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1 Introduction

We revisit the linear-quadratic infinite time horizon optimal control problem for
linear constant coefficient differential-algebraic systems

Ei(t) = Ax(t) + Bu(t), FEux(tg) = Exo (1)

with g € R", B € R™™ and E, A € R™", such that the pencil sE — A € R[s]™"
is regular, that is, det(sE — A) # 0. For systems governed by ordinary differential-
equations (that is, F is the identity matrix), a rigorous analysis of this problem
has its origin in the 60s of the 20th century [6,8-10,13,15,21]. In particular,
the article [20] by WILLEMS gives a complete characterization of linear-quadratic
optimal control of ordinary systems by means of solvability of an associated algebraic
Riccati equation and feasibility of a certain linear matrix inequality.

Mainly two approaches to the generalization of this theory exist for the diffe-
rential-algebraic case: The articles [11,12,14] by KAWAMOTO ET AL. and KURINA
on the one hand, and [4] by BENDER and LAUB on the other hand introduce different
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kinds of generalized algebraic Riccati equations. Both theories present only suffi-
cient but not necessary criteria for the existence of an optimal control. In particular,
both approaches require the input being fully and positively weighted in the cost
functional. This assumption is however very restrictive for linear-quadratic infinite
time horizon optimal control arising in the analysis of dissipative systems [7,19].
In the case of ordinary differential equations, the algebraic Riccati equation is then
replaced with a certain linear matrix inequality, which is also known as Kalman-
Yakubovich-Popov lemma [20]. A straightforward generalization of this lemma to
the differential-algebraic case is not readily possible and only leads to sufficient
criteria [7,19].

The aim of this article is to present a suitable generalization of this algebraic
criterion to differential-algebraic equations that gives necessary and sufficient crite-
ria for optimizability under only very slight conditions related to controllability of
the system (1).

Throughout this article we use the following notation:

R, (R>0, R<p) set real (non-negative, non-positive) numbers,

R]s] the ring of real polynomials,

Rv™ the set of n x m matrices with entries in the ring
R,

I, O identity and zero matrix of size n and m X n, resp.
(subscripts can be omitted, if clear from context),

MT transpose of M € R™™,

f distributional derivative of f : T — R™ with Z C R,

L%OC(I ;R™) the set of measurable and locally square integrable

functions f : Z — R™ on the set Z C R,

HL(TRY) = { el (TR | fe L (TR |.

2 Behavior and cost functionals

A trajectory (z,u) : R — R™ x R™ is said to be a solution of (1) if, and only if, it
belongs to the behavior of (1):
Bip ap ={(@(),ul") € Li (R;R") x Li . (R;R™) |
Ex(-) € H} (R;R™) and (x,u) fulfills

Ei(t) = Az(t) + Bu(t) Vt € R} .

We first recall different concepts related to controllability for differential-algebraic
equations (1).

Definition 1. Let a system (1) with E, A € R™" and B € R™™ be given. Then,
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(1) is called

(i) dmpulse controllable <= Y x¢ € R", tg € R, 3 (z,u) € Bg 4 p
with Ex(ty) = Exo,

(ii)  strongly controllable <= V xg,z1 € R" o <t1 €R, I (z,u) € B, 4, 5]
with Ex(ty) = Exg and Ex(t;) = Ex;.

As in the case of standard standard systems, these properties can be equiva-
lently characterized by means of algebraic criteria generalizing the Hautus test [17,
Chap. 3].

Proposition 2. [5] Let a system (1) with E, A € R™"™ and B € R™™ be given.
Further, let r = rank(E) and Soc € R™"™7" be a matric with im So, = ker E. Then,
(1) is called

(i)  impulse controllable <= rank[E, AS., B] =n,

(ii)  strongly controllable <= rank[sE — A, B] =n for all s € C
and rank[E, ASs, B] = n.

For a set Z C R and matrices Q@ € R®»", § € R»™, R € R™™ with Q = QT
and R = R”', consider the cost functional

T
7 _ [ (=(D) | Q S| (x(n)
»7[Q,S,R] (z,u) = /I <u(7_)> |:ST R| \u(r) dr.
As in [20], we consider the following minimization problems:
a)v?@%%ﬂﬂ{ﬁﬁm@ﬂ)Mame%mAmmmEam:E%},
R>

b) V*(Exo) = inf { T 2% (. u)‘

(7,u) € Bip,a,p With Ex(0) = Ex and tlim Ex(t) = 0} ,

¢) V~(Exo) = —inf { T ()

(z,u) € Big,a,p With Ex(0) = Ex and t_l}r_n Ex(t) = O} ,

d) Vi (Ez) = inf{ T, w) ‘ T >0, (z,u) € Big.ap with Ex(0) = Exg }
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One aim of this article is to characterize finiteness of Vf+(Ex0), V*t(Exg), V™ (Exzo)
and V" (Ezg) for all o € R™. It is obvious that impulse controllability of (1) is
necessary for Vf+(Ea:0), V*t(Exg), V™ (Exo), V,F (Ezo) € R for all zyp € R". Note
that the assumption of strong controllability is just for sake of brevity, and can
be relaxed to stabilizability together with some slight additional technical condi-
tion [16]. To present equivalent criteria on the cost functional and the system, we
consider a class of functions V : im(F) — R which satisfies the dissipation inequality

T8 (o.u) + V(Ba(ty)) > V(Ealty)) o

Y(z,u) € Bp ap, to.t1 € R with tg < t5.

This is equivalent to

(50N 1S 5] (50) = ~vimetnma = —v/sato)axt) + Bue)

V(Z‘,U) S %[E,A,B]7 teR,
(3)
where V/(Exz(t)) € R is the Jacobian of V in Ex(t).
As we present in the following, the existence of certain functions satisfying the
dissipation inequality will be related to finiteness of the above introduced function-
als. The proofs are left to a forthcoming article [16].

Theorem 3. Let £, A, Q € R™", B, S € R™" and R € R™™ such that sEE— A is
regular and Q = QT, R = RT. Assume that the system (1) is strongly controllable.
Then the following statements are equivalent:

(i) j[Q S.R] (r,u) >0 for all T € Rxo, (z,u) € Bp, a,p) with Ex(0) = 0;
(1) V~(Exg) € R<g for all o € R";
(44i) Vf+(Egc0) > —oo for all xg € R";
(iv) V;}(Exg) > —oo for all g € R™;

(v) There exists some functional V : im(E) — R<q that satisfies the dissipation
inequality (2).
Furthermore, if the above conditions are fulfilled, then for all xo € R™, there holds

—00 < V7 (Ezo) < V[ (Exg) < Vf+(Ex0) <Vt (Ez) < 0.

Property (i) is often called dissipativity [18]. The most important special cases
of dissipativity are bounded realness and positive realness [1-3].
We now present criteria which are equivalent to V™ and V'~ being finite.

Theorem 4. Let £, A, Q € R™", B, S € R™"™ and R € R™™ such that sEE— A is
reqular and Q = QT, R = RT. Assume that the system (1) is strongly controllable.
Then the following statements are equivalent:



(i) *7[[63121%]("37“) >0 for all T € Rxo, (z,u) € B a,p with Ex(0) = 0 and
Ex(T)=0;

(ii) V¥ (Exq) > —oo for all g € R";
(i1i) V—(Fxg) < oo for all zg € R™;

(iv) There exists some functional V : im(E) — R that satisfies the dissipation
inequality (2).

Moreover, if the above conditions are fulfilled, then for all xog € R™, there holds

—o00 < V7 (Exg) < V(Exg) < V1 (Exg) < o0.

3 Algebraic criteria

As for the case of standard systems, one can show that, in case of existence, the
function V : im(F) — R which satisfies the dissipation inequality (2) can be chosen
quadratically. More precisely, we can make the ansatz

V(Exo) = a2t XT Ex,

where X € R™" is a matrix with X7 E = ET X (the latter property makes V (Exzg)
well-defined). The dissipation inequality (3) is now equivalent to

() [ ]

By using impulse controllability of (1), one can show that

> >0V (z,u) G%[E7A,B]7 t e R.

x(t
(I
where
ViE,A,B) = { (i) e R" xR™ ‘ Az + Bu € im(FE) }
This leads to the new matrix inequality criterion

T
x ATX +XTA+Q XTB+S] [z
<U> |: BTX + ST R u >0 4 (:C,u) S V[E,A,B]a (4)

that is sufficient for the validity of the equivalent statements in Theorem 3 and
Theorem 4. The following results state that these criteria are necessary as well.

Theorem 5. Let £, A, Q € R™", B, S € R™™ and R € R™™ such that sE — A
is reqular and Q = QT, R = RT. Assume that the system (1) is strongly control-
lable. Then the assertions (i)-(v) in Theorem 3 are fulfilled, if, and only if, there
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exists some X € R™" such that XTE is symmetric and negative semi-definite and,
moreover, (4) is fulfilled.

Theorem 6. Let £, A, Q € R™™, B, S € R™™ and R € R™™ such that sE — A is
reqular and Q = QT, R = RT. Assume that the system (1) is strongly controllable.
Then the assertions (i)-(iv) in Theorem 4 are fulfilled, if, and only if, there exists
some X € R™™ such that X1 E is symmetric and, moreover, (4) is fulfilled.

One can further show that the set of matrices X € R»" with ETX = XTE
and (4) has the property of containing extremal elements, that is, there are solutions
X_, X, € R™" such that for all other solutions X, there holds

2§ X By < af XTExzo < 2§ X{Exg  Vao € R™
In particular, there holds

V™ (Exo) =t XTExo, V (Exo) =2 X{Exq  VzgeR™

4 Conclusions

We have presented a step-by-step generalization of some results on dissipativity
and linear-quadratic optimal control to differential-algebraic equations. Under the
assumption of strong controllability, new equivalent criteria for dissipativity and
finiteness of the the optimal value have been presented.
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