct consequence of (a) and (b) in Proposition B.2:
note that o(-) = vp, (+), hence voo(-) = ¥, (), and it follows that ¢, (v) =0
for all v € §; C S (see (64) in Proposition B.2). Item 3 is a consequence of (c) in
Proposition B.2. Item 4 stems from item d) in Proposition B.2, since fi.(-) = ¢¢ (*)

(and &4y € T'y). Ttem 5 follows from item (f) in Proposition B.2. O

Remark 3.5. As alluded to above, if one uses instead the scheme in (4), then
Proposition 3.4 applies, replacing VI(RP"R™!,q, fx) by VI(RPR™! qx, fr) and
qx = —RP"R7'¢,—hRE,,, P" = P+hA, and modifying Assumption 3.3 accordingly.

If a solution exists, then one recovers from item 5 that if T, is compact then the
solution is uniformly bounded, as in Proposition 3.2. Now we have that P"* = P—hA.
Consider (12) and replace P" by P. It is interesting to notice that T RPR™1¢ =
ETR'R?2Px = 2" X Px. Consequently the fundamental matrix for the studied class
of DVLCS is X P = 0. In case of LCS with full rank P one recovers the fundamental
matrix X for the storage function.

3.2. Case D =0

Let us adapt the ideas developed in [54] to our purpose. Indeed due to the presence
of a nonzero D in the complementarity condition, a straightforward extension of the
material in section 3.1 is not possible. One has to use a particular decomposition so
as to recover the method used in section 3.1.

Assumption 3.6. There exists X = X = 0 such that Ker(D) C Ker(XB — C"),
and D =D" = 0.

This is satisfied by passive quadruples (A, B, C, D) with symmetric D [19, Propo-
sition 3.62] [25, 23], and it extends Assumption 3.1. Similarly as in section 3.1, let
us define R = R" = 0, R? = X, with X such that Assumption 3.6 holds. Following
[54, Equations (13)-(15)], let us rewrite (1) as:

Pi(t) € Ax(t) — BO (t, Ca(t)) + B(t), (13)
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with ® (¢, () 2 (orwy + D)1 (¢), T'(t) = K* — F(t) is closed and convex for each
t > 0. Let us now state two assumptions.

Assumption 3.7. For all ¢ > 0, one has Im(C') Nrint(Im(dorqy + D)) # 0.

Assumption 3.8. For all ¢ > 0 and each v € Im(C) NIm(dopy) + D), it holds that
Im(D + D) N (Gorw) + D)~ H(v) # 0.

Remember that since D 3= 0 then Im(D + D') = Im(D) = Im(D") [30] (D needs
not be symmetric for this). Following the developments in [54, section 3.2] where
the meaning of the assumptions is explained, one obtains the next result.

Proposition 3.9. Let Assumptions 3.6, 3.7, 3.8 hold. Let & = Rx. Then the
DVLCS in (1) is rewritten equivalently as:

RPR™€(t) € g(t,&(t)) — (L, E(t)), (14)

with: g(t,&) = RARTYE + RE(t) — (R7ICT — RB)Pp(M\a(t)), Aa(t) is any element
of the set ® (t,Cx(t)), U(t,&) = R7ICT®(t, CR7YE), and Pp denotes the projection
on Im(D + D) (which is unique for any element A\, (t)).

3.2.1. Calculation of sets

Notice that W(t,-) = ®(t,-) o CR™Y, with ® (t,¢) £ (Jore + D)™ (). By [48,
Theorem 23.8] and since D = D' (Assumption 3.6), one has d(or)(z) + 22" Dz) =
dor(z) + Dz, hence denoting h(t, z) = org)(z) + 22" Dz, so that h(t,-) is convex
proper lower semicontinuous for each ¢ > 0, one has ®(t,-) = (doru) + D) () =
Oh*(t,-) [37, Corollary 1.4.4], where h*(t, -) is the conjugate function of h(t, -). There-
fore W(t,-) = Of(t,-), with

fr&m (R*(t,-) o CRT(€) (15)
a convex, proper and lower semicontinuous function. One has
dom(f) = {£ € R" | CR7'¢ € dom(h*)}, and dom(9h*) C dom(h*) C dom(Oh*)

[7, Theorem 2, Chapter 10, Section 3], and dom(0h*) = Im(Jdor) + D). Character-
izing this range may be done as follows, see for instance [18]. Here both dop)(-) and
D are monotone, they both satisfy the property (*) stated in [14, Section 1] (because
they are both subdifferentials of convex proper lower semicontinuous functions [14,
p.167]), and dor) + D is also monotone because (Jor) + D)~ (+) is monotone [54,
Lemma 1]. Hence from [14, Theorems 3, 4] one finds

Im(doryy + D) = Im(Oopyy) + Im(D) = I'(t) + Im(D)
and Int (Im(Qorg + D)) = Int(Im(dory) + Im(D)) = Int(T() + Im(D)).
Thus dom(8h*) = T'(t) + Im(D), and
dom(f) = {£ € R" | CR'¢€ € I(t) + Im(D)} (16)

is a closed convex set, which is nonempty by Assumption 3.7. Let us state two
lemmae that will be useful for the generalisation of Proposition 3.4.
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Lemma 3.10. Let K* = {£ € R™ | G€ > 0} for some G € R™ ™ as in Proposition
3.4, and let the assumptions of Proposition 3.9 hold true.

(i) If D has full rank, then dom(f) = R" and (dom(f))sw = R™.

(i) If D=0 then dom(f) =T'(t) = {¢ e R | GOR™'¢ + GF(t) > 0} and
(dom(f))oo = {§ €R" | GCRTIE = 0}

(iii) In general the recession cone of dom(f) is
(dom(f))oo = {€ € R" | CR7¢ € Im(D) + K*}.

Proof: (i) Follows from (16) with Im(D) = R™, and Proposition B.1 d).

(ii) Follows from (16) with Im(D) = {0}, and Proposition B.1 e).

(iii) One has (dom(f))ss = Nysg 5 (dom(f) — &) for some & € dom(f).

Let w € §(dom(f)—&) < Aw € dom(f)—& < A\CR'w = D{+y—F(t)—CR™ '
for some ¢ € R™ and y € K*, equivalently CR™'w = D(+ 1y — s F(t) — sCR™'&,.
Letting A vary in (0, +00) and since K™* is a cone, the conclusion follows. ]

To extend Proposition 3.4 we will also need to characterize (dom(f))*, that is
the dual cone of the domain of the recession function f.(-). Let us remind that
f(t,) = (h*(t,-) o CR7Y)(-), with h*(t,w) = sup,epm(w'z — orp)(z) — 32" Dz).
Let us better characterize the latter conjugate function. Using [37, Theorem 2.3.1,
Chapter EJ, one finds that

h*(t,w) = cl (alﬁ(t)(w) v (%wTDw)*>,

both functions being closed since they are convex and lower semicontinuous, and v
stands for the inf-convolution operation [37, p.92]. Thus

h*(t,w) = infyerm (Yre(y) + g(w —y))
[37, Definition 2.3.1], since o7, (-) = ¥r() (), being I'(¢) closed convex for each ¢ [48,
Theorem 13.2], where

Lw —y)" DY w — if w— m(D
g(w_y):{g( y) D (w —y) y € Im(D) a7

+00 if w—y ¢&Im(D),
where DT is the Moore-Penrose generalized inverse (when D = D' < DT = (D)7,

then DT = 0 & D = 0, and Im(D) = Im(D") [11, Proposition 6.1.6 , vi), xxxi)],
and if D =0 then D' = 0). It follows that h*(¢, w) = inf,ery) g(w — y). Therefore:

S(CRY —y)'DI(CR'¢ —y) if CR'¢—y e Im(D")
+o0 if CR™Y¢ —y ¢ Im(DT)

y€el'(t)

f(t,&) = inf {

B { inf,ere %(C’R_lﬁ—y)TDT(CR_lﬁ—y) if CR™'¢—yeIm(DT) a8)

+o00 if CR™Y¢—y&Im(D7).
where we recall that y € I'(t) & G(y + F(t)) > 0, and f(t,-) = (h*(t,-) o CR™)(*).

The next lemma is useful to calculate the set in (63).
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Lemma 3.11. Assume that D = D' = 0, and let it be unitarily similar to (13 8)

with unitary matriz U, D = 0. Assume also that K* = {£ € R™ | G¢ > 0} with
G € R™™ full rank. Let T 2 {¢ e R" | UGCR™¢ € R'}. Then f(t,§) =
foo(§) = r(8).

Proof: The proof is in Appendix D. [

Therefore the following holds (see the proof of Proposition 3.4 and [33, Example

15]).

Corollary 3.12. Let I be as in Lemma 3.11. It follows that
(dom(foo))*=T*={w eR" |w=>" NMUGCR™)} ,\; > 0}.

3.2.2. Analysis of the OSNSP

Let us now come back to the differential inclusion (14). If D = DT, one can rewrite
it equivalently as the VI: Find &(t) € dom(f) such that

(RPR™YE(t) = g(t,€(1)), v —&()) + f(t,v) = f(t.£(8)) > 0, for all vedom(f), (19)

where it is reminded that f(¢,-) = (h*(¢,-) o CR7')(-). Let us now pass to the
time-discretization of (19). Find &1 € dom(fy) such that for all v € dom(f;)

(RPR™ &1 — RPR™ & — h g(tr. &), v — &er1) + fe(v) = fe(&s1) >0, (20)

where g(ty, &) = RART'E, + RE, — (R7'CT — RB)Pp(Mak), Aoy is any element
of the set ®(t,, CR™'&;,) (see (13) and Proposition 3.9 for the definition of this set).
The VI in (20) has quite the same structure as the VI in (9), excepted for the
function fi(-) which is now more general. Notice that we chose the discretization in
(4) instead of (3), this does not modify much the developments excepted that P" is
replaced by P in the term RPR™¢, 1 in (20). The next results hold, and extend
Proposition 3.4.

Proposition 3.13. Let Assumptions 3.3 (with P" replaced by P), 3.6, 3.7, 3.8 hold,
h >0 and k > 0 be given and D = DT with same properties as in Lemma 3.11. Let
=Rz, =X, R=R" = 0. Let the DVLCS in (1) be discretized as in (20), and

write q 2 _RPR! & — h g(tr, &). Let us consider the set:
S 2 (dom(fi))oe N{€ €R™ | RPR7'¢ = Y N(UGCR™), , N >0}

=1

NKer(RPR™'+ R'P'R), (21)

where (dom(f))eo @s given in Lemma 3.10. Then:

(1) If S = {0}, then the VI(RPR™, q, fx) has at least one solution.
(2) If S # {0}, and if there exists & € dom(fy) such that

(g — (RPR™) &) > 0 for allv € S, v#0, (22)
then the VIIRPR™', qi, f3) has at least one solution.
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(3) If 511+1 and 5;%“ are two solutions of the VI(RPR*l,Qk,fk), then
£é+1 - é}fﬂ S Ker(RPR*l + R*lPTR)'

(4) Let RPR™ be symmetric. If &, and &, are two solutions of the
VI(RPR_17 dk, fk)7 then <qk7€]1+1 - 513+1> = 0.

(5) Let RPR™! be symmetric. Then any solution of the VI(RPR™, qi, f1) is also
a solution of the optimization problem:
1 _
min ~£TRPR™'E + (g, €) + f(€). (23)
geR™ 2
Proof: The proof is similar to that of Proposition 3.4. It follows from Proposition
3.9 (which itself is a consequence of the material in [54]), Proposition B.2 as well as

Lemmae 3.10 and 3.11 and Corollary 3.12. In item 2 it is used that ¢(gom(f,)). (v) =0
forallv e S. O

One sees that computing the set S in (21) boils down to calculating the set of vectors
¢ € R™ such that:

CR™¢ € Im(D) + R?
(P+ PR =0 (24)
RPRY¢ =" MUGCR™YHY, , X\ >0.

It follows from item 5 that solutions are in the set
dom(f) ={£ € R | CR el + Im(D)}

with I'y = {¢ € R" | G(¢ + Fi) > 0}. One sees from Lemma 3.10 that if D is full
rank (= D > 0 since D = 0), then 9 (aom(s))..(-) = 0, so the first line in (24) and
the first set in S in (21) can be ignored.

The multiplier verifies A\yy1 = (Nx + D)™' (—=Czpy1 — Fr), where the operator
(Nx + D)7Y(+) is single-valued Lipschitz continuous [17, Proposition 1], and
dom((Nx +D)™!) = Im(Nk + D) = R™ so that dom((Nx + D)~*(C-)) = R™. Then

the implicit Euler discretization (5) is written equivalently as (compare with (6)):
Pz — hB(Ng + D) (=Capyy — Fy) = Play, + hEy, (25)

where P" = P + hA.

4. Convergence analysis

Well-posedness results have been stated in [24] for DVLCS with passive quintuple
(P, A, B,C, D) (the set-valued feedback term is more general in [24] than in (1)),
and also in [51, 53, 52] (the Lipschitz continuous nonsmooth constraints considered
in [51, 53, 52] embed the complementarity constraints in (1) when D > 0). However
the discrete-time solutions have not been analysed in these articles. The first step is
to analyse the limits as h — 0 of the piecewise-linear functions constructed with the
above iterates. We consider the time interval [0,T], T > 0, h = %, neN n>0,
ty = kh, k>0,ty=0,t, =T. In this section we always assume that the conditions
for existence of a solution to the OSNSP, i.e., the VIs in (9) and in (20), are satisfied
for all h > 0 (see Propositions 3.4 and 3.13).
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4.1. The case D =0

When D = 0, using the material in Section C, and still assuming that we have
K* ={{ € R" | G¢ > 0}, the DVLCS in (1) can be rewritten equivalently as the
differential inclusion:

Pi(t) — Ax(t) € —BNr (Cx(t)) + E(t), (26)

with I'(t) = {w € R™ | G(w + F(t)) > 0}. Since I'(t) is convex polyhedral for each
t, then using as above the variable change matrix R from Assumption 3.1, this can
be equivalently rewritten using the Convex Analysis chain rule as

RPR™'{(t) — RAR'¢(t) € =Ny, (£(1) + RE(2), (27)

where I'(t) = {€ € R* | GOR™'¢ + GF(t) > 0}. The differential inclusion in
(27) is a singular first order sweeping process (FOSwP [20]). It is noteworthy that
singular zero order sweeping processes (ZOSwP [20]) have been studied in [4, 5, 56],
but they form another class of singular systems than (27). The analysis in the
foregoing sections can therefore be thought of as that of a singular FOSwP. A time-
discretisation of (27) is in (7).

Assumption 4.1. The time-function F'(-) in (1) satisfies F'(t) = F for some con-
stant F' and for all ¢ > 0.

Then we can denote f(-,t) = g+ _poCR™(:) =¢roCR™!(-) = f(-) since f(-) no
longer depends explicitly on time, and the differential inclusion in (27) is no longer
a FOSwP.

Proposition 4.2. Let Assumptions 3.1, 3.3, 4.1 and the following conditions be
satisfied:

(1) D=0.

(2) P=P".

(3) The polyhedral set T = {¢€ € R" | G(CR™'¢€ + F) > 0} is compact.

(4) There exists U € R UUT = 1,,, U = (U, Uy), U, € R™P, U, € R*(=p),

My Mo P 0
My Moy 0 0), where we as-

sume P = diag(\;(P)), \i(P) >0, 1 < i < p are all the positive eigenvalues of
P, P e RP*P My; € RP*P, My, € R(VP)x(n—p)

(5) Moz + 5[|(Mh + Mo)| P Loy + 310y < 0.

(6) My +1,<0.

(7) E() is Lipschitz continuous, i.e., ||E(t1) — E(t2)|| < kg|ti —ta| for allty, to >0
and some bounded kg > 0.

such that A = R1U< ) UTR, UTRPR™U = <

Consider the following piecewise-linear approzimations [0,T] — R™:

&h(t) 2 Skv1 + tkﬁiit &k — &p1)

for allt € [ty tys1). (28)
eh(t) 2 w almost everywhere,
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Then £"(-) is uniformly bounded on [0,T], and n}(-) 2 UTer() — nt(-) as h ™\, 0,
uniformly in C°([0, T); RP), for some continuous function n* : [0,T] — R?,

Proof: See section E. O]

Item 6 guarantees that P—Qth—ZhIp >~ 0forallh > 0,and P < p—Qth—Qh]p,
which are both used in the proof, see (80). The role of Assumption 4.1, which is
a mild constraint on exogenous signals, becomes clear in the proof. The dynamics
after the transformation in item 4 of the proposition, takes the form:

D .1 1
(103 8) (228) — M (%8) + UTRBA(t) + UTRE(t)
(29)

g (01 \

K> \t) LCR'U (nQ(t)) (+DA(t) + F(t)) € K*.
The DVLCS in (29) is under the semi-implicit form of a DAE coupled to linear
complementarity constraints, and may be named a DALCS. We may also see (29) as
a kind of Weierstrass form [22] for (1), with the nipoltency degree equal to 1 (but M
is not in the Weierstrass canonical form that implies Myy = I,,_,). The convergence
analysis in this section is an extension of the case with full-rank P analysed for

instance in [9]. Clearly if My, is nonsingular, then (29) can be rewritten as the
LCCS:

Pil(t) = (Myy — Myg My, My)n'(t) + (U] RB — My,'U) RB)A(t)
+ (U R — M3x'U] R)E(t)

K3 \t) Lw(t) = (CRU, — CR Uy My, My )0 (t)
+ (D — My,'US RB)A(t) + F(t) € K*.

(30)

It is unclear how the passivity assumptions 3.1 and 3.6 on (A, B,C, D), and the
properties of the LCCS quadruple (P~ (M — My, My,' Myy), P~ (U] — My, 'U) )RB,
CR™'U, — CR™'Uy;My,' My, D — My,'U,) RB) in (30), are related one to each other
in the general case. The convergence analysis in this section is fitted to DVLCS,
not to any equivalent reduced order LCS. Moreover it is usually not desired to
reduce DALCS to LCS [57]. Let us state the following, which allows us to relax the
compactness assumption in item 3 of Proposition 4.2.

Proposition 4.3. Let Assumption 4.1 hold, D =0, P = P", My, be non singular,
and:

(1) all initial data be bounded,

(2) E(t) be uniformly bounded for all t > 0,

(3) P be defined as in Proposition 4.2 item 4 (= P = 0),

(4) My + Ip < 0, where My, = My — My My Moy,

(5) UTRIm(P) 2 UTR Im(B).

Then n}, and ¢ are uniformly bounded (independently of n) on k € {1,n}.

Proof: See section F. O
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Item 5 implies that the quadruple of the LCCS in (30) is given by
(P'My,, PT'U RB,CR™'U, — CR™'UsM,,' M3y, D).

Thus again it is in general not possible to conclude about any nice property for this
quadruple, using the above assumptions 3.1 and 3.6 as well as items 4 and 5. When
Msy = 0 the DVLCS is as in (59).

Remark 4.4. The usefulness of the Schur complement negative definiteness in item
4 of Proposition 4.3, appears clearly in the proof of the proposition, see (88). How-
ever, since P > 0, it is also possible to guarantee in (88) that P = 0 for h > 0 small
enough, using Theorem A.1 and Corollary A.2 in Appendix A. Then the result
holds for n large enough. Thus the condition in item 4 is sufficient but by far not
necessary, and could be replaced by the less restrictive condition P = 0 for small
enough h. O

It is inferred that each time the conditions of Proposition 4.3 are satisfied, ||&; — &ol|
and thus ||z, — z¢|| are uniformly bounded, as well as the selections (; of 0f (&)
(without doing the compactness assumption of Proposition 4.2 item 3; thus Propo-
sition 4.3 allows us to solve the very first step of the proof of Proposition 4.2). Then
the piecewise-linear approximations z"(-) are uniformly bounded in h > 0 on [0, T].
We can redo as in the proof of Proposition 4.2 to conclude the uniform boundedness
of 7 (+), and the existence of a limit function n*(-) follows. Let us denote 7;*(-) the
step function defined as n;*(t) = np,, if ¢t € [tg,te41), & > 0. Then the following
holds:

Lemma 4.5. Assume that the conditions of Proposition 4.2 (or of Proposition 4.3
to avoid the compactness in item 3 of Proposition 4.2) are satisfied. Then ni*(-)
converges strongly in L2([0, T]; R?) towards the limitn*(-), and 7} (-) converges weakly
to n'(-) in Lo([0, T); RP).

Proof: We know that 7;(-) — n'(-) uniformly in C°([0,T];RF) as h — 0. Let
il 2 (Mey1 — M)/ h, and notice that [[7;|| < C for some C' > 0. Then:

I = = / R LR

n—1
1 C?nh®  C*Th?
<Y Sl —t) = —o— = (31)
k=0

Therefore ||n; — ni*]|z2 — 0 as h — 0. Since

I — "+t =il < Dy =0t + 1+ 0t =0tz = Int =l
as h — 0 the proof is done.

The sequence {7} (-) }n>o being uniformly bounded on [0, T'] (from the proof of Propo-
sition 4.2 which holds under the stated assumptions), it follows applying the Banach-
Alaoglu-Bourbaki Theorem [13, Theorem II1.15] that it possesses a limit s(-) in the
weak * topology (L ([0,T];RP), £1([0,T]; RP)) [13, Proposition II1.12 (i)], i.e

/O P Oe)dt — | st)p(t)dt, for all o() € Ly([0,T:R?).  (32)

h—0 0
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Being [0, T'] bounded one has £,([0, T]; R?) C L2([0, T]; RP) so the weak convergence
holds also in £([0, T]; R?). Moreover 7} (t) = nj(0) + [, s(7)dr for all t € [0,T]. It
follows that s(-) = 7'(-) almost everywhere. Consequently 7} (-) converges weakly to
n'(-) in Lo([0, T]; RP). O

Now we have a rather complete set of results for the convergence of approximations
of n'(-). Let us investigate convergence of approximations of 7%(-). We remind that
R?> =X, R=R", with X in Assumption 3.1, and U is in item 4 of Proposition 4.2.

Proposition 4.6. Let the conditions of Proposition 4.2 items 1, 2, 4, 5, 6, 7 and
of Proposition 4.3 hold. Then n3(-) converges uniformly in C°([0,T];R"P) to
(), n*(-) converges strongly in Lo([0,T];R™P) to n*(-), 72(-) converges weakly
in Lo([0, T]; R™P) to n*(-).

Proof: It follows that the results of both Propositions 4.2 and 4.3 hold. Consider
(74) in section E. Applying the U transformation (item 4 in Proposition 4.2) we
obtain the algebraic equality part:

{ — Mgy — Mooy — Uy RE, = —Uy (1 =0 (33)

—Mion} — Mo} — Uy RE— = —U) ¢, =0,

where (, € 0f(&) and (1 € Of(§k+1), and item 5 of Proposition 4.3 was used.
Thus it follows that

1 1 2 2
M1 — 1 Megr — N AE
—Mm% — Mm% ~UJR - E_0. (34)

Hence (0., — n2)/h = 12(t) = — My (Mian}(t) + Uy RE(t)) for all t € [ty, tyi1),

k > 1, since My, is non singular due to item 5 of Proposition 4.2. One has that

||%(t)|\ < kgh, hence Ej(t) 2 % for t € [tg,tg+1), is uniformly bounded

on [0,7]. Thus the sequence {Ej(-)} is uniformly bounded, continuous with uni-
formly bounded derivatives almost everywhere, and is thus equicontinuous. So by
Ascoli-Arzela Theorem Ej(-) converges uniformly in C°([0,7]; R") to a limit F(-).
Using the proposition’s assumptions, we know that 7} (+) is uniformly bounded (using
Proposition 4.3, and then applying Proposition 4.2 without item 3, see the proof of
Proposition 4.2 and (81)). We infer from (34) and item 5 of Proposition 4.2 (= My,
is full-rank) that 77 (-) is uniformly bounded also. From (33) and the boundedness
of E(-) it follows that n? is uniformly bounded for k& € {0,n — 1}, thus the se-
quence {n?(-)} is uniformly bounded on [0, 7], continuous with uniformy bounded
derivative almost everywhere. Applying the Ascoli-Arzela Theorem we deduce that
it converges uniformly in C°([0,T]; R") towards a limit n?(-). Now we can make
the same calculations as in (31) to infer that || (¢t) — n2*(¢)||zz — 0 as b — 0.
The sequence {n2(-)} being uniformly bounded on [0, 7], the same reasoning as in
the proof of Lemma 4.5 can be redone to conclude that 7?(-) converges weakly in
£,((0, T R™) to iP(.). 0

Let us now consider (74) in Appendix E: RPRY,—RAR'¢,.1—RE), € —0f (Epy1)-
Since we assume that all the assumptions of Proposition 4.2, Proposition 4.3, Lemma
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4.5, and Proposition 4.6 are satisfied, it follows that
RPR™,(-) — RART¢()) — REA(\) - RPRE(-) — RAR™'¢(-) — RE(")

weakly in L£o([0,T]; R"P) as h — 0 (recall that & (t) = &y ont € [ty tgr1), kK > 0).
Since &f(-) converges strongly towards £(-) in Lo([0,7]; R™7?), we infer using |8,
Proposition 2| and the maximal monotonicity of 9f(-) that

RPR™'¢(-) = RAR'¢(-) — RE(-) € =0 (&(")).

This proves the existence of a C°([0, T]; R™) solution to the DVLCS (1).
Taking into account the proposition’s assumptions (in particular the assumption
UTRIm(P) 2 UTRIm(B)), the initial data for (29) have to satisfy:

A0) € =Ng+ (CR7'UT (Z;Eg;) 4 ). (35)

The above limits satisfy this generalized equation initially, by construction (see for
instance (33)). Let us finally notice that the multiplier A(-) is not continuous in
general. Even in the simpler case of LCS, it is known that it may possess infinitely
many discontinuity times in finite time-intervals (Zeno phenomenon), excepted if
some conditions are satisfied [49].

4.2. The case D =0

Let us now deal with the framework in section 3.2, with the same basic assumptions
3.6, 3.7, 3.8, 4.1. Then, one works with (20) instead of (8). The only difference
between both VIs is in the term g(t, &), with —(R7!CT — RB)Pp(Aax). It is
known from [54, Lemma 3] that Pp(Aax(tr,&)) is Lipschitz continuous in & for
each t, i.e., there exists ky(¢) > 0 such that

PpAak(te, &k)) — Po(Aak—1(tk—1, Ee—1))|| < ka(®)|1&r — Ek—l| = hkx@k)”éﬂ%

for some ky : R — R;. The regularity of k,(-) depends on the regularity of F'(-).

Let us consider (76) in the proof of Proposition 4.2. In addition to the term
(R AE, §k>, we have to consider

(—(R7XCT = RB)(N™(tg, &) — N™(tp1, Ex21)), En),

where A (¢,€) 2 Pp(Aa(t, €)) for any element A, (¢, &) in the set ®(¢t, CR1€). This
projection is single-valued and unique [54, Lemma 2].

Let C' 2 —(R7'CT — RB). We have

(CON™ (g, &) — N™(t—1,Ex-1)), &)
= (CN™(t3, &) — N™ (b, Ep1) + N (b, &) — N (t1, E1)), &),

and:



B. Brogliato / Analysis of the Implicit Euler ... 495

1
Vh
G2 At 60) — Nk, G2 + 21l
2h ’ ’ 2

(CON™ (t, &) — N™(ty E-1))s &) = (—=C(N™ (tr, &) — N (tx, &-1)), VhEs)

IN

IN

Le ho
ﬁHOW ki(tk)ka; — 5k—1||2 + §||§k||2

h . ‘ h ‘ h ~ . .
= SHCIP KNG + Sl = FUICIP K (t) + 1) ). (36)

Let us now analyze the term (C'(A™ (ty,, &x—1) — A™ (tp_1,Ee—1)), &) To that aim let
us make the following:

Assumption 4.7. The function A™(-, ¢) is differentiable on [0, 7], and the inequa-
lities Hmz—fQH < d < 400 hold for some d and all £ € R", ¢t € [0,T].

Let us recall that A™(¢,¢) is the least-norm element of the set ®(t, CR™'£) [54,
Lemma 3]. Assumption 4.7 is trivially verified if Assumption 4.1 holds, since
®(t,x) = (Qory + D) H(x), I'(t) = K* — F(t). Now we have:

(CO™ (th, Ep1) = N™ (tro1, Ek—1)), &) = (é/ k %\;(t,ﬁk—l)dtaéw
< 1011 hd [1&] < ShAPIICIP + Sh{és &) (37)

Thus grouping (36) and (37) we obtain
(COM™ (&) = N (b1, 661)), &) < BUICIP KR (tr) + 2) (Er &) + 5hd[C 2.
Recalling that n = U, one sees that the developments in (79) still hold with minor

modifications of the constants aq, as, and of item 5, due to the additional terms.
Then the conclusions of Proposition 4.2 hold true (remind that since U is unitary

then (U &, UTEL) = (M, ) = (6 k).
Let us now examine Proposition 4.3. The additional term in the left-hand side of
the inclusion in (84) is hU T RCA™(,&). Let us now have a look at (86). Let us

My Mo
My Moo

the left-hand side of (86) can be rewritten as:

modify wq as wy 2 U'¢ + ( )UT&) + UTRC’)\im(O,fO). The last term in
(hUTREy, + hU TRC(N™ (1, &) — ™ (tx, &)
+ A (tk, &0) — A™(0,0)), U (Ekr — &) (38)

Proceeding as above and using the Lipschitz continuity of A™(¢,€) in the second
argument, yields:

(VAU RC(N™ (tx, &) — X" (tr, &), VAU, (§e41 — &)

. h
< SRRt 107 ROIP (I8 = &ol* + Sl — m0ll” (39)

for the first term, and
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(hU T RO(N™ (tr, &) — A™(0,€0)), U (a1 — &)

= (WUTRC /O ' ag;m (t,&)dt, U (Epgr — &)) (40)

for the second term. In view of Assumption 4.7, one has
2 a)\im
H/ —(t, &)dt]] < thd < Td.
o Ot

Hence the second additional term can be treated similarly to UlT RE). From (39)
one sees that the first additional term adds quadratic terms

—5(R3(t) [IUT RC|P* + 1) (o — 09, M — 5)
in the right-hand side of (87). Consequently the matrix P in (88) has to be modified
as P = P —hM, — hl, —5(k3(t;) ||[U RC|[>+1)I,. Thus item 4 in Proposition 4.3
has to be changed accordingly to guarantee P > 0, by augmenting the coercivity of

the Schur complement My, (or of P, or by imposing small enough time-step h > 0,
see Remark 4.4).

Remark 4.8. The above convergence and existence results rely on Assumption 4.1
which removes the dependence on time in the set-valued part of the dynamics, i.e.,
the set T'(t) = I in (27). In the time-varying case the proofs for convergence and
existence of solutions have to be modified because (27) is a singular FOSwP. It is
possible that the approaches used for nonsingular FOSwP (via Moreau-Yosida re-
gularisation or time-stepping discretization [20, 41]) may be adapted to the singular
case.

4.3. Numerical computations

When D = 0 the VI(RP"R™!, g, fx) to be solved at each timestep is in (8) with

filt) =vYx—p o CR7'() = 4 (1), Tk = {£ € R* | CR™'¢ € K* — Fi}. Thus the

inclusion in (7) is equivalent to:
RP"R™'¢41 — RPR™'¢, — hRE), € =Nt (&r41) (41)

When a solution is guaranteed to exist according to Proposition 3.4, efficient nu-
merical algorithms exist to calculate a solution to such VIs using Lemke’s algorithm,
interior point methods, reformulation as quadratic programs, etc [2, 29|, a strong
property being that RP"R™! = 0 (most of the aforementioned algorithms allow
for nonsymmetry). Now let us consider the case D %= 0 in section 3.2 and the VI
in (20). First the calculation of the term g¢(tg,&x) requires the calculation of an
element A, of the nonempty set ®(ty,, CR™'&,) = (dorw,) + D)~ H(CR™'&,), with
[(ty) = K* — F(tx), then computng its projection onto Im(D) (recall that by as-
sumption D = D), with the projector defined as DD' [11, Proposition 6.1.6].

This boils down to solving a linear cone complementarity problem (LCCP) with
unknown —Ay i, as: K 3 (=Aax) L D(=Aax) + CR7Y, + F), € K*. Second the
VI(RPR™, qi, fr) in (20) relies on the calculation of the subdifferential of f(t,¢&)
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in (18), which may not be obvious. One way to implement the scheme is to as-
sume that the conditions of Proposition 3.13 for existence are fullfilled, and that the
DVLCS can be transformed as in (29) (with D # 0), using item 4 in Proposition 4.2.
The implicit time-discretization of (29) yields a LCCP with unknown Ay, which
corresponds to the discretized LCCS in (30). Since np = U'&, with U in item 4 of
Proposition 4.2, the existence of &1 guarantees that of n;,;. This in turn guaran-
tees that the LCCP obtained from (30) has a solution Ax41 (possibly non-unique).
Advancing the numerical algorithm to step k£ + 1 then boils down to solving this
LCCP. 1t is noteworthy that if D = DT = 0 the mapping ®(¢, () is single-valued
Lipschitz continuous, using [17, Proposition 1]. In this case using (65) (66) it follows
that the DVLCS in (1) is a differential-algebraic equation with nonlinear Lipschitz
continuous right-hand side.

5. Relaxation of Assumption 3.1

Imposing X > 0 in Assumption 3.1 may be restrictive. This is however necessary if
one wants to apply the coordinate change with R. Let us instead make the following
assumption about the DVLCS in (1).

Assumption 5.1. There exists a matrix X such that XB = CT, XP = 0, and
D =0.

The constraints imposed in this assumption are close to those satisfied by positive
real descriptor variable systems [19, 31]. Let us now consider a matrix V' such that
VVT =1,. Then from Assumption 5.1 one has V' XB =V 'CT. Thus:

PVTi(t) =VIXAVV z(t)+ VIXBA(t) + VT XE(t)
=VIXAVVTz(t) +VTCTAt) + VT XE(t
€ AV x(t) = VIO« (CVV Ta(t) + F

(42)

)+ VTIXE(),

where A, 2VTXV VTAV, P, 2VTXPV = 0. Let us define ¢ 2 V Tz, then we
obtain a descriptor-variable FOSwP:
Prp(t) € Avp(t) = VTCTOYr-(CVp(t) + F(t)) + VT X E(t)

(43)
€ Avep(t) — 0ty (p(t)) + VT XE(t),

where I'(t) 2 {w e R" | CVw + F(t) € K*} and we assume that there exists wy
such that CVwg+ F(t) € K* for any t > 0 to apply the Convex Analysis chain rule.
Let us now discretize the DI in (43) with a fully implicit method:

(Py — hAY)pri1 — P — WV X Ey, € =005, (¢ri1), (44)

The inclusion in (44) has the same structure as the one in (8), with different matrices
however. Similarly as above a semi-implicit method yields:

Pyppi1 — (Pv + hAV)SOk - hVTXEk € —albfk(SOkH)a (45)

This does not modify fundamentally the next analysis, excepted that Proposition
B.2 requires P, — hA, = 0 for (44) and P, = 0 for (45) (the latter being implied
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by Assumption 5.1). It is noteworthy that neither P nor X need to be symmetric
and positive semidefinite. The next result is similar to Proposition 3.4 and is given
without proof.

Proposition 5.2. Consider (45). Let Assumption 5.1 hold true, h > 0 be given,
and qx = —(Py + hAy)pr — hV T XE,. Let us consider the set:

SE{eR"[OVEZ 0} N{EER | PiE =) M(CV)L, A2 0}
i=1

NKer(P, + P)). (46)

(1) If S = {0}, then the VI(Py, qi,Vs,) has at least one solution.
(2) If S # {0}, and if there exists & € Ty such that

(g — P&, v) >0 forallve S, v#£0, (47)

then the VI(Py,,qx, Ve, ) has at least one solution.

(3) If &y and &, are two solutions of the VI(Py, qx, Vs, ), then
& — &y € Ker(P, + P)).

(4) Let P, be symmetric. If &, and &, are two solutions of the VI(Py, qx, Vs, ),
then <C]k7§é+1 - 51%+1> =0.

(5) Let P, be symmetric. Then any solution of the VI(Py, qi, Vs, ) is also a solution
of the optimization problem: mingcp, ££" P& + (gi, &).

The above results hold with V' = I,,, however V' may be used to transform P, (into
a block diagonal matrix if X P is symmetric). It is noteworthy that A, can be at
most positive semi-definite, hence the results in section 4 do not apply because they
require strong coercivity properties (see items 4, 5, 6 in Proposition 4.2). Therefore
Assumption 5.1 allows us to extend the state transformation £ = Rz introduced in
[15] (see [20, section 3.4] for a bibliography) and to show the well-posedness of the
OSNSP (44) (45), but the well-posedness of the DVLCS (43) remains an open issue.

6. Examples

This section is devoted to present various examples which illustrate the applicability
and the limitations of the above developments. Let us remind that electrical circuits
with ideal diodes can serve equally well as models for hydraulic circuits with check
valves [42, 34] [32, Chapter 1], thus extending the range of applications.

6.1. First example

These are academic examples which illustrate the developments of section 3.1. Let

100

P= (1 1 1) (hence rank(P) = 2), D = 0, A = diag(a1,az,a3), B=CT = X = I3
01 1

in Assumption 3.1. If det(P"+ (P")")) = (1 —hay)(hagasz —as —az) —2(1—haz) # 0,

one gets Ker(P"+ (P")")) = {0}. Then the OSNSP for the fully implict scheme (3)

always has a solution. Let us now examine the semi-implicit scheme in (4). One has

det(P+P") = -2 so Ker(P+ P") = {0}, hence the OSNSP always has a solution.



B. Brogliato / Analysis of the Implicit Euler ... 499

1 1
. 5 0 3 . , n Y "
Consider now P = [0 1 0] and the unitary matrix U = { 0 1 0 |, then
1 1 1 1
2 003 Y 7
1 £ 1
T I, 0 S T 2 10
U'PU = 0 0 LetP=|5 2 5|, then U'PU=(1 2 0], and we have
1
1 7 1 0 0 O
P = G %) = 0. The convergence results in Section 4.1 hold provided A and B are

suitably chosen.

2 1 0
Let now P = (1 2 O) and A = diag(ay,as,a3) = 0, B=CT = X = I3. Then
0 0 0

Ker(P"+ (PMT) ={¢ eR* |2 + & =0, £ +265 =0, & R}
—{(eR & =0, &=0,&€eR)

Let C = (C” €12 }) We have

C21  C22

(2 = ha1)& + &
P = | &+ (2 - hay)& | = MO + X0
—hasés

In the set S of Proposition 3.4 we obtain —hazés = \; + A2 > 0, hence &5 < 0. Also
Si = {6 € R | cn& + 1o + &3 > 0, co1&1 + c9€s + &5 > 0}, hence inside S we get
S = {€ € R® | & > 0}. Tt follows that & = 0 in S, hence & = & = & = 0 and
S = {0}. This example shows that the kernel of P"+ (P")" may be non trivial, but
still S = {0} due to the inequalities.

6.2. Second example
Let us consider the circuit with an ideal diode in Figure 6.1.

Its dynamics may be written as:

p

3
&

(t) = =526 (t) — Bogs(t) + Fult) + fup(t)

(t) = £2&3(t) — male(t)

0=&(t) + gmebe(t) — (L+ F)&(1) (= &(t) —&(t) - &(1))
0 <up(t) L &(t) >0,

(48)

where & =iy, &(t) = [y ia(s)ds, & = is.

Obviously this dynamical system is not minimal, since we could eliminate &5 using
the equality constraint. However on one hand our goal is to illustrate the above
developments, one the other hand designers are not always interested by a reduction
of the coordinates.
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According to the notation in (1) we obtain: 2" = (£1,&,&), A = up, m = 1, and:

( LR B 1
I, 0 L R L
P:(O2 0), A= 0 —?210 R—;R , B=1[0],
— 3
bome TUTE V)
1
Tu(t)
E)=| 0 |, D=0, Fit)=0, (¥t>0), C=(1 0 0)
\ 0
L
— N
W LA

13

R

Figure 6.1: An RLC'D passive circuit.

L 0 0
Notice that we could also work with P = (0 Ry 0). It follows that Assumption
0 0 O

3.1 is satisfied with X = diag(L,,*) where % is any positive real, hence R =
diag(vV/L, v/*, v/*). Also RPR™" 3= 0 (Assumption 3.3). To simplify the calculations
let us take L = 1H (though such a value may not possess a strong physical meaning)
so that X = R = I5. One has:

1+t 0 his
P'=P—hA= 0 1+1§2LC —hR—; . (50)
—h —me M1+ )

To apply Proposition 3.4 with scheme (3), we need to compute the set S in (10).
One has det(P" + (P")T) > 0 for h > 0 small enough. Then we need to check that
Ph = 0 in (50) (Assumption 3.3). It can be verified that for Ry = Ry = Rz = 19,
L =1H, C = 1F ! then P" = 0 for all 0 < h < 1. Hence S = {0}. This shows
that there exists circuits as in Figure 6.1 such that Proposition 3.4 item 1, applies.
Let us now investigate the convergence properties of the scheme (3). To that aim
let us check the conditions of Proposition 4.3. Here Assumption 4.1 holds, and
Im(B) C Im(P). The matrix U is used to set P in its block diagonal form, and can
thus be chosen U = I3 here. The matrix A can be written as

~& 0 0 0 -4
A= o —R%c 0 +10 0 g—;
0 0 —(1+§—;) 1 75 0

I Again, such values may not be very realistic, but our goal is merely to show that there exists
circuits to which our tools apply.
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Corollary A.2 can be used to determine conditions that guarantee that A < 0.
This is the case for the above choice of the parameters. Here we find out that

_ B
My = ( L 01 ), My = —(1+ }%)' One has also:

0 " RoC
—Ri Rs3 —R3
i Q
My, = ( Lk LG ) (51)

R3 R3 1

R,Y BcY T R,C

with @ = (1 + %)_1. For such a choice, and if all the foregoing conditions hold,
convergence as proved in Section 4 follows.

(1) (i)
uUp
L
_— C |
R3
(P
Rl | R2

13

Figure 6.2: An RLC'D passive circuit.

6.3. Third example
Let us consider the circuit in Figure 6.2, with three positive resistances. Its dynamics
is given by:

(t) = =226, (t) — Bogs(t) + fup + Fua(t)
&(t) = &i(t) — &(1)
0 =& (t) + RiC&(t) — (Ry + R3)CE&3(t) + Cup(t) + Cua(t)
0<wup L &(t)>0.

\ —

(52)

Onehas C'=(001), B= (7 01)", hence thereisno X > 0 such that XB = C'" and
Assumption 3.1 fails. However X = diag(0, «, 5), @ > 0, 5 > 0, satisfies Assumption
5.1. Let us choose V = I3. One has S = {£ e R? & € R, & = 0,8 > 0} # {0}.
Calculations show that item 2 in Proposition 5.2 may hold if at step k one has
pr = — 1204, h > 0 small enough and E} < 0. One has to remind that Proposition
B.2 provides sufficient conditions only, hence it is possible that existence holds even
if these conditions are not satisfied. In addition different V' could be used.

6.4. Fourth example

Let us consider the circuit in Figure 6.3 made of resistances, inductors, ideal diodes
and a source of voltage, the dynamics of which are developed in [44]. The variables
x1, T2, T3, T4 are currents through the resistances, A\; and Ay are the voltages accross
the diodes, u(t) is an exogenous source of current.
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Ry il Ry 22 Rq ;63 Ry
y o1 2 y ©3 — @4
oo — @ A2(t)
G@ A1 (8) | ZS Ao VO Rs SZ
Az1 — u(t)
Ly L Ly v T4
MY - MY YN
] T2 T3
Figure 6.3: An RLC'D passive circuit.
The dynamics can be expressed as:
( Lll'l(t) + Rll'l(t> 2(CC1<t) (t)) Al(t) =0
LQ.CL'Q(t) + Rll'g(t) 3(332(75 (t)) 0
Lyis(t) + Raws(t) — Ra(w2(t) — 23(t)) — A2(t) =0 (53)
0= Ryz4(t) — Ro(1(t) — 24(2))
A1(75)) ( 1(t) = U(t))
0< 1 > 0.
S (Az(t) 3(t) -
One has
Ly O 0 O —(Rl + RQ) 0 0 Ry
p— 0 Ly 0 O A— 0 —(R1 + R3) R3 0
“lo o Ly 0] °7 0 Ry —(Ry + Rs) 0 ’
0 0 0 0 R» 0 0 —(Ry + Ry)

0 010 0

Ry large enough (compared with Ry and Rs), then A = AT < 0. Assumption 3.1
holds with X = I, Assumption 3.3 (a) and (b) hold. In fact provided that A < 0
then P" = 0 for all h > 0. It follows that the set S = {0} and using items 1
and 3 in Proposition 3.4 the OSNSP has a unique solution. Now one sees that the
system is in the canonical form of Proposition 4.2 (see (29)), with n; = (21,72, 23) T,

O = (1 0 0 0) =BT, D=0, F(t) = (“(t)), E(t) = 0. One infers that for

—(R1+R2) 0 0
Ny = I4, Mll = 0 —(Rl +R3) R3 R M21 = M12 = (RQ,O 0)
0 R3 —(Ry + R3)

R? 0
Msy = —(Ry 4+ Rs). One has Im(B) C Im(P), and Mgy, = M1 + 5=+ R1+R2 ( 0 0).
0 0 O

o o

Thus provided that R, is large enough (which implies that —(Ri+Rs)+ 7% + 2= < -1,

one has My, + I3 < 0 (item 4 in Proposition 4.3). It is also verified that item 5
in Proposition 4.2 holds for large enough R;. One infers that Lemma 4.5 and
Proposition 4.6 apply.



B. Brogliato / Analysis of the Implicit Euler ... 503

7. Preliminary results towards another approach

A central property for the existence of solutions is the positive definiteness conditions
of Propositions 4.2 and 4.3. In particular —Mss > 0 may be a stringent assump-
tion. Another stringent assumption is the decoupling one in item 5 of Proposition
4.3, that is used to avoid the compactness assumption in item 3 of Proposition 4.2.
Let us outline in this section a different way of analysing the boundedness of the
discrete-time solutions, using minimal norm elements. First of all let us consider
the discretization of (29) with K = R (recall that this dynamics is obtained with
the assumptions made in Proposition 4.2). We obtain the LCP:

0 < Moyt L wprr = CR7'Unpsr + DAy + F > 0.

It follows from [28, Theorem 3.1.7] and [36, Lemma 1] that there exists a constant
~ > 0 depending only on D such that for any CR™'Un,, + F}, such that the set of

min

solutions is not empty, the least-norm solution A} satisfies
A < A ICRT Uiy + Fil| < y [ICRTUN el + v [1F3]-

Assume that the conditions for the well-posedness of the OSNSP as stated in Propo-
sitions 3.4 and 3.13 hold. This guarantees that the above LCP is solvable (because
the iterates 7,1 guarantee it even in case D = 0) and the minimum element in the
set of solutions exists.

Assume that A"!" is used in the discretized scheme (which we may name the minimal

norm implicit discretization), yielding:
(P — hMy )y, = Pn}+ hMiant., + hU RBAP™M + hU|' RE},
0< )\rkn_il_ri 1 W41 = CR_lUT]k+1 —+ D)\El_il_ri + F, > 0.

It is noteworthy that this scheme is equivalent to the one in (2) as long as h > 0.
This can be rewritten as:

P —hMyy —hMis (P 0 hU min hU,
< Moy Moo >"’“+1 n (0 0) T+ (U2T RBA; + U, RE, (55)
N——

Ay

Since the OSNSP is solvable, there exists 7, € R™ such that [11, Proposition 6.1.7]:

v P 0 7 min ] ViRV AaY:
o =01 (g ) o+ OTRBNES + O REL) + (1, = M ihm. (50)

which implies (using compatible norms):
< (P 0 Vatial VAT
el < WMy (o ) Ml = IMEUy RER| (| (L — M, M) |
+ MU RB| (v |[CRU|| Inesall + v 11 FelD), (57)

thus we obtain
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(1 =y M0y RBIICRU) [ (58)

. (P 0 e S s
<137} (g0 ) Wl + INERCREN + 10~ S8l ++ | O RE N

Assume that ||MU, RB||||CR™'U|| < 1 for all h > 0. Then (58) can be rewritten
as ||me1]| < al|nk|| + Br for some a > 0, and By > 0 depends only on Fj and
Ey, the external signals, as well as on 7. If M, is invertible, which does not
require My nor Mj; to be definite, then 7y = 0. It is inferred that ||mge1|] <
a* ol | + Zf:o a'By_;. Some further assumptions have to be made to conclude
about the uniform boundedness of the iterates as h — 0 (or as k — +4o00), for
instance to secure that

(P 0
T
1% (o)
o= —— <
1= 00; RBJ|CRU]

-+ (P 0 ~ oy _
1t (o) 1+ Ie rBlIcR V) <1

Roughly speaking, M), should be “big” while v should be small.

For the sake of briefness we do not push forward the developments. However it is
noteworthy that this approach allows us to relax some assumptions made in the
foregoing sections (coercivity conditions with — My > 0 and —My; = 0, decoupling
with U} RB = 0, time-invariance with F'(¢) constant), at the price of doing different
assumptions, however. Permitting a varying F'(t) allows to encompass some classes
of singular FOSwP [20].

Remark 7.1. All the above convergence results are obtained under the condition
that the matrix My, is invertible, which is sufficient only and linked to the tools
used for the proofs of Propositions 4.2 and 4.3. This is interpreted as an index 1 on
the algebraic part of the DVLCS in (29). Let us consider (29) with My, = 0, the
equality becomes

Moy (t) + U] RBA(t) + Uj RE(t) = 0,

with A\(¢) € (D + 0¢) Y (—CR™'Un(t) — F(t)). Therefore (29) can be rewritten
equivalently as:

(a) Pnl(t) € Mllnl(t) + M12772(t) + UlTRE(t)
+ U RB(D + oY) (=CR™'Un(t) — F(t))
(b)  0¢& Myn'(t) + U) RE(t) + Uy RB(D + 0¢i) H(—=CR™*Un(t) — F(t)) (59)

Proposition 4.3 does not apply to (59). There are various ways to analyse (59),
depending on the rank of My, D, and several other properties. The inclusion (59)
(b) is a generalized equation for n'(t), parameterised with n?(t). In particular D = 0
yields a differential inclusion that could embed singular FOSwP. This is not tackled
in this paper and is left as a future research work. It is noteworthy that passive
descriptor-variable LCS [24, 31] possess a Weierstrass structure with Ms; = 0 but
with specific properties that may make them amenable for analysis.
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8. Conclusion

This article deals with well-posedness issues in a class of singular nonsmooth set-
valued systems, named descriptor-variable linear complementarity systems (DVLCS).
The implicit Euler time-discretization is analysed. First, conditions which guarantee
the existence and the uniqueness of solutions to the one-step nonsmooth problem,
are stated. Then the convergence of the approximate piecewise-linear discrete so-
lutions is studied. This article leaves many issues open, the above results could be
generalized in various directions. The set-valued operator considered in this work
(represented through the complementarity conditions, equivalently a normal cone
to a convex set) could be extended to the subdifferential of proper lower semicon-
tinuous convex functions as initiated in [17, 54], or to maximal monotone operators
[26], or to normal cones to prox-regular sets, see [20] for more references. The sin-
gular matrix P could be supposed to be state-dependent P(z, z) (with applications
in circuits with nonlinear resistors, inductances and capacitors [20] [1, Section 3.5]).
Most importantly the problem of bounded-variation solutions with discontinuities,
which is well understood in DAEs, in sweeping processes and in Linear Comple-
mentarity Systems, when considered separately, has not been tackled and deserves
future analysis. In that same vein the well-known notions of differentiation index in
DAEs, and of relative degree in LCS, have to be further analysed for DVLCS.

Acknowledgements: This work was partially supported by the INRIA Project
Lab (IPL) ModeliScale, https://team.inria.fr/modeliscale, and by the Fonds Unique
Interministériel (FUI) ModeliScale.

A. Preservation of positive definiteness with perturbation

We give here an excerpt of [27, Theorem 2.11], and a corollary of it. Let us recall that
for a given M € R™*", ||M]|2 is the induced matricial norm such that ||M||a2 =
Omax(M) (the largest singular value).

Theorem A.1. ([27]) Let M € R™" be a positive definite matriz. Then every

matrix
\—1
M+ M
(2)

Ae{AeR"X"\‘

is positive definite.

[|M — Alf22 < 1}
2,2

Corollary A.2. Let D = P+ N, where D, P and N are n X n real matrices, and
P = 0, not necessarily symmetric. If

1
[IN]l2 < (60)

1(225)
D) 2,2

then D = 0.

B. Well-posedness of Variational Inequalities
The next results use the notions of recession functions and cones, which we briefly
introduce now [33, 48, 58]. Let f: R" — R U {+o0} be a proper convex and lower

semicontinuous function, we denote by dom(f) 2 {z € R"| f(z) < +o0c} the domain
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of the function f(-). The Fenchel transform f*(-) of f(-) is the proper, convex and
lower semicontinuous function defined for all z € R™ by

f(z)= sw {(z,2) - f(2)}. (61)

z€ dom(f)

The subdifferential Of(x) of f(-) at x € R™ is defined by

Of(x) ={w e R"| f(v) — f(z) > (w,v —x),Vv € R"}.

We denote by Dom(0f) 2 {z € R*|0f(x) # (0} the domain of the subdifferential
operator df : R" — R™. Recall that (see e.g. Theorem 2, Chapter 10, Section 3 in
[7]): Dom(0f) C dom(f).

Let xy be any element in the domain dom(f) of f(-). The recession function f(-)
of f(-) is defined for all z € R™ by

The function fo : R" — R U {+0o0} is a proper convex and lower semicontinuous
function. Let K C R™ be a nonempty closed convex set. Let xy be any element in
K. The recession cone of K is defined by [48] [58, Definition 1.11]:

1 n
Koo:ﬂX(K—xo):{ueR lt+ A ue K,VA>0,Vee K}.

A>0

The set K, is a nonempty closed convex cone that is described in terms of the
directions which recede from K.

Let us here recall some important properties of the recession function and recession
cone (see e.g., [12, Proposition 1.4.8]):

Proposition B.1. The following statements hold:
(a) Let fi : R" - RU {400} and fy : R" — RU {400} be two proper, conver and
lower semicontinuous functions. Suppose that fi + fo is proper. Then for all

2 €R™: (fi + f2)oo() = (f1)oo(®) + (f2)oo(T).

(b) Let f: R™ — RU{+4o00} be a proper, conver and lower semicontinuous function
and let K be a nonempty closed convex set, such that f + Uk is proper (equi-
valently dom(f) N K is nonempty). Then we have for all x € R™:

(f + VK)oo(®) = foo () + (Vi )oo ().
(c) Let K C R™ be a nonempty, closed and convex set. Then for all v € R" :
(Vi)oo(x) = Vi (z). Moreover for allz € K ande € Ko, : x + e € K.

(d) If K CR™ is a nonempty closed and convex cone, then Ko, = K.

(e) Let K =P(A,b) 2 {x € R"|Azx > b} for A€ R™" and b€ R™. If K # 0 then
Ko =P(A,0) ={z € R"|Az > 0}.

(f) K CR" is a nonempty closed convex bounded set if and only if Ky = {0,}.

(g) Let f:R™ — RU{+oc} be a proper, convex and lower semicontinuous function.

Then epi(foo) = (epi(f))oo-
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Sets as in item (e) are called H-polyhedra, and there is an equivalence between sets
P(A,0) and finitely generated convex cones [58, Theorem 1.3]. Let us now concate-
nate [3, Theorem 3, Corollaries 3 and 4]. They concern variational inequalities (VIs)
of the form: Find u € R™ such that

(Mu +q,v —u) + ¢(v) — p(u) >0, for all v € R", (62)
where M € R™™ is a real matrix, g € R” a vector and ¢ : R" - RU {400} a
proper convex and lower semicontinuous function. The VI in (62) is equivalent to
the inclusion Mu + q € —9d¢(u) & u € (M + 9p)~'(—q). The problem in (62) is
denoted as VI(M, q, ¢) in the next proposition. We also set:

KM, ¢) = {z € R"[Mz € (dom(ps0))"}- (63)

Note that (dom(ps))* is the dual cone of the domain of the recession function ¢,
while (dom(p))s is the recession cone of dom(y).

Proposition B.2. ([3, Theorem 3, Corollaries 3 and 4]) Let ¢ : R" — RU{+o0} be
a proper, convex and lower semicontinuous function with closed domain, M € R™*™
and suppose that M = 0 (not necessarily symmetric).

(a) If (dom(p))e Nker{M +MT}NK(M, ) = {0} then for each q € R", problem
VI(M,q,p) has at least one solution.

(b)  Suppose that (dom(p))s Nker{M + M} N K(M, ) # {0}. If there exists
xo € dom(p) such that
(d — M 20,0) + Poo(v) >0 (64)

for all v € (dom(p))e Nker{M + M'"} N K(M, ), v # 0, then problem
VI(M,q,p) has at least one solution.

(b)) If M =MT" then one can take zo = 0 in (b).

(¢) Ifuy anduy denote two solutions of problem VI(M, q, ) then we have uy —uy €
ker{M + MT}.

(d) IfM=M" and u; and uy denote two solutions of problem VI(M,q, ), then
(@, ur — uz) = p(uz) — p(ur),

() IfM = M" and o(z + 2) = p(x) for all x € dom(yp) and z € ker{M} and
(q,e) # 0 for all e € ker{M}, e # 0, then problem VI(M,q, ) has at most
one solution.

(f) If M =MT, then u is a solution of VI(M,q, ) if and only if it is a solution
of the optimization problem mingcgn %xTMm + (q,z) + ().

Item (d) is [3, Equation (53)], item (f) is [3, Equation (50)]. Notice that the function

©(+) will never be strictly convex in the case studied in this article (it is an indicator

function) so that the strict convexity argument of [3, Theorem 5] which applies when
M is a Py-matrix never holds. The study of VIs as in (62) can be traced back to [50].

C. Some Convex Analysis and Complementarity Theory tools

If K ¢ R"is a set, then K* = {z € R"|(z,2) > 0 forall z € K} is its dual
cone. Its closure is denoted K. The indicator function of a set K C R"™ is
VY(z) = 0if v € K, Yg(z) = +oo if o ¢ K. If K is closed nonempty con-
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vex, we have 0Yk(zr) = Ng(x), the so-called normal cone to K at x, defined as
Nig(z)={veR"|v'(s—x) <0forallse K}. When K is finitely represented,
ie, K ={x € R" | ki(z) > 0,1 <i < m}, and if the functions k;(-) satisfy some
constraint qualification (like, independency, or extensions like the MFCQ), then
Nk (x) is generated by the outwards normals at the active constraints k;(z) = 0,
ie., Ng(z) = {v € R" | v = =\;VEk;i(2),ki(z) = 0,\; > 0}. Let K be a closed

convex cone, then:
K'szlyeK & z€ -Nk(y) < ye —Ng(x). (65)
Let M = M" = 0, z and y two vectors, then
. ) 1
M(z—y) € =Ni(z) & z = projy[K;y] & o = argmin, i 5 (z—y) M(2—y). (66)
The first equivalence in (66) is [10, Proposition 6.46].

D. Proof of Lemma 3.11

It is known that foo(¢,&) = Hminfy oo poe(f(¢, Av)/A for each fixed t > 0 [33,
Proposition 7]. Therefore using (18):

flt, )
Ao 1
‘ —(ACR YW —y)'DIACR v —y) if \CR v —y € Im(D"),
= o0

+ o0 otherwise

St g(CR_lv - %)TDT(OR‘% - %) if CR"v — % € Im(D")
[ T+ otherwise.

(2t (GCR M- GY)TGT DG GOR T — G
2 Gy+F(t)>0 A A

if GOR v — G% € GIm(DY)

| T o otherwise.
(A . -1 ENT =Tyt -1 -1 z
— inf (GCR 7 v——<) G 'D'G(GCR v— <)
_ 2 24+GF(t))>0 A )\Z (67)
if GOR v — = € GIm(D")
| 00 otherwise. A

Clearly the limit as A\ — oo of the quantity in the first line, is either zero or infinity,

since the function to be minimized is a quadratic function and G=TD'G™! = 0.

If D = 0 then the infimum is zero, § > %F(t), so as A — +oc one has § > 0
since GF(t) is bounded, and we obtain that GOCR™'v = § so GCR™'v > 0. Hence
foo(t, &) = ¥r(€) (which is in agreement with Lemma 3.10), noting that U = I,,, is
suitable in this case.

Notice that GCR™'v — £ € GIm(D') < In € R™ such that GCR'v — £ = GDy.
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Thus the minimization problem
inf. | ar@)>o %(GCR‘lv — f)TG_TDTG_l(GCR_lv -3)
if GOR'v — % € GIm(D'), is equivalent to

1 1
inf (' DDI(D) & inf 5" D)DI(D'n) (68)
GD'n=GCOR 'v—% GDtn—GCR1v—GE¥M <o
z2>—GF(t)

where v € R™ is given. Let us now state the necessary and sufficient KKT conditions
[48, Theorem 28.3]: 7 solves the minimization problem if and only if there exists a

multiplier v € R™ such that 0 < v L GD'n — GOCR ‘v — GFT(t) < 0 and (D")%n +

D'G"y = 0. Assume first that D = 0 (hence we can take U = I,,,). In this case

f(t, \v) _ A 1 BNT =Tyt r—1 -1 z
=3 z+c}11?1(ft)zo(GCR v )\) G 'D'G"(GCR v /\)
A inf (" DD~} (D"1y).

 2opigoR -
The (necessary and sufficient) KKT conditions yield n = — D2G ", and
0 < L GDGTy+ GOR M+ €50 >
& 7 = projgper[RY; —(GDGT)H(GCR ' + “H0)).
Also (n"D™")D™(D™'n) = v"GDG". Therefore:

[t Av) GF(t)

A
S §pmngGT [RT; —(GDGT) {(GCR 'v — )] GDG x
GF(t
< projgpgr B} ~(GDGT)GoR — “Ey (69)
Using the complementarity conditions it follows that GOR v + GFT(':) >0=7=0

and this is the unique solution since GDGT = 0. Thus the projection vanishes and
we infer that f(¢, \v)/\ = 0 for any A € R. Thus taking A — +o00 and v — & implies
that foo(t,€) =0 if GCR™¢ >0 & £ € T. Now if £ € T then the limit is infinite.
Thus we have proved that fo(t,&) = ¢¥r(§).

Let now D = 0, so that there exists a unitary matrix U, UU" = U'U = I,,,, such

that UDUT = (D 0

0 0), D = diag()\;) € R™™ where \; > 0 are the positive

D=t 0

eigenvalues of D. Then DI = UT< 0 0

)U . Let us assume for the moment

A1
that U = I,,. Tt follows that Df — (DO 8) Let us define n; = (n1,...,7m) 7,

nir = Mmsty -3 Mm), m = m —m, (GCR™Y);, are the first m rows of GCR™!,

(GCRil)[.

(GCR™Y) 11, are its last m rows, so that GCR™! = <(GCR1)U.

) . The minimization

problem (68) can be equivalently rewritten as:
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1 += — F
inf §nITD_3771 subject to: (gﬁlm) D 'n; —GOR ‘v — G%t) <0. (70)
Also,
D 0 =

GCR 'v — 2eGIm(D") :Glm(o 0

) ~ (GCRil)[.U_ ZTI € Gmmlm(D) :GmmRm

and (GOR™)ev — 2L € GmR™ C R™, with 2 > —GF(t). Therefore:

)
f(t, \v)
= 71
T (71)
| = . Gimm \ /- - F(t)
inf ﬁ'r;ITD 3n; subject to (G'an>D ' — GCR v — GT <0
= if (GOR )10 — 2L € GpnR™ and (GOR™) 1100 = AL € G R™
+ 00 otherwise.

If GCR v + G@ > 0 then the mimimum of the quadratic function is attained at
1y = 0 which is an admissible value for the inequality constraints, and in this case
the limit as A — 400 is null. Otherwise the minimum is attained at some n; # 0
and the limit is infinity. Thus again fo.(¢,&) = foo (&) = ¥r(€). To finish the proof,
let us assume that U # I,,, the minimization problem in (67) can be rewritten
equivalently as:

f(t, \v)
A
(A

A -1, g'r D=t 0 -1, y
2y+11v1%tf)20(UGCR v U)\) (0 0)(UGC’R v U)\)

= (72)

-1
if GOR v~ 2 € Im(D') = Im(U" (DO 8) U)

L + o0 otherwise.

0 0 0
D™t 0
0 0

as above we infer that when UGCR™'¢ € R then the optimal value of the mini-
mization problem vanishes, otherwise it equals +00. Thus f. (&) = ¥r(§).

B 77T D' 0 T D' 0
One has Im(D") = U ' Im( U) C U ' Im( o)) (11, p.102]. Thus the

condition becomes UGCR ‘v — U % C Im(( )) Following the same steps

E. Proof of Proposition 4.2

Item 3 implies that the iterates &1, which belong to I' (because &, € dom(I") for
all k > 0), are uniformly bounded, and so is the sequence {"(-)}. Let us rewrite
(8) now as

RP"R™¢,1 — RPR7'¢, — hRE), = Ciy1, Copr € —Of (Epr)- (73)

It is inferred that the selection (. ; is uniformly bounded (thus BAyy1 = R7'(yq
is bounded as well, or formulated otherwise, any unbounded part of the multiplier
Ax+1 belongs to Ker(B)).
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Let &, 2 w, we have:

{ RPR™'¢ — RAR 41 — REy, € —0f (é541) (74)

RPR™,_ 1 — RAR™'¢, — REy_1 € —0f(&),

hence substracting both inclusions and multiplying both sides by fk we obtain:
(RPR™ (& — &—1), &) — (hRAR™'&, &) — (R(Ey — Ex-1), &)
~{(Chs1 — G &) <0, (75)
where the inequality is obtained from the monotonicity of 9f(-)%. From (75) we get:
(R(P = hA)R™"¢,, &) — (RPR &1, &) — (R ABy, &) <0 (76)
where AFE, = Ey, — Fy_1. Using item 4 in the proposition’s assumptions, it follows

(R(P —hAYR™Y,,6.) = (UTR(P — hAYRT'UU ", UTE,)

(P —hMyy —hMi\,1s 5T
- <( —h Mo, —hMQQ)U & U Gh)-

-1
Define 1, = UT &y, so that 7, = UTE, = (ga?@) (Z’g) il € R, 2 € R,
k
Thus we obtain
(R(P — hA)R &, &)
One also has

(RPR7),_1,&) = (UTRPR\UU§,_1,U" &) = (UTRPR™ U1, i)
- <P7]k71777k:>

and (R AEy, &) = (UTR AE,, U"&) = (UTR AE, 7). Therefore (76) can be
rewritten equivalently as:

((P = hMyy )i, i) — (hMagip, i) — (g, R(MY + Ma1)1g)
— (Pijj_y, 1) — (UTR AEg, 1) <0, (78)
equivalently:

( Mll)nka )

(P
o oo L 1 '
< (A Mo, 1) + IR P + IO + Ma) [P
1, =1, 1, =1,
+ SIP2 il l” + S P2l + {(UTR AEW)" i) + (U R ABE )™ i)

2 This would not hold in the time-varying case if Assumption 4.1 does not hold.
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< (0 (Maa-+ GO+ M) ) + 5P + FIIPH P + Gl
TR MBI+ 0T R A )

ST + M)l ) it + SHIP + SPHLIP + GIPER

+ ][]+ hl] 1]

< (h (M22 +

1 2 . L. I 51,
S%(Mx+§WM$+MMW>%W@+—W%W+§W”m4W +aIPhRL?
1
+50th+3 h||nk||2+ a2h+ h||nk||2 (79)

where the inequalities |z "y| < ||z|| [|y|| < 3]|z[]* + 5|lyl|* for any real vectors x
and y are used, and item 7 guarantees the existence of bounded a; > 0 and ay > 0
(remind that ¢t — ¢, = h). Hence:

12 .
(3P — Ay = L il )
1 1 o .
< (0 (Mot O + Mol Py + 51y ) D) +

1, -1 1
< §HP2 1H2 (%"‘O‘z)h <2P77k 1777k 1>+(0‘%+O‘§)h

< <( P — hMyy — R, )nk 1 Me) + (@F + ad)h, (80)
where item 5 has been used to obtain the second inequality and item 6 has been
used for the third inequality to secure that lP lP — hMyy — hi,.

Defining V(nk) ((3P — hMyy — hI,)np, np) we obtain from (80)

(k+1)T

V(i) < V(i) + (a7 + a3) (81)

Therefore V(1;) and consequently 7 is uniformly bounded for all k& € {0,n}, inde-
pendently of n. Thus i} (t) = U, €"(t) is bounded in ¢ € [0, T] for any bounded initial
data. The sequence {n}} is thus uniformly bounded (because {£"(-)} is), continuous
with uniformly bounded derivatives almost everywhere, and thus equicontinuous.
From Arzela-Ascoli Theorem, {n}} stays in a compact subset of C°([0, T]; RP), and
there exists subsequences (which we still denote n}(-)) that converge uniformly in
C°([0,TT; RP) to a limit n'(-).

F. Proof of Proposition 4.3
Let us start with
RPR (41 — &) — hRAR Y64y — RPR™M (&, — &) — hRE), € —h Of (Exv1), (82)
equivalently
U'RPR'UU" (&1 — &) — WUTRART'UU "&,4
—~U"RPR'UUT (&, — &) — hU'RE, € —hU " 0f (£441), (83)
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that is

(P(?(%H—%>_h<MuJ%ﬁ(%ﬂ)_<P(D(%—%)

0 0 77,§+1 — 3 My Mo 771%+1 0 0)\m—m
—hUTREy € =hU" 0 (§+1)- (84)

The condition UT R Im(P) D U" R Im(B) implies that U, RB =0 = U, ¢; = 0 for

any Cx € 0f(&ry1). Indeed

U'RIm(P) =Im(U"RPR™'U) = Im((g 8))

UfRB))

T _ T _
and U RIm(B) =Im(U'RB) = Im((UQTRB

Thus using the second line in the left-hand side of (84) and item 5, we obtain
N2 = My (—Mxni,, + U RE}). Inserting this in the first line of the second term
in the left-hand side of (84) gives

—hMune — hMianiy = —hMwn} ., — hMia My, Uy REy,

where M, is in item 4 of the proposition. Now using (84) we obtain:
P 0 7711+1 - 77(%) T
) U -
(6 o) (i s) v e

My My, 77/%3 - 771> T
—(h +1 0 7 U _
< <M21 M22> (771?;+1 - 77(2) (61 = &0))

v s
(g o) (B2m). 076 - &)~ (0T RELUT (61 - o)

1
(e a) () e - )
= (MU Copr — U G+ UT), U (&1 — &) < (U0, U (Eprr — &0))- (85)

Let us now define wy = UT¢ + (%i %2) UT¢&, with ¢y € 0f(&). Using the

monotonicity of df(-), the definition of wy and (41 € Of (§ks1):
P 0 771%+1 - Ué) T
) U -
<(0 O) (77]%-&-1 _ 77(% <£k+1 50))

1,1
~0 (3 202) G o) v w

771%+1 - 77(2)
B 1.1
(5 o) (B2m). U7 -
— (WU RE}, 4 w0), U (€41 — &0)) <0 (86)

Using the calculations made just above (85) for Myin,,, + Mionz,, with the Schur

11
complement My, the fact that U (&yq — &) = (Z’;“ - Z%), it follows from (86):
k+1 0
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(P = P Men) (Mjsr = M0)s Mo — 7o)

< (P(nt = 10), 11 — Mo) + h{UY REy, +wy — My — Myong, iy — m)
+ h(Uy Co, Mo Moy Uy REy) — h(Mia Moy Uy Go, 1y — 10)
— h(Mi2M3,"Uy Co, 1)

_ h h
<P = 16)s Mhyr — M) + §HU1TREk +wp = Mg = Mg + 5 [l
h _ h h B
+ §|\M12M221U;§0||2 + §HU2TC0||2 + §||M12M221U2T3Ek||2
+ hf|npey — mol%- (87)

Using items 3 and 4 we have PEp_ hMse, — hI, = 0, then:

i _ h
(P(Masr = 10) s Mhosr — M0) < (P(mg — 16) ogr — M) + 5 X(Bx, G )

X h
<A(P(np —m0)s ey — m0) + 5 T (Bx, o, o) (88)

where Y (Ek, o, m0) is easy to define. From the assumptions of the proposition,

[y

n—

1 h Tn-—1 cT
- hY(E <C=(n—-1)=C— —
2 = ( k7C07770) = 2(” ) 2 n )
for some constant C' > 0. Thus
5 cT -
(P = M0): s = M0) < =5 + (Pl = o) = o)

for all k € {1,n—1}, while (P(n} —n8),ni —nd) < L. We conclude that |[nt, —nd|]
is bounded uniformly in k, thus 7}, and 7? are uniformly bounded as well. This ends
the proof.

Remark F.1. Item 5 in Proposition 4.3 guarantees a decoupling between the al-
gebraic equation and the multiplier A. If this assumption is relaxed, one has to
deal with the term (U, (o, MiaMy,'UJ (;) in the right-hand side of (87). Another
way to decouple is thus to assume that M;s = 0. Item 5 could be replaced by:
UTRIm(P) CUTRIm(P) or My = 0. If none of these conditions is satisfied, then
one has to resort to another kind of proof, as outlined in section 7.
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