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Introduction

With a large range of applications in various fields like mechanics, electrical circuits,
control systems, etc., complementarity systems have recently been the object of strong
attention. In mathematical programming, complementarity conditions are well-known
and they arise, for instance, in the Karush—Kuhn-Tucker conditions for optimality. In
terms of electrical circuits, imposing complementarity conditions simply means that
some ports are terminated by ideal diodes (see [6]).

Because of its applications, like other dynamical systems, dynamic systems with
complementarity conditions, called complementarity dynamical systems, have been care-
fully studied as witnessed by many articles, see for instance [2,3,5,6,8,9].

The well-posedness has been treated and another interesting problem has arisen.
That is controlling such dynamical systems and it is also our object in this report. Due to
some limitations, in this paper, we restricted our attention to linear underlying dynamics
with consistent initialization, such that no state jump occurs (solutions are continuous).

Our goals are:
e To survey the well-posedness of Linear Complementarity System,

e To find a controller such that the state = and desired trajectory x, satisfy ||z(t) —

zq(t)]] — 0,as t — +o0.

This work was developed in my internship funded by INRIA (The French National
Institute for Research in Computer Science and Control) from February to July 2019.
The report consists of two main chapters, Introduction, Conclusion and Appendix.

Chapter 1 is devoted to the study of the existence and uniqueness of solution of
Linear Complementarity Systems with feedthrough matrix satisfying D = 0, D > 0
and D > 0, which arise from physical examples, for instance, electrical circuits with
a network of ideal diodes. The well-posedness results of the multivalued Lur’e system
have been considered as a generalization of so-called Linear Complementarity Systems.
That may be important in practice in case D is a nonzero feedthrough matrix, possibly
positive semidefinite and non-symmetric.

In Chapter 2, our main results are stated and proved to reach our target, that is de-

signing controller u for a Linear Complementarity Systems satisfying reference inputs.
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A brief introduction to the SICONOS Platform and modeling of a nonsmooth dynamic
system via examples, in the scalar case as well as the higher dimensions, aims at obtain-
ing numerical simulations of these problems. Furthermore, we also deal with extended
controller form and a way to choose the "best" gain K.

In Appendix we recall some basic facts and notations which will be used throughout
this report. It includes some definitions and properties in Convex analysis concerning
convex sets and convex functions. The solution concept of a dynamic system such as
equilibrium point, stability was introduced as well. Appendix also provides detailed
scripts written in C++ and MATLAB that we have used in Chapter 2. We can find there
the codes to find feedback gain K and script to execute in SICONOS.



Chapter 1

Well-posedness of Linear

Complementarity Systems

In this chapter, we will deal with Linear Complementarity Systems (LCS) and focus
on the existence and uniqueness of their solutions, which are absolutely continuous
(AC). Three sub-classes of LCS are treated, including D = 0, D > 0 and D > 0 that
come from physical examples, specifically electrical circuits with resistors, inductors,
capacitors and ideal diodes (RLCD). In order to summarize briefly, the following results

are presented without their proofs. The references here are [3, 5, 6].

1.1 Linear Complementarity Systems

Let us now consider the following complementarity dynamical system

#(t) = a(x(t)) + b(z()A(E) + e(z(t), u(t))
0 < A@) Ly(t) = c(x(t) + g(ult) =0,

where u(t) € R™,y(t) € RP. This class is very general and needs to be restricted to
obtain well-posedness results. Thus, in this paper, we will restrict our attention to the

linear complementarity systems of the form

(1.1)

where A, B,C, D, E, and F are real constant matrices with appropriate sizes, x(t) €
R™ A(t) € RP,u(t) € R™. The last line is a complementarity relation between A(t)
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and y(t), which are forced to remain non-negative and always orthogonal one to each
other. At each time ¢, both \;(¢) and y;(¢) must be non-negative, and at least one of

them should be zero. Using the equivalence
0< A1) Lylt) > 0 —A(t) € Dbar (y(1),
which holds for vectors A(t), w(t) € RP, the LCS above is equivalently rewritten as

x(0) = xo,
&(t) = Az(t) + BA(t) + Eu(t), (1.2)
A(t) € =0gr (Cx(t) + DA) + Fu(t)).

We define the Linear Complementarity Problem (LCP) with data ¢ € R™ and M €
R™*™ by the problem of finding z € R™ such that 0 < z 1 ¢+ Mz > 0. We know
that this LCP has a unique solution for any ¢ if and only if M is an m x m P-matrix.
A square matrix is said to be a P-matrix if all its principal minors are positive (see [10]

for more details).

Remark 1.1. Complementarity relations appear in many fileds. For instance, voltage-

current characteristic of an ideal diode is a complementarity relation.

D_/D‘\_g_c v(t)
i(t) 19)

(a) Ideal diode (b) Ideal diode characteristic

Figure 1.1: A complementarity relation in physics

Before starting the study of linear complementarity systems with external inputs and
outputs, we first need to establish some results on existence and uniqueness of solutions.

The following results are taken from [3, 5, 6].

1.1.1 CaseD =0

Let us recall some facts and developments from [5].

Assumption 1.1. There exists a constant matrix P = P" > 0 such that
PB=C".

4
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Denoting by R, the symmetric positive definite square root of P, and letting z = Rz,

one gets from (1.1)

#(t) = Ri(t) = RAR '2(t) + REu(t) + RBA(t)
0<At) Ly(t)=CR2(t) + Fu(t) > 0.

(1.3)

Since the equivalence
0 < A(t) L CR™2(t) + Fu(t) > 0 & —A(t) € 0gpe (CR™'2(t) + Fu(t)),
consequently, one can rewrite (1.3) as
—2(t) € —RAR '2(t) — REu(t) + RBOYgs (CR™'2(t) + Fu(t)).
Now using R?B = C'T, it follows that
— #(t) € =RAR™'2(t) — REu(t) + R™'C"0¢gs (CR™'2(t) + Fu(t)).  (1.4)
For each t € [0, +o00] the closed set
K(t):={x € R": Cx + Fu(t) > 0}
and R™ are convex polyhedral and ¢k (1) (%) = (Yryp—Fu@) © C)(x). Therefore,
CTawRi(CRflz(t) + Fu(t)) = 0V ()
for any z € R". So the inclusion in (1.4) can be rewritten as
—%(t) + RAR'2(t) + REu(t) € R '0¢gm (R™'2(1)).
Consider the closed convex polyhedral set
S(t) == R(K(t)) = {Rx : v € K(1)},

we can see that g (z) = (Y@ o R7')(x) for all 2 € R™. Since R is invertible and

symmetric, again we have
Msy(w) = R (Orqy) (R ') forall z € R”

and hence, since Ng(;)(z) = 054 (), the differential inclusion may be written in the
form
— 2(t) + RAR'z(t) + REu(t) € Ngg)(2(t)). (1.5)
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Remark 1.2. By the definition of the normal cone, the inclusion (1.5) is equivalent to

the evolution variational inequality
(2(t) — RAR'2(t) — REu(t),v — z(t)) > 0,Yv € S(t), 2(t) € S(¢).

If ' = 0 then K does not vary with the time and Theorem 2.2 in [8] may applied with
u(-) a continuous mapping with locally L' derivative. Consequently, we conclude the
well-posedness of the LCS. However, here we let K hence S be time-varying, which
complicates the analysis.

Theorem 1.1 ([5], Theorem 3.5). Assume that u(-) € L. (R, ;RP) and the set-valued

loc

mapping S(-) = R(K(-)) is locally absolutely continuous with nonempty values. Then,
—%(t) + RAR '2(t) + REu(t) € Nguy(2(1))

with initial condition z(0) = zo € R(K(0)) has a unique locally absolutely continuous

solution z(+) on [0, +o0l.

Example 1.1. The circuit in Figure 1.2 has the dynamics

Figure 1.2: RLC circuit with an ideal diode

is(t) = —gea1(t) — Faa(t) — $A(E) + Tu(?)
0<A(t) L —ao(t) >0

where u denotes the voltage applied to the system, for instance u(t) = sin(t), ¢t >
0, z; is the charge of the capacitor and x5 is current though inductor. The matrices
A, B,C, D, E, F can be easily identified. In this situation, we have D = (. Following

the same lines, we can rewrite the dynamics as

—Z(t) + (_l _1E> z(t) + (_L) u(t) € Ng(z(t)).
LC L LVL
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Here » = Rz with R = =1 and S = {(z1,22) € R® : 7, < 0}.

Since F' = 0, S(-) = S is locally absolutely continuous (see Proposition 3.2, [5]).
Now, applying Theorem 1.1, we claim that for any z; € S, the dynamics with ini-
tial condition z(0) = 2, has a unique locally absolutely continuous solution z(-) on

[0, +o0l.

1.1.2 CaseD =0

In this section our goal is just to point out that extensions of the above developments led

for D = 0 are possible when D # (. We first consider the positive semidefinite matrix

D of the form
D
p= (DY ,
0 O

where D; > 0 is square of dimension ¢ < p, and not necessarily symmetric. We

. - A1 Dih .
partition the multiplier as A = N such that D\ = L The vector y is
2

partitioned similarly. Then the complementarity conditions in (1.1) can be written as

the following

0 < Mo(t) L ya(t) = Cox(t) + Fyu(t) > 0.

The first set of conditions is a LCP with unknown A; and matrix D;. It possesses a
unique solution that is continuous piecewise linear in x(t) and u(¢), and we denote as
A1(z,u). The LCS in (1.1) is rewritten as

If we assume that P, By = CQT for some symmetric positive definite matrix P, and R,

the symmetric positive definite square root of P, then following the same steps as in

case D = 0, one gets
—3(t) + Ro(ARy '2(t) + Bi(Ry 2(1), u(t))) + ReEu(t) € Neg(=(1)),

here S(t) = Ra(K (t)) = {Rozx : x € K(t)} and K(t) = {x € R" : Cox+Fyu(t) > 0}.
Then Theorem 1.1 may be applied since the steps of its proof can be redone for a

Lipschitz continuous field.

Example 1.2. Let us consider the electrical system (Figure 1.3) taken from [3] that is

composed of two resistors R and four capacitors C and two ideal diodes with char-

7
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acteristics 0 < wvy(¢t) L i1(t) > 0and 0 < wy(t) L i3(t) > 0, respectively. The
state variables are z(t) = fot i1 (t)dt, xo(t) = fot io(t)dt, x3(t) = va(t), and A\ (t) =
i3(t>, /\Q(t) = Ul(t>.

R R

ill

7i3

Figure 1.3: Electrical circuit with capacitors, resistors and ideal diodes.

The dynamics is given by

) =| 8 me ®m | |w@O[F|0 0 (28)
i5(t) 57 mer me/ \ws(t) ¢ O
o o 1) ("W 0 0
0<At) Ly(t)= (2 . ) xo(t) | + ( 1) At) >0
Rc ®C ! x3(t) " ®

The matrices A, B, C'and D are easily identified. Set By = (0,0,¢) ", B: = (%,0,0)7,
C1 = (0,0,1), and Cy = (%&, 5, 0). The linear complementarity conditions can be

rewritten as follows

1 (1.6)
From the second line, we have A\2(f) = —R min{0, Cyox(¢)}. The matrix D is positive

semidefinite and relation P, B; = C’lT holds with P, = CI;. Let z = Ryx with R; =
VCI 3, one obtains the differential inclusion

: R :
—Z(t) + Az(t) — \/—EBQ min{0, Cyz(t)} € Ngw)(2(1)),
where K(t) = {z € R® : Ciz > 0} = {(z1,72,23) € R® : 23 > 0} and S(t) =
{Riz : z € K(t)} = {V/C(21,72,25) € R : 23 > 0}. Since the steps of the proof
of Theorem 1.1 can be redone for a Lipschitz continuous field, we can conclude that
the dynamics has a unique solution with an initial condition xy = (1, x5, x3) satisfying

33'320
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D; O
Now we will deal with the matrix ) > 0 but not in the form D = ( 01 0).

However, the following lemma gives us a way to feedthrough matrix D.

Lemma 1.1 ([5], Lemma 3.8). Let D € RP*P have rank q < p, and suppose that
there exist full-rank matrices V and W with WT =V, such that D = VDW with

_ D, 0
D = ( 01 0), where Dy is a q X q full-rank matrix. Then the LCS in (1.1) can be
equivalently rewritten as the cone complementarity system (CCS)

i(t) = Ax(t) + Bu(t) + BWIA(2)

_ . (1.7)
Cyw-1 3 Xt) L g(t) =V 1Cx(t) + V" Fu(t) + DA(t) € Cy

where Cy = {z € RP : Vz € RE }, and Cyy—1 = {2z € R? : W'z € RE } are two dual

polyhedral cones.

The second line in (1.7) is so-called a cone complementarity problem (CCP).
Remark 1.3. Following the same lines as in the case D = 0 and in the case matrix D
of the form <l())1 0 and since a CPP with two dual cones can be equivalently written

as an inclusion into a normal cone, the CCS in (1.7) can be transformed into a sweeping
process. Further conditions on D, are necessary to ensure that these manipulations are
doable.

1.1.3 Case D ~ 0

The case D is positive definite is worth stating separately.

Proposition 1.1 ([6], Corollary 10.6). Let us consider an LCS given by (1.1) such that
D = 0. Then the LCS has a unique continuous solution for any initial state x, and

input u(-) € Li (R, ;RP).

loc

Remark 1.4. The continuity of the solution is also stated by Corollary 10.6 in [6].

Example 1.3. Let us consider the circuit in Figure 1.4 with a voltage source u. The

dynamics is given by

#1(t) = — g () + zo(t) — 28 4 20
To(t) = —gsai () — 2 4«0 (1.8)
0<AE) LA Lol ) — 40 >,

Here, we considered the current through the inductor for the variable x5, and for the

variable x; the charge on the capacitor as state variables. It can be seen that (1.8) is an

9
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LCS with matrix D = ﬁ > (. According to Proposition 1.1, we claim that this problem

has a unique continuous solution for any initial state x, and input u.

u

O
N\

T2

Figure 1.4: A circuit with an ideal diode in case D > 0

In our framework, the assumption on existence a matrix P that is symmetric, pos-
itive definite satisfying PB = C'" is significant to perform the steps after; however,
in a certain situation, finding a such matrix is not easy even difficult. The following
proposition provides a sufficient condition for existence of matrix P. It is considered as

a corollary of Lemma 10.4 in [6].

Proposition 1.2. Let B € R™*? . C' € RP*" € and let B be full column-rank. Then,
there exists a symmetric positive definite matrix P such that PB = C' if and only if

C B is symmetric positive definite.

1.2 The multivalued Lur’e system

Suppose that A € R™" B € R"? (' € RP*" D e RP*P are given matrices, [ €
C%(R,4;R) such that f € L (Ry;R™) and ¢; : R = RU {+o0}(1 < i < p) given

loc

proper convex and lower semicontinuous functions. Let 2o € R™ be some initial con-
dition, we consider the problem: Find z € C°(R,;R") such that & € L2 (R,;R")

and x right-differentiable on Ry, A € C°(R,;R?) and y € C°(R,; RP) satisfying the

nonsmooth dynamical system

z(0) = xg
(t) = Az(t) + BA(t) + f(t) ae. t >0
y(t) = Cz(t) + DA(t)

(1.9
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The case D = 0 was considered in [5], so we shall study the case D # 0. The
following results can be found in [3]. Let us now denote by p; (and set p;; = p — pr)

the largest integer such that the matrix D can be written as follows:

D = OPI XPpr Opz XPrr
Oprrxps Dy
with Dy # 0,,,xp,,- In using this notation, it is convenient to suppose that p; = 0 (resp.

prr = 0) means that the terms indexed by I (resp. /) are useless and not considered.

For z € RPI, we set 2 = (2; 2;7)' with z; € RP and z;; € RP!I,

B= (Bf B”),C: (gl)
II

here B! ¢ R™Pr B ¢ R™*Pir O € RPT*™ and Cp; € RPI7*™, Finally, we set

Vy € RPL: @4 (y) == @1(v1) + paly2) + - + ©p, (Yp,)

and
Vy € RP: @y r(y) i= pp11(01) + 02(Ypy42) + -+ ©p(Upy,)-

We also set for all y € R, and z € R
O(y) = @1(yr) + Prr(yrr) and @7 (2) = *(—2).

By using these notations, we can see that the nonsmooth dynamical system reduces
to the system

(0) =
x(t) = A:c(t) + BIX(t) + BY(t) + f(t) forall t > 0
yr(t) = Crz(t) (1.10)
Ar(t) € (9<I>1( (1))
yrr(t) = Crrx(t) + DirAr(t)
yH(t> € 8(1)11 (/\H< ))

Assumption 1.2. For each 1 < i < p, there exists zo; € R at which ¢ (+) is continu-

ous, with
w7 (2) = ¢j(=2),Yz € R

11
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Assumption 1.2 is required to guarantee that for all z € R,

Op;" (2) = —0pi(—2).

Then
i € —0pi(yi) & yi € =09, (N).

Assumption 1.3 (If p; > 1). There exists a symmetric and invertible matrix W € R™*"
such that

W2B! =C/].
Then, we set
I ifp; =20

and
@[(C}Vﬁlw) lfp[ >1

0 ifpr =0.

Vw € RPF ZE(w) =

Assumption 1.4 (If p; > 1). There exists a point wy in RP* at which =;(-) is continuous.

Assumptions 1.3 and 1.4 ensure that in case p; > 1, one has for all w € R,
0= (w) = VO] 00 (CrV ™ w) = VTICT 90, (CrV " w).

The multivalued mapping =;(-) is maximal monotone, being the subdifferential of a

convex, proper, lower semicontinuous function. Let us denote

VBY (D4 097, )" Y(=CrVlz)  ifprr >1
Vo € R" A][(J?) _ ( 1I I ) ( II ) pir =
0 ipr =0.

Assumption 1.5 (If p;; > 1). The operator A;; : R — R" z — Ajr(z) is well-
defined, single-valued and Lipschitz continuous.

Proposition 1.3 ([3], Proposition 1). Suppose that Dy; is positive definite and ® ()
is proper convex and lower semicontinuous. Then the operator (Dr; + 097, )7 is

well-defined, single-valued and Lipschitz continuous.

Proposition 1.4 ([3], Proposition 2). Suppose that Dy is a P-matrix and ®r;(-) =
Vgt (-). Then the operator (D + 0®7, )~! is well-defined, single-valued and Lips-

chitz continuous.

12
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We recall that for a nonempty closed and convex set C' C R", the recession cone of
C is defined by

Coo =) %(c — 20),

A>0

where x is an element in C'. We also denote by ker (/) the kernel of M and by R(M)
the range of M.

Proposition 1.5 ([3], Proposition 3). Suppose that Dy is positive semidefinite, dom(®}; ) =
dom(®7;),
(dom(®}7))ee Nker(Dy; + DJ) N {z € RP! : Dyrz € ((dom(®77 ))so)*} = {0}
Moreover,
R(Crr) C R(Dyr + Dj;) C ker(B').

Then the operator v +— VB (D + 097, )1 (=CV='z) is well-defined, single-

valued and Lipschitz continuous.

The problem in the nonsmooth dynamical system (1.10) can be reduced, by setting
X(t) = Vx(t), VYt > 0, to the following dynamical variational inequality problem:
Find X € C°(R,;R") such that X € L (R,;R") and X right-differentiable on R,

loc

with X (0) = X and satisfying for almost everywhere ¢t > 0 the variational inequality
(X(t) = VAVIX(t) — App(X(t) = VF(t),v — X (1)) + Zr(v) — Zr(X () >0,

holds for all v € R”.
Indeed, in case p; > 1 and p;; > 1, from (1.10), it is clear that

.’K(t) — BII(D[[ + 8@?{)7%—0[[%@)) — Al’(t) — f(t) < —BI&I)I(C[x(t))

Notice that
Diz —q € =007 (2) & 2z € (D + 0977) (q),

for all ¢ € RP.,
Multiply by invertible matrix V', then we obtain

X(t)—VAVIX(t) = VB (D +0837 ) L (=CVIX (1) -V f(t) € —9Z,(X (1))

from which one deduces the variational inequality. The case p; = 0 (resp. p;; = 0) can

be deduced from the previous relations by removing the terms indexed by I (resp. I1).

13
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1.2.1 Well-posedness by Kato’s Theorem

The following result relies on Kato’s theorem.

Theorem 1.2 ([3], Theorem 1). Suppose that Assumptions 1.2-1.5 hold. Then for any
Xo € Dom(0Z;) there exists a unique X € C°(R; R™) such that X € L, (Ry;R™),
X right-differentiable on R, and for all v € R",

X(t) € Dom(9=;),Vt > 0,
(X(t) = VAVIX(t) = Ay (X (1) = VF), 0 — X(8)) + Z1(v) — Er(X (1) > 0,
X(0) = X,.

We can check that Assumptions 1.2-1.5 are satisfied for the system given in Example
2.2. Then, using Theorem 1.2, one concludes that the dynamical system has a unique

solution.

Corollary 1.1. Let p; = p. Suppose that Assumptions 1.2-1.4 hold. Then for any
Xy € dom(Z) there exists a unique X € C°(R,;R") such that X € L2 (R,;R"), X

loc

right-differentiable on R, satisfying

X(t) € Dom(0=),Vt > 0,

(X(t) = VAVIX () =V f(t),v— X(t)) + E(v) — E(X(t)) > 0,Yv € R ae. ¢t >0,
X(0) = X,.

It follows that for o € R"™ such that Czy € Dom(9®), the function z(-) =
V~1X(-) is the unique solution of the problem

z(0) = xg

(t) = Az(t) + BA(t) + f(t) ae. t >0
y(t) = Cx(t),Vt >0

\)\(t) € —00(y(t)),vt >0

Corollary 1.2. Let p;; = p. Suppose that Assumptions 1.2 and 1.5 hold. Then for
any X, € R” there exists a unique X € C°(R,;R") such that X € L (R,;R"), X

loc

right-differentiable on R, satisfying

X(t) — AX(t) — B(D + 9d%7 )" (=CX(t)) — f(t) = 0,a.e.t > 0,

14
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Then for 2 € R the function X (+) is the unique solution of Problem 1.9, that is

z(0) = xg

o(t) = Ax(t) + BA(t) + f(t)ae. t >0
y(t) = Cx(t) + DA(t),Vt >0

| A(t) € —0%(y(t)),Vt = 0

1.2.2 Well-posedness by maximal monotonicity

It is noteworthy that the condition R(Cy;) C R(D;r + Dj;) C ker(B'!) in Propos-
tion 1.5 implies that the symmetric part of D has a large enough range, but in some
cases of D, that is not satisfied. This motivates us to look for another assumptions to

show the well-posedness of Problem (1.9).

Assumption 1.6. There exists a symmetric and positive definite matrix P such that
PB = CT and D is positive semidefinite.

It is clear that the Lur’e system in (1.9) may be rewritten by
i(t) € Ax(t) + B(D + 09* ") H(=Cx(t)) + f(1). (1.11)

Defining R as R? = P, the symmetric positive definite square root of P, and letting

z = — Rz, one gets from (1.11)
i(t) € RART'2(t) — R7'CT(D + 00"~ ) "(=CR'2(t)) — Rf ().

Since R is symmetric, the operator 2 — R~'CT(D + 9®*~)"'(CR™'z) is maximal
monotone, provided R(CR™') N rint(Dom((D + 0®*~)~1)) # 0.

Theorem 1.3 ([3], Theorem 2). Let Assumptions 1.2 and 1.6 hold and suppose that
R(CR™) N rint(Dom((D + 09*7)™1)) # 0. Let vy € R™ such that —Cxzo €
Dom((D + 0®*7)~1). Then the Lur’e system in (1.9) possesses a unique solution

that is Lipschitz continuous.
Before ending this section, we consider the example as follows.

Example 1.4. Let us consider the Filtered full wave rectifier in Figure 1.5 which is

taken from [3] with the dynamics given by

15
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( . 1
(t) = L
0 -1 0 O 1
1 0 1 -1 0 (1.12)
0<A(E) L y(r) = A+ | e >0
0 -1 0 O 1
0 1 0 O 0

where the state x is the voltage across the capacitor, y; = Ypg1, Y2 = ipr2, Y3 = Upri,
Ys = Vpro, and X = (ipr1,Upr2,ipr1,ipre) . The matrix D is positive semidefinite
since it is skew symmetric. The relation PB = CT holds with P = C > 0. We
choose R = +/C. Then, R(CR™') = {a(1,0,1,0)T, o € R}. It is noteworthy that
Dom((D + 99*7)~1) = R(D + 9%*~) and the condition of Theorem 1.3 is satisfied
and the system (1.12) has a unique Lipschitz solution (see [3]).

Remark 1.5. [3] In the case y = Cxz + DA + Fu and f(t) = Eu(t), where u(-)
is some m—dimensional control input, then the results above may be used to analyse
feedback controllers of the form u = Sx + GA. It suffices to replace (A, B, C, D) by
(A+ ES,B+ EG,C + FS,D + FQ) in the analysis.

1.2.3 Dissipativity and stability results

Suppose that the Lur’e system is well-posed, we are now at the position to study stability

properties of the system. Denote

{z e R": Cjx € Dom(0®;)} ifp;>1
R" if p; = 0.

X =

16



Master 2 ACSYON INTERNSHIP REPORT

Then, for xy € &), the following problem

(1) = Ax(t) + BA(t) ae. t > 0
y(t) = Cx(t) + DA(t),vt = 0
y(t) € —90*=(A(1)),Vt > 0

| z(0) =

shortly denoted as the system (A, B, C, D, ®*7), has a unique solution

z(;x) : Ry — R”
t— R"™
In order to make sure that z:(¢;0) = 0 for all ¢ > 0, we need one more assumption.

Assumption 1.7. Suppose that the initial data satisfies
0 € Apand /\H(O) S 851(0)

The notion of passivity (dissipativity) has played an important role in various con-
texts such as stability issues, adaptive control, identification, etc. First, let us present

some definitions of dissipative systems.

Definition 1.1. The system (A, B, C, D) is called passive or dissipative, if there exists

a symmetric and positive definite matrix P € R™*" such that the matrix

ATP+PA PB-CT )\
B'"P—C —(D+D")) ~

Definition 1.2. The system (A, B, C, D) is said to be strictly passive, if there exists a

symmetric and positive definite matrix P € R"*" such that the matrix

ATP+PA+eP PB-CT -
B'P-C —(D+D")) =7

for some ¢ > 0.

Definition 1.3. One says that the system (A, B, C, D, ®*7) is passive provided that

there exists a symmetric and positive definite matrix P € R™*" such that
(PAz,z) + (PB — C")z,z) — (Dz,2) + & (0) — " (2) <0,

holds for all z € R", z € RP.

17
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Definition 1.4. One says that the system (A, B, C, D, ®*7) is strictly passive provided
that there exists a symmetric, positive definite matrix P € R™*" and a real € > 0 such
that

(PAx + tePr,z) + (PB — CT)z,2) — (Dz,z) + &7 (0) — " (2) <0,
holds for all z € R", z € RP.

Proposition 1.6 ([3], Propositions 4-5). If the system (A, B, C, D) is passive (strictly
passive) and
VzeRP, O (z) > &7 (0)

then the system (A, B, C, D, ®*7) is passive (strictly passive), respectively.

Theorem 1.4 ([3], Theorem 3). Assume that the system (A, B,C, D, ®*7) is passive.

Then there exists a constant ¢ > 0 such that for each xy € Xy,
(8 zo)|| < cllaoll, VE=0.

Furthermore, if the system (A, B, C, D, ®*7) is strictly passive then the system is glob-
ally exponentially stable, i.e.,

l(t; o) || < ellwolle™, ¥t >0,

for some ¢ > 0, > 0.

Remark 1.6. The system (A, B, C, D, ®*7) is passive that ensures the stability of the
trivial solution. However, if the system is strictly passive, then the trivial solution is
stable and global attractive as well.

18



Chapter 2

Controller design for LCS

In this chapter, we will continue to study the LCS given by

i(t) = Ax(t) + BA(t) + Eu(t),
0 < A(t) L Cxz(t) + DA(t) + Fu(t) > 0, (2.1)

SL’(O) = Xy,

where z(t) € R, u(t) € R™ A(t) € RP with D = 0,D > 0, and D > 0. As pointed
out in Chapter 1, it is worth considering such cases because many systems like electrical
circuits leading us to study LCS. In case D > 0, we restrict to positive semidefinite

Dy

matrices D of the form , where D; > 0 is square of dimension ¢ < p.

Our goal is to design the controller u such that ||z(¢) — x4(¢)|| — 0 ast — oo,
where x4 is a desired function. The main idea comes from the conclusions in Chapter 1.
Generally, to find a controller satisfying a given reference is a hard problem. Thus our
ambitious in this paper will only deal with some sub-classes of problems which we can
handle.

The main references here are [1,3,4,6,9, 10].

2.1 Sufficient conditions for stability
Recall that the quadruple (A, B, C, D) is called passive if

ATP+PA PB-CT\
B'"P-C —(D+D")) "~
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for some matrix P = P = 0. It is called strictly passive provided that

ATP+PA+eP PB—CT
( thaAve >< 2.2)

B'P—-C  —(D+D")

for some £ > 0 and matrix P = P" > 0.

The results in this section are extended from the passivity theorems that are formu-
lated for the absolutely stability problems for Lur’e systems (see [3]).

Consider an input-free LCS given by

#(t) = Az(t) + BA(t),t > 0
0 < A(t) L Ca(t) + DA(t) > 0

(2.3)

with (A, B, C, D) passive in the sense of Definition 1.1. Here A, B,C and D are real

constant matrices with appropriate sizes, x(t) € R™, A(t) € R?.

Lemma 2.1. (/9], Lemma 7.14) A state x* is an equilibrium point of (2.3) if and only if
there exists \* € RP satisfying

Ax*+ BN =0
0< A LCx*+ DX >0.

(2.4)

Moreover, if A is invertible, then all equilibrium points of (2.3) are characterized by
7*=—A"'BMand0 < (—CA'B+ D)\* L \* >0. (2.5)

From Lemma 2.1 it follows that x* = 0 is an equilibrium point. Next, we will deal

with sufficient conditions for nature of equilibrium points.

Theorem 2.1. ([9], Theorem 7.15) Consider an LCS given by (2.3) such that (A, B, C, D)
is passive, matrices [B. AB ... A" 'Bland [CT ATCT ... (AT)"'C] have

B
full rank, and (D . DT> has full column rank. Then this LCS has only Lyapunov sta-

ble equilibrium points x* given by (2.5). Moreover, if (A, B,C, D) is strictly passive,

then x* = (0 is the only equilibrium point, which is asymptotically stable.

2.2 State feedback controller

As we know, Dissipativity theory gives a framework for the design and analysis of
control systems using an input-output description based on energy-related considera-

tions. The main idea behind this is that many important physical systems have certain
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input-output properties related to the conservation, dissipation and transport of energy
[4]. Our problems in this topic are derived from linear electrical networks consisting
of resistors, inductors, capacitors, and ideal diodes, thus it allows us for an approach to
control systems design and analysis.

Now we focus on the linear complementarity system give by (2.1). First, we need

to make some assumptions for our problem.
Assumption 2.1. There exists a multiplier A\, such that desired trajectory z, satisfies

for a given input ug € L (R ;R™).

Remark 2.1. For asymptotic tracking, ||« (t) —z4(t)|| — 0, as t — oo, Assumption 2.1

is necessary. Let us consider the following problem

#(t) = —x(t) + A(t)
0 < () L a(t) + A(#) +ult) > 0.

(2.6)

From Proposition 1.1, the system (2.6) has a unique solution for any initial condition
x(0) =x9 € Rduetod =1 > 0. Our aim is to find u such that the solution z(t) — —a,
ast — oo with a > 0. It is easy to check that Assumption 2.1 is violated. We will prove
that there is no controller « satisfying this problem.

One can rewrite (2.6) as

i) — —x(t) ifz(t) +u(t) >0
—2x(t) —u(t) ifx(t)+u(t) <O0.
It yields
Cre™? ifz(t) +u(t) >0

o Coe™2t — ftz e 2=y (s)ds  if w(t) 4+ u(t) <0,
for some C and C5. Since the trajectory x(t) — —a < 0, ¢ — oo, the controller v must
satisfy x(t) + u(t) < 0 for large . That means the second mode has to be activated.
It follows that tlir& u(t) < — tlggo x(t) = a. Since z(t) has to converge to —a when
t — o0,

lim [ e 2¢9y(s)ds = a.
t—o0 to
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Using L’Hospital rule, one gets

lim @

t—o0 2

We got a contradiction. Therefore, there is no controller u for this problem.
Note that we can solve the regulation problem (z(t) — 0). In fact, if we choose
u(t) = kx(t), then from (2.6) we obtain

z(t) = —x(t) + A(t)
0<XAt) L (Q+k)x(t)+ At) > 0.

2.7

Now, we choose k such that (—1,1,1 + k, 1) is strictly passive, for instance k = 0.
Using Theorem 2.1, we claim that 0 is the only equilibrium point of (2.7), which is
asymptotically stable.

Assumption 2.2. There exists a matrix K such that the quadruple
(A+ EK,B,C+ FK,D)

is strictly passive.

Lemma 2.2. Suppose that (A, B, C, D) is (strictly) passive. Then, the system

t(t) = Ax(t) + BA(t) + Eu(t),
0 < A(t) L Cx(t) + DA(t) + Fu(t) > 0, (2.8)
z(0) = xo.

1

be(R4; R™). Moreover, the solution is

has a unique global solution for any input v € L

continuous on [0, +0o0l.

Proof. We will only prove the lemma in case (A, B, C, D) is strictly passive. In case
(A, B,C, D) is passive, the proof of the lemma is similar but ¢ = 0 in (2.2).
Let P and £ > 0 be a solution to P = P = 0 and

0 ATP+PA+eP PB-CT )\
o BTP-C —(D+D")) ~

Since () = 0, D is necessarily non-negative definite.
Case 1: D = 0. From Lemma 2.3 below, we have PB — C'" = 0. Following
the same lines as in Section 1.1.1, the system (2.8) may be written as a differential

inclusion. Then the well-posedness of the solution is claimed by Theorem 1.1.
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Dy O
Case2: D = ( 01 0) , where Dy > 0 is square of dimension ¢ < p. We can see

that the Moore-Penrose pseudo inverse of the matrix D + D is

(D+DT)+ = ((Dl +DI)_1 0) .

0 0

Again, from Lemma 2.3, one obtains

(PB—-CN[I,— (D+D""(D+D")]=0. (2.9)

C
By writing B = <B1 BQ>, C = <01> where By, By, C, C5 have appropriate sizes,
2
then (2.9) is equivalent to

(PB.—CT PBy-C]) (8 IO >_o

p—q

That implies PB, — C) = 0. Following the lines in Section 1.1.2, we can conclude
that the system (2.8) has a unique solution.
Case 3: D > 0. Using Proposition 1.1, the system (2.8) has a unique solution.
The continuity of the solution in such cases is also obtained since the input u €
Lige (R R™).
[]

We are at the position to state the main result in this section. The following propo-

sition gives us a form of controller u to solve our problems.

Proposition 2.1. Suppose that Assumptions 2.1 and 2.2 hold. Then the closed-loop
system (2.1) with the state feedback controller

u(t) = Kla(t) = za(t)] + ua(t)

has a unique global solution x(-), and ||z (t) — z4(t)|| = 0 as t — 4o0.

Proof. With the state feedback controller v = K (z — x4) + ug4, the closed-loop system

(2.1) can be rewritten as

i(t) = (A+ EK)x(t) + BA(t) + E(=Kz4(t) 4+ uq(t)),
0 < At) L (C+ FE)z(t) + DX(t) + F(—Kz4(t) + ug(t)) > 0, (2.10)
z(0) = xp.
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The well-posedness can be claimed by using Lemma 2.2 because the quadruple
(A+ FK,B,C + FK, D) is strictly passive. We just need to show that

|lz(t; z0) — za(t)]] — 0, as t — +o0.
Set z £ r — ;. From Assumptions 2.1 and 2.2, we obtain
2(t) = Az(t) + BIA(t) — M\g(t)] + Efu(t) — ug(t)]. (2.11)
Using the state feedback controller u(t) = K|[(x(t) — x4(t)] + uq(t), we obtain
2(t) = (A+ EK)z(t) + B(A(t) — Aa(t)).
From Assumption 2.2, let P and € > 0 be a solution to P = P" > 0and

0. ((A +EK)TP+ P(A+ EK)+eP PB—(C+ FK)T> -0

B'P— (C + FK) —(D+ D7)

Since P = P" = 0, it follows that (Px,z) > A (P)|z||?* for all z € R", where
A1(P) > 0 is the smallest eigenvalue of P.

Consider the Lyapunov function V : R — R, defined as V' (2) = 2" Pz, then V (+)
is continuously differentiable and its derivative along the trajectories of (2.11) satisfies
the following for almost all ¢ € [0, c0):

V(z(t)) = 2(t)"[(A+ EK)"P + P(A+ EK))2(t) + 22(t) "PB[A(t) — A\a(t)).

To shorten notation, we denote A := A + FK,C := C + FK and 2(t) := z(t; z).

Then, we have

V(z(t)) = 2(t) " (ATP 4+ PA)z(t) + 22(t) "PBI(t) — Ma(t)],
()T (ATP + PA)2(t) + 22(t) T (PB — CT)[A(E) — Aa(t)]
+2[\(t) — Mg ()] T C=(t).

holds for any ¢ > 0. From the complementarity conditions in Assumption 2.2, we have

0 < A(t) L Cx(t) + DA(t) + Fu(t) > 0,
0 < Ai(t) L Cq(t) + DAg(t) + Fug(t) > 0.

Using the fact that (u; — us) ' (v1 — v9) < 0 holds for uy, ug, v1,vo € RP satisfying
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0<wu; Lwv;>0and 0 < wuy L vy > 0, one obtains
M) = MOITIC( () — 2a(8)) + D AE) = Aalt)) + F(ut) — ua(t))] < 0.
or equivalently,
AW = MO]TIC=(0) + D (A(R) — Aalt))] < 0.
It follows that

V(z(t)) < 2(t) (ATP + PA)z(t) + 22(t) (PB — CT)[A(t) — Aa(t)]
= [M®) = M) (D + DTAE) = Aa(t)]

= () A~ Ma(0)"Q (Wf_(tld(t)) ~ <20 P2(0)
Since () < 0,
V(2(t) < —e(P2(1), 2(t)) < —eM(P)]2(8)]*.
Thus ¢
(Pz(t), 2(t)) < (P2, 20) —€A1(P)/O |12(5)[|*ds.
Hence . .
ol < St s Pas.
From Gronwall’s lemma, one deduces that
(o] < e

That implies ||z(¢)|| — 0 or equivalently ||z(t) — z4(t)|| — 0 as t — oo.
[

In summary, controller u stated in Proposition 2.1 depends on tracking error (x —x4)
and input u4 and feedback gain K, while K" depends on the matrices A, B, C, D, F and
F, the coefficient matrices of the problem. This is depicted in Figure 2.1.
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Ug
+
T4 K — /" u [ = Az + BA+ Eu 1 x
k{ {Og)\J_C;U—I—D)\—i—FuzOJ

K

Figure 2.1: LCS with state feedback.
2.3 Determine gain K

2.3.1 Linear Matrix Inequality (LMI) Problems

To complete the design of the controller w, it is necessary to find K that ensures that the

matrix inequality

(A+ EK)"P+P(A+ EK)+eP PB—(C+FK)'
=<0 (2.12)
B"P —(C + FK) —(D+DT)

has a solution P = P" > 0 for some € > 0.

Lemma 2.3 ([4], Lemma A.65). Let us assume that () and R are symmetric. Then

(g Z) = 0ifand only if R = 0,Q — SRTS" = 0,and S(I — R*R) = 0. Here

R™ is the Moore-Penrose pseudo inverse of the matrix R.

For problems with small dimensions, Lemma 2.3 can be used to find a consistent
matrix K by solving a system of equations and inequations. However, for higher di-
mension, we must have a useful tool to treat the problems. To do this, (2.12) needs to

be reformulated to an LMI problem which is solved by a powerful software, MATLAB.
0
Let us multiply the left-hand side of (2.12) by (%2 I>’ where () is the inverse

matrix of P. Then, we have

<Q(A+EK)T+(A+EK)Q+5Q B—Q“HFK)T) <0 (213)
BT — (C + FK)Q ~(D+ D7)

Let us define a second new variable L = K (). It follows that

QAT +AQ+ L"ET+FEL+eQ B-QCT-L'F' <0 2.14)
BT —-CQ-FL —(D+DT) - '
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This gives an LMI feasibility problem in the new variables Q = Q7 = 0 and L.
After solving this LMI, the feedback gain K can be recovered from K = LQ .

2.3.2 Solving LMI using MATLAB Toolboxes

LMI Toolbox of MATLAB is a powerful toolbox providing a set of useful functions to
solve LMIs. To solve an LMI problem in MATLAB, there are 3 steps.

Step 1. Initializing the LMI description.
Step 2. Defining the Decision Variables.

Step 3. Defining the LMIs one by one.

In this section, we will show the code to get feedback gain K by solving the LMI given
in (2.14). The code is given in Section B.1 in Appendix. For more details about the
script, we refer the reader to [7] or visit https://fr.mathworks.com/help/robust/Imis.html.

Another toolbox that may be helpful to solve LMI problems is YALMIP. It is avail-
able freely to be used by researchers. Like LMI toolbox, to solve an LMI problem using
YALMIP requires 3 steps:

Step 1. Defining Decision Variables.
Step 2. Defining Constraints.

Step 3. Solving Optimization Problems.

For more information please log on to the following: https://yalmip.github.io.

2.4 Numerical simulation

2.4.1 Numerical scheme

The numerical simulation for our problems is based on the Moreau-Jean’s time-stepping
scheme which is reported in [1].

We denote by 0 =ty < t; < --- <t < --- <ty =T afinite partition of the time
interval [0, 7] (T" > 0). The integer N stands for the number of time intervals in the
partition. The length of a time step is denoted by h, = t;1 — t;. For simplicity sake,
we only consider a constant time length h = hy, (0 < k < N —1).

Let us consider the dynamic system (2.1) with state feedback controller u = K (x —
xq) + ug. Then,

(t) = (A+ EK)xz(t) + BA(t) — EKz4(t) + Eug(t),
0<At) L(C+ FK)x(t) + DA(t) + F(—Kxq(t) + ua(t)) > 0.

(2.15)
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Integrating the above ODE over a time step [ty tx11] of length A, it follows
tet+1 tkt+1 tet+1 te+1
/ B()dt = / (A+ER)z(t)dt+ / BA(t)di+ / (Bua(t)— EKza(t)]dt.
tr tr tr tk

The left-hand side is equal to x(¢41) — x(tx). The right-hand terms are approximated

by using the #/—method and an implicit Euler integration. Specifically,

/ M A ER)2()dt ~ h(A + EE)0x(teny) + (1 — 6)x(t)].

173

/ " Bug(t)dt ~ hE[Bug(tes) + (1 — )ua(ts)].

/thrl _E'de(t>dt ~ —hEK[exd(tk+1> + (1 - G)xd(tk)]’

tg

tht1
/ BA(t)dt ~ hBA(txs1).
tg

for some 6 € [0, 1]. By replacing the accurate solution x(¢;) by the approximated value

Ty, We obtain

I — h(A+ EK)0)zpe1 =[ + h(A+ EK)(1 - 0)|z, + hE[Oua(tisr) + (1 — 0)ua(ty)]
— hEK[Q.Td(t]H_l) + (1 - G)Id(tk)] + hB)\k_H- (216)

Then, the time discretization of the non-smooth law is given by
0 S )‘k+1 1 (C + FK)JIk_H + D)\k—i-l + F(—Kl’d(tk+1) + ud(tk+1)) Z 0.

Suppose that [/ — h(A+ EK)6], denoted by W, is invertible. By substituting xj; from

(2.16) to time discretization of the non-smooth law, one gets the LCP:
0 < Ap1 L MApyq1 + g1 =0,
in which

M =h(C+FK)YW™'B+ D,

Qo1 = (C+ FEYW Y Way +hE(ugpro — Kxgpio)] + F(=KZgpi1 + Uap1),
W =I+h(A+ EK)(1-90),

Udjero = Oua(tiir) + ( Jua(t

1-6
Tapro = 0Ta(teyr) + (1 — 0)za(ts

),
)

Thus, h, 6 can be chosen such that M is a positive definite matrix or a P-matrix in order
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to ensure that the time discretization of the non-smooth law possesses a solution A 1.

2.4.2 SICONOS Platform

The S1CONOS Platform is a scientific computing software dedicated to modeling, sim-
ulation, control, and analysis of nonsmooth dynamical systems. It is developed in the
Tripop team-project at INRIA (The French National Institute for Research in Computer
Science and Control) in Grenoble and distributed under GPL GNU license [1]. For more
information, the reader can visit https://nonsmooth.gricad-pages.univ-grenoble-alpes.

fr/siconos/index.html.

r

Nonsmooth Dynamical System
Dynamical System
= f(z,t)+r
( Nonsmooth Interaction )

S I

IT Input/Output Relation -

“ &
Nonsmooth Law
0<ALly>0

Figure 2.2: Nonsmooth Dynamical System Modeling Principle [1].

The SICONOS software is mostly written in C++ and it aims at providing a general
and common tool for nonsmooth problems in various scientific fields such as applied
mathematics, mechanics, robotics, electrical circuits, and so on. The general writing

process for a problem treated with SICONOS includes two steps.
Step 1. Building a Nonsmooth Dynamical System
Step 2. Defining Simulation Strategy

All steps are built relying on its general principles of modeling and simulation.
S1coNOS Nonsmooth Dynamical System Modeling Principle is shown in Figure 2.2
(see also [1]).
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2.4.3 Examples in scalar case

This part is dedicated to a short presentation of the general writing process for some
examples, with z(t) € R,i.e,n=1,m=1,p= 1.

Let us consider a dynamical system given by

() = —a(t) + A(t) + ult),
0 < A(t) L a(t) + At) +ult) > 0.

(2.17)

with initial state 2(0) = 1. Our goal is to find a controller u such that x(t) — x4(t) as

t — +00, where x4 satisfies

l’d<t) = —l‘d(t) + )\d(t) + Ud(t),
0< )\d(t) 1 Id(t) + )\d(t) + Ud(t) >0

(2.18)

for given input uy(t) = sin(t),t > 0 and z4(0) = 0.
According to Proposition 1.1, we claim that =, is unique. We try to find a matrix
(scalar) k such that (—1 + k, 1,1 + k, 1) is strictly passive. Then we have

2k—1)p+ep p—k-1 <0
p-k—1 9

for some p > 0 and ¢ > 0. From Lemma 2.3, we get 2(k — 1)p + ep < 0. This
gives 2(k — 1) + ¢ < 0, or equivalently k < 1 — £/2. For instance, we can choose
u = 0.25(x — z4) + ug as a solution for our problem.

To get a simulation of this problem on SICONOS platform, we use the script as in
Section B.2 in Appendix. In the following paragraphs, we turn our attention to Non-
smooth Dynamical System related and Simulation-related components in the platform

which are used in our problem.

e FirstOrderLinearDS class, which describes the linear dynamical systems

of first order in form (coefficients may be time invariant or not)

x(t) = A(t, z)z(t) + b(t, z) + r,

x(tg) = wp.

e A subclass of FirstOrderLinearDS class, FirstOrderLinearTIDS,

which describes the linear dynamical systems of the form

x(t) = Ax(t) +b+r,

x(ty) = .
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e FirstOrderLinearTIR class, which describes the first-order linear and time
invariant relations:

y=Cx+ Fz+4+ DX +e,
r = BA.

e ComplementarityConditionNSL class models a complementarity
condition as

0<yLlA>0.

e LCP class represents the linear complementarity problem

w=Mz+q,
0<wlz>0.

Numerical simulation of Problem 2.17 with time-step 2 = 5.10~% and § = 0.5 is shown

in Figure 2.3.
1 T
7N - — X B
L N d| -
0.5 // A\ /\ .
P P
[ ‘
0 5 10 15
1 T
~<05F /\ /\ i
0 1 1
0 5 10 15

Time t

Figure 2.3: SICONOS simulation results for Problem 2.17

Now, we consider more dynamical systems by changing the constant coefficients in
(2.17). That is,

#(t) = —x(t) + At) + eu(t),

(2.19)
0 < A(t) L x(t) + d\(t) + fu(t) >0,

with d, e, f are real constants. By studying the same inputs u,4(t) = sin(¢),¢ > 0 and
only changing d, e, f, we consider 5 different problems whose numerical results are
shown in the following figures.

Notice that in the first two problems, the initial states can be chosen arbitrary due to
d > 0, but three last problems (shown in Figures 2.6 - 2.8), the initial states ensure that
x(0) > 0.
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1
05 e
X
0 | 1
0 5 10 15
1
~<05F /\ /\ g
O | |
0 5 10 15
Time t

Figure 2.4: LCS (2.19) withd = 1,e = 0, f = 1

0 5 10 15
0.5 T T
~ /\ /\
O Il L
0 5 10 15
Time t

Figure 2.5: LCS (2.19) withd = 1,e = 1, f = 0

As we can see, in all problems, the state converges to desired trajectory perfectly.
Moreover, there are two modes of the complementarity conditions activated in each
problems, indicated by the value of the multiplier \. Especially, in Figure 2.8, the
complementarity condition for this problem is 0 < A L x > 0. From the plot in

Figure 2.8, relation between x and ) is a complementarity one.

2.4.4 Example in higher dimension

Let us consider the circuit with two ideal diodes in Figure 2.9, with Ry, Ry, R3 > 0,
Ly, Ly, > 0, which is obtained from the circuit of Figure 2.3 in [1] by dropping the
capacitor. The state variables are x1, x5, where x; is the current across the inductor L,
and x; is the current across the inductor Ly. A1, Ay are the voltage of the diodes D, and

D, respectively. The dynamics is given by

p
() = — B (1) + Fras(t) + 50 + 50
; A2 u
1) = B () Bi() - 40 4 o)
A (t "
< 1(1) 1 x1(t) -y
\ >\2<t) T (t) - Ig(t)
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1
//_‘\\ _ |
- d|
0.5 /// A .
0 z I I
0 5 10 15
4
< 2 r—\ '/—\ —
0 I I
0 5 10 15
Time t

Figure 2.6: LCS (2.19) withd = 0,e = 1, f = 1

1 T
ol /\__Xd |
X
I
10
T
r\
10

0 5

Time t

Figure 2.7: LCS (2.19) withd = 0,e = 0, f = 1

For instance, we choose R = Ry = R3 = 1{2 and L, = L, = 1H. Then, the system
can be written compactly as

() = Ax(t) + BA(t) + Eu(t),
0 <A(t) L Cz(t) >0,

I B = b O = Lo ,and E = o).
1 -2 0 —1 1 -1 1

We can see that the relation PB = C'" holds with P = I. From Section 1.1.1, (2.21)

has a unique solution for any initial state z(0) = x( such that C'zy > 0.

(2.21)

with

Now, let us find controller u such that ||z(t) — z4(¢)|| — 0, as t — +o0, where x4
is the desired trajectory, given as the solution of the LCS:

Zq(t) = Azq(t) + BAa(t) + Eua(t),

for given input u,(t) = sin(t),t > 0. The numerical simulation of the desired trajectory

is shown in Figure 2.10 with time step » = 10~* and # = 0.5. From Proposition 2.1,
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1 —_
//, = N
oF- *a|
X
1 ! |
0 5 10 15
1 T
< 05f r\ (\ ,
O 1 |
0 5 10 15
Time t

Figure 2.8: LCS 2.19) withd =0,e=1,f =0

A

1 — T2 !
SH T2 Ly R

u(t) 2

%_fm\—/\/\/\/i
I Ll Rl

Figure 2.9: A circuit with two ideal diodes and a voltage source

we will find a controller « in the form u = K (z — x4) +u4 such that (A+ EK, B, C,0)
is strictly passive. Using YALMIP to solve this LMI problem. This gives

1.0 0.0
= L =(-2.0,-1.0),c =4.
@ (0.0 1.0) ( )

Then we can choose the matrix K = (—2.0, —1.0) as a feedback gain for our problem.
Proceeding with simulation of this problem in SICONOS, the results we obtained are
depicted in Figure 2.11.

Time t

Figure 2.10: Desired trajectory simulated by SICONOS with h = 104,60 = 0.5
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Figure 2.11: Simulation results by using SICONOS with b = 10~* and 6 = 0.5.
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100 T T T T T T T T T
SC l0g [[x-x,|
>~ - - = c*exp(-2t)
10° ~~< ]
10701 i
10.15 1 1 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10

Figure 2.12: A semi-log plot of the error between x and z4 in time ¢ (¢ = ?)

Notice that (A + EK, B, C,0) is strictly passive, it means

A+EK)TP+ P(A+ EK P PB—-(CT
(( +EK)'P+P(A+EK) +¢ O)jo o)

B'™P-C 0

holds for some P = PT = 0,e > 0. As the solution obtained by MATLAB, we have
P = Q™! = I, = 4. From the proof of Proposition 2.1, for all £ > 0, we get

() — za(t)|? < L@ = 24(0)), 2(0) — 7a(0) o,

Ai(P)
or
(1) — wa(t)]| < e
Hence the curve y = ge‘% is considered as an upper-bound of the tracking error

|x(t) — x4(t)||. From Figure 2.12, it is obvious that the inequality ||z (t) — z4(t)|| <

\/756_2': holds for all ¢ > 0 and ||z(t) — x4(¢)|| tends to 0 as expected. Finally, the

simulation of the controller « is shown in Figure 2.13.

15 T T T T T T T T
1T P u
Ve
s 05F 7 ]
S /
o Of 1
>
> 05F
-1 i
_15 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10

Time t

Figure 2.13: Simulation result of controller u

36



Master 2 ACSYON INTERNSHIP REPORT

Remark 2.2. In Problem 2.21, 4 is the largest value of ¢ that ensures the LMI (2.22)
is valid for some P = P" = (0 and K. In fact, we suppose that K = (ki, k). Since
D = 0, it requires PB = C'T. This relation holds if and only if P = [. Furthermore,

we must ensure that

(A+EK)' P+ P(A+EK)+eP <0.

—4 4« k1+2 jO
k1—|—2 2(k2—2)+8

It follows that —4 + ¢ < 0, or equivalently € < 4.

This gives us

2.5 Extended controller form

2.5.1 Motivation

Let us consider the circuit that investigated in Example 1.1. The dynamics can be

written compactly as

2(t) = Ax(t) + BA(t) + Eu(t),
0<A(t) LCx(t) >0

withA:( 01 _1E>,B=<_O%>’C:(O _1>’E:<2>

T LC L L
Suppose that the desired trajectory given as the solution of the LCS:

(2.23)

xd(t) = A.Td(t) + B)\d(t) + Eud(t),
0 < Ag(t) L Caqg(t) >0,

for given input u,4(t) = 1,¢ > 0 and our aim is finding a controller u such that ||z(t) —
zq(t)|| = 0, as t — +o0.

b1

It is clearly that the relation PB = C'T holds with P = , for p; > 0.

From results in Section 1.1.1, the desired trajectory x, is unique. According to Propo-
sition 2.1, if we try to find a controller « in the form v = K(x — z4) + ug, then the
matrix K is chosen such that (A + EK, B, C,0) is strictly passive, i.e.,

(A+EK)P+P(A+EK)+<P PB-CT\ _
BTP-C -
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holds for some P = PT = O and ¢ > 0. Since D = 0, we must have PB = C'.
P

0 ,p1 > 0. Suppose that K = (ky, k2). Then, the matrix

That implies P = (

inequality
(A+EK)'P+P(A+EK)+eP <0

_ 1
€p P11tk — G <0
p+k—¢g 2k —2R

is written as

It follows that ep; < 0. That is impossible because both £ and p; are positive real
numbers.
One question has arisen. That is whether we can improve the form of the controller

u to solve this problem. Fortunately, the answer is yes.

2.5.2 Form of the extended controller

Assumption 2.3. There exist matrices K, G such that the quadruple
(A+ EK,B+ EG,C+ FK,D + FQG)

is strictly passive and D + F'G is either a zero matrix, or a positive definite matrix, or a

Dy 0
matrix in the form 01 O> with D = 0.

Proposition 2.2. Suppose that Assumptions 2.1 and 2.3 hold. Then the closed-loop
system (2.1) with the controller

u(t) = Kl(t) = za(t)] + GIA() = Aa(t)] + ua(t)

has a unique global solution x(-) and ||x(t) — x4(t)|| — 0 as t — +oc.

Proof. The proof is similar to the proof of Proposition 2.1. It suffices to replace B and
Dby B+ EG and D + F'G in our argument. [

As pointed out in Section 2.3, to complete the design of the controller u, we must

determine matrices K, G such that

((A +EK) P+ P(A+EK)+eP P(B+EG)—(C+FK)T

2.24
(B+EG)TP - (C + FK) —D—FG—(D+FG)T>j0 (229

has a solution P = P" = 0 for some € > 0. Let us multiply the left-hand side of (2.24)

0
by (%2 [>, where () = P! and define a second new variable L = K (). Then, we
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have

QAT+ AQ+L'ET+EL+eQ B+EG-QCT —-L'FT -
B"+G"ET -CQ—-FL -D—-FG—-(D+FG)" | —

This is an LMI feasibility problem in the new variables Q = Q' >~ 0, G and L. The
matrix K can be recovered from K = LQ™.

Example 2.1. Again, let us consider the circuit in Example 1.1. We have shown that
there is no controller  in the form v = K(z — z4) + ug that satisfies Proposition 2.1.
For R = 10?Q,L = 107%H,C = 10~'F, Assumption 2.3 holds with ¢ = 0.0001,
G = 0.999999, and K = (9.945811, —324.213572).

From Proposition 2.2, the controller u = K (x — z4) + G(\ — \g) + ug solves our

problem.

In summary, the closed-loop system structure with extended controller is depicted

in Figure 2.14. It may be consider as an generalize of Figure 2.1.

~

Zq

[ Zq = Axg+ BAg+ Eug
{()g)\dJ_C:vd—i—D)\d—l-Fudzo

J

Ad

Uq

Q
(N
AN
4R
\E

U [ T =Ax + BN+ Eu A
{ 0<ALCx+DAX+Fu>0

g
N+

J

K

Figure 2.14: Closed-loop system structure with extended controller

2.5.3 Comments

Proposition 2.1 and 2.2 give us the form of the controller u to tackle a number of prob-
lems concerning trajectory tracking design for LCS with continuous solutions. How-

ever, there are some systems for which both propositions fail. Here is such a system.
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JO Ny ==e

Figure 2.15: RLCD circuit with a voltage source.

Example 2.2. Let us investigate the circuit in Figure 2.15. The dynamics is given as

To(t) = —ggri(t) + uh
0<A(t) L2 4 go(t) — 40 >,

where x; is the charge on the capacitor C, x, is the current through the inductor L. The
matrices A, B, C, D, E/, F' can be easily identified.

Suppose that there exists K = (kj, k9) and G such that (A + FK,B + EG,C +
FK,D+FG),orequivalently (A, B,C+ FK, D+ FQ) is strictly passive. This means

that
(ATP+PA+5P PB—(C+FK)T )<

B'P—(C+FK) —(D+FG)—(D+FG)T

holds for some P = PT = 0 and ¢ > 0.
D1 D2

P2 D3
ATP + PA+ P < 0. It follows that

—i% pl—f—é L. p1 D2 <0
p1—f—30 2po P2 p3)

—22 +ep1 <0, 2py+eps <0.

Assume that P = > 0. If G is chosen such that D + FG = 0, then

This implies

Thus, we get ep; + % < 0, which is impossible since p;, ps > 0.
If G satisfies D + F'G > 0, then we must have

A"P+PA+eP+[PB—(C+FK)'|(D+FG)"B"P—(C+FK)] =<0.
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Note that (D + F'G)* = ¢ > 0. One deduces that

2p2 p3 2 k1
) — o + &l
LC;) b1 LC te P1 P2 +e ) . R (% + % % + % N 1> j 0.
- i 202 P2 D3 T+g 1

It follows that

+ EF

—22 4 oop +o(B 4+ 8)2 <0, (2.25)
2ps +eps + (B + 52 —1)? <0, (2.26)

From (2.25), (2.26), we obtain

o2y ke e ps K
0<5p1+LCp3+c(L+R) (

This contradicts our assumption since py, ps, €, ¢ are positive numbers.
Therefore, there are not K and G such that (A, B,C' + FK, D + FG) is strictly
passive. If we add a voltage source us to the circuit in Figure 2.15 (see Figure 2.16), we

CA QD IVANE S

1D

U2

Figure 2.16: RLCD circuit with two voltage sources.

will have a new dynamics given by

0 1 0
Now,wehavetheLCSwithA:< O),Bz( ),C’:(O 1),D:%,

1 1
LC L
0 0 1 . .
E = 0 1 JF = (—ﬁ 0). For instance, let us consider R = C = L = 1,
L
given inputs ug = (uja,u24)’ = (1,1) and initial state zy = (0.5,0.5)". From
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1

10 15

Figure 2.17: The desired trajectory and the state when using controller u! and u?.

Proposition 2.1, we have the controller u' = K (z — z4) + ugq with

i [~1554224 ~0.261066
~ \ =3.228662 —3.663074 )

If we apply Proposition 2.2, we have the controller u?> = K (z — x4) + G(A — A\g) + uq
with
= —2.833123 —1.041382 G —0.500000
-\ 4568759 —3.291980) T\ 5121218 |
The matrices are obtained by using YALMIP with 6-digit accuracy. Using SICONOS

to get the numerical results of this problem, the results are depicted in Figure 2.17 and

2.16. In both cases, we use explicit method (§ = 0) with time step h = 5.107%.

15 x y
,(
s T
!
S 05 A H
S 2
O 1 1
0 5 10 15

Figure 2.18: The multiplier \' and A\? when using controller v and u2.
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2.6 Decay rate of tracking error

As pointed out, for each trajectory tracking problem presented in the report, the feed-
back gain K is chosen satisfying Assumption 2.2 or Assumption 2.3 in the extended
controller form. However, in general, such K is not unique. For instance, in Problem
2.17, Section 2.4.3, the matrix (scalar) k can be chosen such thatk < 1—¢/2 fore > 0.
It is clear that the set of feasible k is not unique even infinity. In some situations, we
have more than one choice for /. Thus, a criterion has to be proposed with the aim at
finding the "best" K in a set of feasible solutions.

From the proof of Proposition 1.1, for all ¢ > 0, we have

(P(2(0) — 24(0), 2(0) — 2a(0)) _.,
M (P) '

l=(t) = za()]|* <

In which, P and € > 0 are a solutionto P = P" > 0 and

. (A+ EK)"P+ P(A+ EK)+eP PB—(C+FK)' <0
o B'P—-C—-FK —(D+D") -

The first idea in our mind is finding K such that € as large as possible in order to increase
decay rate of ||x(t) — z4(t)||. With the relation k < 1 —¢/2, for each € > 0, there exists
k that solves our problem. And k& — —oo provided that ¢ — 4-oc0. Then, if we apply
the controller v = k(z — x4) + ug4, it may be unbounded. That may be unsuitable in
the case the controller has been bounded, for example, a voltage source with a limited
voltage. Hence, we continue to find a consistent K ensures that it satisfies assumptions
and LMI holds with the largest ¢ but || K|| is bounded by some given constant. Here,
the norm of K is defined as the square root of the maximum eigenvalue of K ' K.
Suppose that || K|| < k&, for a given x > 0. Our goal can be formulated under the

form of an optimal problem (P,,).

max ¢
(87Q7K)

subjectto P = P" = 0,e>0,
P. =0, K| < k.

Let us change variable Q = P~! and define a new varibale L = K (). The constraint

| K|| < k can be replaced by sufficient conditions

kI L
=1, =0,
Q= (LT HI)

where [ stands for identity matrices with appropriate sizes.
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In fact, from
LT

L
[) = 0, it follows that k*I = LL". That implies || L| < k.
K

Using () >~ I, we obtain
K| = ILQH < [ILINQ7! < &.

Now, the problem (P,,) is completely rewritten as (Q,):

max g
(e,Q,L)
subjectto Q=Q" > 1,e>0,
Q. 20,L, =0,

in which

o0 QAT+ AQ+L'ET +EL+¢Q B-QCT—LTFT
o BT —CQ-FL —(D+ D7) ’

kI L
L, := )
<LT /d)

Due to the product between ¢ and (), the problem (Q,) cannot be solved directly

and

using linear semidefinite programming (YALMIP).

Let us define a feasible set for each € > 0 given by
Fo={QL):Q=Q" =1,0. 20,L, = 0}.

Then, Problem (Q),,) is considered as finding the largest € such that F. is non-empty.
Proposition 2.3. Let ¢’ > ¢ > 0. Suppose that F. = (. Then F.. = .

Proof. Suppose that F. is non-empty and (@), L) € F... Then, we have

QE:Q6/+(5_E/) (%2 8) jO

That inequality holds because Q. < 0 and ) > 0. This implies (@, L) € F., which

contradicts our assumption. [

This property gives us a method to estimate the solution of the problem (Q,). The
method called Bisection Algorithm can be described in a simple way as below. For more

details, we refer the reader to https://yalmip.github.io/example/decayrate/.

1. Find a lower bound on optimal ¢ (any feasible € you can compute).
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2. Find an upper bound on optimal ¢ (increase the lower bound until a feasibility

problem for fixed ¢ is infeasible).

3. Check value between lower and upper bound. If feasible, update lower bound, if

infeasible update upper bound. Repeat until bounds are sufficiently close.

Now, by using YALMIP we definitely compute the optimal value of the problem (Q,).

The code is given in Section B.3.

Example 2.3. Let us review the dynamical system which is surveyed in Section 2.4.4.

The dynamics is written as

#(t) = Az(t) + BA(t) + Eu(t),
0 < A(t) L Ca(t) >0,

A:<—2 1>,B:<1 1),0:<1 0),andE:(0).
1 -2 0 -1 1 -1 1

If the feedback gain K do not require being bounded, then K = (—2, —1) is a solution

with

for our problem. But it is not a solution when we add a constraint in K, for instance
|K|| < k with K = 2. Among consistent matrices KX, we can choose K = (—2,0)
which makes ¢ to obtain the largest value (¢ = 4) by solving Problem (Qz).

It is easy to see that the feasible set of (Q,) is larger and larger when we increase
the x and vice versa. Thus, the optimal value of (Q,) is non-decreased in ~. But it may

be bounded (see Figure 2.19) or not, see for instance Problem 2.17.

max

Figure 2.19: Relation between x and optimal value of (Q,)

For the problem (Q,), we have at least two solutions. They are K = k; = (—2,0)
and K = ky = (—2,—1) with ||k;]| < ||k2|| < 4. The question is among feasible K of
(Q4), which one does have a minimal norm? According to Figure 2.19, we can see that

the minimal norm is approximate to 2, for example K = (—2,0). This leads us to study
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an interesting problem (K):
min K
(5,Q,L)
subjectto Q=Q" =1,k >0,
Qe 20, L, = 0.

Here, we denote by &,,,x the optimal value of (Q,). Using YALMIP, we obtain the
most suitable matrix K that solves our problem. The code can be found in Section B.3.
Running that code, we get the best gain K for problem in Example 2.3 is (—2,0). Then,
Emax = 4 and | K|| = 2.

Remark 2.3. In the case we would like to use extended controller form, the results

above may be used to analyse feed back gain K by replacing Q. by

5. QAT+ AQ+L"ET+EL+¢Q B+ EG-QCT —LTFT
T BT +GTET —CQ - FL —~D—-FG—(D+F®)T )’

and we consider a new problem (Q,,):

max &
(£,Q,L)
subjectto Q=Q" > 1,6 >0,
Q. 20,L, = 0.

Then, all previous steps can be redone and we have the most suitable K for our problem.
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Conclusion

Besides reviewing several concepts of Convex analysis and the nature of equilibrium
points of a dynamical system, during my internship, I have achieved several goals.

First of all, I have surveyed the existence and uniqueness of LCS in cases D = 0,
D > 0and D > 0 and several examples in each case (see Examples 1.1, 1.2, 1.3).
When D = 0 and D > 0, with some suitable conditions (see Assumption 1.1, Theorem
1.1), we claim its well-posedness. For D > 0, according to Proposition 1.1, the LCS
has a unique solution for any initial state x( and input wu.

Secondly, I have investigated the multivalued Lur’e system. Some results about
its well-posedness relying on Kato’s Theorem and maximal monotonicity are stated
as basis facts, they deal with a class of systems in which D is a nonzero feedthrough
matrix, possibly positive semidefinite and non-symmetric. Dissipativity and stability
results are background notions to construct a controller for a closed-loop, Proposition
1.6, Theorem 1.4.

For our main goal, we make some suitable assumptions and propose a form of state
feedback controller v = K(z — x4) + uy (see Proposition 2.1) based on Dissipativity
theory to solve our problem. I suggest that we can use Dissipativity theory to establish
a form of controller when the desired trajectory have state jumps.

Next, we consider an example that assumptions in Proposition 2.1 are not satisfied.
From this, we give an extended form of the controller v to handle that example, see
Proposition 2.2. We also deal with the problems that the controllers u are bounded.
From that we propose a way to choose gain K that makes decay rate of tracking error
to reach maximal value.

Finally, I used SicoNoOsS Platform to model and simulate nonsmooth dynamical
systems via examples in the scalar cases and higher dimension case. SICONOS is a

useful tool to treat such problems. For the future works, we are going to work on:

e Shockley law versus complementarity conditions,
e robustness of controller with Shockley law with respect to Shockley law,
e robustness property with respect to uncertainties as A, B, C', D.

e advantage of an LCS approach versus an exponential one for control synthesis.
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Appendix A

Introductory Material

This introductory chapter aims at providing some basic facts and notations concerning
convex analysis, convex functions, and equilibrium point of a dynamic system, which
will often be useful for us throughout this report. The material which follows is taken
from [2].

A.1 Subdifferential and normal cones

A.1.1 Convex sets

Definition A.1 (Convex set). A subset C' of R is said to be convex if for each z,y € C
and for each A € [0,1] we have Az + (1 — \)y € C, i.e., the closed line segment
[z,y] C C whenever z,y € C.

Definition A.2 (Cone). A nonempty subset C' of R" is called a cone if for each x € C
and each A > 0 we have Az € C.

Definition A.3. Let C' be a nonempty subset of R".
(i) The dual cone C* of C in R" is defined by C* = {p € R" : (z,p) > 0,Vz € C}.
(ii) The polar cone C° of C'in R™ is defined by C° = {p € R™ : (z,p) < 0,Vx € C}.

Remark A.1. It is clear that C° = —(C™* and we note that C* is always a closed and

convex cone.

Definition A.4 (Normal cone). The normal cone to a nonempty closed convex subset
C in R™ at a point x € C'is defined by

Ne(z) ={peR": (p,y —x) <0,Vy € C}.
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Definition A.5 (Tangent cone). Let C' € R” be a nonempty subset. A vector d € H is
a direction tangent to C' at a point x € C' if there exists a sequence (z,)n,eny C C and a
real sequence (7, ),en such that

Ty — T
L — dasn — oo.

rn — 2,7} 0and

Tn

The set of all such directions d € R" is called the tangent cone to C at x € C, denoted

A.1.2 Convex functions
An extended real-valued function is a function f : R" — R U {+o0}.

Definition A.6. Given a subset C' of R”, we denote by ¢ (-) the indicator function of
C given by

0  ifzecC,

+oo ifx ¢ C.

Ye(z) =

Definition A.7. Let f : R — R U {+o0} be an extended real-valued function.

(i) The effective domain of f is defined by dom(f) = {x € R" : f(z) < +00}. The

function f is said to be proper if its effective domain is nonempty.
(ii) The epigraph of f is defined by epi(f) = {(z,\) e R x R : f(z) < A}.

(iii) Given o € R, the lower o-level set of f is defined by
lev,(f) ={x e R": f(x) < o}.
Definition A.8. A proper function f : R — R U {+o00} is said to be convex if

[z + (1 =Ny) <Af(z)+ (1 =N f(y), (A.1)

for every A € [0, 1] and every z,y € dom(f).
If (A.1) holds with strict inequality for A € (0,1) and = # y, then f is called strictly

convex.

Proposition A.1. Let f : R" — R U {+o00} be a proper function. Then
f is convex < epi(f) is a convex setin R x R".

Proposition A.2. Let fi, fo : R" — R U {+00} be two extended real-valued convex
functions, let oy > 0,0 > 0 and A : R" — R" be an affine operator. The following

functions are also convex:
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(i) a1 fi+ aafo,
(ii) sup{fi, f},
(iii) f1 o0 Aand f50 A.

Definition A.9. Let f : R” — R U {400} be a proper function and let x, € R". We
say that f is lower semicontinuous at x if, for every sequence () ey in R” such that

T, — Toasn — +o0o, we have liminff(a:n) > f(xo).
n——+oo

Proposition A.3. Let f : R" — R U {400} be a proper function. Then the following

assertions are equivalent:

(i) f is lower semicontinuous,
(ii) epi(f) is closed in R™ x R,
(iii) lev,(f) is closed in R™ for all o € R.

Example A.1. Let C' C R”. The indicator function ¢ is lower semicontinuous if and
only if C'is closed in R".

Definition A.10. Let f : R" — R U {+o00} be a proper and convex function. The
subdifferential f (x) of f at x € R™ is defined by

of (@) ={(p,y —x) < f(y) — f(z) forally € R"}.

We associate to f a set-valued operator 0f : R = R", x — 0f(x). The domain of the
operator Jf, denoted by Dom(0f), is defined by

Dom(df) ={z e R" : 9f(x) # 0.}

Definition A.11. Let f : R" — [—o0,+0o0] be a function. The conjugate function
f*: R™ — [—00, +00] associated with f is defined by

f*(p) = sup {(p, z) — f(x)}.

TER™

This is known in the literature as the Legendre-Fenchel transformation or the Fenchel

conjugate.

Proposition A4. Let f : R" — R U {400} be a proper convex function. Then p €
Of (z) ifand only if f(z)+ f*(p) = (p, x). Moreover, if [ is lower semicontinuous, then
each of the above properties is equivalent to x € Of*(p), which means that for every

proper, lower semicontinuous and convex function f on R"™ we get

pedf(x) &z edf(p), e, (0f) " =0f"
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A.2 Equilibrium point of a dynamic system

For an interval / C R, and a function f : [ — R™, the variation of f(-) on the interval
I is the supremum of 3% || f(x;) — f(z;_1)]|| over the set of of all finite sets of points
xg < x1 < --- < x) of I. When this supremum is finite, the function f(-) is said to be
of bounded variation on I. An absolutely continuous (AC) function f : I — R"isa
function that can be written as f(t) = f(to) + ft'; f(s)ds for any to,t € I,t, < t, and
some f € LY(I,R").

Let us consider a nonlinear system represented as

2(t) = f(x(t),1)

ZL‘(to) = Xy,

(A2)

where f(-) is a nonlinear vector function, and = € R" is the state vector. We suppose

that the system is well-posed, i.e., a unique solution exists globally.

Definition A.12 (Equilibrium). A state x* is an equilibrium point of (A.2) if f(x*,t) =
0 forall t > t,.

Definition A.13 (Stable). The equilibrium point x = 0 is stable at ¢ = {; if for any

p > 0 there exists an 7(p,ty) > 0 such that ||z(¢)|| < p for all ¢ > t, whenever

v

|z(to)|| < 7. Otherwise the equilibrium point = 0 is unstable.
Definition A.14. The equilibrium point = = 0 is said to be:

e asymptotically stable at t = ¢, if it is stable and if it exists r(¢y) > 0 such that
llz(to)|l < r(to) = x(t) — 0 ast — oo.

e exponentially stable if there exist two positive numbers a and A such that ||z(¢)]| <
al|z(te)|le 1) Wt > ¢, for x(ty) sufficiently small.

e globally asymptotically stable at ¢t = t if it is stable and z(¢) — 0 as t — oo for
all z(t9) € R™.
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Scripts

B.1 MATLAB Code solving LMI problems

Assuming that the matrices A, B, C, D, F, and F' already exist in the environment.

LMI Toolbox

% Step 1.

setlmis ([])

% Step 2.

Q = Imivar (1,[ size (A,1) 1]);

L = Imivar (2,[ size (E,2) size (A,1)]);

epsilon = 0.001;

% Step 3.

% First LMI: inequation (3.9)
Imiterm([1 1 1 Q],A,1,’s”);
Imiterm([1 1 1 LLLE,1,’s");
Imiterm([1 1 1 Q],epsilon,l1);
Imiterm([1 1 2 0],B);

[1 12QLL-C);
Imiterm([1 1 2 —L],1,—F’);
Imiterm([1 2 2 0],—D—D’);

9% Second LMI: Q>0
Imiterm([—2 1 1 Q],1,1);
LMISYS = getlmis;

% SOLVE

[~, xfeasp] = feasp (LMISYS);
Q = dec2mat(LMISY S, xfeasp,Q);

Imiterm (
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L = dec2Zmat(LMISY S, xfeasp,L);
9% Feedback gain
K = L+QN(—1);

YALMIP Toolbox

Q = sdpvar(size (A,1));
L = sdpvar(size (E,2), size (A,1));
% Set eps >0, eps2 >=0

eps = 1;
eps2 = 1;
M = [QxA’+AxQ+epsxP+L’+«E’+ExL, B—CQ’—L’xF’;

B’—CxQ—FxL, —D-D’];
N = Q—eps2xeye(size(A,1));
constraint =[M<=0,—N<=0];
solvesdp ( constraint ) ;
Q = double(Q);
L = double(L);
% Feedback gain
K =L+Q"—1);

B.2 SICONOS Script for LCS

Script for Problem 2.17

#include "SiconosKernel.hpp"
#include <fstream>
#include <string>

using namespace std;

int main(int argc, charx argv [])

{7/ 1

double t0;

double T; // Total simulation time
double h_step = 5.e—4;// Time step
double xinit_ r = 0.0;

double xinit = 1;
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double k = .25;

string Modeltitle = "Probleml1";

ry

{

SP::SiconosVector init_state_r (new SiconosVector(1));

init_state_r —>setValue(0, Xinit_r);
SP::SiconosVector init_state (new SiconosVector(1));
init_state —>setValue(0, xinit);

SP::SiconosVector control_r (new SiconosVector(1));

SP::SiconosVector control (new SiconosVector(1));

SP::SimpleMatrix LS_A(new SimpleMatrix(1, 1));

LS_A—>setValue(0, 0, —1.0);

SP::SimpleMatrix Int_B(new SimpleMatrix(1, 1));
Int_B—>setValue(0 , 0, 1.0);

SP::SimpleMatrix Int_C(new SimpleMatrix(1, 1));
Int_C—>setValue(0, 0 , 1.0);

SP::SimpleMatrix Int_D(new SimpleMatrix(1, 1));
Int_D—>setValue(0 , 0, .0);

SP::SimpleMatrix LS_A1(new SimpleMatrix(1, 1));

LS_A1l—>setValue(0, 0, —1.0+k);

SP::SimpleMatrix Int_Cl(new SimpleMatrix(1, 1));

Int_Cl—>setValue(0, 0 , 1.0+k);

it j;

int N =50000;

double theta = 0.5;

SimpleMatrix dataPlot (N+1, 4);
dataPlot (0,0) = 0;
dataPlot (0,1) = xinit_r ;
dataPlot (0,2) = Xinit ;

dataPlot (0,3) = 0;

for (j=0;j<N;++j)

{ // Loop time

t0 = jxh_step;

T = (j+1)xh_step;

control_r —>setValue(0, thetaxsin(T)+(1—theta)*sin(t0));

/I First step: Compute desired trajectory
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SP::FirstOrderLinearDS LSCircuitRLCD(new FirstOrderLinearTIDS(init_state_r ,
LS_A, control_r));
SP:: FirstOrderLinearTIR LTIRCircuitRLCD(new FirstOrderLinearTIR(Int_C,
Int_B));
LTIRCircuitRLCD—>setDPtr(Int_D);
LTIRCircuitRLCD—>setePtr(control_r);
SP::NonSmoothLaw NSLaw(new ComplementarityConditionNSL(1));
SP:: Interaction InterCircuitRLCD(new Interaction (NSLaw, LTIRCircuitRLCD));
/1l
SP::NonSmoothDynamicalSystem CircuitRLCD(new
NonSmoothDynamicalSystem(t0, T));
/I dataPlot (j+1, 0) = CircuitRLCD—>t0();
// CircuitRLCD—>setTitle(Modeltitle ) ;
CircuitRLCD—>insertDynamicalSystem(LSCircuitRLCD);
CircuitRLCD—>link(InterCircuitRLCD, LSCircuitRLCD);
InterCircuitRLCD —>computeOutput(t0,0);
InterCircuitRLCD—>computelnput(t0,0);
// CircuitRLCD—>display();

/[ —— (1) OneSteplntegrators ——
SP::EulerMoreauOSI OSI_RLCD(new EulerMoreauOSI(theta));

// —— (2) Time discretisation ——

SP:: TimeDiscretisation TiDiscRLCD(new TimeDiscretisation(t0, h_step));
/I ——— (3) one step non smooth problem

SP::LCP LCP_RLCD(new LCP());

/I —— (4) Simulation setup with (1) (2) (3)
SP:: TimeStepping StratCircuitRLCD(new TimeStepping(CircuitRLCD,
TiDiscRLCD, OSI_RLCD, LCP_RLCD));

double h = StratCircuitRLCD—>timeStep();

// boost :: timer t;

/lt. restart ();

StratCircuitRLCD—>computeOneStep(); //solve!
/I cout<<(xLSCircuitRLCD—>x())(0)<<end]l;

(% control ) (0) = —kx(thetax(xLSCircuitRLCD—>x())(0)
+(1—theta)*(x init_state_r ) (0) )+(* control_r ) (0) ;
init_state_r —>setValue(0, (xLSCircuitRLCD—>x())(0));

dataPlot (j+1, 0) = StratCircuitRLCD—>nextTime();

55



86

88

89

Master 2 ACSYON INTERNSHIP REPORT

dataPlot (j+1, 1) = (*LSCircuitRLCD—>x())(0);

/I Second step: Compute state X

SP::FirstOrderLinearDS LSCircuitRLCDI1(new FirstOrderLinearTIDS(init_state ,
LS_AI, control));

SP:: FirstOrderLinearTIR LTIRCircuitRLCD1(new FirstOrderLinearTIR(Int_Cl,
Int_B));

LTIRCircuitRLCD1—>setDPtr(Int_D);

LTIRCircuitRLCD1—>setePtr(control);

SP::NonSmoothLaw NSLaw1(new ComplementarityConditionNSL(1));

SP:: Interaction InterCircuitRLCDI(new Interaction (NSLawl,
LTIRCircuitRLCD1));

/1

SP::NonSmoothDynamicalSystem CircuitRLCD1(new
NonSmoothDynamicalSystem(t0, T));

// CircuitRLCD—>setTitle(Modeltitle ) ;

CircuitRLCD1—>insertDynamicalSystem(LSCircuitRLCD1);

CircuitRLCD1—>link(InterCircuitRLCD1, LSCircuitRLCD1);

InterCircuitRLCD1—>computeOutput(t0,0);

InterCircuitRLCD 1 —>computelnput(t0,0);

/I CircuitRLCD1—>display();

/[ —— (1) OneSteplntegrators ——
SP::EulerMoreauOSI OSI_RLCDI1(new EulerMoreauOSI(theta));

// —— (2) Time discretisation ——
SP:: TimeDiscretisation TiDiscRLCD1(new TimeDiscretisation(tO, h_step));

/l ——— (3) one step non smooth problem
SP::LCP LCP_RLCD1(new LCP());

/I —— (4) Simulation setup with (1) (2) (3)

SP:: TimeStepping StratCircuitRLCD1(new TimeStepping(CircuitRLCDI,
TiDiscRLCD1, OSI_RLCDI1, LCP_RLCD1));

double hl = StratCircuitRLCD1—>timeStep();

boost :: timer tl;

tl. restart ();

StratCircuitRLCD1—>computeOneStep(); //solve!
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// cout<<(*LSCircuitRLCD1—>x())(0)<<endl;
init_state —>setValue(0, (xLSCircuitRLCDI1—>x())(0));
dataPlot (j+1, 2) = (*xLSCircuitRLCD1—>x())(0);

dataPlot (j+1, 3) = (InterCircuitRLCD1—>getLLambda(0))(0);

} // End Loop time

ioMatrix :: write ("problemlI.dat", "ascii", dataPlot, "noDim");

}

/l ——— Exceptions handling ———

catch (SiconosException e)

{

cerr <<e.report () << endl;

return 1;

}

catch (...

{

cerr << "Exception caught

n

return 1;

}
Y/

<< endl;

Script for Problem 2.21

#include "SiconosKernel.hpp"

#include <fstream>

#include <string>

using namespace std;

int main(int argc, charx argv[])

{7/ 1

double
double
double
double
double
double
double

t0;

T; // Total simulation time

h_step = 1l.e—4;// Time step
xinit_ r = 0.0;

xinit_rl = 0.0;

xinit = 0.5;

xinitl = 0.5;
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double k1 = —2.;
double k2 = —1.;
string Modeltitle = "High Dimension Problem";
try
{
SP::SiconosVector init_state_r (new SiconosVector(2));
init_state_r —>setValue(0, xinit_r);
init_state_r —>setValue(1, xinit_rl );
SP::SiconosVector init_state (new SiconosVector(2));
init_state —>setValue(0, xinit );
init_state —>setValue(1, xinitl );
SP::SiconosVector control_r (new SiconosVector(2));

SP::SiconosVector control (new SiconosVector(2));

SP::SimpleMatrix LS_A(new SimpleMatrix(2, 2));
LS_A—>setValue(0, 0, —2.0);
LS_A—>setValue(0, 1, 1.0);
LS_A—>setValue(1,0, 1.0);
LS_A—>setValue(l , 1, —2.0);

SP::SimpleMatrix Int_B(new SimpleMatrix(2, 2));
Int_B—>setValue(0 , 0, 1.0);
Int_B—>setValue(0 , 1, 1.0);
Int_B—>setValue(l1 , 0, 0.0);
Int_B—>setValue(1 , 1, —1.0);

SP::SimpleMatrix Int_C(new SimpleMatrix(2, 2));
Int_C—>setValue(0 , 0, 1.0);
Int_C—>setValue(1 , 0, 1.0);
Int_C—>setValue(0 , 1, 0.0);
Int_C—>setValue(l , 1, —1.0);

SP::SimpleMatrix Int_D(new SimpleMatrix(2, 2));

SP::SimpleMatrix LS_Al(new SimpleMatrix(2, 2));
LS_A1l—>setValue(0, 0, —2.0);
LS_A1l—>setValue(0, 1, 1.0);
LS_Al—>setValue(1,0, —1.);
LS_Al—>setValue(l, 1, —3.);

it j;
int N = 100000;

double theta = .5;
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SimpleMatrix dataPlot (N+1, 7);
dataPlot (0,0) = 0;
dataPlot (0,1) = xXinit_r ;

dataPlot (0,2) = xinit_rl ;
dataPlot (0,3) = Xinit ;

dataPlot (0,4) = xinitl ;
dataPlot (0,5) = 0;

dataPlot (0,6) = 0;

for (j=0;j<N;++j)

{112

t0 = jxh_step;

T = (j+1)xh_step;

control_r —>setValue(0, 0);

control_r —>setValue(1, theta*sin(T)+(1—theta)*sin(t0));

// First round

SP::FirstOrderLinearDS LSCircuitRLCD(new FirstOrderLinearTIDS(init_state_r ,

LS_A,control_r));

SP:: FirstOrderLinearTIR LTIRCircuitRLCD(new FirstOrderLinearTIR(Int_C,

Int_B));

LTIRCircuitRLCD—>setDPtr(Int_D);
// LTIRCircuitRLCD—>setePtr(control_r);

SP::NonSmoothLaw NSLaw(new ComplementarityConditionNSL(2));
SP:: Interaction InterCircuitRLCD(new Interaction (NSLaw, LTIRCircuitRLCD));

/!

SP::NonSmoothDynamicalSystem CircuitRLCD(new
NonSmoothDynamicalSystem(t0, T));

/I dataPlot (j+1, 0) = CircuitRLCD—>t0();

// CircuitRLCD—>setTitle(Modeltitle ) ;

CircuitRLCD—>insertDynamicalSystem(LSCircuitRLCD);

CircuitRLCD—>link(InterCircuitRLCD, LSCircuitRLCD);

InterCircuitRLCD —>computeOutput(t0,0);

InterCircuitRLCD —>computelnput(t0,0);

/I CircuitRLCD—>display();

/I —— (1) OneStepIntegrators ——

SP::EulerMoreauOSI OSI_RLCD(new EulerMoreauOSI(theta));

// —— (2) Time discretisation

SP:: TimeDiscretisation TiDiscRLCD(new TimeDiscretisation(t0, h_step));
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/I ——— (3) one step non smooth problem
SP::LCP LCP_RLCD(new LCP());

/I —— (4) Simulation setup with (1) (2) (3)
SP:: TimeStepping StratCircuitRLCD(new TimeStepping(CircuitRLCD,
TiDiscRLCD, OSI_RLCD, LCP_RLCD));
double h = StratCircuitRLCD—>timeStep();
boost :: timer t;
t. restart ();
StratCircuitRLCD—>computeOneStep(); //solve!
/' cout<<(xLSCircuitRLCD—>x())(0)<<endl;
(*x control ) (0) = O;
(x control ) (1) =
—thetax(k1x(xLSCircuitRLCD—>x())(0)+k2*(*LSCircuitRLCD—>x())(1))
—(1—theta)*(k1x(* init_state_r ) (0)+k2*(x init_state_r )(1))+(x control_r)(1);
init_state_r —>setValue(0, (xLSCircuitRLCD—>x())(0));
init_state_r —>setValue(1l, (xLSCircuitRLCD—>x())(1));
dataPlot (j+1, 0) = StratCircuitRLCD—>nextTime();
dataPlot (j+1, 1) = (*xLSCircuitRLCD—>x())(0);
dataPlot (j+1, 2) = (*LSCircuitRLCD—>x())(1);
/" Second round
SP::FirstOrderLinearDS LSCircuitRLCDI1(new FirstOrderLinearTIDS(init_state ,
LS_A1, control));
SP:: FirstOrderLinearTIR LTIRCircuitRLCD1(new FirstOrderLinearTIR(Int_C,
Int_B));
LTIRCircuitRLCD1—>setDPtr(Int_D);
// LTIRCircuitRLCD1 —>setePtr(control);
SP::NonSmoothLaw NSLaw1(new ComplementarityConditionNSL(2));
SP:: Interaction InterCircuitRLCDI(new Interaction (NSLawl,
LTIRCircuitRLCD1));
1
SP::NonSmoothDynamicalSystem CircuitRLCD1(new
NonSmoothDynamicalSystem(t0, T));
// CircuitRLCD—>setTitle(Modeltitle ) ;
CircuitRLCD1—>insertDynamicalSystem(LSCircuitRLCD1);
CircuitRLCD1—>link(InterCircuitRLCD1, LSCircuitRLCD1);
InterCircuitRLCD 1 —>computeOutput(t0,0);
InterCircuitRLCD1—>computelnput(t0,0);
/l CircuitRLCD1—>display();

60



159

Master 2 ACSYON

/[ —— (1) OneSteplntegrators ——
SP::EulerMoreauOSI OSI_RLCD1(new EulerMoreauOSI(theta));

// —— (2) Time discretisation ——
SP:: TimeDiscretisation TiDiscRLCDI1(new TimeDiscretisation(t0, h_step));
/I ——— (3) one step non smooth problem

SP::LCP LCP_RLCDI1(new LCP());

/I —— (4) Simulation setup with (1) (2) (3)
SP:: TimeStepping StratCircuitRLCD1(new TimeStepping(CircuitRLCDI,
TiDiscRLCD1, OSI_RLCDI1, LCP_RLCD1));
double hl = StratCircuitRLCD1—>timeStep();
boost :: timer tl;
tl. restart ();
StratCircuitRLCD1—>computeOneStep(); //solve!
/l cout<<(xLSCircuitRLCD1—>x())(0)<<endl;
init_state —>setValue(0, (xLSCircuitRLCDI1—>x())(0));
init_state —>setValue(l, (*LSCircuitRLCD1—>x())(1));
dataPlot (j+1, 3) = (*xLSCircuitRLCD1—>x())(0);
dataPlot (j+1, 4) = (*LSCircuitRLCD1—>x())(1);
dataPlot (j+1, 5) = (InterCircuitRLCD1—>getLLambda(0))(0);
dataPlot (j+1, 6) = (InterCircuitRLCD1—>getLambda(0))(1);
1112

cout<<"Completed!"<<endl;

n "n

ioMatrix :: write ("High_Dimension_Problem.dat", "ascii ", dataPlot, "noDim");

}

/l ——— Exceptions handling ———
catch (SiconosException e)
{
cerr <<e.report () << endl;
return 1;

}
catch (...)

{

cerr << "Exception caught " << endl;

return 1;

}
Y/
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B.3 YALMIP codes for solving (Q,) and (K)

Assuming that the matrices A, B, C, D, E, and F' already exist in the environment.

Optimal ¢

k=1;

eps_0=1;

n=size(A,1);
m=size(E,2);
Q=sdpvar(n);
L=sdpvar(m,n,” full *);
tol = le—6;

% Step 1: Find a lower bound
cons=[Q>=eye(n),Q+A’+AxQ+L’*E’+ExL+eps_0xQ<=0,
B—Qx+C —L’xF’==0,[kxeye(m), L;L’, kxeye(n)]>=0];

sdpsettings (’ solver ’, ’sedumi’,’ verbose’ ,0, *warning’ ,0) ;

ops

sol = optimize(cons ,[], ops);

while sol .problem==1 %F_eps_0 is empty
eps_0 = eps_0/2;
cons=[Q>=eye(n),Q+A’+AxQ+L’*E’+ExL+eps_0xQ<=0,

B—QxC’—L’«F’==0,[k*eye(m), L;L’, kxeye(n)]>=0];

sol = optimize(cons ,[], ops);

end

eps_lower=eps_0;

% Step 2: Find an upper bound

cons=[Q>=eye(n),Q+A’+AxQ+L’*E’+ExL+eps_0xQ<=0,
B—Qx+C’ —L’xF’ ==0,[kxeye(m), L;L’, kxeye(n)]>=0];

sol = optimize(cons ,[], ops);

while ~(sol.problem==1) %F_eps_0 is nonempty
eps_0 = eps_0x2;
cons=[Q>=eye(n),Q*A’+AxQ+L’*E’+ExL+eps_0+xQ<=0,

B—QxC’—L’xF’==0,[k*eye(m), L;L’, kxeye(n)]>=0];

sol = optimize(cons ,[], ops);

end

eps_upper=eps_0;
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% Step 3: Start bisection
eps_works = eps_lower;
while (eps_upper—eps_lower)>tol
eps_test = (eps_upper+eps_lower)/2;
cons=[Q>=eye(n),Q*A’+AxQ+L’+E’+ExL+eps_testxQ<=0,
B—QxC’—L’xF’ ==0,[kxeye(m), L;L’, kxeye(n)]>=0];
sol = optimize(cons ,[], ops);
if sol.problem==
eps_upper = eps_test ;
else
eps_lower = eps_test ;
eps_works = eps_test ;
Qworks = double(Q);
Lworks = double(L);
end

end

% Recover gain K
K=LworksxQworks"(—1)

Optimal «

eps_max=4;

n=size(A,1);

m=size(E,2);

sdpvar k;

Q=sdpvar(n);

L=sdpvar(m,n,’ full *);

cons=[Q>=eye(n),k>=0, Q*xA’+AxQ+L’*E’+ExL+eps_max*xQ<=0,
B—Qx+C’—L’xF’==0,[k*eye(m), L;L’, kxeye(n)]>=0];

ops = sdpsettings (’ solver ’, ’sedumi’,’ verbose’ ,0, *warning’ ,0) ;

sol = optimize (cons,k,ops);

k = value(k);
Q = value(Q);
L = value(L);
K =L+Q"—1);
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