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Abstract

In this paper we revisit the Kalman-Yakubovich-Popov lemma for differential-algebraic control systems.
This lemma relates the positive semi-definiteness of the Popov function on the imaginary axis to the solvability
of a linear matrix inequality on a certain subspace. Further emphasis is placed on the Lur’e equation, whose
solution set consists, loosely speaking, of the rank-minimizing solutions of the Kalman-Yakubovich-Popov
inequality. We show that there is a correspondence from the solution set of the Lur’e equation to deflating
subspaces of certain even matrix pencils. Finally, we show that under certain conditions the Lur’e equation
admits stabilizing, anti-stabilizing, and extremal solutions. We note that, for our results, we neither assume
impulse controllability nor we make any assumptions on the index of the system.

Keywords: differential-algebraic equations, Kalman-Yakubovich-Popov lemma, even matrix pencils, Lur’e
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1 Introduction

In this work we consider differential-algebraic control systems (or descriptor systems) of the form
Ez(t) = Az(t) + Bu(t), (1.1)

where E, A € K"*" such that the pencil sE — A € K[s]"*™ is regular (see Def. 2.1 (a)) and B € K™*™ (for the
notation of this article we refer to the end of this introductory section). The set of these systems is denoted by
2m(K) and we write [E, A, B] € X,,,,(K). The function u : R — K™ is called input of the system; we call
x(t) € K™ the (generalized) state of [E, A, B] at time ¢ € R. The set of solution trajectories (x,u) : R — K" x K™
induces the behavior of (1.1):

Bip,a,5) = {(2,u) € Lic(R,K") x L3 (R, K™) : Ed € Li,.(R,K")
and (z,u) solves (1.1) for almost all t € R} .

The main algebraic concept for our considerations is the Popov function, which is defined by

S e | G PR

where Q@ = Q* € K"*" S € K" and R = R* € K™*™ are given matrices. Note that ®(iw) is Hermitian for
all w € R with det(iwE — A) # 0. In particular, we are going to study algebraic conditions for the pointwise
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positive semi-definiteness of ®(i-) : {w € R:det(iwE — A) # 0} — C™*™. This property is strongly related
to the feasibility of the linear-quadratic optimal control problem in which the cost functional is formed by the
matrix [59* ;]7 see, e.g., [44].

In the case of ordinary differential equations (that is, E = I,,), the pointwise positive semi-definiteness of
®(i-) can be assessed by the famous Kalman-Yakubovich-Popov lemma, see, e.g., [1,21,36,37,47] and references
therein. More precisely, under certain assumptions related to controllability, this property is equivalent to the

solvability of the Kalman-Yakubovich-Popov (KYP) inequality, namely there exists a P € K™*" such that

A*P+PA+Q PB+S

> = P*
B*P 4+ §* R >0, P=P". (1.2)
There are several attempts to generalize this lemma to differential-algebraic equations: For instance, in [32], the
case where sFE — A is regular and of index at most one has been treated. In [3,9,46] the KYP inequality has

been considered for the even more general class of linear time-invariant behaviors. In these articles, behavioral
controllability has been assumed and essentially used in the proofs. Besides this additional assumption, our
approach is completely different in the sense that our considerations are based on the use another type of
mathematical tools: While the behavioral approach in [8,9,46] is based on tools of polynomial algebra (in
particular, the so-called “Smith form”) this article uses the theory of “matrix pencils” [16]. The latter is
a subarea of linear algebra.

Other authors treat special cases of the KYP lemma for differential-algebraic systems: For instance, the
positive real lemma has been considered in [15] (this corresponds to special choices of @, S, and R). The latter
article however contains restricting and artificial assumptions on the system to prove the main result. These
assumptions are dropped in [1 1] by considering a linear matrix inequality related to (1.2) on a certain subspace.
We employ a similar idea to present a new, more general version of the KYP lemma for differential-algebraic
systems. To this end, we introduce what we mean be equality and positive semi-definiteness on some subspace.

Definition 1.1. Let V C K" be a subspace and M, N € K"*" be Hermitian. Then we write

M=y N < z*Mzx=2"Nz Vzel,
M> N <= z*Mx>z*Nxz Vze).

We will relate pointwise positive semi-definiteness of ®(s) on the imaginary axis to the solvability of the KYP
inequality, see Section 4. By the latter, we mean the existence of some P € K"*" such that

A*PE+E*PA+(Q E*PB+S

B*PE + S* R 2V

sys

0, P=P (1.3)

where Vs C K"*t™ is the largest subspace such that for all (z,u) € B(g,4,p) and almost all ¢ € R it holds
(igg) € Vsys. Note that, if (1.1) is an ordinary differential equation (ODE), we have Vs, = K"t™. We will
present an algebraic characterization of Vsys for general differential-algebraic systems in Section 3.

To study the solution structure of the KYP inequality, we introduce a new type of matrix equation, namely,
the Lur’e equation for differential-algebraic systems (see Section 5)

A*XE+E*XA+Q E*XB+S| K*
B*XE+S* R —Vsys L*

}[K I, x=x" (1.4)

that has be solved for a triple (X, K, L) € K**" x K2*™ x K?*™ for some ¢ € Ny, such that

-sE+A B
ranky ) { 5 K+ L] =n-+gq.

It can be seen that Lur’e equation (1.3) defines special solutions of the KYP inequality (1.2). These are rank-
minimizing in a certain sense. We show that, under some conditions related to controllability of (1.1), there
exist stabilizing and anti-stabilizing solutions, which means that additionally it holds

-AE+A B

rank [ K I

] =n+q VYAeCy (orVAeC_, respectively).



We prove that the stabilizing and anti-stabilizing solutions are distinguished in a way that these define extremal
solutions of the KYP inequality, where “extremal” has to be understood in terms of definiteness of E* X E. These
results are well-known in the ODE case. If F is the identity, then (1.4) reduces to the Lur’e equation treated
in [2,38].

We further show that Lur’e equations (1.4) are intimately connected to certain deflating subspaces of the
associated even matrix pencil

0 —sIIE+ A B
s€ — A= |sE*IT* + A* Q S| e K[8]27L+”L><2"+m7
B* S* R

where II is an index-reducing projector, see Section 6 for details. Thereby we generalize the results from [38],
where the ODE case has been treated. The proofs of all our results are simple: They are based on a feedback
transformation which allows to use the well-known results for the ODE case.

We prove that the solutions of the Lur’e equations (1.4) give rise to the solution of the linear-quadratic
optimal control problem. That is, we consider the minimization of the cost functional

_ [T (=N [Q 8] (a(r)
J(@,u) = /0 <u(7‘)) {S* PJ <u(7‘) dr
subject to the differential-algebraic equation (1.1) with Exg = Ex(0) and lim; ,~, Fxz(t) = 0.
Note that, on the other hand, the Lur’e equation generalizes the famous algebraic Riccati equation (ARE)

[30,44]
A*X +XA— (XB+S)R'B*X+8)+Q=0, X=X (1.5)

Namely, if R is invertible (this corresponds to a full weighting of the input), then K and L can be eliminated
from the Lur’e equation, which results in (1.5).
The famousness of the ARE has led to various investigations on generalizations of AREs to the differential-

algebraic case: In [3,31,33], generalized AREs of the form
A*XE+E*XA— (E*XB+S)RYB*XE+S)+Q=0, X=X (1.6)
is studied, whereas in [22-24,24 28 29] generalized AREs of the form
A* X+ X*A—(X*B+S)RY(B*X +S)+Q=0, E*X=X"FE, (1.7)

are investigated. We will present the assumptions for these approaches in more detail in Section 8.2. Note that
the Riccati equation approach obviously presumes the invertibility of the input weight R.

We will see that positive semi-definiteness of the Popov function on the imaginary axis (except for the
poles) is a necessary condition for solvability of the generalized AREs (1.6) and (1.7) as well as for the Lur’e
equation (1.4) and the KYP inequality (1.3). The sufficient conditions for solvability of the Lur’e equation will
however turn out to be by far weaker than those for generalized AREs. Additional criteria for sufficiency of the
solvability will only be related to behavioral stabilizability and behavioral controllability of the system (1.1).
These conditions are equivalent to those made in [14,40].

Further note that, in the ODE case, invertibility of R is equivalent to the regularity of the corresponding
optimal control problem [13]. This is no longer true in the differential-algebraic case [17,18]. The invertibility
assumption on R thus becomes an unnecessary artificial assumption for differential-algebraic systems.

These assertions lead us to one of the main conclusion of this work:

For differential-algebraic systems, the generalization of the Kalman-
Yakubovich-Popov inequality and Lur’e equation is by far more

profitable than the generalization of the algebraic Riccati equation!

Nomenclature

We use the standard notations i, A\, A*, A=, I,,, 0,,x, for the imaginary unit, the complex conjugate of A € C,
the conjugate transpose of a complex matrix and its inverse, the identity matrix of size n x n and the zero matrix
of size m x n (subscripts are omitted, if clear from context). Further, the following sets are used throughout this
article:



N, Ny set of natural numbers and Ny = NU {0}, resp.

K either the field R of real numbers, or the field C of complex numbers

Cy, C_ the open sets of complex numbers with positive and negative real part, resp.
iR the imaginary axis

S closure of the set S

K[s], K(s) the ring of polynomials and the field of rational functions with coefficients in K, resp.
RMx™ the set of m x n matrices with entries in a ring R

Gl,(K) the group of invertible n X n matrices with entries in K

L2(Z,K™) the set of measurable and square integrable functions f : Z — K" on the set Z C R

L2 (Z,K") the set of measurable and locally square integrable functions f : Z — K" on the set
ZCR

Moreover, the blockdiagonal matrix composed of A; € K™*™ with m;, n; € Ng for i =1, ..., k is denoted by
diag(Ayg, ..., Ag) € K™*",

where m = mq + ...+ mg, n = ng + ...+ ng. Finally, the rank of P(s) € K(s)™*" over the field K(s) (often
called the normal rank of P(s)) is denoted by rankg ) P(s).

2 Control and Matrix Theoretic Preliminaries

2.1 Matrix Pencils

In this subsection we briefly consider matrix pencils, i.e., first order matrix polynomials.
Definition 2.1 (Regularity, generalized eigenvalues). Let a matrix pencil sE — A € K[s]™*" be given.
(a) The pencil sE — A is called regular, if m = n and rankg,)(sE — A) = n. Otherwise it is called singular.

(b) A complex number A € C is called (generalized) eigenvalue of the pencil sE — A, if

rank(AE — A) < rankg(s) (sE — A).

For a regular matrix pencil s — A € K[s]"*", there exist U}, U, € Gl,(K) such that Uj(sE — A)U, is in
quasi- Weierstrass form [5], that is

In, — A1r 0

S
Ui(sE — A)U, = 0 “Eyp 1|

for some Aj; € K™*™ and a nilpotent matrix Eos € K"2*"2. The nilpotency index of Fao (that is, v € Ny
with By, ' # 0 and EY, = 0) is called (Kronecker) index of sE — A.

2.2 Controllability and Stabilizability

In this subsection we present some concepts for controllability and stabilizability of differential-algebraic systems
(1.1). We use the definitions from the overview article [6]. To this end, we introduce the vector space of consistent
initial differential variables of [E, A, B], which is given by

Vaig 1= {xo e K" ’ J(x,u) € Big a,p) such that Ex(0) = Exg } (2.1)

A geometric characterization of the vector space of consistent initial differential variables in terms of invariant
subspaces can be found in [, Def. 3.1.5].



Definition 2.2 (Impulse controllability, behavioral (anti-)stabilizability, behavioral controllability). The system
[E, A, B] € 3, (K) with the space of consistent initial differential variables Vqig is called

impulse controllable <= Vxo€ K" 3 (x,u) € Bg 4 p) with Ez(0) = Exy <= Var =K";
behavioral stabilizable <= Y (x,u) € Big ap I(Z,u) € Big.a,p) : (7,u)|(—0,0) = (T,U)|(~00,0) and
limy o0 ess sup,, || (2(7), u(7))[| = 0;
behavioral anti-stabilizable <= ¥ (x,u) € Bip a,p) I (T,u) € B, a,5] : (T,u)](0,00) = (T,%)|(0,00) and
limy, oo €ss sup, -, [|(Z(7), a(7))[| = 0;
behavioral controllable <= V(x1,u1), (x2,u2) € Big .a,p IT >0, (z,u) € Big 4,5 With

(z1(t), us(t)) for t <0,

(z(t),u(t)) = {(x2(t)7u2(t)) fort > T.

Well known characterizations of these concepts are the following.

Proposition 2.3 (Algebraic controllability and stabilizability characterizations). Let the system [E, A, B] €
Ynm(K) be given with and, for r = rank E, assume that S € K"*"™7 4s matriz with im So, = ker E. Then
[E, A, B] is

(a) impulse controllable = rank [E AS. B|=n,

(b) behavioral stabilizable — VAeCy: rank[AE—A B]=n,

(c) behavioral anti-stabilizable = VAeC_: rank [\E - A B]=n,

(d) behavioral controllable = VAEC: rank [ AE—A B]=n.
Proof. Assertions (a), (b), and (d) have been proven in [1]. Statement (c) follows from the simple fact that
[E, A, B] is behavioral anti-stabilizable if and only if [—E, A, B] is behavioral stabilizable. O

Motivated by the previous result, we introduce the notion of an uncontrollable mode.

Definition 2.4 (Uncontrollable mode). The number A € C is called an uncontrollable mode of the system
[E,A,B] € £,,.m(K), if rank [AE — A B] <n.

We further define a concept that is defined by a purely linear algebraic condition and does not have any
evident interpretation in terms of the behavior Bp 4 p). It generalizes the concept of sign-controllability for
systems governed by ordinary differential equations [14, 39,

Definition 2.5 (Behavioral sign-controllability). The system [E, A, B] € %, ,,(K) is called behavioral sign-
controllable if it holds

rank[)\E—A B]:n or rank[—XE—A B]:n vAecC.

Remark 2.6. For ODE systems, behavioral (sign-)controllability and behavioral (anti-)stabilizability reduce to
the respective concepts of (sign-)controllability and (anti-)stabilizability in the sense of [14,38,40,42].

2.3 Feedback equivalence

Here we introduce equivalence relations on ¥, ,,, (K), which are the basis for many of the presented proofs.

Definition 2.7 (Feedback equivalence).
Two systems [E;, A;, B;] € 3,,m(K), i = 1, 2, are called feedback equivalent, if

T 0

W, T € Gly(K) and F € K™ : W [sEy — A1 By [—FT I

:| = [SE2 — AQ BQ] . (22)



Remark 2.8. The set of uncontrollable modes, impulse controllability, behavioral (anti-)stabilizability and be-
havioral (sign-)-controllability are invariant under feedback equivalence.

The following feedback equivalence form will we very useful for our proofs.

Proposition 2.9 (Feedback equivalence form). Let [E, A, B] € X,,,,(K). Then there exist W, T € Gl,(K) and
F € K™*™ such that

T 0 SInl — A11 0 0 Bl
W [SE —A B] |:FT I :| = 0 —1I, skos By, (2.3)
m 0 0 sk33—1I,, O

where B33 € K™*"s js nilpotent. Furthermore, the following statements hold true:
(a) (v,u) € Bgap <+ (r1,u—Fz)€ B, ,A1,,B,), where x =T (Bz(uOiFI)).

(b) The space of consistent initial differential variables fulfills

Vaie =T (K"1+”2 x ker {E%]) .
Es3

(¢) It holds
rank [)\E —A B] = ng + n3g + rank P‘Inl — A Bﬂ ViecC.

In particular, X\ € C is an uncontrollable mode of [E, A, B] if and only if A is an uncontrollable mode of
[Inlv Alla Bl]

(d) If [E, A, B] is impulse controllable, then W, T, F' can be chosen such that nz = 0.

Proof. The existence of a form

Ty 0

SInl — All 0 SE13 — A13 Bl
_FlTl Im:| -

[SE — g §:| = W1 [SE —A B] |: 0 _Ing 8E23 - A23 BQ s
0 0 SE33 - In3 0
is subject of [20, Prop. 2.12]. By using [7, Cor. 2.3], there exist Wa, Ty € Gl,(K) such that WoW1 B = W1 B and
matrices E13 A3 are eliminated in WoW;(sE — (A + BF))T1T>. The matrix Ass can be further eliminated by
a transformation WoW;(sE — (A + BF))T1T» with T3 € Gl,,(K). Consequently, the form (2.3) is achieved for
W = W2W1, T= Tngrfg7 and F = Fl.
The statements (a), (b), (¢), and (d) then follow from [20, Prop. 2.12]. O

Remark 2.10 (Feedback equivalence form). Let [E, A, B] € ¥, ,,(K) with feedback equivalence form (2.3) be
given. We can then conclude from Proposition 2.9 (¢), Proposition 2.3 and Remark 2.6 that [E, A, B] is behavioral
stabilizable (anti-stabilizable, sign-controllable) if and only if the ODE system [I,,,, A11, B1] is stabilizable (anti-
stabilizable, sign-controllable).

3 The system space

The following space will play a crucial role in this article:

Definition 3.1 (System space). The system space of [E, A, B] € ¥,, ,,,(K) is the largest subspace Vsys C K"t™,
such that for all (x,u) € B(g 4 p) it holds

(x(t)) € Viys for almost all £ € R.

Next we characterize the system space algebraically. First we present a result about the relation between the
system spaces of two feedback equivalent systems.



Lemma 3.2. Assume that [E, A, B] € ¥, ,,(K) with the system space Vsys C K" s given. Moreover, let
W, T € Gl,(K) and F' € K™*™ be such that sE — (A + BF) is reqular, and let Vsys p be the system space of
WET,W(A+ BF)T,WB] € £, n(K). Then

T 0
Vsys = |:FT Im:l : Vsys7F- (31)

Proof. The result follows from the findings in [0, p. 16], where it is stated that (z,u) € B pr,wa+BF)T,W B
if and only if (Tz, FTx +u) € Big a,B)- O

Proposition 3.3. Let [E, A, B] € ,, ,,,(K) with system space Vsys C K"t™ be given. Let (V) be a sequence of
subspaces with
Vo = K"t™,

V,m:{(z) e KMt™ ‘Am—l—BuE (E O]Vk}.

These spaces fulfill Vi1 C Vi, for all k € Ng. Moreover, there exists some kg € N such that Vi, = Viy+i for all
i € Ng. Then the system space fulfills Viys = Vi, -

Proof. It can be easily verified that, under feedback transformation (2.3), the spaces V; and V;  (the latter is
the above chain applied to the system [WET, W (A + BF)T, W B]) are related by

T 0
Vi = [FT Im:| 'Vk’p Vk € Np.
Therefore, it suffices to verify this fact for the case where [SE —A B] is in feedback equivalence form (2.3):
Using Proposition 2.9 (b), it follows from the nilpotency of Es3 that

T
—Bgu
0n3><1

u

Viys = z1 € K" ue K™ 3. (3.2)

On the other hand, by determining the chain (V;) for the system in feedback equivalence form, we can see that

T .
L — T2 ni n2 ns m T2 + BQU/ . O EQS !
V= . 1 € K", 29 € K", 23 € K ,uEK,< - )Glm|:0 Fas
U
The nilpotency of E33 then implies the desired result. O

Remark 3.4. We can immediately infer from Proposition 2.9 (d) that for an impulse controllable system
[E,A, B] € ¥, ,,(K) it holds

V:{(i) EK”+m:Ax+Bu€imE}. (3.3)
We finally prove an auxiliary result on the system space.

Lemma 3.5. For [E, A, B] € ¥, ,(K) with the system space Vsys C K" it holds

. [()\EA)lB

L } C Vs VYAEC : det(AE — A) # 0. (3.4)

Proof. By Proposition 3.3, it suffices to prove that

. {(AE—A)—IB

; ] CVi VkeENy, A€C : det(AE — A) #0, (3.5)



which is done by induction:
For k = 0, the statement is trivial. As induction hypothesis, we assume that the statement holds true for k£ — 1.
By using the identity

A(sE —A)"'B=(sE— (sE— A))(sE— A)™'B=sFE(sE—- A)™'B - B,
(sE—A)"'B (sE—A)"'B
A B [ T e g [GE AT (3.6)
Assume that A € C with det(AE — A) # 0. The previous identity together with the induction hypothesis gives

[A Blim [(AE_A)AB} = [E 0]im [(AE_AVIB} C[E 0] Vi

we obtain

I7n 17”/
The definition of Vi then yields (3.5). O

4 The Kalman-Yakubovich-Popov inequality

In this section we present a differential-algebraic version of the Kalman-Yakubovich-Popov (KYP) lemma. This
means that we equivalently characterize the positive semi-definiteness of the Popov function

B(s) = {(—SE ;mA)lBT L? }SJ {(SE _1:})13] € K(s)™™, (4.1)

on the imaginary axis by the solvability of a linear matrix inequality. By the latter, we mean the existence of
some P € K"*™ with

B*PE + S* R

The following theorem is the main result of this section.

[A PE+ E*PA+Q EPBJrS} >0, P=P" (4.2)

Theorem 4.1 (KYP lemma for differential-algebraic systems). Let [E, A, B] € £,, ,,(K) with the system space
Veys C K™ and Q = Q* € K™*", S € K"™™, R = R* € K™ be given. Further, let the Popov function
B(s) € K(s)™*™ be defined as in (4.1). Then the following statements hold true:

(a) If there exists some P € K™*™ with (4.2), then
O(iw) >0 Yw € R with det(ivE — A) # 0. (4.3)

(b) If (4.3) and at least one of the two properties

(i) [E, A, B] is behavioral sign-controllable and rankg s ®(s) = m;
(ii) [E, A, B] is behavioral controllable;

is satisfied, then there exists some P € K"*™ that solves the K'YP inequality (4.2).

Statement (a) will be proven directly. For the proof of (b), we will first apply a feedback transformation
leading to feedback equivalence form (2.3) and then we make use of the well-known result for ODE systems.
The following lemma is the basis for this argumentation:

Lemma 4.2. Let [E, A, B] € ,,,,(K) with the system space Vsys C K™ and Q = Q* € K™, § € K"*™,
R = R* € K™ be given. Further, let the Popov function ®(s) € K(s)™*™ be defined as in (4.1). Let
W, T € Gl,,(K) and F € K™*™ be matrices leading to feedback equivalence form (2.3). Define

Epr =WET, Ap=W(A+BF)T, Br=WB,

(4.4)
Qp = T*(Q + SF + F*S* + F*RF)T, Sp—=T*(S+ F*R), Rp—R,
and partition
Qu Q12 Qi3 S1
QrF = |Q1y Q22 Q23|, Sp=|5]. (4.5)
Q13 Q33 Qs3 S3

according to the block structure of (2.3). Then the following statements hold true:



(a) The rational function

Bp(s) = [(—SEF —~ AF)_lBF:| . {QF SF] [(sEF - AF)—lBF]

I, St Rp L,
fulfills
Dp(s) = On(—35)P(s)OF(s). (4.6)
for ©p(s) = I, + FT(sEr — Ar) 'Br € K(s)™*™. Moreover, it holds
Dp(s) = (=51, — A11)_1Bl : Q11 S1— Q12Bo (s, — A11)_1 B,
InL ST - B;QT2 B;QZZBQ - B;SQ - S;-BQ + R Im
(4.7)
(b) For P € K™*™ and
Pii P2 Pi3
Pp =W *PW ™t = |P}, Py Py|cK"™" (4.8)

Piy Pj; Pss

partitoned according to the block structure of the feedback equivalence form (2.3) it holds: P € K"*™ solves
the KYP inequality (4.2) if and only if P is Hermitian and

A7 Pi1+ PiiAn + Qn Pi1B1 + 51 — Q128 X
. « . " « , >0, P=P. 4.9
[ BiP + Sf — B3Qt, B3QuBo— B3Sy — SiBy + R =" (4.9)

Proof.

(a) The relation (4.6) is analogous to [14, Lem. 2.1] and has been proven in [43, Prop. 3.2.2]. The relation (4.7)

follows from
(SInl — All)_lBl

(SEF—AF)_IBF o — By
I B Ongxm
I

(b) Before we prove the equivalence, we first notice that

[A}}PFEF + ELPrAr +Qr ELPpBrp + SF:|

B;PFEF +S} Rp
_|T* T*F*| |A*PE+E*PA+(Q E*PB+S T 0
10 1, B*PE + S* R FT 1,1\’

Let Vsys,r be the system space of [Er, Ap, Br]. Using the above equation and Lemma 3.2, we obtain that
for all Hermitian P € K™*"™ it holds

A*PE + E*PA+Q E*PB+ S} e {A};PFEF + EpPpAp +Qr  EpPpBp+ Sp .
B*PE + §* R =Veys BiPrEr + 5% Rp =Veys.r V-
(4.10)
Further, we have
(A% PrEp + ExPrAr +Qr EpPrBr+ Sk
| BiPrEr+Sh Ry
Al Pu+ PnAn +Qu Pio+ Qi Mis PubBi+ PieBa+ 5 (4.11)
_ Py + Q12 Q22 Mo So
My M3 M3 M3y ’
| BiPu1+ B3Py, + 57 S5 M3y R

for some Mq3 € K™ *"3 Mog € K™2X™3 Mg € K™3X"s, Mgy € KsX™,



Now we show that if P € K™*" solves the KYP inequality (4.2), then P;; € K™ *™ golves (4.9). Therefore,
let Viys,r be the system space of [Er, Ap, Br| and let 1 € K™, u € K™. By (3.2) we see that

Z1
_BQU

OTL3><1
u

S Vsys,p.

Then, by using (4.10) and (4.11), a simple calculation shows

0< x * A}PFEF+E}PFAF+QF E}PFBF+SF x
— \u B;PFEF+S; Rp u

_ (3?1)* {PuAu + A P+ Qu Pi1B1 + 51 — Qi2B2 ] (371)
U Bi P11 + 57 — B5Q7%, B3Q22By — B35Sy — S5B2+ R ’

i.e., Pyp € KX fylfills (4.9).

Now we show the converse. Thus assume that Pj; € K"t*™ fulfills (4.9) and let Py € K™ %72 Pjg € K1Xns

Pay € K2Xn2 ) Pog € K"2%"8 and P33 € K"*" he arbitrary given matrices. Furthermore, assume that
T

() € Vsys,p. Then, by (3.2), there exists some z; € K™ with z = (0 Bz") € Viys,r. By using (4.10) and
(4.11), we now obtain

(:z:) * {A};PFEF + E;PrAp+ Qp E3RPpBp + SF} (x)
u

B;PFEF + S; Rp u
_ (™ " [PrAn + Aj Pu+ Qu Pi1By + 51 — Q2B 71\ 5
u BTP11+ST—B§Q>{2 B;QQQBQ—B;SQ—SSBQ—FR -
Then an application of (4.10) leads to the desired result.
O
Now we are able to prove Theorem 4.1.
Proof of Theorem 4.1.
(a) Assume that P € K™*™ fulfills ( ) First note that
(— sE A)~ *PE+ E*PA E*PB]| [(sE—A)"'B
B*PE 0 I,
e ) o (4.12)
=(SE PE o+ (P14 B |BE-ATBl 0
0 I,
Then, by using Lemma 3.5 and (4.12), we see that for all w € R with det(iwE — A) # 0 it holds
—1p7* =
@(iw){ME A)~™'B { }{MEIA) B}
. B (4.13)
(42)&;‘9” 30 [(iwE - A)"'B|" [A*PE+ E*PA E*PB] [(iwE — A)"'B] (1.12) 0
= In, B*PE 0 I, -

(b) Now assume that (4.3) and one of the conditions (i) or (ii) holds true. By Proposition 2.9 there exist
W, T € Gl,(K) and F' € K™*" leading to feedback equivalence form (2.3). Then, with matrices as defined
n (4.5) and (4.4), we obtain from Lemma 4.2 (a) that the function ®r(s) € K(s)™*™ in (4.7) fulfills
D p(iw) > 0 for all w € R such that iw is not an eigenvalue of Ay;. By further using Remark 2.10, we obtain
that we are in the situation of the KYP lemma for ODE systems [14, Thm. 6.1 & Thm. 6.2]. Hence there
exists some Hermitian P;; € K"**™ which fulfills the standard KYP mequahty (4.9). From Lemma 4.2 (b)

we obtain that
Py

0 0

P=W*| 0 0 0| WeK"™",
0 00

fulfills the KYP inequality (4.2).
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Remark 4.3.

(a) We obtain from Theorem 4.1 that, in the case where at least one of the assumptions (bi) or (bii) is fulfilled,
the feasibility of the linear matrix inequality (4.2) is equivalent to the non-negativity property (4.3) of the
Popov function.

(b) If the Popov function is positive semi-definite on the imaginary axis with rankg ) ®(s) < m and the system
is not behavioral sign-controllable, then the linear matrix inequality (4.2) might have an empty solution set.
Counter-examples exist already in the ODE case, see [40, p. 88|.

Next we present an alternative version of the KYP inequality, whose solvability will be proven to be equivalent
to that of (4.2).

Proposition 4.4. Let [E, A, B] € X, (K) with the system space Vsys C K" and Q@ = Q* € K"*", S €
Knxm R = R* € K™*™ be given. If Y € K™"*" fulfills

AY +Y*A+Q Y*B+S

B*Y + S§* R |2V

b 0, EY =Y'E, (4.14)
then there exists some P € K"*™ that solves the KYP inequality (4.2) with E*PE = E*Y .
On the other hand, if P € K"*™ solves the KYP inequality (4.2), then Y = PE fulfills (4.14).

Proof. The second statement is trivial.
To prove the first assertion, assume that Y € K™**™ fulfills (4.14). Then we can apply a transformation to
feedback equivalence form (2.3) and partition

Yii Y2 Yis
Yr =W YT = |Ya Yoz Ya3| € K*%" (4.15)
Y3 Y3 Yi3

according to the block structure of the feedback equivalence form. Then, by EyYr = Y/ Er and an argumenta-
tion analogous to the proof of Lemma 4.2 (b), we obtain that

AT Y + Y1141+ Qn Yi1B1 + 51 — Q1282 "
% « A « « ; >0, Y=Y 4.16
BiYi1 4+ 57 — BiQt, B3QuBy — BiSy — S5Ba + R H=-"n (4.16)
The equation ELYr = Yi Er leads to
Yy, 0 Y21Es3 + Y31 FE33

EpYp = 0 0 0 ,
E3Yor + EiYs 0 EiYos + EigVas

where E3;Ys3 + E33Y33 is Hermitian. The latter implies that there exist Poy = P, € K"2X"2, Py3 € K"2*"3 and
P33 = Py € K™% such that

* % « N P P FE
E53Yo3 + E33Y33 = [Ezs E33] {szz sz [Ezj .

Then, a simple calculation shows that
Y Y5 Vs
P=W~*|Ys1 Py Px3|W
Y51 Pso Pss

fulfills E*PE = E*Y. Further, (4.16) together with Lemma 4.2 (b) implies that P fulfills the KYP inequality
(4.2). O
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5 Lur’e Equations, stabilizing and extremal solutions

In this section our focus is on particular solutions of the KYP inequality. More precisely, for [E, A, B] € X, 1, (K)
with the system space Vsys C K"*™, and Q = Q* € K™, § ¢ K™ R = R* € K™*™, we consider the Lur’e
equation

A'XE+E*XA+Q E*XB+S] _ [K* -
B*XE + S* R :| “Veys |:L*:| [K L] , X=X (51&)
which has to be solved for a triple (X, K, L) € K™*™ x K9*™ x K9*™ such that
—-sE+A B
rank(s) [ K L} =nte (5.1b)

Note that the number ¢ € Ny is not given beforehand; it is, loosely speaking, part of the solution. We will show
that ¢ = rankgs) ®(s). It follows immediately that X € K™"*™ in (5.1) is a solution of the KYP inequality (4.2).
We further consider the following particular solutions.

Definition 5.1 (Stabilizing and anti-stabilizing solution of the Lur’e equation). Let [E, A, B] € %, ,,(K) with
the system space Vsys C K"t and Q = Q* € K"*", § € K™*™, R = R* € K™*™ be given. Then a solution
(X, K,L) € K"*" x K9*™ x K7™ of the Lur’e equation (5.1) is called

(i) stabilizing, if
-AE+A B
rank [ % L} =n+q VYAeCy, (5.2)
(ii) anti-stabilizing, if
-AE+A B

rank { K I

]:n—i—q VAeC_. (5.3)

Remark 5.2 (Solutions of Lur’e equations). Let [E, A, B] € ¥, ,(K) with the system space Vsys C K" and
Q=Q" K" §eK"™" R=R*e€ K" ™ be given.

(a) In the ODE case, the system space reads Vsys = K™*+™_ In this case, the Lur’e equation (5.1) reduces to

A*X+XA+Q=K'K, X=X

XB+S=K"L, (5.4)
R=L"L
together with (5.1b) for E = I,. This type has been treated in [2,38]. Our notions of stabilizing and

anti-stabilizing solutions also coincide with the corresponding notions in [2, 38].

(b) We briefly present the transformation of solutions of the Lur’e equation under feedback action: To this end,
consider W, T' € Gl,(K) and F' € K™*™ such that sEl — (A + BF) is regular, and let Fr, Ap, Bp, Qr, SF,
and Rp be defined as in (4.4). Then (X, K, L) is a (stabilizing, anti-stabilizing) solution of (5.1) if and only
if

(Xp,Kp,Lp) = (W *XW~', KT + LFT, L) (5.5)

solves the Lur’e equation associated to Er, Ap, B, Qp, Sr, and Rp. The validity of

[A}XFEF + EpXrpAr+QrF FELXpBr+ SF}

_ Ky I
By XpEr + Sk Rp Vaye r { ] [Kp Lrp|, Xp=Xp (5.6)

Ly

follows by the same argumentation as in Step 2 in the proof of Theorem 4.1 (b). The additional condition
(5.1b) ((5.2), (5.3)) simply follows by

{_SEF+AF BF] _ {W o} {—3E+A B] [T 0} (5.7)

Kr Lp 0 I, K L||FT 1,
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In the following we analyze the existence of (stabilizing, anti-stabilizing) solutions of Lur’e equations for
differential-algebraic equations.

Theorem 5.3 (Existence of solutions of Lur’e equations). Let a system [E, A, B] € £,, ,»,(K) with system space
Veys C K™ be given, and let Q = Q* € K**", § ¢ K"*™ R = R* ¢ K™*™. Assume that the KYP inequality
(4.2) has a solution P € K"*™.

(a) If [E, A, B] has no uncontrollable modes on iR, then the Lur’e equation (5.1) has a solution.
(b) If [E, A, B] is behavioral stabilizable, then the Lur’e equation (5.1) has a stabilizing solution.
(¢) If [E, A, B] is behavioral anti-stabilizable, then the Lur’e equation (5.1) has an anti-stabilizing solution.

The proof is based on the following auxiliary result, which can be seen as a version of Lemma 4.2 (b) for
Lur’e equations:

Lemma 5.4. Let [E, A, B] € &, ,,(K) with the system space Vsys C K"t™, and Q = Q* € K", § € K™*™,
R = R* ¢ K™*™ be given. Let W, T € Gl,,(K) and F € K™*™ be matrices leading to feedback equivalence form
(2.3). Define the matrices Er, Ap, Br, Qr, Sk, and Rp as in (4.4) and partition these matrices as in (4.5).
Then for (X, K,L) € K"*" x K9*" x K™ and

Xll X12 X13
Xp = W*Xw—1 = XE X9 Xog| € Kan, Kr = (K + LF)T = [Kl Ky Kg} € qun’ (58)
Xiz Xgz Xss

partitioned according to the block structure of the feedback equivalence form (2.3) it holds: (X, K,L) € K™*™ x
Ka*" x K™ s a (stabilizing, anti-stabilizing) solution of the Lur’e equation (5.1) if and only if X11 is Hermitian
with

A7 X1+ X114+ Qn X11B1 + 51 — Qi2Bs K7
= K, L- KB 5.9
[ BiX1, 4+ Sf — B5Q%, BiQouBy — B35Sy — SiBy+ R (L — K3By)* 51 2Bs] (5.9a)
and
—sln, +An B,
I'aIle(S) |: }{1 I — K232 =n -+ q,
(rank {AI"}{T An I —BKl'gBJ =n+qvVAeCy, rank {)\I"}{j An I —B;égBJ =n+qVAe (C_> .

(5.9b)

Proof. The statement follows by an argumentation which is analogous to that in the proof of Lemma 4.2 (b),
and the fact that for all A € C it holds (by invoking rank(AE33 — I,,) = ng for all A € C)

L[AE+A B _ (W 0] [-AE+A B[T 0
ran K 77 B KV K L||FT 1,
(AL, +A;; 0 0 B[, 0 0 0
B 0 I, “AEy3  Bo| |0 —By I, 0
= rank 0 0 —AEss+1I,, 0||0 0 0 I,
Ky Ky K L|lo I, o0 o0
- (5.10)
“M,, + A B 0 0
B 0 0 I, Y o
= rank 0 0 0 —AEs3+ I,
L Kl L_K2B2 K2 K3
A, +An By

= ng + n3 + rank K, L— KBy~
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Proof of Theorem 5.3. Assume that W, T € Gl,(K), F € K™*" lead to feedback equivalence form (2.3), define
the matrices Qp, Sr, and Rp as in (4.4), and partition Qr and Sp as in (4.5). Suppose that P € K™*™ fulfills
(4.2). Consider Pr = W—*PW ™1 and partitioned according to the block structure of the feedback equivalence
form (2.3). Then, by Lemma 4.2 (b), Py € K™ *™ fulfills the standard KYP inequality (4.9). Then the following
holds true:

(a) If [E, A, B] has no uncontrollable modes on iR, then [I,,,, A11, B1] has no uncontrollable modes on iR by
Proposition 2.9 (c¢). Then [38, Lem. 12] implies the existence of a triple (X371, K7, L1) € K" X™ x K2*™ x
K2*™ such that

Al X+ X11An +Qu X11B1+ 51 — Qi2Bo K3 *
= Ki Li|, Xn=X}. (511
BiXi+ 8 - BiQls  BiQuBa— B3S: - S3B, + B| — |17 K1 Tal Xu =X (61D)
Now define
X;1 0 0
X=W*|0 0 0/W, K=[K 0 0T "'-LF, L=1IL (5.12)
0 0 0

Lemma 5.4 then implies that (X, K, L) solves the Lur’e equation (5.1).

(b) If [E, A, B] is behavioral stabilizable, then [I,,,, A11, Bi1] is stabilizable by Remark 2.10. Then, by [38,
Thm. 15], the standard Lur’e equation (5.11) has a stabilizing solution (Xi;, Ky, L;) € K"1*™1 x K7™ x
K2*™_ Define the triple (X, K, L) as in (5.12) and let A € C;. Then Lemma 5.4 implies that (X, K, L) is
a stabilizing solution of the Lur’e equation (5.1).

(¢) The proof of statement (c) is analogous to (b) (by using [38, Thm. 16] instead of [38, Thm. 15]).

O
In the following theorem we will show that the stabilizing and anti-stabilizing solution of the Lur’e equation
are extremal solutions in terms of definiteness of E* X E.

Theorem 5.5. Let a system [E, A, B] € ¥, ,,(K) with the system space Vsys C K™ the space of consistent
differential variables Vg C K", and Q = Q* € K"*"™, § € K"*™ R = R* € K™*™ be given. Assume that the
KYP inequality (4.2) has a solution P € K™*".

(a) If (X, K, L) is a stabilizing solution of the Lur’e equation (5.1), then
E*XE >y, E*PE.

(b) If (X, K, L) is an anti-stabilizing solution of the Lur’e equation (5.1), then
E*PE >y, E*XE.

Proof. Assume that P € K"*" fulfills (4.2). Let W, T € Gl,,(K), and F' € K™*™ be matrices leading to feedback
equivalence form (2.3). Consider Pp = W—*PW ! and partition it as in (4.8). Then, by Lemma 4.2 (b), the
standard KYP lemma (4.9) holds true.

(a) Assume that (X, K, L) is a stabilizing solution of the Lur’e equation (5.1). Define (X, Kr, Lr) as in (5.5),
and partition as in (5.8) according to the block structure of the feedback equivalence form (2.3). Then,
by Lemma 4.2(b), (X11, K1, L — BoK>) fulfills the standard Lur’e equation (5.9). Then we can apply the
corresponding result for ODE systems [38, Thm. 15] to see that X1; > P;;. Now assume that = € V. By
Proposition 2.9 (b), we have

-1
T "z = T2
T3

for 1 € K™, x5 € K™ and x3 € ker [gzi ], and thus
t*E*XEr =T '2)' B3 XpEp(T ')

*

I In1 0 0 X11 X12 X13 In1 0 0 I
= 1| T2 0 0 0 Xf2 X22 X23 0 0 E23 xT9 :[L'TXHIEh
T3 0 E3 Ei| |Xf X3 Xss| |0 0 Esz| \a3
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and analogously,
2*E*PEx =z P1i21.

Then the inequality X7, > P11 gives rise to E*XFE >y, E*PE.
(b) The proof of statement (b) is analogous to (a) (by using [38, Thm. 16] instead of [38, Thm. 15]).
O

Corollary 5.6. Under the assumption and notation of Theorem 5.5, the following holds true: If (X1, K1, L1)
and (Xo, Ko, La) are stabilizing (anti-stabilizing) solutions of (5.1), then

E*X\E =y, E*X,E.

Proof. Assume that (X1, K1, L1) and (X, K3, La) are stabilizing solutions of (5.1). Then X5, X5 are solutions
of the KYP inequality (4.2) and hence, by Theorem 5.5 (a), we have

E*X1E >y, E*XoE >y, E*X|E.

This implies the result for stabilizing solutions. The case of anti-stabilizing solutions can be readily shown by
turning the inequality symbols in the above argumentation. O

Remark 5.7. Let a system [E, A, B] € ,,,,(K) with the system space Vys C K", the space of consistent
differential variables Vgig C K™ and Q = Q* € K"*" S € K"*™ R = R* € K™*™ be given. Let the Popov
function ®(s) € K(s)™*™ be defined as in (4.1).

(a) If [E, A, B] is impulse controllable, then the inequalities in Theorem 5.5 clearly reduce to E*XE > E*PE
and F*PE > E* X E, respectively.

(b) Now we show that solutions of Lur’e equations are rank-minimizing in a certain sense and specify the number
q € Ny is a solution (X, K, L) € K"*" x K7*" x K7™ of the Lur’e equation (5.1): If P solves the KYP
inequality (4.2), then we can find matrices M € K*" N € K*™ such that

[A*PE +E*PA+Q E*PB+ S] _ [M*

Assume that w € R such that det(iwE — A) # 0. Then the Popov function fulfills

R e N A

I S* R I
Lem. 3.5&(5.1a) [(in —17;4)—1]3]* [%:] N {(in —Irf)—lB}
B {(in — A)lB} * [A*XE +E*XA E*XB} {(in - A)lB}
I ?*XE | 0 1 I
(1.12) <[M N {(in ;nfl)‘lBD <[M N] {(WE _17;4)_ BD = Z*(iw) Z(iw),

where Z(iw) = N+M (iwE — A)~' B. Thereby we obtain [ > rankg ) ®(s). On the other hand, for a solution
of the Lur’e equation (5.1) an analogous computation shows that W(s) = L + K(sE — A)~'B fulfills

D (iw) = W*(iw)W (iw) (5.14)

for all w € R with det(iwE — A) # 0. By a simple row transformation in (5.1b), we obtain rankg ) W (s) = q,
which altogether gives
q = rankg ) W (s) = rankg,) ®(s) < [.

The consequence to twofold: First, the number ¢ which specifies the number of rows of K and L in a
solution of the Lur’e equation equals to rankg ) ®(s). Second, the Lur’e equation can be regarded as a KYP
inequality in which the rank of the right hand side of (5.13) is minimized.
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(c¢) A representation (5.14) in which W(s) is an outer transfer function [20] is called spectral factorization (see
e.g. [18, Sec. 13.4] for the ODE case).

We finally present two alternative ways for the reformulation of Lur’e equations (5.1). The first alternative
way is a version of Proposition 4.4 for Lur’e equations. The proof is completely analogous to that of Proposi-
tion 4.4, and thus it is omitted.

Proposition 5.8. Let [E, A, B] € X, (K) with the system space Vsys C K" and Q = Q* € K"*", S €
Kr>m R = R* € K™*™ be given. If (H, K, L) € K" x KI*" x K™ fulfills

A*H+ H*A+Q H*B+S] [K

B'H + 8 R | = L*] [K L], E'H=HE. (5.15)

then there exists some X € K™*™ that fulfills (5.1a) with E*XE = E*H.
On the other hand, if (X, K, L) € K" x K1*" x K™ solves (5.1), then (H, K, L) with H = XE fulfills (5.15).

We further show that the system itself can be remodeled such that an impulse controllable system with the
same behavior is obtained. The corresponding solution set of the KYP inequality and the Lur’e equation will
further be the same as for the original system.

Theorem 5.9. Let [E, A, B] € £,,,,(K) with the system space Vsys C K", the space of consistent differential
variables Vaig C K™, and Q = Q* e K"*", § € K"™*™ R = R* € K™*™ be given. Assume that W, T € Gl,,(K),
and F € K™*" are transformation matrices leading to feedback equivalence form (2.3). Define the projector

I, 0 0
O=W=1t|{0 0 0| WeK™,
0 0 O
Then we have
imIl = EVgg, (5.16)

and the following statements hold true:
(a) IIE, A, B] € ¥,, ,n(K) is impulse controllable and
Bp,a,8) = BE,A,B]-
In particular, the system space of [ILE, A, B] is Vsys.
(b) P € K™™ fulfills the KYP inequality (4.2) if and only if

A*PIIE + E*II*PA+Q FE*II*PB+ S .

(c) (X,K,L) € K™ x KI*" x K9*™ fulfills the Lur’e equation (5.1a) if and only if

A*XIIE + E* II" XA+ Q E'II"XB+S| K* R
Furthermore, it holds
—-AE+A B| —AMIE+A B
rank [ K L} = rank [ I L} VYA e C. (5.19)

Proof. By Proposition 2.9 (b), we have

EVgg = ET (Knl-‘rnz % ker |:§23:|> =w-! (Km X {O(n2+n3)><1}) c K",
33

and thus (5.16) is immediate. Now define

I,
Op :=WIOW'=]0
0

1

o O O
o O O

and EF, AF, BF, QF, SF, and RF as in (44)
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(a) We have

SInl — A11 0 0 Bl
SHFEF—AFZ 0 _Inz 0 s BF: Bg
0 0 I, 0

Then Proposition 2.3 (a) and Remark 2.8 imply that [IIE, A, B] is impulse controllable. A straightforward
calculation further shows that

T
T2 | ,u | €Biupep ApBy) = T2=-—DBou, x3=0, (v1,u)€ B, 4, 8]
T3
T
< To | ,u | € %[EF,AFHBF]'
T3

Then the statement follows from

(:E,u) S %[E,A,B] <~ (Tﬁlxau - FT?II) € %[EFyAFvBF]
— (I'z,u— FT7'2) € B pp appr] < (2,u) € Bmp,am-

(b) Let P € K™*" and partition Pr = W—*PW ! as in (4.8) and QF, Sr as in (4.5). Then it follows analogous
to the proof of Lemma 4.2 (b) that P fulfills the KYP inequality (5.17) if, and only if, P;; € K™ *™ fulfills
(4.9). The latter is, by Lemma 4.2 (b), equivalent to P fulfilling the KYP inequality (4.2).

(¢) The proof of equivalence between (5.1a) and (5.18) is analogous to that of (c¢). Equation (5.19) follows by
a computation analogous to (5.10).

O

Remark 5.10. Let [E, A, B] € 3., (K) with space of consistent differential variables Vaig C K™ be given. Let
IT € K"*™ be a projector with (5.16). Theorem 5.9 (a) states that the multiplication of E from the left with
IT does not change the behavior. Such a procedure is called index reduction, and has, e.g., been done in [25]
for linear systems with varying matrix coefficient. In fact, in the constant coefficient case, index reduction by
replacing [E, A, B] by [IIE, A, B] is equivalent to the reduction of the strangeness index presented in [25, Sec. 2].

6 Even Matrix Pencils

Here we show that solutions of Lur’e equations correspond to certain deflating subspaces of the matrix pencil

0 —slIIE+A B
s€ — A= |sE*II* 4+ A* Q S| € K[gPntmx2ntm (6.1)

B* S* R
where IT € K"*™ is defined as in (5.9). This generalizes the well-known fact that solutions of algebraic Riccati
equations (1.5) correspond to certain invariant subspaces of the associated Hamiltonian matriz [30, Chap. 7).
This has been considered in [38] for Lur’e equations for ODE systems. This consideration is the basis for their

numerical solution [34, 35].

The following concept generalizes the notion of invariant subspaces to matrix pencils. Moreover, we define
the term of E-neutrality of a subspace [38], which generalizes the notion of an isotropic subspace (typically in
the context of Hamiltonian matrices).

Definition 6.1 (Basis matrix, deflating subspace, E-neutrality).

(a) A matrix Y € K"*" is called a basis matriz for a subspace Y C K™ if it has full column rank and imY = Y.
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(b) A subspace Y C C" is called (right) deflating subspace deflating subspace for the pencil s€ — A € K[s]™*"
if, for a basis matrix Y € K"XkNOf Y, there exists some [ € Np, a matrix Z € K™*! and a pencil
s&€ — A € K[s]"** with rankg ) (s€ — A) = [, such that

(s€ — A)Y = Z(s€ — A)

(¢) A subspace Y C K" is called £-neutral if y;Ey2 = 0 for all yy, y2 € V.

The matrix pencil (6.1) has the special property that it is even, i.e., s€ — A = —s€* — A*. This structure
has been analyzed in [12,38] in the context of Lur’e equations for ODE systems. The following result shows that
solutions of the Lur’e equation (5.1) define E-neutral deflating subspaces of the even matrix pencil (6.1).

Theorem 6.2. Let [E, A, B] € X, ,,,(K) with the system space Veys C K" and Q = Q* € K"*™, § € K™,
R = R* ¢ K™*™ be given. Furthermore, let II € K"*™ be the projector as defined in (5.16). Then the following
two statements are equivalent:

(a) The Lur’e equation (5.1) has a solution (X, K, L) € K"*™ x K7*™ x K9*™,

(b) It holds ®(iw) > 0 for all w € R with det(iwE — A) and there exist Y,, Y, € K"*"tm Yy, e Kmxntm,
Zy, Zy € KW t4 7, € K™*" 4 such that for

Y,

1 Zu
Y=|Y.|, Z=|Z.[|, (6.2)
Y Zy,
the following holds true:
(i) the space imY is n + m-dimensional and E-neutral;
gy .| Yy
(7'2) VSYS C1im |:Yu:| ;
(iii) rank IIEY, = nq;
(iv) there exist £, A € Knraxntm yth rankg ) (sg— j) =n+ q, such that
(s€ =AY = Z(s€ — A). (6.3)

Proof. First we prove that (a) implies (b): By Proposition 2.9 (d), the feedback equivalence form of [IIE, A, B]
has the form

I, 0
0 0

A11 0

Er =WIIET = { 0 I,

| ar=wiasnrr=|

where W, T € Gl,,(K) and F € K™*". Accordingly partition the mtrices

Qr =T*(Q + SF + F*S* + F*RF)T = [Q” Q”} . Sp=T"(S+F'R) = {52

Q2 @2
] , Kp=(K+LF)T= K K.

:|7 RF:Rv

(6.5)
X1 Xio

Xp=WTXW = |31
r {Xu X29

Assume that (X, K, L) € K"*" x K2%™ x K% solves the Lur’e equation (5.1). It follows from Theorem 5.9 (c)
and Lemma 5.4 that (X171, K1, L — K2Bs) is a solution of the Lur’e equation (5.9a). From [38, Thm. 11] we
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deduce

0 _SInl + A By 0 0 X1 0 0
sl,, + Al Q1 —Q12B2 + 54 0 0 I,, 0 O
By —B3Qi,+ ST B3QaBs — B35S, —S3Ba+R 0 0 0 I, O
0 0 0 0 I, 0 0 I,
0 0 0 I,, O 0 0 0
::Sgpf.;l\p ::AF
I, 0 0
—-X11 Kf 0 _SInl + Ay By 0
= 0 (L—K3Bs)* 0 K L—-KyBy, 0], (6.6)
0 0 0 0 0 1,
0 0 I, ~
=:1s€p—Ap
ZZEF
where im }A/F is an n + m-dimensional s r-neutral deflating subspace. Define the matrices
I, 0 0 0 0
R 0 —Qfy QuBx—5; —3Qx I R I,, 0 0 - I,, 0 0
U:=1]0 Iy, 0 0 0, V=10 0 In|, W:=1|0 0 I,|. (6.7
0 0 —Bs I, 0 0 I, B 0 I, K-
0 0 I, 0 0
Then we obtain (S€F — AF)YF =Zr (sg— .Z) for
0 0 —SInl + A11 0 Bl
~ o 0 0 0 I,, B
s€p—Ap :=U""(sép — Ap)U ' = |sl,, + A7, 0 Q11 Q12 Si|,
0 Ing Q>1k2 Q22 52
By B3 St S; R
X117 0 0 Y1
L —Qiy —3Q22 3Q2Br— 5 Y2
Yp:=UYpV = | I, 0 0 = |Ye1 ], (6.8)
0 In2 0 YI,Q
0 0 I, Yi.r
Jp .= ﬁi* AF/Wil,
_ _ Py . _ =N —Slnl + A11 O Bl
s€E—A:= W(sé’p — AF)V = 0 I,, Baf. (6.9)
K, Ky L
Note that im Y is and n + m-dimensional £p-neutral subspace. With Y, g := {g:;} and Vsys,p as in (3.1), we

Yz
see that Vsys p C im |:Ym.2:| and rank Y, 1 = n;. In other words, all the properties in (b) hold true for the Lur’e
w,1

equation corresponding to the system in feedback equivalence form. Since with

w0 0
U=|0 T 0 (6.10)
0 FT I,

we have (s€ — A)Y = Z(Sg—j) for s€ — A = U_*(SSF —AF)U_l7 Y =UYr and Z = U~ *Zp. In other words,
property (b) (iv) holds true. We further have:

(i) imY is an n 4+ m-dimensional E-neutral deflating subspace;
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y [T 0 [T 0] [Yar]l . [V.]
(11) VSYS - |:FT Im:| : VS}’S,F C1m |:FT Im:| : |:Yu,F:| = 1m |:Yu:|7

(iii) rankIIEY, = rank W 'EpT~'TY, r = rank {Yg’l] =n;.

Altogether, we obtain that (b) holds.

Now we prove that (b) implies (a): Let W, T € Gl,(K) and F' € K™*" be the transformation matrices
leading to feedback equivalence form of [IIE, A, B] € £,, ,(K), and let Er, Ap, Br, and QF, Sp, and Rp be
given as in (6.4) and (6.5). Moreover, consider U and U as in (6.10) and (6.7), respectively. Then we obtain
(sgp — A\F)}A/F = ’Z\F(sg— ./T) with sép — /TF as in (6.6), and

Yﬂal In1 0 0 0 0 le Yp,,l

. N }/l/o . Ymg 0 0 In2 0 0 }/11”2 Yw,l
Ye:=U U Y, | =U" Y| =0 0 0 0 I Vou | =t [Yur],

Yu Y:I:,Q 0 0 0 I’I’L2 BQ Ya:,2 YI,Z

Yo F 0 In, Qi 1Qx2 —1QuB+5S:| |Yur 5/}”72

Zp:=U"'U"'Z.

. s T . (v, . 0 —I, . . .
Since im Yr is Ep-neutral, the space im [Y‘ﬂ is [I o }—neutral and thus its dimension is at most nj.
x,

ni

1

On the other hand, since Viys p C [Y:l with Vs r as in (3.1) and dim Vsys p = n1 + m, it follows that

Yu,F
Yy,
rank |:Ya‘i:| = n; + m. Together with rankY,; = n;, this yields rank [3}:’;} = n; + m. Moreover, by
Yu, F w
construction we have rank [;“} = ng. From these facts it follows that there exists a matrix V' € Gl,, ., (K)
1,2
such that
Y,u,l X11 0 0
Yia I,, O 0
Yu,F V = 0 Im 0 ,
Y2 0 0 Yo
Yo 0 0 Yo
where rank {Z“] = ny. From [38, Thm. 11] there exist K; € K2*™ and L; € K2*™ such that
w2
0 —sl,, +An By X1 0
sly, + A%y Qu —Q12B2 + 51 I,, O
Bi —B3Q7y + 57 B3Q22By — B35S, — S3By + R 0 In
I, 0 B
X kg | [T A By
0 L ! !

_SI";{TA“ ]Lgﬂ = ny + ¢, and thus (X3, K1, L) solves the Lur’e equation (5.11). Then, by

(5.12), we obtain a solution of the Lur’e equation (5.18) which, by Theorem 5.9 (¢), is simultaneously a solution
of the Lur’e equation (5.1). This completes the proof. O

Remark 6.3. Let [E, A, B] € ¥, ,,(K) with system space Viys C K" and Q = Q* € K™, § € K™,
R =R ¢ K™*™, Let (X,K,L) € K" x K?*" x K2*™ a solution of the Lur’e equations (5.1), and assume
that IT € K™*™ is a projector with (5.16).

where ranky ) [

(a) By carefully inspecting the proof of Theorem 6.2 (see, e.g., (6.8)) we see that we can construct Y, such that

[Q] € Gl (K). Then for [v,” v ] := [5:]_1, we obtain
YIJ« XIIE + G1 G2
Yy 0 I,
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7

where im Gy C kerIIE and im G5 C ker IIE. This yields
E*II*"XIIE = E*II'Y, )Y,
from which a solution matrix X as well as K and L can be reconstructed.

By looking at (6.9), we can perform a simple equivalence transformation to achieve

~ [—sE-i—A B} (6.13)

s€E—A= K I

in (6.3).

In [38,43] it is shown how to choose deflating subspaces imY" which correspond to solutions of the Lur’e
equation (5.1). This is achieved by a transformation of s€ —A to even Kronecker canonical form (EKCF) [11],
which is a structured version of the Kronecker canonical form [16,206]. In particular, it is shown that special
choices of Y yield stabilizing and anti-stabilizing solutions (if they exist). Moreover, using the EKCF, further
results with regard to the solution structure can be obtained [13].

If [E,A,B] € 3,,,(K) is impulse controllable, then the projector II can be omitted in (6.1). This is, in
general, no longer the case for systems which are not impulse controllable. For instance, consider the system

s 00 1 00 0
sE—A=10 1 s|, B=10|, Q=10 1 0|, S=0s3., R=0.
00 1 0 00 0

A simple calculation yields that (X, K, L) solves the Lur’e equation (5.1) if and only if K = 0gx3, L = Opx1

and
0 z12 13

X = |w12 T22 @23
T13 T23 T33

for some x2, T13, T22, Tag, 33 € K. It can be further verified that for some solution X and all G; € K3*3
and Gy € K3*! with im G; C ker E and im G5 C ker F it holds

0 —sFE + A B XFE + G1 G2
rankg ) (s€ — A)Y = rankg(,) [sE* + A* Q S I3 0| =4.
B* S* R 0 1

On the other hand, we have rankg.) (sg'— j) = 3, so there exists no Z € K™*3 such that (6.3) is stisfied.
A related effect for optimal control of differential-algebraic equations has been observed in [27].

The linear-quadratic optimal control problem

Let a behavioral stabilizable system [E, A, B] € X, ,,(K) with the system space Vs C K"t™, the space of
consistent differential variables Vgig C K”, and Q@ = Q* € K»*", § € K"*™ R = R* € K™*™ be given. We
briefly discuss consequences of the presented results for the linear-quadratic optimal control problem

Minimize o /OOO (ZE:D* Lg?* }ﬂ (zé:;) dr (7.1)

subject to (z,u) € Bg 4,p) With Ex(0) = Exg and limy o, Ex(t) = 0.

More precisely, we are interested in the functional V* : EVgig — R U {—o0} with

VT (Exg) = inf {j(x,u) ’ (v,u) € Big a,p), Er(0) = Exo and tlim Ex(t) = 0}. (7.2)
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Assume that the KYP inequality (4.2) has a solution P € K"*". Let (v,u) € Bg 4,5. Then, by using that

(28) € Viys for almost all ¢ € R, we obtain that for all ¢5 > ¢; it holds

2(ta)* B* PEx(ty) — 2(t1)* B* PEx(t1) — / ’ %x(T)*E*PEm(T) dr

t1

_ / ¥ () B PEi(r) + i(r) E*PEx(r) dr

t1

_ / " (1) B P(Ax(r) + Bu(r)) + (Ax(r) + Bu(r))* PEa(r) dr (7.3)

G [ )

4Dt e\ [Q 8] (x(r)
> — .
=[G 18 R G
This means that V : EVag — R with V(Ezg) = z§E*PEx, is a dissipation function according to WILLEMS’

definition in [44]. In particular, we have for all zo € Vaig and (z,u) € Big 4 p with Ex(0) = Ezo and
lim; oo Ex(t) = 0 that 2§ E*PFExy < J(x,u), and hence it holds

(ESE*PE.%‘O < V+(E{L‘0) Vxo € Viig-

In particular, the solvability of the KYP inequality (4.2) implies that VT (Exg) > —oco for all zg € Vaigr-
Now consider a solution (X, K, L) of the Lur’e equation (5.1). A calculation analogous to (7.3) yields that for
all zg € Vair and (2, u) € B 4,5 N L2(R,K"F™) with Ex(0) = Ex¢ and lim;_,», Ex(t) = 0 it holds

2y E* X Exo + | Kz + Lu|| 7o gnimy = T (2,0). (7.4)

If, additionally, (X, K, L) is a stabilizing solution, then it follows from [20, Thm 6.6 (a)] that for all ¢ > 0,
xo € Vaisr, there exists some (z,u) € Big a,p N LA(R,K"T™) with Ez(0) = Exg, limy_,o Fz(t) = 0, and
| Kz + Lu||%2(R)Kn+m) < e. This implies that the stabilizing solution defines the optimal cost functional via

xSE*XExO = V+(El'0) Vzo € Vyig-

The previous findings can be used to characterize the existence and structure of the optimal control. That is,
some (z,u) € Bip 4,5 N L (R, K" ™) with Ex(0) = Ezo and limy_,« Ez(t) = 0 such that the infimum in (7.2)
is attained at (z,u), i.e., V*(zo) = J (v, u).

We obtain from (7.4) that an optimal control fulfills Kz(t) + Lu(t) = 0. The latter together with The-
orem (5.9) (a) implies that (z,u) € B 4 p) is an optimal if and only if it fulfills the differential-algebraic
boundary value problem

MIE&(t) = Ax(t) + Bu(t), Ex(0) = Exy, lim Ex(t) =0,
0 =Kuxz(t) + Lu(t).

By using (6.3), (6.12), and (6.13), we can formally write

_d
L0 S{UERA B)[XNE+G G| o [Z] dnpia B fa)
ar A+ A @ S In 01 \uy) = | % K L) \u)) -
B* S* R 0 In, Zu
=0
In particular, the function u(-) = (XIIE + G1)x(-) + Gou(+) is part of a solution of the boundary value problem
0 IIE 0] [p(t) 0 A B [u@®)
—prrr 0 of ()] =4 @ S| |z Exz(0) = Exzg, lim Ex(t) =0.  (7.6)
0 0 0| \u® B S* R| \u(t) e
This corresponds to the results in [33, § 3] and [31] for the case where [ & 2] > 0.

22



Remark 7.1.

(a) The authors strongly believe that for a behavioral stabilizable system it holds that the Lur’e equation (5.1)
has a stabilizing solutions if and only if the optimal control problem is feasible. That is, the optimal value
function in (7.2) fulfills V*(Ex¢) > —oo for all 2y € Vair. This will be subject of a forthcoming article.

(b) By using an analogous argumentation, we can see that for anti-stabilizable [E, A, B] € X, ,,»,(K), the anti-
stabilizing solution relates to an optimal control problem on the negative time horizon.

8 Comparison to other approaches

Here we compare our results to existing approaches for linear-quadratic optimal control and generalizations of
the KYP inequality to differential-algebraic systems.

8.1 Approaches based on matrix inequalities

In [17,19], GEERTS considers the optimal control problem in which the £2-norm of the output y = Cx + Du
(with C' € KP*™ D € KP*™) has to be minimized. Regularity and squareness of the pencil sE — A has not been
assumed. Minimization of the £2-norm of the output y = Cx + Du means that an optimal control problem (7.1)
is considered in which the weight matrix is given by

[? Z} = [g} (¢ DJ. (8.1)

Note that the optimal control problem (7.1) can be written in this form if, and only if, [ 56;2* fa

concept in [17,19] for the analysis of the optimal control problem is the dissipation inequality

] > 0. The main

A*PE+E*PA+Q E*PB+S
B*PE + S* R

} >0, P=P" (8.2)

The difference to the KYP inequality (4.2) is that positive semi-definiteness on whole R"*" instead of the system
space is required. Thus we see that P € K™*™ fulfills KYP inequality (4.2), if (8.2) holds true. Solvability
analysis of the matrix inequality (8.2) in terms of properties of the Popov function (4.1) becomes obsolete, if
(8.1) holds: Equation (8.1) implies that (8.2) (and thus also (4.2)) contains the solution P = 0,,x,. Assumption
(8.1) further implies that (if sE — A is regular) the Popov function (4.1) is positive semi-definite for all iw with
det(iwE — A) # 0. The existence of extremal solutions has been as well considered. It is proven in [19, Thm. 4.7]
that for impulse controllable [E, A, B], there exists some particular solution P € K"*™ of (8.2) which fulfills
E*PE > E*PE for all other solutions P € K" " of the dissipation inequality (8.2). This maximal solution
has proven to express the optimal cost V't as in (7.2). More precisely, [19, Thm. 4.7] states that the maximal
solution of the dissipation inequality (8.2) fulfills

V' (zg) = 2y E*PExy Vao € R™

As a consequence of the above we see that, if [E, A, B] € ¥, »,(K) is impulse controllable and behavioral
stabilizable, P € K™*™ is a maximal solution of (8.2), and (X, K, L) is a stabilizing solution of the Lur’e
equations (5.1), then E*XFE = E*PE.

Note that for an indefinite weight matrix [ g Ii], the solution set of (8.2) may be empty even though there
exists some P € K"*" solving the KYP inequality (4.2) [15]. This might even be the case for impulse controllable
and behavioral controllable [E, A, B] € ¥, ..

The article [11] by CAMLIBEL and FRASCA analyses positive realness of transfer functions G(s) = D+C(sE —
A)~1B € K(s)P*™. That is, G(s) has no poles in C, and G(\) + G(A)* > 0 for all A € C;. The latter implies
that the Popov function (4.1) with @ = 0, xn, S = C and R = D + D* is positive semi-definite for all iw with
det(iwE — A) # 0. Under the assumption of minimality (which includes behavioral controllability and impulse
controllability) it has been shown (see eq. (23) in [11]) that positive realness is equivalent to (in our notation)

A*PE+ E*PA E*PB+C*

B*PE+C  D+D* |2V P=FPSO (8:3)
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This generalizes the famous positive real lemma [1] to the differential-algebraic case. This approach is more
special than ours in the sense that a cost functional with particular structure is considered. The problem treated
in [11] is however different in the sense that, first, the property G(A\) + G(A\)* > 0 for all A € C; has been
analyzed (which only comprises ®(iw) for all w € R with det(iwE — A) # 0) and, second, the linear matrix
inequality (8.3) includes negative semi-definiteness of P. For the KYP inequality for ODE systems, the problem
of existence of negative semi-definite solutions plays an important role in dissipativity analysis [44,45].

Another approach which is related to ours has been made by BRULL in [8,9], where systems [E, A, B] € £,, ,,
are considered which are assumed to be completely controllable (a property which implies impulse controllability
and behavioral controllability): The positivity of the Popov function (4.1) has been related to the existence of
some H € K™*™ and some J € K"*™ such that

AHLHA+Q A J+H'B+S . . X
> = = 0. .
B*H+JA+S* BJ+JBt+Rr = FH=HE EJ=0 (8.4)
By using the feedback equivalence form (2.3) and the fact that, for impulse controllable [E, A, B], the system
space Vsys fulfills (3.3), it can be verified that H € K™*™ fulfills the alternative KYP inequality (4.14) if and
only if there exists some J € K"*™ such that (H,J) fulfills (8.4). This does no longer hold true for systems
which are not impulse controllable.

8.2 Approaches based on generalized algebraic Riccati equations

In [28,29], KURINA considers the optimal control problem (7.1) with positive semi-definite weight matrix [ ;?* }S%
with positive definite input weight R. The optimal value function (7.2) has been proven to fulfill VT (x¢) =
4 X* Exg for all o € K", where X € K®*" is a stabilizing solution of the generalized algebraic Riccati equation

A X+ X*A— (X*B+S)RY(B*X+S)+Q=0, E*X=X"E, (8.5)
That is, (8.5) holds true and the pencil sE — (A — BR™}(B*X + S*)) has index at most one and its generalized
eigenvalues are contained in C_. By using [10, Cor. 7 and p. 59], the existence of such a matrix X requires
impulse controllability of [E, A, B]. MINAMINO and KATAYAMA has proven in [22] that a sufficient criterion for
the existence of a stabilizing solution is [g ;} >0, R>0, and
—-iwE+A B
rank Q S| =n+m YwelR (8.6)
S* R

The relation

I, (X*B+S)RY?] [A*X + X*A— (X*B+S)RY(B*X+S5)+Q 0 I, 0
0 R1/2 0 Im Ril/Q(B*X#»S*) R1/2
[A*X+X*A+Q X*B+S
- B*X + S R

shows that, if X is a stabilizing solution of (8.5), then (X, K, L) with K = R~'/?(B*X + S*) and L = R'/? is
a stabilizing solution of the Lur’e equations (5.15). Using this, we see that the assumption [ 56;2* IS%] can be dropped
in the above depiction: If R > 0 and X € K"*" is a stabilizing solution of (8.5), then VT (x¢) = 2§ X*FEx( for
all g € K™

Solvability analysis of this type of generalized algebraic Riccati equations has been treated by KATAYAMA,

KAwAMOTO and TAKABA in [23,24]: The generalized algebraic Riccati equation
A X+ X*A+Q+X*RX =0, E*X = X*E,

is considered for F, A, @, R € K™ with Q@ = @Q* and R = R*. A solution X € K"*" is called stabilizing, if
the pencil —sE + A + RX has index at most one and its generalized eigenvalues are contained in C_ (which
requires impulse controllability of [E, A, R] € ¥, ,. It has been proven that a stabilizing solution can be found
via deflating subspaces of Hamiltonian matrix pencils. This is very much related to our results in Section 6:
Indeed, the Hamiltonian matrix pencil corresponding to the algebraic Riccati equation (8.5) can be obtained
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by elementary row and column operations on the even matrix pencil (6.1) (note that II = I,, in the impulse
controllable case). It has been further proven in [24] that solvability of the generalized algebraic Riccati equation
requires the solvability of the so-called quadratic matriz equation A§Xo+ X5 Ao+ Qo + X§RoXo = 0, where Ay,
Qo, Ro are matrices which are obtained from A, @, and R by multiplication with basis matrices of ker E' and
ker E*. This extra condition is artificial and does not have an interpretation in terms of the dynamics of the
underlying differential-algebraic equation.

LEWIS considers in [31] the optimal control problem (7.1) with R > 0, @ > 0 and S = 0. It has been
furthermore assumed that the index of sE — A is bounded from above by one. The boundary value problem
(7.6) and its connection to the optimal control problem has been analyzed. In the case R > 0, the optimal cost
is shown to be expressible by means of the stabilizing solution (that is, sE — A+ BR™!B*X has index at most
one and the generalized eigenvalues are in C_) of the generalized algebraic Riccati equation

A*XE+ E*XA—-E*XBR'B'XE+Q=0, X=X~ (8.7)

By an argumentation as for the Riccati equation (8.5), we obtain that, if X € K®*™ is a stabilizing solution of
(8.7), then (X, K, L) with K = R~Y/?(B*X + S*) and L = R'/? is a stabilizing solution of the Lur’e equation
(5.1).

The big disadvantage of the approaches by generalizations of the algebraic Riccati equation is that the input
weight matrix R has to be invertible. To circumvent this problem, BENDER, LAUB [3] and MEHRMANN [33]
apply a coordinate transformation of the state such that the matrix in front of the derivative reads E =
diag (I, 0(p—r)x (n—r)), and thereafter they extract an inherent ODE optimal control problem. The assumptions
that [E, A, B] is impulse controllable, (8.6), and [g{ ;} > 0 have been made. We note that this approach is - in
theory - based on a transformation into feedback equivalence form (2.3). The assumptions in [3,33] yield that,
in the notation of Lemma 5.4, it holds n3 = 0 and B3Q22Bs — B3Ss — S5By + R. This yields that the Lur’e
equation (5.9) can be transformed into an algebraic Riccati equation.

9 Conclusions and Outlook

In this paper we have proven a differential-algebraic version of the Kalman-Yakubovich-Popov (KYP) lemma.
It states that the solvability of a certain matrix inequality is sufficient for the positive definiteness of the Popov
function on the imaginary axis. Necessity holds true in the case where the differential-algebraic equation (DAE)
is behavioral controllable or, in the case where the Popov function has full rank, it fulfills the weaker condition
of sign-controllability. We have further studied the rank-minimizing solutions of the KYP inequality: These
fulfill a differential-algebraic version of the Lur’e equation. Particular solutions of this equation, namely the
stabilizing and anti-stabilizing ones, have been considered. We have proven that these solutions are extremal in
terms of definiteness on some subspace. Implications for the linear-quadratic optimal control problem have been
presented.

The equations extends generalized algebraic Riccati equations which have been treated in a couple of articles.
We have shown that the Lur’e equations admit weaker solvability conditions. In particular, we have dropped
several common assumptions such as impulse controllability or positive semi-definiteness of the weighting matrix.
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