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Analyse qualitative d’une classe d’inégalités variartionnelles par des
problémes de semi-complémentarité. Applications en électronique.
Résumé : Dans cet article nous proposons une théorie mathématique applicable a I’étude d’une large classe

d’inégalités variationnelles apparaissant en électronique.
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1 Introduction

The first major contribution of this paper is to propose a new mathematical approach that can be used to derive
conditions for the existence and uniqueness of a general class of variational inequalities of the form: Find v € R™
such that

(Mu+ q,v—u) + ®(v) — ®(u) >0, Yo € R" Q)

where M € R™ " is a real matrix, ¢ € R™ a vector and ® : R” — IR U{+oo} a proper convex and lower
semicontinuous function.

In this paper, we first develop a topological approach using Brouwer degree theory that has been introcuded in
[29] for the case & = ¥ where U i denotes the indicator function of some nonempty closed convex set K. This
approach reduces the study of problem (@) to the one of some semi-complementarity problems like:

z € D(®)so
Mz € (D(®o))" @)

(Mz,z) <0,

where D(®) is the recession cone of the domain of ® and (D(®,))* is the dual cone of the domain of the
recession function @, of ®.

Then we show that this approach can be used to state conditions for the existence and uniqueness of solutions of
Problem (@) for various important classes of matrices M and functions ®. In particular, we show that fundamental
results known in complementarity theory and concerning several classes of matrices like positive definite matri-
ces, P-matrices, weakly positive definite matrices, positive stable matrices, diagonally stable matrices, positive
semidefinite matrices, Po-matrices, weakly positive semidefinite matrices, positive semi-stable matrices, coposi-
tive matrices and diagonally semi-stable matrices can be generalized to problem (). Recession tools play a
major role in this approach.

Then we present how our theory for problem () can be used to derive conditions for the existence and uniqueness
of solutions of the generalized equation
Az + Du € BOZ(Cx) (3)

where A ¢ R™",B € R, C € R™*" and D € R™*? are matrices, u € IR is a vector, = : R™ —
R U{+o0} is a proper convex and lower semicontinuous function and O denotes the subdifferential operator of
convex analysis.

The second major contribution of this paper consists to show that the mathematical model in ([B) and consequently
in @) can be used to develop a suitable methodology for the formulation and mathematical analysis of circuits in
electronics involving devices like diodes and operational amplifiers.

As shown through several examples of classical static electrical circuits like clipping circuits, slicers, sampling
gates, operational amplifiers, four-diode bridge full-wave rectifiers, such generalized equations are mandatory
studying to characterize the well-posedness of the circuits (v may be a time-varying input signal ¢ — w(t)) as well
as to compute some defined output signal. We show also that the results which are presented in this paper can be
useful for the determination of the equilibrium points of dynamical circuits, a topic of major importance for further
dynamical analysis and control applications.

2 Mathematical Tools

The aim of this Section is to recall some notions and fundamental results in convex analysis which will be used
throughout this paper.

For z,y € R™, the notation (z,y) = > I, z;y; is used to denote the euclidean scalar product on R" and
llz|| = v/ {z, x) to denote the corresponding norm. The identity mapping on R™ will be denoted by idg~ while the
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identity matrix of order n is denoted by 7. We will also denote by {e?, ..., e"} the canonical basis of R™.

e [Convex subdifferential] Let I'o(R™; R U {+o0}) be the set of proper, convex and lower semicontinuous func-
tions from R™ to R U {+oc0}. Let @ € T'o(R™; R U {+0o0}) be given. The convex subdifferential 9®(x) (see e.g.
[30], [45]) of ® at x is defined by:

0P(z) ={w eR": ®(v) — ®(z) > (w,v — z),Vv € R"}.

The set 9®(x) describes the differential properties of ® by means of the supporting hyperplanes to the epigraph of
 at (z, P(x)).

e [Fenchel transform] Let & € I'o(R™; R U {+00}) be given. We denote by D(®) the domain of @, i.e.
D(®) = {z e R": &(z) < +o0}.
The Fenchel transform &* of ® is the function defined by:

D*(z) = sup {{z,z) — ®(x)}, (» € R").
z€D(P)

The function ®* : R” — R U {+oo} is proper convex and lower semicontinuous. A well known result in convex
analysis (see e.g. [30], [45]) ensures that:

z € 00(x) <=z € 09*(2) <= D(z) + D*(2) = (x, 2).

e [Closed convex set] Let K C R™ be a nonempty closed convex set. We denote by W x the indicator function of
K, thatis:

0if ze K
Ug(x) := , (xeR™). 4)
+oo if 2 ¢ K
Then
{fweR": (w,v—2)<0,Ywe K} if xe€ K
8\I/K(x):
0 iferg¢ K
and

Wie(z) = swp (z,2), (z€R").
rzeK
The dual cone of K is the nonempty closed convex cone K * defined by

K*:={weR": (w,v) >0, Yv € K}. (5)

e [Recession function] Let xy be any element in D(®). The recession function of & is defined by

D(z) = lim %fb(:co + Az) (z €R").

A— 400

The function ®, : R™ — R U {+o0} is a proper convex and lower semicontinuous function which describes the
asymptotic behavior of ®.

o [Recession cone] Let zo be some arbitrary element of K. The recession cone of K is defined by

1
Ko=) 5 (K — o).
A>0
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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 Section 1.4 in [IZ7]):

Proposition 1 a) Let ® : R™ — R U {+oco} be a proper convex and lower semicontinuous function. Then

D (ax) = a®so(x), (a >0, x € R™), (6)
@ocle) = timing U (o e R, 0

(x € D(?),e e R") = Dy(e) > P(x+e) — D(x). (8)

b) Let ®; : R® — RU {+oc0} and &, : R" — R U {+oc0} be two proper, convex and lower semicontinuous
functions. Then

(@14 P2)oo () = (P1)oo () + (P2)oo (), (w € R™). ©)

c) Let K C R™ be a nonempty, closed and convex set. Then

(VK)o () = Vi (z), (z€R"), (10)

(xeK,ee Kpy) = xz+e€K. (12)

d) Let K c R™ be a nonempty closed and convex cone. Then
Ky =K. (12)

e) Let K C R™ be a nonempty compact and convex set. Then

Ko = {0} (13)

e [Proximation operator] Let ® € T'o(R"; R U{+00}) be given. It is known that for each y € R™, there exists a
unique = € R™ such that
(x —y,v—x) + P(v) — ®(x) >0, Vv € R",

that is
y € x+ 0D(x).

The mapping Pp : R™ — R™;y — Ps(y), called the proximation operator (see e.g. [43]), and defined by
Py (y) = (idg~ +0®) " (y), (y € R") (14)
is thus a well-defined singled-valued operator. Moreover, it is easy to check that:
1
y€x+00(z) = = (idgn +00) (y) <=z = argminveRn{§||v —y|]* + ®(v)}.

If K is a nonempty closed convex set, then
P\pK = PK

where Py denotes the projector from R™ onto K, i.e.

. 1
Py (w) = argmin,e {5 [lv - 2/[*}.
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e [Brouwer topological degree] Let D ¢ R™ be an open and bounded set. If f : D — R™ is continuous and
0 ¢ f(0D) then the Brouwer topological degree of f with respect to D and 0 is well-defined (see e.g. [35]) and
denoted by deg(f, D, 0).

Let us here recall some properties of the topological degree we will use later in this paper.
P1. Solution property: If 0 ¢ f(0D) and deg(f, D,0) # 0 then there exists z € D such that f(z) = 0.

P2. Homotopy invariance property: Let ¢ : [0,1] x D — R™; (), z) — ©(\, x), be continuous such that, for
each \ € [0,1],0ne has 0 ¢ (A, dD). Thenthe map A — deg(p(],.), D,0) is constant on [0, 1].

P3. Normalized property: If p € D then deg(idg» — p, D,0) = 1.

3 A Class of Variational Inequalities
Let ® : R" — R U {+oc0} be a proper, convex and lower semicontinuous function with closed domain, i.e.
D(®) = D(®). (15)
Let M € R™*™ be a given matrix and ¢ € R™ a given vector. We consider the variational inequality problem:
VI(M, q, ®): Find v € R™ such that:
(Mu+ q,v—u) +®(v) — P(u) >0, Yo € R". (16)

The solution set of problem VI(M, q, @) will be denoted by SOL(M, g, ®) and the resolvant set by R(M, @),
that are:
SOL(M,q,®) := {u € R" : u solution of [I8)}

and
R(M,®) :={qeR": SOL(M,q,®) # 0}.

Remark 1 i) The variational inequality in ([I8) is equivalent to the differential inclusion:
Mu+q € —0%(u) @7
and R(M, ®) is nothing else that the range of the set-valued mapping z = —Mx — 0®(x), i.e.

R(M,®) = Ugern{—Ma — 0P(z)}.

i) If a solution of (@8) exists, let us say u*, then: (Mu* + q,e) + ®(u* + ) — ®(u*) > 0, Ve € R™ and then
using @), we get: (Mu* + ¢, e) + Poo(e) > 0, Ve € R™. It results that necessarily:

(g,€) + Poo(e) >0, Ve € ker{MT}. (18)

iii) Condition ([@T) is not really necessary to develop our approach but it is assumed in order to simplify its presen-
tation.

3.1 Special classesof matrices M and functions

In the study of Problem VI(M, q, ®), the following definitions of various special matrices A and functions ®
will be used.
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e We denote by I'(R™; R U {+o0}) the set of proper convex and lower semicontinuous functions ® : R" —

R U {400} with closed domain, i.e.:

D(R™;RU {+00}) := {® € To(R";RU {+00}) : D(®) = D(®)}.

e We denote by DT'(R™; R U {+oo}) the set of functions ® : R™ — IR U{+o0} with the "diagonal” structure:

O(z) = ©1(x1) + Po(x2) + ... + Pp(xy), Vo € R”,

where, forall 1 < 7 < n, we have
®; € I(R"; RU{+0o0})

and
D;(A\x) = AD,;(x), YA >0, Vo € R™.

It is clear that
DI'(R™;RU{+00}) CT(R";RU {+00}) C I'o(R™; R U {+0o0}).

o We define by By, the set of (M, ®) € R™*™ x T'(R™; R U {4+00}) such that D(®) is bounded.

o We define by PD,, the set of (M, ®) € R"*"™ x I'(R™; R U {+o0}) such that
(Mz,z) >0, Vo € D(®)oo,z # 0.

o We define by PDO,, the set of (M, ®) € R™*" x I'(R"; R U {+o00}) such that
(Mz,xz) >0, Vz € D(®)w.

o We define by P, the set of (M, @) € R™*™ x I'(R™; R U {400} such that
r € D(®)o = (z,¢")e! € D(®s) (1 <5 < n),

and
(x € D(P)oo,z #0) = Ja € {1,....,n}: zo(Mzx)o > 0.

o We define by PO, the set of (M, ®) € R™*"™ x I'(R™; R U {+0o0}) such that
€ D(®)y = (r,¢/)e! € D(Ds) (1 <j <),

and
(x € D(P)oo,x #0) = Jae{l,...,n}: x4 #0and zo(Mzx)q > 0.

Remark 2 i) Note that both D(®), and D(®,) are used in ([24)) and (Z8).

if) Condition 24) (or ([8)) means that if w € D(®) then its projection (w, e/)e’ = w;e’ onto the space
X;={z€R" 12, =0,k € {1,...n},k # j}

belongs to D(®,).

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(@7)

i) If ® = U with K =R”, R""* x(Ry)* (o € {1, ...,n}) or (R4)" then condition &4)) (or 8)) holds.
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Let o(M) C C be the set of eigenvalues of M.

o We define by PS,, the set of (M, ®) € R"*™ x I'(R™; R U {+00}) such that
D(®..) = R, (28)

and
o(M)NR CJO, +o0l. (29)

¢ We define by PSO0,, the set of (M, ®) € R"*" x I'(R™; R U {+0o0}) such that
D(®4) = R™, (30)

and
cM)NR CRy. (31)

Remark 3 Condition 9) (resp. @) means that any real eigenvalue of M is positive (resp. nonnegative).
o We define by Q,, the set of (M, @) € R"*" x I'(R™; R U {+0o0}) such that

R(M,®) =R",
i.e. for each ¢ € R, problem VI(M, q, ®) has at least one solution.

o We define by QO,, the set of (M, ®) € R™*™ x I'(R™; R U {+o00}) such that there exists Aq > 0 so that
RO+ M, ®) =R" V0 <\< Ao,
i.e. forany 0 < A < )\, and for each g € R, problem VI(AI + M, g, ®) has at least one solution.

It is clear that
pPD, c PDO,, P, C P0O,, PS, C PSO,,.

Subset-superset relationships cannot be expected as illustrated by the following simple examples.

Example 1 Let us consider the matrices

-1 0 2 -1 1 1 1 1
Ml = ) M2 = ) M3 = ) M4 =
0 0 -1 2 -4 1 -4 -1

and the functions:
D1 =Y x0.1]y P2 = VizeRa)2: zomai—11 P3 = V1 4oo[x[1, 400>

Dy(x) =21 |+ | 22| (VCCEIRQ), 5 =VR, xR, -

Itis easy to see that (M1, ®,) € By and (M;,®4) ¢ (PDOz uPozuPsoz), (M3, ®3) € PDy and (Ms, ) ¢
(Bz UPO0, UPSOQ), (Mg, (133) € Py and (Mg, (133) ¢ (Bz UPDO, UPSOQ). We see also that (M4, (1)4) € PS,
and (M4, (1)4) ¢ (B2 UPDO0Oy U POz)

Remark 4 The class of matrices satisfying condition [2) recovers the class of positive definite matrices, the
class of matrices satisfying condition (25) recovers the class of P-matrices and the class of matrices satisfying
condition Z9) recovers the class of weakly positive definite matrices and consequently the class of positive stable
matrices. The class of matrices satisfying condition (23) recovers the class of positive semidefinite matrices, the
class of matrices satisfying condition (Z7) recovers the class of Po-matrices and the class of matrices satisfying
condition @I recovers the class of weakly positive semidefinite matrices and consequently the class of positive
semi-stable matrices. The concepts introduced above can thus be used to recover and unify several situations
involving matrices for which there is no subset-superset relationship.
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3.2 Theasymptotic continuation principle

e Recalling that D(®) is nonempty, convex and assumed to be closed, the set D(®), is then a well-defined
nonempty closed and convex cone. Let us now consider the semi-complementarity problem:

SCP.. (M, ®): @)
z € D(®)y

Mz e D(Ps)* (32)
(Mz,z) <0.
Recall that D(®,)* denotes the dual cone of D(® ) and the second relation in (82) reads also:
(Mz,h) >0, Vh € D(®).

Note that the first relation in @2) involves the recession cone of the domain of ® while the second relation in (32)
invokes the dual cone of the domain of ®., and not the dual cone of the recession cone of the domain of ®.

Let us now first remark that if D(®)., = D(®) then problem SCP (M, ®) reduces to a classical complemen-
tarity problem.

Proposition 2 Let ® : R® — R be a proper convex and lower semicontinuous function with closed domain and
let M € R™*"™ be a given matrix. If D(®)., = D(®P) then z € R™ is a solution of problem SCP (M, ®) if
and only if z is a solution of the complementarity problem CP (M, D(®) . ):

2z € D(P)wo
Mz e (D(®)oo)* (33)

(Mz,z)=0.

Proof: Let z be a solution of problem SCP (M, ®). Then the second relation in 32) reads here
(Mz,h) > 0,Yh € D(P)so

from which we deduce in particular that (M 2z, z) > 0. This together with the third relation in (82) ensures that
(Mz,z)=0.

If z is a solution of problem CP(M,D(®).,) then clearly z is a solution of problem SCP ., (M, ®) too. [

Remark 5 Let ® : R™ — R be a proper convex and lower semicontinuous function with closed domain.

i) The following inclusion holds:
D(®o) C D(P) . (34)

Indeed, let e € D(®,) be given. Then, for some o, € D(®), we have

1
D (e) = lim Xfl)(:co + Ae) = ¢ < +o0.

A— 400

Then, remarking that

lim %‘I)(Io +Ae) = lim %(@(:co + Ae) — ®(xg)) = sup %(@(zo + Ae) — ®(xp)),

A——+00 A— 400 A>0
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we see that ®(zo + Ae) < A + ®(xzg), YA > 0, s0 that 2o + Ae € D(®), VA > 0, and thus e € +(D(®) —
x0), VA > 0,s0thate € D(P) .

i) If ® = U where K C R™ is a nonempty closed convex set, then using ([I0), we see that
D((¥K)oo) = D(¥k..) = Koo = D(VK)oo-

In this case, problem SCP (M, ¥k ) reduces to the complementarity problem:

z € Ky
Mz e (Kx)* (35)
(Mz,z) =0.

iii) Let & : R — IR be the function defined by
®(r) =22, Vz € R.
Then @, = Uy, D(P) = {0}, D(®)o = IR and the inclusion in @3 is strict.

e Let us now denote by B(M, ®) the solutions set of problem SCP (M, ®). Remark that problem SCP .. (M, &)
has at least one (trivial) solution since 0 € B(M, ®).

Let us also set:

K(M,®)={zeR": Mz € D(®.)"}, (36)
No(M) ={x e R" : (Mz,x) =0}, (37)
N_(M)={zeR": (Mz,z) <0}, (38)
Ni(M) ={xzeR": (Mz,z) > 0}. (39)

Proposition 3 Let & : R™ — R be a proper convex and lower semicontinuous function and let M € R™*™ be a
given matrix. If u; and uy denote two solutions of problem VI(M, ®, q) then

up —ug € N_(M).

Proof: If u; and uy denote two solutions of VI(M, q, ®) then (Muy + q,us — u1) + ®(uz) — ®(uq) > 0 and
(Mug + q,u1 — u2) + ®(u1) — ®(uz) > 0 from which we deduce that (M (u1 — u2),u1 — uz) < 0. O

The structure of the set B(M, ®) can be specified in several situations that are described in the following proposi-
tion.

Proposition 4 Let & : R™ — R be a proper convex and lower semicontinuous function with closed domain and
let M € R™" be a given matrix.

a) We have B(M,®) = D(®)oo NN_(M) NK(M,®). b) If D(Ps) = D(P)so then B(M, D) = D(P)o, N
No(M) N K(M,®). ) If D(P) = R™ then B(M,®) = ker{M}. d) If D(®) = R™ and M is invertible
then B(M, ®) = {0}. e) If (M, ®) € B, then B(M, ®) = {0}. f) If (M, ®) € PDO,, U PO,, then B(M, ?) =
D(®)oo NNo(M)NK(M, D). g) If (M, D) € PSO,, then B(M, ®) = ker{M}.
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Proof: a) Part a) is a direct consequence of the definition of the set B(M, ®). b) Part b) is a direct consequence
of Proposition[2l c) Here D(®.,)* = {0} and K(M, ®) = ker{M} C N_(M) so that B(M,®) = ker{M}.
d) Part d) is a direct consequence of part c). e) If (M, ®) € By, then D(®) is bounded and thus D(®)., = {0}.
f) If (M, ®) € PDO, then (Mz,z) > 0,Vz € D(®)o and thus D(®)s NN_(M) = D(®)s N No(M). Let
(M, ®) € PO, be given. Let w € B(M, ®) be given. It suffices to check that (Mw,w) = 0. We know that:
(Mw,h) > 0,Yh € D(®s). Let j € {1,...,n} be given. We may set h = (w, e/)e’ to get (Mw);w; > 0.
This last relation holds for all j € {1,...,n} and since 0 > (w, Mw) = Z?Zl(Mw)jwj we obtain finally that
(Mw,w) = 0. g) Part g) is a direct consequence of part c). O

Definition 1 We define by AC,, the set of (M, ®) € R™™" xI'(R™; R U {+00}) such that

vt e [0,1] : B((1—t)I +tM,®) = {0}.

In other words, we say that the couple (M, ®) is of class AC,, provided that, for all ¢ € [0, 1], 0 is the unique
solution of problem SCP o ((1 — t)I + tM, ®).

This concept that may appear technical can in fact be used to recover various important situations. This is shown
in the following proposition.

Proposition 5 We have:
B,uUPD, UP,UPS, C AC,,.

Proof: a) We prove that B,, C AC,,. Here D(®) is assumed bounded and thus D(®)., = {0}. Ift € [0,1] and
z € B((1—1t)I +tM,®) then z € D(®) and the result follows.

b) We prove that PD,, C AC,,. Let (M,®) € PDy,, ¢t € [0,1] and z € B((1 — t)I + tM, ®) be given. Then
z € D(®) and
(1=t)z+tMz,z) <0.

Ift =1then (Mz,z) < 0and @2) yields z = 0. If 0 < ¢ < 1 then

1] < —— (M2, 2)

1-1¢

and from (Z2), we deduce that necessarily z = 0. The result follows.

c) We prove that P, C AC,,. Let (M, ®) € Py, t € [0,1]and z € B((1 — t)I + tM, ®) be given. We assert that
z = 0. Suppose on the contrary that z # 0. We claim that there exists some index k € {1, ..., n} such that

(1 —t)2f +t(Mz)pzx > 0.

Indeed, if 0 < ¢t < 1 the result follows from [25) since z € D(®).., 2z # 0 while if ¢ = 0, the result is trivial since
z # 0. We know that
(1—=t)z+tMz,h) > 0,Yh € D(Ps).

Letj € {1,...,n} be given. Using [5), we may set h = (z,e’)e’ to get
(1- t)zj2 +t(Mz)z; > 0.
This last relation holds for all j € {1, ...,n} and since

(1—=t)z+tMz,2) <0,
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we get the contradiction:
0> (1—t)zf +t(Mz2)pzg + Z(l - t)zj2 +t(Mz)jz; > 0.
ik
d) We prove that PS,, C AC,,. Let (M, ®) € PS,,t € [0,1] and z € B((1 — t)I 4+ tM, ®) be given. We claim
that z = 0. Suppose on the contrary that z # 0. Here D(®,)* = {0} and the second relation in 82) yields
(1-t)z+tMz=0.
If t = 0 then z = 0 and a contradiction. If 0 < ¢ < 1 then

1)
t

Mz:—(

z

so that v* := —@ < 0 is a real eigenvalue of M and a contradiction to (29). O

Let us now give some additional properties that will be used later.

Proposition 6 Let & : R™ — R be a proper convex and lower semicontinuous function with closed domain and
let M € R™*™ be a given matrix. If

(M, ®) € PDO,, U PO, UPSO0,

then
VA >0, (M+ M,®) € AC,.

Proof: Let A\ > 0 be given.

a) If (M, ®) € PDO, then condition Z3) on M entails that A\I + M satisfies condition 22) and the result is a
consequence of Proposition
b) If (M, ®) € PO, then condition 7) on M entails that for each z € D(®), z # 0, there exists « € {1, ...,n}
such that:

To(AT + Mx)y = A2 + 24 (M2)y >0
and thus AT + M satisfies condition () and the result follows from Proposition B
b) Let (M, ®) € PS0, be given. Let¢ € [0,1] and z € B((1 — t)I + ¢tM, @) be given. We claim that z = 0.
Suppose on the contrary that z # 0. Here from ([28) we deduce that D(®.,)* = {0} and the second relation in
B2) yields

(I=t)z+tMz+t z=0.

If t = 0 then z = 0 and a contradiction. If 0 < ¢ < 1 then

1—t
Mz:—%z—)\z

so that v* := —@ — A < 0is a real eigenvalue of M and a contradiction to (3. O

The following Theorem is the basic result of this Section. It reduces the study of the general class of
variational  inequalities VI(M, q, #) to semi-complementarity problems SCP ., (tM + (1 — t)I, ®) (¢t €
[0, 1]) involving the convex combinations of the matrix M and the identity matrix 7. More precisely, we prove
that if the couple (M, ®) € AC,, then for each ¢ € R™, problem VI(M, q, ®) has at least one solution. In other
words we prove that

AC, C Qa.
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Theorem 1 (Asymptotic continuation principle) If
(M,®) € AC,
then, for each ¢ € R™, problem VI(M, q, ®) has at least one solution.
Proof: Let ¢ € R™ be given. From (@4) and @), Problem VI(M, q, ®) is equivalent to the fixed point problem:
u=Pp(u— (Mu+q)).
Let us now define by H : [0, 1] x R™ — R™ the continuous homotopy denoted as
H(t,u) = Py (tu — t(Mu+q)) = Po(u— (t(Mu+q) + (1 — t)u)).

We claim that there exists Ry > 0 such that for all R > R and for all ¢ € [0, 1],

H(t,u) # u, Yu € R",||u]| = R. (40)

Indeed, if we suppose the contrary then we may find sequences {t;}ieny C [0,1] and {u;}ien C R™ satisfying
[|ui|]| = +o0 and u; = H(t;,u;). Then

It is clear from (@I that
u; € D(®) (i € N).
Moreover, for i large enough, ||u;|| # 0 and we may set:
Uq
i i —m

il

There exists subsequences, again denoted by {¢;} and {z;}, suchthatlim;_, o t; = ¢ € [0, 1] and lim; , 4 o0 2; = 2
with ||z]| = 1.

Let o € D(®) be any element in the domain of ®. Let A > 0 be given. For i large enough, -2 < 1 and thus

[Tl

A
—u; + (1 — —)zo € D(P)
1 s
since the set D(®) is convex.

Recalling that the set D(®) is assumed to be closed and taking the limit as i — +o0, we get Az + zg € D(®).
This result holds for any A > 0 and thus

ze () %(D(cb) —20) = D(P) oo (42)

Lete € D(P ) be given. Then from @4, e € D(P)., and from (I, u; +e € D(P). We may thussetv = u; +e
in () to get
(1 —=t)u; + t;(Mu; + q),e) + P(u; +€) — P(u;) >0

and thus using (@), we obtain
(1 = ti)ui,e) + (ti(Mu; + q), e) + P (e€) > 0.
Note that &, (e) < 400 since e € D(P,) and we may therefore divide this last relation by ||u;|| to get:

1
[

(1 =tz ) + (M +ti—1— e) +

D (e) > 0.
i
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Taking the limitas ¢ — +oo, we get (1 — ¢)z + tMz,e) > 0. This holds for any e € D(®,) and thus
(1—t)z+tMz € D(®s)* (43)
Setting now v = x in @I)), we obtain:
(1 — )| Jug|)? 4 ta (Mg, w;) < (1 — t3)ug, xo) + (t; Mug, x0) + (tiq, xo — w;) + ®(x0) — P(uy). (44)

The function & is proper, convex and lower semicontinuous, and thus (see e.g. Theorem 1.1.11 in [[27]) there exists
a > 0andb € R such that:
®(z) > —allz|| + b, Vo € R™.

Thus
(1= ta)lfwil[* + ta(Mug, ui) < af|ug]] — b+ (1 — ts)ug, wo) + (tiMug, m0) + (tiq, T — ui) + P(0).

Dividing this last relation by ||u;||?, we get:

a b

To
1 —t)||z]? + ¢ Mz;, z;) < — + (t;Mz;, —— )+
(= 8ll=ell” 4 8eiM oz 20 gl Jugl]? iz ||uz'||>
Zo q Zo (o)
U= 1) (o, T2 e, 10— ) 0,
T | Tl Nl |7 a2

Taking the limit as ¢ — +o0, we get
(1=t)z+tMz,z) <0.

This last relation together with @2) and @3) imply that z € B((1 — ¢t)I + tM, ®). Moreover z # 0 and we obtain
a contradiction to our assumption requiring that (M, ®) is AC well-posed.

Thus, for R > R, @0) holds and the Brouwer degree with respect to the set D := {x € R™ : ||z|| < R} and
0 of the map u — u — H(t,u) is well-defined for all ¢ € [0, 1]. Set Ry := P (0) and let R > max{ Ry, R1} be
given. Using the homotopy invariance property as well as the normalized property of Brouwer degree, we obtain:

deg(ZdR" - P@ (ZdR" - (M + Q)7 DR7 O) = deg(idR" - H(17 ')7 DR7 O)

= deg(idg~» — H(0,.), Dg,0) = deg(idgn — P5(0), Dg,0) = 1.
It results from solution property of Brouwer degree that SOL(M, q, ®) # () and the result follows. O

3.3 Positivity and solvability conditions

Using Theorem [l together with Proposition Bl we obtain
B,uUPD, UP,UPS, C AC, C Qn
and we get the following result ensuring that for each ¢ € R™, problem VI(M, q, ®) has at least one solution:

Corollary 1 If
(M,®) € B, UPD, UP,, UPS,

then
R(M,®) =R"™

Each matrix discussed in Corollary [ presents some "positivity property" and is nonsingular on D(®). in the
sense that:
D(®) Nker{M} = {0}.
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3.4 Nonnegativity and solvability conditions

Let & : R™ — RU {+oc} be a proper, convex and lower semicontinuous function with closed domain and let
M e R™ ™ be a matrix. In this Section, we will assume that (M, ®) € QO0y,.

Theorem 2 If (M, ®) € Q0, and B(M, ®) = {0} then
R(M, ®) = R".

Proof: Here there exists \q > 0 such that:
R+ M,®)=R", V0O << ). (45)

It results that forall 7 € N, ¢ > Alo there exists u; € R™ such that

((%I+M)ui+q,v—ui>+<l)(v) — B(us) > 0, Yo € R". (46)

We claim that the sequence {u;} = {u;;i € N\{0}} is bounded. Suppose on the contrary that ||u;|| — +oco as
i — +4o0. Then, for ¢ large enough, ||u;|| # 0 and we may set z; := ﬁ There exists a subsequence, again
denoted by {z;}, such that lim; . o, z; = z with ||z|| = 1.

Itis clear from (&) that
u; € D(®) (i € Nyn #0).

Let g € D(®) be any element in the domain of ®. Let A > 0 be given. For ¢ large enough, LH < 1 and thus

[ui

A A
Taal T g™ € P(@)

since D(®) is convex and zo € D(®). Taking the limit as i — +oo, we get Az + zo € D(®) since D(®) is
assumed to be closed. This result holds for any A > 0 and thus

1
ze () X(D(c1>) —20) = D(P) . (47)
Lete € D(® ) be given. Then e € D(®), and from @), u; + ¢ € D(P). We may set v = u; + e in {@8) to get

<(%I + M)u; +q,e) + P(u; +e) — P(u;) >0

and thus using (&), we obtain
1
<;Ui,€> + (Mu; + g, ) + Pos(e) > 0.
Remarking that .. (e) < +oo since e € D(P,), we may divide this last relation by ||u;|| to get:

q 1
—e)+ ——P
il sl

Taking the limit as ¢ — +oo, we get (M z, e) > 0. This holds for any e € D(® ) and thus

<%Zi7€>+<MZi+ (e) > 0.

2 € K(M,®). (48)

Setting now v = xq in @), we obtain:

Slhul? + (Mt i) < (1 Mus, z0) + (g, 70 i) + B(ao) — B(u). 9)
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The function & is proper, convex and lower semicontinuous, and thus (see e.g. Theorem 1.1.11 in [I27]) there exists
a > 0and b € R such that:
®(z) > —allz|| + b, Vo € R™.

Thus
1
(Mu;,u;) < allw]] —b+ <(;I+ M), xo) + (g, v0 — wi) + ®(z0).

Dividing this last relation by [|u;||?, we get:

a b 1 xg q X0 D(z)
(M2, 2;) < - + (=1 + M)z, )+ ( : —2) +
uel | lual[* ol ™l s a2
Taking the limit as ¢ — +oo, we get (M z, z) < 0. Thus
z e N_(M). (50)

Using @), @3) and &0) we obtain that
z € B(M,®).

Finally, we get a contradiction since we have proved that z # 0 and z € B(M, ®).

The sequence {u;} is thus bounded and there exists a subsequence, again denoted {w;} which converges. Let us
set

u= lim wu,.
1——+o00

Letv € R™ be fixed. We have:
(T4 Mus + g5 — ) = B(0) + B(ur) < 0.
Taking the limit inferior as i« — +o0, and using the lower semicontinuity of ®, we obtain:
(Mu+ q,u—v) — ®(v) + d(u) <0. (51)

The vector v has been chosen arbitrarily in R™ and thus the result in (&) holds for all v € R™. The existence result
follows. O

From Theorem [ and Proposition@ we have
PDO,, U PO, UPS0, C Q0,

and thus if (M, ®) € PDO, U P0,, U PS0, and B(M,®) = {0} then (M,®P) € Q. This together with
PropositionH give:

Corollary 2 If
(M, ®) € PDO, U PO, UPSO0,
and
D(®)oo NNo(M) N K(M, ®) = {0}
then

R(M,®) = R".

Remark 6 Various other classes of couples (M, ®) can be studied in using the asymptotic continuation principle.
This is however not the main deal of this paper and will be discussed in a future work.
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3.5 Existence and uniqueness results

In requiring some additional structural properties on ® as specified in (I3, @0) and 1), the uniqueness of the
solution of problem VI(M, q, ®) can be proved. The following result is a generalization of a well-known existence
and uniqueness theorem in complementarity theory. Recall that ® € DI'(R™; R U{+oc}) means that

where, forall 1 < ¢ < n, we have
o, e T(R™; RU{+00}) (53)
and
D,;(A\x) = AP;(x), VA >0, Vo € R™. (54)

Theorem 3 Suppose that
® € DT(R™;RU {+00})

and let M € R™™™ be a P-matrix, i.e.
r#0 = FJae{l,.,n}:x,(Mzx)y >0. (55)
Then, for each ¢ € R™, problem VI(M, q, ®) has a unique solution.

Proof: We first remark that here D(®) = D(®1) x D(®3) x ... x D(®,). Moreover, as a consequence of
assumptions (&3) and (&4), each set D(®;) is a nonempty closed convex cone and thus D(®)., = D(®). Moreover,
the function @ is positively homogeneous and thus &, = ®, D(®.,) = D(®). We claim that (M, ®) € Py,.
Indeed, if z € D(®)o = D(®) then for all j € {1,...,n}, we see that (z,e’)e/ = (0 ... 0 z; 0 ... 0)T
€ D(®1) x ..D(®j_1) x D(®;) x D(Pj41) X ... x D(®,,) and thus (z, e?)el € D(®) = D(Po). This together
with (&5) ensure that (M, ®) € P,,. The existence result is then a direct consequence of Corollary [l

To prove the uniqueness, suppose by contradiction that problem VI(M, q, ®) has two different solutions « and
U. We set
w=Mu+q, W=MU+q.

We have
(w,v —u) + ®(v) — P(u) > 0,Yv € R" (56)

and
(Wyo—=U) + ®(v) —®(U) > 0,Vv € R™. (57)

We may set v = u + (u,e’)el € D(®) (1 < j <n)in (BB to get

0 <wju; + Z Dy (ug + ujei) — Z Dy (ug) = wiju; + P;(2u;) — @;(uy).
k=1 k=1

Thus, for all integers 1 < j < n:
0 <wjuj + P;(uy). (58)

Using (&), we check in the same way that, for all integers 1 < j < n:
0 < W,U; + ®;(U;). (59)
Letus now set v = u + (U,e?)e/ € D(®) (1 < j < n) in (BD) to get
0 <w;U; + @;(u; +Uj;) — ®,(uy) (60)
andv =U + (u,el)el € D(®) (1 < j < n)in &) to get

0< WjUj—F(I)j(Uj—FUj)—‘I)j(Uj). (61)
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Setting v = 0 in (&8), we get also
0> (w,u) + D(u)

and thus .
02 fwju; + (). (62)
j=1
Using (&) we prove in the same way that
02 [W;U; + 2;(U;)]. (63)
j=1

Using (&8) and (&9) together with [€2) and @&3), we see that, for all integers 1 < j < n:
wjug + ®j(uj) =0, W;U; +@;(U;) = 0.

Then, for all integers 1 < j < n:

(u=0U);(M(u—-0)); = (uj — Uj)(w; = W) = ujw; + UjW; —u;W; — Ujw; <

< =®;(uy) — @;(U;) + 25 (Uj + uj) — ;(Uj) + 5 (uj + Us) — @5(uy)
=29, (u; + Uj) — 2(P;(uy) + ®;(U;)).
Note that
1 1 1 1
20;(u; +Uj) = 24)3'(2(5%' + ng)) = 4‘I>j(§uj + ng) < 2(2(uy) + @5(U;))-

Thus, for all integers 1 < j < n:
(u=0U);(M(u-"U)); <0.

Recalling that w — U # 0, a contradiction to (&5) has been obtained. O

Remark 7 The famous result on complementarity problems with P-matrices (see e.g. [I18]]) can be easily deduced
from Theorem@Bl Indeed, if ® = U (g~ then ® can be written as in E2) with ®; = I, (1 <i<n)andif M is
a P-matrix then Theorem B can be applied to ensure that for each ¢ € R™, there exists a unique « € (R4)™ such
that Mu + ¢ € (R4)™ and (u, Mu + ¢) = 0.

The following variant of Theorem [ can be used provided that the functions ®; (1 < ¢ < n) are strictly convex.

Theorem 4 Suppose that
® € DT(R™; RU{+o0})

and
®; is strictly convex, (1 < i < n), (64)
where ®; (1 < ¢ < n) as given in (&2).
Let M € R™*N be a Py-matrix, i.e.
xr#0 = Jae{l,..,n}: x4 #0and z,(Mz), > 0. (65)

(a) Then, for each ¢ € R™, problem VI(M, q, ®) has at most one solution.
(0) If D(®)oo N No(M) NK(M,P) = {0} then, for each ¢ € R™, problem VI(M, q, ®) has a unique solution.
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Proof: As in the proof of TheoremB it is easy to check that (M, ®) € P0,,. The existence result in part (b) is
then a direct consequence of Corollary 2

To prove the uniqueness in parts (a) and (b), we suppose by contradiction that problem VI(M, q, ®) has two
different solutions v and U and we proceed as in the proof of Theorem B to see that, for all integers 1 < 7 < n:

(u=0U);(M(u—"U0)); <2®;(u; + Uj) = 2(P;(uy) + ©;(U;)).

Using the strict convexity of the functions ®; (1 < j < n), we obtain finally that for all integers o € {1,...,n}
such that u,, # Uy:
(u=U)aMu—-U))a <0

and a contradiction to (85) has been obtained. O

3.6 Semicoercivity and solvability conditions

The results discussed in the previous section require that B(M, ®) = {0}. If B(M, ®) # {0} then in assuming
some semicoercivity condition on the matrix M, we may determine conditions on ¢ ensuring the solvability of
problem VI(M, q, ®).

Theorem 5 Let @ : R® — R U {+oo} be a proper, convex and lower semicontinuous function with closed
domain and let M € R™*" be a matrix. Suppose in addition that

(Mz,2) > 0,¥z € D(®) U D(D) .

If there exists zop € D(®) such that:
(g — MTxg,v) + ®oo(v) > 0, Vo € B(M,®), v # 0, (66)

then problem VI(M, q, ®) has at least one solution.

Proof: Let ¢ € R™ be given. Here (M, ®) € PDO,, and using Proposition Bl and Theorem [ we see that for all
i € N,i #£ 0, there exists u; € D(®) such that

<(%I+ M)u; + q,v —u;) + ®(v) — ®(u;) > 0, Vo € R™. (67)

We claim that the sequence {u;} = {u;;i € N\{0}} is bounded. Suppose on the contrary that ||u;|| — +oc as

i — 4o0. Then, for ¢ large enough, ||u;|| # 0 and we may set: z; := m There exists a subsequence, again
denoted by {z;}, such that lim; . y o, z; = z with ||z|| = 1.

As in the proof of Theoremlwe check that z € B(M, ®). Using now &) with v = x5, we get also:

((%I + M)ug, u; — x0) < (g, 0 — us) + P(w0) — P(uy).

Here )
<(;I—|— M)ul,ul> > O,VZ e N,1¢ §£ 0,
and thus

(L M) + (g a0) — Do) + D) < 0.
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Dividing this last relation by ||u;||, we get:

1 o (o) | P(|[ui|zi)
—((=1 + M)zi, o) + (g, 2i — ) — <0.
i [ual | [l Al
Taking the limit inferior as i — +o0, we get:
D(]|u;|zi
(g — Mz, 2) —HjminfM <0
1——+00 ||UZ||

and thus, using (@), we obtain:
(g — MT2y,2) + Do0(2) <0.

This is a contradiction to condition (68) since we have proved above that z € B(M, ®) and z # 0.

The sequence {u;} is thus bounded and we may conclude as in the proof of Theorem O

Remark 8 i) Let us set
Ri(M, D) :={z €R": (2,0) + P (v) > 0, Vv € B(M, D), v # 0}

and
MT(D@) = |J {M"z}.
zeD(P)

Condition (€8) means that if ¢ € M7 (D(®)) + R, (M, ®..) then g € R(M, ®).
ii) Note that if B(M, ®) = {0} then condition (&8) is trivially satisfied on the empty set.

Remark 9 If 0 € D(®) (which is the case for most practical problems) then we may choose ;o = 0 to see (&8) in
the more legible form
(q,v) + Poo(v) >0, Vv € B(M,®),v # 0. (68)

Theorem B may obviously be applied to the class of positive semidefinite matrices, i.e.
(Mz,x) >0,V € R".

This last class of (not necessarily symmetric) matrices is of particular interest for various problems in engineering
and it is then worthwhile to specify our results in this framework.

Corollary 3 Let ® : R" — RU{+oo} be a proper, convex and lower semicontinuous function with closed domain
and let M € R™*™ be a positive semidefinite matrix.

a) If D(®)o Nker{M + MT} N K(M,®) = {0} then for each ¢ € R", problem VI(M, q, ®) has at least one
solution.

b) Suppose that D(®), Nker{ M + MT} N KC(M, ®) # {0}. If there exists zo € D(®) such that:
(g — MTxg,v) + oo (v) > 0, Yo € D(®)o Nker{M + MT} N K(M,®), v#0, (69)

then problem VI(M, q, ®) has at least one solution.
c) If u; and us denote two solutions of problem VI(M, q, ®) then

up —ug € ker{M 4+ M7T}. (70)
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Proof: Setting X; = ker{M + M7T}, we may write R® = X; ® Xi. We denote by Py, (resp. PX]L) the
orthogonal projector from R™ onto X; (resp. Xji-). The matrix M is positive semidefinite and thus (see e.g.
Proposition 3.4.3 in [24]) there exists ¢ > 0 such that:

(Mz,z) > C||PX1LSC||2, Vo € R™. (71)

Thus N_ (M) = X;. Part a) is then a direct consequence of Corollary 2 part b) follows from TheoremB and part
c) is a consequence of Proposition3] O

Remark 10 Recession tools like recession functions and recession cones can also be used to develop powerful
methods, called recession methods, that can be used to the study the solvability of general noncoercive variational
inequalities in Hilbert spaces. The idea of this approach goes back to G. Fichera [[19]. Various solvability results
using recession tools have then been developed in the field of semicoercive linear and semicoercive nonlinear
variational and hemivariational inequalities in Hilbert spaces with applications in unilateral mechanics (see e.g.
[9], [23]-]28] and the references cited therein).

If in addition the matrix M is symmetric, then « is a solution of problem VI(M, q, ®) if and only if « is a solution
of the optimization problem:

min (2 (Mo, 2) + (g,2) + 2(2)}. 72)

This last case is also of particular interest.

Corollary 4 Let ® : R™ — RU{+oo} be a proper, convex and lower semicontinuous function with closed domain
and let M € R™*™ be a positive semidefinite and symmetric matrix.

a) If D(®)oo Nker{M } NK(M, ®) = {0} then for each ¢ € R™, problem VI(M, q, ®) has at least one solution.

b) Suppose that D(®)., Nker{M} N K(M,®) # {0}. If
(q,v) + Pos(v) >0, Vv € D(P)oo Nker{M} N K(M,®), v #0, (73)

then problem VI(M, q, ®) has at least one solution.
c) If u; and us denote two solutions of problem VI(M, q, ®) then

ur —ug € ker{M}. (74)
and
(q,u1 — u2) = ®(u2) — ®(u1). (75)
d) If
O(z + z) = O(z),Vz € D(P), z € ker{M}
and

(g.¢) 0, Ve € ker{M},e #0,
then problem VI(M, q, ®) has at most one solution.

e) If the function @ is stricly convex then problem VI(M, q, ®) has at most one solution.
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Proof: Let us first remark that ker{ M + M*} = ker{ M} and parts a) and the first relation in part c) are direct
consequences of part a) and c) in Corollary B Using the equivalence of problem VI(M, q, ®) with problem ([2),
we get also

%(Mul,ul) + {(q,u1) + D(uy) = %(Muz,uﬁ + (g, ua2) + ®(uz)

from which we deduce the second relation in part c). It is easy to check that part d) is a direct consequence of part
c).

Moreover, let zo € D(®) be given. Then, for all v € ker{M}, we have (M Tz, v) = (zg, Mv) = 0. It results
that condition ®9) is thus here equivalent to condition [Z3). Part b) is then a direct consequences of part b) in
CorollaryB

Finally, if @ is strictly convex then the function z — 1 (M=, z) + (g,z) + ®(z) is strictly convex too and thus
problem [Z2) has at most one solution. The result in part ) follows since problem ([2) is equivalent to problem
VI(M, q, ®). O

3.7 Copositivity and solvability conditions

Our aim in this section is to show that our results established in Corollary P1and Theorem B recover some results
established in the framework of complementarity systems on K = (R..)" involving copositive plus matrices.

Let K C R™ be a nonempty closed convex cone. We set:

BM,K)={rxe€ K: Mzxe K" and (Mz,z) = 0}. (76)

Here B(M, ¥ k) = B(M, K)and problem VI(M, q, ¥k ) is equivalent to the complementarity problem CP (M, q, K):
ueK
Mu+q€ K~
(u, Mu+gq) = 0.
Our results in Corollary Pland TheoremB read here:
Corollary 5 Let K C R™ be a closed convex cone. Let M be a matrix satisfying:
(Mz,x) >0, Vo € K. (77)

a) If B(M, K) = {0} then for each ¢ € R™, problem CP (M, g, K) has at least one solution.
b) Suppose that B(M, K') # {0}. If there exists =y € K such that

(q— MTzy,0v) >0, Voe B(M,K), v+#0, (78)

then problem CP (M, q, K) has at least one solution.

c) Moreover, if u; and us denote two solutions of problem CP (M, q, K) then

up —uz € N_(M). (79)
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Remark 11 i) Recall that one says that a matrix A € R™*"™ is copositive plus on K provided that
(Mz,z) >0,Ve e K

and
(x € K, (Mz,z) =0) = x€ker{M+M"}.

In this case
BM,K)={x € K: Mz € K*and x € ker{M + M"}}.

ii) Note that the approach developed in [I20] and [21]] for complementarity systems originated the approach devel-
oped in [I23] for variational inequalities. We note that Theorem Bl recovers both solvability results and unifies both
approaches (anyway in the framework of finite dimensional problems).

4 Variational inequalities method in electronics

Several researchers have recently shown that mathematical tools from complementarity systems theory and varia-
tional inequalities theory may be used to develop rigorous mathematical study of circuits in electronics involving
devices like diodes, Zener diodes and varistors that are characterized by set-valued ampere-volt characteristics.
Mathematical approaches using tools from mathematical programming and complementarity systems theory have
been particularly developed in [15], [[16], [31], [34], [37] and the references cited therein while mathematical ap-
proaches using tools from set-valued analysis and variational inequalities theory have been studied in [[7], [8], [10],
[13], [17] and [22].

4.1 Set-valued Ampere-Volt Characteristicsin Electronics

Electrical devices like diodes are described in terms of Ampere-Volt characteristics (¢, V') that is a graph expressing
the difference of potential V" across the device as a function of current ¢ through the device.

A I:I B

—_—
\Y%

Figure 1: Electrical Device

The schematic symbol of a circuit element is given in Figure [l The conventional current flow ¢ will be depicted
on the conductor in the direction of the arrow and the potential V' := V4 — Vg (V4 (resp. Vg)) potential of point
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A (resp. B) across the device will be denoted alongside the device. Experimental measures as well as empirical
and physical models lead to a variety of monotone graphs that may present vertical branches. The reader can find
general descriptions of devices and Ampere-Volt characteristics either in the appropriate electronics literature or in
electronics society catalogs (see e.g. [, [2], [3], [4], [5], [6], [36]).

Let us so suppose here that we may write:
Ve F@), (i eR)

for some set-valued function F : R = R. The domain D(F) of F is defined by:
D(F)={zeR:F#0}.
We assume that F is maximal monotone, i.e.
(21 — 22)(x1 — 22) > 0, V1,22 € D(F), 21 € F(21), 22 € F(x2)
and the graph G(F) of F, i.e.
G(F) ={(z,y) eR" xR" : x € D(F), y € F(x)}
is not properly included in any other monotone subset of R x R.

A classical result (see e.g. Proposition 1.3.15 in [27]) ensures that there exists a proper, convex and lower semi-
continuous function ¢ : R — R U {400} such that

F(i) = 0p(i), (i €R).
Note that there exists —oco < a < b < 400 such that Ja,b[ C D(F) C [a,b] and ¢ can be determined by the
formula: )

{ f;o B0(s)ds if i € [a,b]

+oo if i€ R\[a,b]

where ig € |a,b[ and 3° : D(F) — R denotes the minimal section of F, i.e. 3%(x) € F(z) and |3°(z)| =
inf{|w| : w € F(z)}. Remark that the function ¢ in (B0) is determined by F up to an additive constant.

p(i) = (80)

Note also that:
dp(i) = [B°(i7), B°(iT)] , Vi €la, b,

where

B67) = tim_A()
and

B0 = lim B(e).
We have

Vedp(i) <= icdp* (V) <= ¢@i) + " (V) =iV.

Remark 12 (Terminology) We will say that an electrical device is VAM-admissible provided that its ampere-volt
characteristic graph (i, V') is maximal monotone. Then there exists a proper convex and lower semicontinuous
function ¢ : R — R U {+o0} such that

V e dp(i), Vie R.

The function ¢ will be called the electrical superpotential (determined up to an additive constant) of the device.
Roughly speaking, the electrical superpotential ¢ appears as a "primitive” of F in the sense that the "derivative"
(in the generalized sense) of o recovers the set-valued function F.
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4.1.1 Diode models

The diode is a device that constitutes a rectifier which permits the easy flow of charges in one direction but restrains
the flow in the opposite direction. Diodes are used in power electronics applications like rectifier circuits, switching
inverter and converter circuits.

Example 2 (IDEAL MODEL) FigureRillustrates the ampere-volt characteristic of an ideal diode.

Figure 2: Ideal diode model

This is a model in which the diode is a simple switch. If V' < 0 then i = 0 and the diode is blocking. If ¢ > 0 then
V' = 0 and the diode is conducting. We first see that the ideal diode is described by the complementarity relation

V<0, i>0, Vi=0

that is also
min{-V,i} = 0.

The electrical superpotential of the ideal diode is
¢p(z) = V¥r, (z), (z€R)

Then
¢p(z) =¥r_(2), (z€R)
and the recession function of the electrical superpotential is:

(¢D)oo () = ¢p(2), (z € R).

We have also
R_ ifz=0

Opp(r):=¢q 0if >0 , (reR)

0if z<0
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and

dvh(z): =1 01if 2<0 , (z€R).

Oif 2>0
The complementarity relation can be written as

Ve dpp(i) <= i€ 0ph (V) <= ¢p(i) + (V) =iV.

Example 3 (PRACTICAL DIODE MODEL) Figure Bl illustrates the ampere-volt characteristic of a practical
diode model.

i

[~
B ———
~
V (Volts)
1
Vl
i (mA)
V2
-100 —+

Figure 3: Practical diode model

There is a voltage point, called the knee voltage V7, at which the diode begins to conduct and a maximum reverse
voltage, called the peak reverse voltage V5, that will not force the diode to conduct. When this voltage is exceeded,
the depletion may breakdown and allow the diode to conduct in the reverse direction. Note that usually | V5 |>>|
V1 | and the model is locally ideal.

For general purpose diodes used in low frequency/speed applications, | V7 |~ 0.7 — 2.5V and | V5 |~ 5 kV; for
high voltage rectifier diodes, | V7 |~ 10 V and | V,» |~ 30 kV; for fast diodes used in switched mode power supply
and inverter circuits, | V4 |~ 0.7 — 1.5V and | V; |~ 3 kV and for Schottky diodes used in high frequency
applications, | V7 |~ 0.2 —0.9Vand | V5 |~ 100 V.

The electrical superpotential of the practical diode is
Viz if >0

SOPD(x) = s (.%' S R)
Vo if <0

Then
(p*PD(’Z) = \Ij[Vz,Vl](Z)7 (Z € R)
and the recession function of the electrical superpotential is given by:

(¢PD)oc(r) = @pp(), (x € R).
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We see that
Vo if <0

Oppp(z) =4 [Vo,V1] if =0 , (z €R)

Viif x>0

recovers the ampere-volt characteristic (¢, V') while
R_if 2=V,

0 if z €]Vs, V4]

9¢pp(z) = , (2 €R).

0 if z e R\ [Vo, V1]

recovers the volt-ampere characteristic (V7). The ampere-volt characteristic of the practical diode can thus be
written as
V € 0ppp(i) <= i € dppp(V) <= pp(i) + ¢hp(V) = iV.

Example 4 (COMPLETE DIODE MODEL) Figuredillustrates a complete diode model which includes the
effect of the natural resistance of the diode, called the bulk resistance, the reverse current I, , the diode capaci-
tance and the diffusion current. This last model is more accurate and represents the true operating characteristics
of the diode.

Note that | V4 |<<| V4 |. For example, the 10ETS.. rectifier (SAFEIR series [[3]) has been designed with
| Vi|=1.1V, |V, |=800— 1600V, Ir; = 0.05 mA and with a bulk resistance equal to 20 m{2.
Let us use the notation of FigureEl It is implicitly assumed that

Tro <0< I, Va< Vo< 0< V] < V3.
Let us also set:

o (Vs = V1) g (ImVz —Ir3Vi)  Iri(ImVz — Ir3V1)

(Irs — Ir1)’ (Irs — Ip1) T 2(Irs — Ir1)

The electrical superpotential of the complete diode is

Viz + Ipa (2 = Vy) if 2 < Ips

V- 2
21;21' if Iro <z <0

pcp(r) = , (x €R)

V; 2 i
21;11' |f0<$§IR1

%OZIQ—ﬂCC—l-’}/ if Ip1 <z

and simple calculations yield:

Vy ifl‘<IR2

Vi, Vo] if & = IRy

dpcp(z) = IVTZI if Ipg<z<0 , (x€R).

V -
ﬁ:z: if 0<a<Ig
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Vit - -

Vil

IRZ

. V.ZIRI Irs i(mA)

1V,

Figure 4: Complete diode model

On the other hand, we may compute the conjugate function:

+oo if 2<V,

Vo, .
IR2(2—72) if Va<z<V,

IRQ 2

) “R2 2 it < 2 <0
vep(2) =< 21,7 2<2S

, (z€R)

IR
22

— 2z if <
2 f0<z<W

1 1 .
5a22 + (Ip, —aVy)z+ 51/1(041/1 —nL)if 1<z
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and
0 if 2< Vy

]—OO,IRQ] if Z:V4
IR2 if V4<Z§V2

0¥ = R).
vop(2) IVﬂZ if Vy<2<0 , (z€R)
2

Ipi .
%z if0<z2<V

az+ (Igr —aVy) if V1 <z
The recession function of the electrical superpotential is here:

VZL,T if ,TSIRQ

(peD)os (@) = ; (zeR).
+oo if o> Ipo

The ampere-volt characteristic of the complete diode can then be written as
V € 0pep(i) <= i € 0ptp(V) <= wep (i) + vep(V) = iV.

Example 5 (EMPIRICAL DIODE MODEL) An empirical model used in electronics to describe the ampere-

volt characteristic of a diode is:

V(i) = %m(é 1) (0> —1Is),

where I is the saturating reverse current (10~° <. < 10712 A), Vi is the thermodynamic voltage (25 mV) and
7 is the emission coefficient (1 < . < 2). This model is usually considered in the engineering literature when a
rigorous mathematical analysis taking care of the domain of V' is not required. It is however possible to proceed
to a suitable mathematical treatment as above in defining the set-valued function V : R = R by

Yrln(4 +1) if i > —Is
V(i) =
0 if i < —Ig.

Then setting

YEn(4 +1)(i+ Is) — Y20 if i > — s

¢vEp(i) = VTT@ if i1 =—Ig

+oo if 1 < —Ig
we see that
Moreover
(ED) oo (1) = ¥y (i), (i €R).
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Figure 5: Zener diode model

4.1.2 Zener diode models

The Zener diodes are made to permit current to flow in the reverse direction if the voltage is larger than the rated
breakdown or "Zener voltage" V,. For example, for a common Zener diode, V; ~ 0.7 volts and V5 ~ —7 volts.

The Zener diode (see Figure B)) is a good voltage regulator to maintain a constant voltage regardless of minor
variations in load current or input voltage. There is a current point 7, called the Zener knee current, which is the
minimum value of the Zener current required to maintain voltage regulation and a maximum allowable value of
Zener current I,,. Currents above this value will damage or destroy the system.

The graph corresponding to the ampere-volt characteristic (¢, V) is maximal monotone and there exists a proper
convex and continuous electrical superpotential ¢ : IR — IR such that

V € dpli), (i €R).

Example 6 (IDEAL ZENER DIODE MODEL) The ideal Zener diode model (see Figure[@) is given by the com-
plete diode model (see Figure B) with the appropriate values for V; and V5. This means that the voltage across the
diode is constant over a wide range of device current values.

Example 7 (PRACTICAL ZENER DIODE MODEL) This model (see Figure [7) is a piecewise linear model
that includes the effects of the Zener impedance.

Let us use the notation of Figure[d It is here implicitly assumed that
L <0<, Vi<Va<0< V<V,

The electrical superpotential of the Zener diode is

—(Vlg;lv‘%)xQ +Vaz if 2 <0
pz(r) = , (z €eR).

(‘/22;[2‘/4)1'2—1—‘/211' if >0
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Figure 6: ldeal Zener diode model
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Figure 7: Practical Zener diode model
Then . )
72(‘,11‘,3)(22 — Va2 4+ V) if 2 < V3
ey(z)=¢ 0if V3<2<V, , (z€R).

sty (% = 2Vaz + V) if Vi <z
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The recession function of the electrical superpotential is given by:

(#2)oc(x) = Wyoy(2), (z €R).

Moreover
—(Vll_lv?’)x + Vs if 2 <0
Opz(x) = Va3, V4] if =0 , (x eR)
—(V2[_2V4)x +Viif 2>0
and

V]I_IVS('Z_VS) if Z<V3

0pz(z)=<¢ 0if V3 <2<V, , (z€eR).

V2va4 (z—=Vy) If Vy<z

The ampere-volt characteristic of the complete diode can thus be written as
V €0pz(i) <= i€ 0oy (V) <= 0z(i) + 5 (V) =iV.

Example 8 (VARISTOR) A varistor is a nonlinear device that has an electrical behavior similar to the Zener
diode (with | V4 |=| V2 |). More precisely, the varistor (see Figure B) is a voltage-dependent resistor with a
symmetrical monotone ampere-volt characteristic.

i
o
1 2

\4
<«

i (mA)

_—

Figure 8: Varistor

It is used connected in parallel with the electronic device or circuit that is to be guarded in order to form a low-
resistance shunt when voltage increases and thus prevent any further rise in the overvoltage.

4.2 Mathematical Formulation of a Classof Non-regular Modelsin Electronics

A circuit in electronics is formed by the interconnection of electrical devices like generators, resistors, capacitors,
inductors, transistors, diodes and various others. The behaviour of a circuit is usually described in terms of currents
and voltages that can be specified through each involved electrical device. The approach to state a mathematical
model that can be used to determine these currents and voltages consists to formulate the ampere-volt characteristic
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of each electrical device, to write the Kirchoff’s voltage law expressing that the algebraic sum of the voltages
between successive nodes in all mesches in the circuit are zero and to write the Kirchhoff’s current law stating that
the algebraic sum of the currents in all branches which converge to a common node equal zero.

The practice (see [8] and [12]) shows that a large class of circuits can be studied via the following general mathe-
matical formalism.

Let A € R™*™, B e R"*™, ' € R™*™and D € R™*P be given matrices. Let = : R™ — R U {+oc} be a given
proper, convex and lower semicontinuous function. Let u € R? be given, we consider the problem:

NRM(A,B,C,D,u, E): Find (z,yr) € R™ x R™ such that

Az — Byr, + Du =0, (81)
y = Cu, (82)

and
yr € 0E(y). (83)

The matrices A, B,C and D in @I)) are structural matrices used to state Kirchoff’s voltage laws and Kirchoff’s
current laws in matrix form. The matrix A depends of electrical parameters like resistances, capacitances and
inductances. Usually u is a control vector that drives the system, = denotes a current vector and y, is a voltage
vector corresponding to electrical devices like diodes whose (possibly set-valued) ampere-volt characteristics can
be described as in &3).

It is noteworthy that BI)-(@3) may represent the equations of a static circuit, but also the generalized equation
that is to be satisfied by the equilibrium points of a dynamical circuit, or more generally of a class of differential
inclusions (see [12] for applications in the absolute stability problem).

Let us now make the following two assumptions:

Assumption (H1): E: R™ — R U {+oo} is proper convex lower semicontinuous and

D(E) =D(3).

Assumption (H2): There exists zo € R™ such that = is finite and continuous at gy = Czo.

Assumption (H3): There exists an invertible matrix P € R™*" such that

PB=CT
We set
®(x) = Z(Cx), (Ve € R™). (84)
Then
D(®)={zeR":Cx € D(E)}. (85)

Assumption (H2) entails that D(®) # () and it is clear that @ : R™ — R U {+oc} is proper convex and lower
semicontinuous. Moreover D(®) is convex since D(Z) is convex and closed since D(Z) is supposed to be closed
in (H1).

Proposition 7 Suppose that assumptions (H1) — (H3) are satisfied and let @ be defined as in (84).
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i) If (z, y1,) isasolution of Problem NRM (A, B, C, D, u, E) then x is a solution of problem VI(—PA, —PDu, ®),
i.e.
(—=PAx — PDu,v —z) + ®(v) — ®(z) > 0,Vv € R". (86)

i) If z is a solution of problem VI(—PA, —PDu, ®) then there exists y;, € R™ such that (z, yz,) is a solution of
Problem NRM(A,B,C,D,u, E).
Proof: Let (x, yr) be a solution of Problem @I)-(83). Then

0 € Az — BOZE(Cz) + Du

which is equivalent to
0 € PAx — PBOE(Cx) + PDu

since P is invertible. Thus
0 € PAx — CTO=(Cx) + PDu.

The existence of a vector 5o = CZg at which Z is finite and continuous ensures that (see e.g. Proposition 1.3.11 in
[24):
CTOZ(Cz) = 09(2), (2 € R™).

Thus
0 € PAx + PDu — 0®(x),

that is
(=PAx — PDu,v —z) + ®(v) — ®(z) > 0,Vv € R".

Suppose now that z is solution of Problem (B8). We see as above that:
0 € Az — BO®(Cx) + Du.
It results that there exists y;, € 0®(Cx) such that:
0 = Az — Byr + Du.

Then we obtain the relations in @I)-@3) by setting y = Cz. O

Proposition[limeans that if assumptions (H1)— (H 3) hold then problem (BI)-(83) can be studied via the variational
inequality VI(M, q, ®) with
M =—-PA, ¢q=—-PDu, ®=EZ0C. (87)

The results discussed in Section 3 can thus be used here too. The following result is then of particular interest to
calculate the recession tools involved in B(M, ¢, @), that are here D(®) ., o and D (P ) With® = =0 C.

Proposition 8 Suppose that assumptions (H1) and (H3) are satisfied and let @ be defined as in (84). Then

D(®)o = {2 €R" : Cz € D(Z) s} (88)

Do (x) = Eao(Cz), V2 € R (89)

and
D(®x)={zeR":Cz e D(EL)}. (90)
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Proof: i) Let us set
Doo(C,2) :={z e R": Cx € D(E) o }-

It is easy to see that

D((I))oo =Dwo (C, E) (91)
Indeed, if e € D(®) then Ae+Zp € D(®), VYA > 0. Thus C(Ae+Zo) € D(E),YA > 0. Here gy = CZp € D(E)
and

1o - =
Cee () X(D(:) —%0) = D(E)oo-

Thus e € Do (C, E).

Reciprocally, if e € D (C, E) then Ce € D(E)oo. Thus A\Ce+go € D(E), VA > 0. Thus Ae+Zo € D(P), VA >
0 and then

ii) We have:

N P o o = n
D (z) = )\EIJ,I}OO XH(C(J:O + \z)) = AETOO Xu(yo +ACz) = 2 (Cx) (x € R™).

iii) The relation in @0) is a direct consequence of (B9). O

5 Diode Circuits

We are now in position to study diode circuits like amplitude selectors that are used to transmit the part of a given
waveform which lies above or below some given reference level, double-diode clippers that are used to limit the
input amplitude at two independent levels, sampling gates which are transmission circuits in which the output is a
reproduction of an input waveform during a selected time interval and is zero otherwise and other circuits involving
both diodes and operational amplifiers.

We will present some electrical systems involving ideal diodes that can be studied by means of classical tools from
complementarity theory and then discuss some extensions to systems involving practical components.

Let us first start with two simple clipping circuits to illustrate the essence of our methodology.

Example 9 (Clipping circuit 1 / Ideal diode) Let us consider the circuit of figure @ involving a load resistance
R > 0, an input-signal source « and corresponding instantaneous current ¢, an ideal diode as a shunt element and
a supply voltage E.
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Figure 9: Clipping circuit 1: Diode as shunt element

Kirchoff’s voltage law gives
u=Ur+V+FE

where Ur = Ri denotes the difference of potential across the resistor and V' € 0¥ (i) is the difference of
potential across diode. Thus
E+ Ri—ue€ —-0¥r, (i) (92)

which is equivalentto VI(R,E —u, ¥R ), i.e.
i€eRy:(Ri+E—u)(v—1)>0,YveRy.

Here R > 0 and for each E,u € R, we may apply Corollary [ to assert that (@2) has a unique solution.
Moreover: 5 g
@) = = +i— = e —0Ug, (i) = ——+}% €i+0Ug, (i)

R R R
i = (idg + 0Ug, ) (“ ;E) _ %max{(),u _ B

If u < E then the diode is blocking while if v > E then the diode is conducting.
Let us now consider a driven time depending input ¢ — w(t) and define the output-signal ¢t — V,(¢) as

Vo(t) = E+ V().

The time depending current ¢ — 4(t) is given by

i) = % max{0, u(t) — B} (93)
and thus
Vo(t) =V (t) + E = u(t) — Ri(t) = u(t) + min{0, F — u(t)} = min{u(t), E'}. (94)

This shows that the circuit in figure @ can be used to transmit the part of a given input-signal « which lies below
some given reference level E.
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Figure 10: Clipping circuit 1: Ideal diode as shunt element, £ = 1

Example 10 (Clipping circuit 1/ General diode) In the case of a diode with electrical superpotential ¢, we may

follow the same steps as above to get:

u(t)— E
R

u(t)— E

i(t) = (ids + 0p) ™' ) = argmin, ez (517 — (WO + (o). (95)

and
Vo(t) = u(t) — Ri(t). (96)

input voltage
output voltage

time. time

Figure 11: Clipping circuit 1: General diode as shunt elementusing, V1 = 0.1,V = —90, F =1

Example 11 (Clipping circuit 2/ Ideal diode) Let us consider the circuit of figure T2
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Figure 12: Clipping circuit 2: Diode as shunt element

Here we have
u=Ur—-V+FE

with Ur = Riand V € OVR, (—i). Thus
E+ Ri—u € dUg, (—i) = —0¥g_(i) (97)
which is equivalentto VI(R,E —u, ¥_), i.e.
iteR_:(Ri+E—-u)(v—1i)>0,VveR_.

Here R > 0 and for each E, u € R, we may apply Corollary[lto assert that {@7) has a unique solution. Moreover:

E E
(M)<:>E+i—%E—@‘I/]Rf(i)<:>—ﬁ+%€i+aqlﬂ%,(i)

u—F 1

7 )= = min{0,u — E}.
If u < E then the diode is conducting while if « > E then the diode is blocking. For a driven time depending input
t — u(t) the time depending current ¢ — i(¢) is given by

=i = (idR + 8\1/}{7)_1(

i(t) = %min{o, u(t) — E}. (98)

and the output-signal t — V,(t) = V(¢) + E'is
Vo(t) = max{u(t), E} (99)

and thus the circuit in figure 2 can be used to transmit the part of a given input-signal « which lies above some
given reference level E.
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Figure 13: Clipping circuit 2: Ideal diode as shunt element

Example 12 (Clipping circuit 2 / General diode) In the case of a general diode with superpotential ¢, we set:

p(z) = p(=2), (z€R).

Suppose there exists a point yo = —x at which ¢ is finite and continuous. Note that this is the case for each model
discussed in Section 4. Then:
0¢(x) = —0¢p(—x), (z€R).
Thus
. ) _. E  u _.
E+ Ri—ue€ dp(—i) = —-0¢(i) < % + = € i+ 0p(1)
—-F 1 —FE

i = (idg +0p)"" (u 7 ) = argminweR{iu — (u 7 ) >+ @(x)}

. 1 u—F
— anguin (312 — (17 ) P+ pl-))

For a driven time depending input ¢ — w(t) the time depending current ¢ — i(¢) is given by

i) = anguin,ca (1o — (U072 ) P (o), (100

and the output-signal t — V,(t) = V(¢) + E can be computed by the formula

V,(t) = u(t) — Ri(t). (101)
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Figure 14: Clipping circuit 2: practical diode as shuntelement, V; = 0.2,V = —90, E = 0.5

Let us now discuss two circuits, a double-diode clipper and a sampling gate, to illustrate the results established in
Proposition[and Corollary @

Example 13 (Double-diode clipper / Ideal diode) Let us consider the circuit in Figure 5 involving a load resis-
tance R > 0, two ideal diodes, an input-signal source and two supply voltages F; and Es. It is assumed that
E < E5. We denote by ¢ the current through the resistor R and we set ¢ = i1 + io where —i; denotes the current
through diode D, and i is the current through diode D-.

E<E——

Figure 15: Double-diode clipper

Using Kirchoff’s voltage laws, we get the system:

By + R(iy +i2) —u=+V;
(102)
Es + R(i1 +1i2) —u= -V,
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where Vi € 0¥g, (—i1) = —Vg_(iy) is the difference of potential across diode D; and V; € 0¥y, (i2) is the
difference of potential across diode D-.

Setting ® = Up_ «r, and

R R Ei—u i
M= , g= T , (103)
R R E2 — U ig
we see that the system in (I02) is equivalent to the variational inequality VI(M, q, ®), i.e.
TecR?: (MY +qv—"_)+ &) — &) >0,V c R (104)

Here the matrix M is positive semidefinite and symmetric, D(®)o, = R_ xR, ker{M} = {v € R? : vg = —v1}
and (M, ®) = {v € R? : vy = —v1}. Thus

D(®)o Nker{M}NK(M,®) = {v € R? : vy <0,v9 = —v1}.
Then, for all v € D(®)o, Nker{ M} NK(M, D), v # 0, we have —v; = v2 > 0 and thus
(g, v) = (B1 —u)vr + (B2 — u)vg = v2(E2 — E1) > 0. (105)
We may apply Corollary Elwhich ensures that the system in (T04) has at least one solution.
Using the first relation in part (c) of Corollary Elwe first remark that if Y and T denote two solutions of ([02) then
T — 7T € ker{ M} and thus i; —i; = —(ia — ia), i.e.
i1+ 9 = 11 + io. (106)
It results that if T* = (3% i3)7 denotes a solution of the system in ([I04) then the current through the resistor R,
i.e. i* =4} + 43 is uniquely determined.
Using now the second relation of part (c) of Corollary El we obtain also that:
(Er —w)it + (B2 — u)ia = (Ey — u)iy + (B2 — u)is. (107)
Here E> # E; and thus the system in (06)-@0D) yields i; = 7; and io = 7. The solution of {IT4) is thus unique.

Using the relations in {I02) we see that :

’U,—Eg
R }

U—E1

R

i1 + 15 = min{i3, } = max{i],
from which we deduce, after elementary calculations, that:

u_—REl if u< By

u_—REZ if u> FEy
So, for a driven time depending input ¢ — w(t) the time depending current ¢ — *(¢) through the resistor R is
given by

wOZFL i (t) < By

wO=F2 if u(t) > By
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and the output-signal ¢t — V,,(¢) defined by
V,(t) = Va(t) + Es = u(t) — Ri*(t)
is then given by the expression:
E, if u(t) < B4
Vo(t) =< wu(t) if By <u(t)< Ey . (109)

FEy if u(t) > Fy

This shows that the circuit can be used to transmit the part of a given input-signal « that lies above some level E
and below some level E5.

AR

05+

input voltage
output voltage
o

time. time

Figure 16: Double-diode clipper: ideal diode, £; = 0.1, E; = 0.6

Example 14 (Double-diode clipper / Practical diode) Let us again consider the circuit in Figure[[3and suppose
that the electrical superpotential of each diodes D, and Ds is given by (practical diode model):

viz if >0

¢pp(z) = , (zeR)
wr if £<0

where v < 0 < v1. We suppose also that
Ey — B

5 (110)

|V2|>

We set
@pp(.%') = (,DPD(—I'), VeeR

and
®(z) = gpp(x1) + wpp(w2), V (21,72) € R?. (111)
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Kirchoff’s laws yield the system

Ei1+ R(i1 +i2) —u=+4Vy € —0¢pp(i1)
(112)
Esy + R(Zl + ig) —u=-V € —8<ppD(z'2)
which is equivalent to the variational inequality VI(M, q, ®), i.e.
TeR?: (MY +q,v—")+ &) — &) >0,VveR? (113)

with M and ¢ as in @[3) and ® asin [TT). Here D(®),, = R?, &, = &, N(M, ®) = ker{ M} and thus
D(®) o Nker{M} NN (M, ®) =ker{M} = {v € R*: vy = —v;}.
Letv € ker{ M}, v # 0, be given. Then:
(q,v) + Poo(v) = v2(E2 — E1) + ¢pp(—v1) + wpp(v2) = v2(E2 — E1) 4+ 2¢pp(v2).
It results that if v, > 0 then
(q,v) + Poo (v) = vo(Es — E1) + 2v1v2 > 0

while if v5 < 0 then
(q,0) + Poo(v) = —v2(2 | v2 | —(E2 — E4)) > 0.
We may then apply Corollary @ which ensures that the system in (TI3) has at least one solution.

If T* = (i} i%)T denotes a solution of the system in ([IL3) then from the first relation in part c) of Corollary  we
deduce that the current i* = i} + ¢4 through the resistor R is uniquely determined.

Moreover, the function ® is strictly convex and part e) of Corollary B ensures that the solution T* is unique and
given by:

1
T = argminz€R2{§<Mx7x> + (g, z) + ®(2)}. (114)
So, for a driven time depending input ¢t — w(¢) the time depending current ¢ — *(¢) through the resistor R is

given by
i*(t) = i5(t) + i5(0) (115)

where
. , . 1
(i5(t) a5t )T = argm1nm€R2{§<Mx7x> + (By —u(t)zr + (B2 —u(t))ze + ®(x)} (116)
and the output-signal V,, can then be determined by the formula:

V,(t) = u(t) — Ri*(t).
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Figure 17: Double-diode clipper: practical diode

Example 15 (Sampling gate) A sampling gate is a circuit in which the output is a reproduction of the input
waveform during a selected time interval and is zero otherwise. The time interval is selected by the gate signal V...
The circuit in Figure [[8 is a sampling gate involving a bridge of four diodes D1, D>, D3, D, and symmetrically
controlled by gate voltages +V. and —V. through the control resistors R. > 0. The input-signal is given by V;
and the output signal is defined by the voltage V, through the load resistor Rz, > 0. Usually, V; is sinusoidal while
V. is rectangular shaped.

+

Figure 18: four-diode-bridge sampling gate

We denote by V; the voltage of the diode D; and by x; the current across the diode D, (1 < j < 4). Moreover, 5
denotes the current through the left resistor R, x¢ is the current through the right resistor R, and x7 denotes the
current trough resistor Ry, Kirchoff’s laws yield

Vi-Va+Vo—Rrzr; =0

2VC—V3—V4—RCQ?6—RCZC5:O
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Vi=Va+V3+V,=0.

Moreover 1 + 3 = 9 + 14 = 15 = 1 and x1 — T3 = T4 — T3 = T7. ThUS

1%
——
A T B Vl D
-R, 0 0 7 0 -1 0 1 1 0\ ——
Va Vi
0 —2R. 0 Tg — 0 O 1 1 +] 0 1 =0,
V3 2V,
0 0 0 1 1 1 -1 -1 0 0
Vy
and
Vi € OYr, (71)
Vo € OYr, (22) = OYr, (21 — 27)
(117)
Vs € Oy, (23) = OYg, (x6 — 1)
Vi € 0w, (24) = OYr, (27 + 26 — 21)
Setting
c
0 0 1
X7
-1 0 1
Y= Te
01 -1
A
1 1 -1

and defining the function = = ¥ g, y4, we may write the relations in (LI7) equivalently as:
V € 02(y)

and we may then consider problem NRM(A,B,C,D, u, E).

Let us first check that the assumptions of Proposition [ are satisfied. Indeed, it is clear that Assumption (H1)
holds. Moreover (2 1 1 2 )=C(1 3 2) e int{K} isapointatwhich Z is finite and continuous
and Assumption (H?2) is thus satisfied. Finally, we remark that C* = B and thus Assumption (H3) holds with
P=1

As a consequence of Proposition[, problem NRM (A, B, C, D, u, E) can be studied via the problem VI(— A, —Du, ®)
where ® = = o C. Here — A is symmetric and positive semi-definite. Moreover D(®)., = D(®4.) = {z € R* :

Cz € (Ry)'}andker{—-A} ={( 0 0 « )T; a € R}. Itis then easy to see that
ker{—A} N D(P)sc NK(—A,®)} = {0}.

It results from Corollary B that the system in NRM(A, B, C, D, u, E) has a at least one solution z*. The matrix
A is symmetric and thus:

1 1
—§<A:c*,ar*> — (Du,x*) < —§<Az,z> —(Du,z), Vo € R*: Cz € (Ry)*. (118)
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Moreover, if Z denotes another solution, then using part c) in Corollary Bk

ZC;—CE7 0
ZCZ—CEG = 0
i — T o

for some a € R. It results that % = z and x§ = T, i.e. the current through the resistor R and the current
through the resistor R, are uniquely determined.

So, for a driven time depending input ¢ — V;(t) and control gate signals ¢ — V.(¢) and ¢ — —V,(t), the output
time depending voltage ¢ — V,,(¢) through the resistor R, is uniquely determined by:

Vo(t) = Rpar(t)

where the current function ¢t — x7(¢) is uniquely determined in solving the variational inequality VI(— A, —Du(t), ®).

T T T T T T T T
--Vo
R , N e R
AN ; \ , \ i
, \
y

I A
] \
K \

voltage
o

| -osp [
\ /

Figure 19: four-diode-bridge sampling gate

The previous examples show that the place filled by the class of symmetric and positive semidefinite matrices is as
important in Electronics as it is in Mechanics. However, the mathematical formulation of circuits involving devices

like operational amplifiers involves matrices that are neither symmetric nor positive semidefinite. The following
example constitutes a nice illustration of Theorem

Example 16 (Operational amplifier) An operational amplifier is a great versatile circuit element based on tran-
sistors which is used to design audio equipments, oscillators and waveform generators, filters and many other
applications. Let us consider the system of Figure ZQlinvolving an ideal Zener diode D and a non-inverting ampli-
fier circuit with resistors Ry > 0 and Ry > 0. We denote by R; > 0 the input resistor, R, the output resistor and

~ > 0 the differential gain of the operational amplifier. Note that R; is very large (a few MQ2) while R, is very
small (a few Q). The differential gain - is very large (~ 100000).
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Ii
"
MJ
L R

Ui by 7
Uo
Ri

Figure 20: Zener diode + Operational amplifier

Li
‘ Ri u
RZ RO IZ
Ui NN
R: Uo ’Yu
I
1

Figure 21: Small signals model

Considering as in Figure 2T a small signals model for the operational amplifier, Kirchoff’s laws give:
ILi—5L+1,=0,
R, I;+ R —U;+Vp =0,

—yR;I; + RiI1 + (R2 + Ry)I> = 0.
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with currents I;, I, I and voltages Vp, U; as defined in Figure ZIl Therefore:

A T B D
—_—— —— —_——N—
1 -1 1 I; 0 0
R, R 0 L |- -1 | Vp+]| -1 |U;=0,
—R;, Ry (RQ + RO) Iy 0 0
and
Vb € 0vzp(1;) (119)
where ¢z p denotes the electrical superpotential of the Zener diode, i.e.
Viz if >0
SOZD((E) = ) ((E S R)a
Vox if <0
with V5 < 0 < V4. Setting
I;
c

—_—~
y=(10 0)| 1 |,

1>
we may write the relation in (TI9) equivalently as:
V € 0¢pzp(y)

and we may consider the problem NRM (A, B, C,D, U;, pzp).

We check that the assumptions of Proposition [1] are satisfied. Indeed, Assumptions (H1) and (H2) are satisfied
since w4 p is convex and continuous on IR*. Assumption (H3) holds with

0 -1 0
P = 0 0 -1
-1 0 0

As a consequence of Proposition[d], problem NRM (A, B, C, D, U;, pzp) can be studied via the problem VI(—PA, —PDUj, ®
where

D(x) = pzp(Cx) = vzp(x1), Vo € R3.
Here we have:

R; R 0
—PA = —’}/Ri RZ (RQ + RO)
1 -1 1

The matrix —PA is a P-matrix and ® € DT(R?; R U{+0o0}) (with ®; = &, &, = &3 = 0). We may thus apply
Theorem 3 to ensure that the system in NRM(A, B, C, D, U;, pzp) has a unique solution.
Thus, for a driven time depending input ¢ — U;(t) the output time depending voltage ¢ — U, (t) defined by (see
Figure 20):

Uo(t) = ’}/Rllz(t) - ROIQ (t)
is uniquely defined with the current functions ¢ — I;(¢t) and t — I»(t) that are uniquely determined in solving
VI(—PA, —PDU;(t), ®4).
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In the next example we analyse the stationary solutions of a bridge rectifier. This application constitutes an example
that does not fit within this class of generalized equations in (81)-(@83). Here the unknown in 8) is not x but y,

(see @D)-@B3J)).

Example 17 (Four-diode bridge full-wave rectifier) Let us consider the circuit in figure Z2involving four diodes
Dy, D, D3 and Dy, a resistor R > 0 and a capacitor C' > 0. We denote by ¢ p, € T'(R; RU{+00}) (1 <7 < 4)
the electrical superpotential of diode D;.

\Y

Figure 22: Four-diode bridge

Let us denote by V; the voltage of diode D; (1 < i < 4), z the voltage of the capacitor and use the other notation
indicated on Figure 22 Kirchoff’s laws yield the system:

i1 +is =% +C%
~Vi=z+Vs

13 =14+ 11 — 12
—Vi=z+Vs—u

—Vo=-Vs+u.
We have
—Vy € =0¢p,(is), Vi € =0pp, (i1), —V2 € —0pp, (i2).
Moreover
V3 € Opp, (i3) & i3 € 0pp, (V3).
We set

Ops(x) = ¢p,(—2),Vz € R,
and we assume the existence of a point zy € IR at which 6p, is finite and continuous. Then
d0p,(x) = —0¢p,(—z), Vo € R.
Therefore
V3 € (9<le (23) & i3 € —69[)3(—‘/3).

We set
(I)(z) = ¥Dy (Il) + 9D3 (IQ) + ¢b, (I3) + ¢D, (I4)a Vz € R4 .

It results that the dynamical behavior of the circuit in Figure Z2are described by the system:

B .
21

—_—N—
dr -1 1 1 -V

12
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Y C N YL F
—_——
7 1 0O -1 0 O 14
i3 . 0 1 0 1 -1 —V3 0
v = N + 0 -1 0 0 i + N (121)
—Vs 0 0O 1 0 O 19 1
and
y € —P(yr). (122)

Assuming that « remains constant, i.e. u(.) = u, the stationary solutions (or fixed points) of (I20)-([I22) satisfy
the problem:

—ax + Byr, =0
(123)
(Nyr + Ca + Fu,v —yr) + ®(v) — ®(yz) > 0, Vv eRY,

with a := R_lc > 0.
From the first equation of (IZ3) one deduces that = = 1 By, so thaty = (N + 1CB)y,, + Fu and our problem

reduces to problem VI((N + 1CB), ®, Fu), i.e:
1
(N +=CBys + Fu,v —yr) + ®(v) = (yr) 20, Yv € R*. (124)

The matrix N € R**4 is skew-symmetric and the matrix

R -1 R 0

1 1 0 1 -1
M:=N+-CB=| o | »
0 1 0 0

has rank 3 and is positive semidefinite since
(@, M) = %@, CBz) = R(xy + x3)%, Vo € RY
Case 1. Suppose that all diodes are ideal, i.e.
¢p,(x) =VRr, (z),Vz e R (1<i<4).
Then ® = ¥ (g, y4, D(®)s = (R4)* and clearly
D(®)oo Nker{M + M*} 0 K(M,®) = {0}.

Indeed, z € ker{M + M7} yields z; = —x3 and thus 1 = x3 = 0 since = € (R4)*. Using then z € K (M, ®),
we get also —z» > 0 and —x4 > 0 and thus 2 = 24 = 0 since # € (R4 )?. It results from Corollary P that for
eachu € IR, problem VI((N + 1CB), ®, Fu) has at least one solution.

Case 2. Suppose that diodes D, and D, are ideal and consider for diodes D5 and D3 the practical model with
electrical superpotential
Vi if >0
olx) = , (z eR),
Vox if 2 <0

with V5 < 0 < V7. Here

O(z) = g, (1) + ¢*(—22) + VR, (23) + ¢(z4), V2 € R
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and
(p* = \IJ[VQ,Vl]'
Thus D(®) = Ry x[Va, V1] X Ry X R, D(®)oo = Ry x{0} x Ry x Rand D(®) = R4 x{0} x Ry x R.
We check that
D(®) o Nker{M + MT} 0 K(M,®) = {0}.

Indeed, here 2o = 0 and = € ker{M + M7} yields z; = —x3 and thus x; = 23 = 0since z; > 0. Usingthenz €
K (M, ®), we get also z4 = 0. It results from Corollary Plthat for each u € R, problem VI((N + 1CB), ®, Fu)
has at least one solution.

Various cases can be so studied and this shows that studying the fixed points of an interesting class of electrical
circuits can be cast into a variational inequality problem such as ([I8), written as: Find y;, € R™ such that

(Myr, +q,v—yL) + ®(v) —®(yr) >0, YveR™ (125)

6 Conclusions

In the first part of this paper, it is shown that some classical existence and uniqueness results for complementarity
problems can be recovered and can be generalized to variational inequalities using recession tools from convex
analysis. Various classes of matrices M are introduced which allow one to state well-posedness results for
variational inequalities of the form (Mu + ¢,v — u) + ®(v) — ®(u) > 0 for all v € R", thus recovering
the well-known results for P-, Py, positive definite and semi positive definite matrices in linear complementarity
problems. In the second part of the paper, it is shown that the study of electrical circuits with diodes, a topic of
major importance in Electrical Engineering, may benefit a lot from the results of the first part. This work also
paves the way to numerical tools that may be used to determine the equilibrium points of electrical circuits with
non-smooth elements and external excitation.
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