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Abstract

We develop a stability theory for time-varying linear differential algebraic equations (DAEs).
Standard stability concepts for ODEs are formulated for DAEs and characterized. Lyapunov’s
direct method is derived as well as the converse of the stability theorems. Stronger results are
achieved for DAEs which are transferable into standard canonical form; in this case the existence
of the generalized transition matrix is exploited.

Keywords: Time-varying linear differential algebraic equations, exponential stability, Lya-
punov’s direct method, Lyapunov equation, Lyapunov function, Lyapunov transformation, standard
canonical form, analytic solvability, generalized transition matrix

1 Introduction

We study stability of solutions of time-varying linear differential-algebraic equations (DAEs) of the
form

E(t)i = A(t)z + f(1), (1.1)

where (E, A, f) € C((1,00); R™™)2 x C((1,00); R"), n € N, 7 € [~00,00). For brevity, we identify the
tuple
(B, A, f)  or (E,A):=(E,A0)

with the inhomogeneous or homogeneous DAE (1.1), resp.

Time-invariant linear DAEs are well studied, see the textbooks by [Cam80, Cam82, Dai89, KMO06].
However, for the stability theory of time-varying linear DAEs only a few contributions are available:
[DVPO07] treat DAEs with constant FE and time-varying A; [SC04] use the ansatz of “regularizing oper-
ators” to obtain Lyapunov stability criteria; in [HMT03a, HMT03b, LMW96, MRSO01] results for DAEs
with index 1 or 2 are obtained; in [KMO7] some stability results for a special subclass of time-varying
DAEs are obtained and in [LM09] Lyapunov, Bohl and Sacker-Sell spectral intervals for DAEs of this
class are investigated. However, results on arbitrary index and arbitrary E (particularly of variable
rank) and a Lyapunov theory is not available.

*Institute of Mathematics, Ilmenau University of Technology, Weimarer Strafle 25, 98693 Ilmenau, Germany,
{thomas.berger, achim.ilchmann}etu-ilmenau.de Supported by DFG grant IL 25/9.



The paper is organized as follows: In Section 2 we show the relationships and consequences of differ-
ent solution concepts for DAESs; the considerable difference to ODEs becomes clear. In Section 3 we
introduce the subclass of DAEs (E, A) which are transferable into standard canonical from (SCF) and
recall its basic properties relevant for the present paper. Different stability concepts are introduced
and characterized in Section 4. In Section 5.1 we present Lyapunov’s direct method for DAEs and
develop a theory of Lyapunov functions and Lyapunov equations on the set of all pairs of consistent
initial values. We stress that in Section 2 and Section 5.1 as well as in Theorem 4.3 only continuity of
E, A, f is required.

Nomenclature

N, Ny the set of natural numbers, Ny = NU {0}

ker A the kernel of the matrix A € R"™*"

imA the image of the matrix A € R™*"

Gl,(R) the general linear group of degree n, i.e. the set of all invertible n x n
matrices over R

Izl = Vz Tz, the Euclidean norm of z € R”

Bs(z?) = {zeR" ‘ |z — 2| <4 }, the open ball of radius § > 0 around 2° € R"

Il A]| sup{ ||Az|| | ||z|| =1 }, induced matrix norm of A € R™*™

C(Z;S) the set of continuous functions f : 7 — S from an open set Z C R to a
vector space S

CH(Z;S) the set of k-times continuously differentiable functions f : 7 — S from
an open set Z C R to a vector space S

dom f the domain of the function f

A the restriction of the function f on a set M C dom f

A<B Ve eR": 2" Az < 2" Bx; A B e R™™

A(+) <y B(") V(t,z)eU: T A(t)r < 2" B(t)x; A, B:(1,00) — R™" 1€ [~00,00),
UC (1,00) x R"

A(+) =y B(+) replace < by = in the definition of A(-) <y B(-)

n {30+ e | Y omimon wd e,

for U C (1,00) x R™

2 Solutions and singular behaviour

The concept of a solution and its extendability is introduced similarly to ODEs, see for example
[Ama90, Sec. 5].

Definition 2.1 (Solutions). Let (E, A, f) € C((1,00); R™"™)2 x C((1,00); R") and (a,b) C (1,00). A
function z : (a,b) — R™ is called

solution of (E, A, f) <= x € C((a,b);R") and = satisfies (1.1) for all ¢ € (a,b).



A solution 7 : (a,b) — R" of (E, A, f) is called a
(right) extension of & <= b>band z =7 | (ab)-
x is called
right mazimal <= b= b for every extension Z : (a,b) — R" of z,
right global < b= o0,
(a,0) =

,b) = (7,00).
,b) = R™ of (E, A, f) which is not right global, i.e. b < oo, is said to

global <= (a
A right maximal solution z : (a
have a finite escape time <= limsup, » [|z(t)|| = oo,

be non-extendable :<=- 1z has no finite escape time.
o

To avoid confusion, note that the notion “non-extendable” is often used for solutions which are right
maximal in our terms, see e.g. [Ama90, Har82].

Let (t9,2%) € (7,00) x R™; then the set of all right mazimal solutions of the initial value prob-
lem (E, A, f), (t°) = 2° is denoted by

J open interval, t° € 7, (%) = 20, }

0 .0 - . n
Spa o) = { z:J R z(+) is a right maximal solution of (FE, A, f)

Sp.a(t%,2%) = Spao(t° 20,

and the set of all right global solutions of (E, A, f), z(t°) = 2° by
Grart®a%) = {x()€Spas(t® %) |z() is right global solution of (E, A, f)},
Gra(t®2%) = Ggao(t® ).

The set of all pairs of consistent initial values of (E, A) € C((7,00); R™*™)2 and the linear subspace of
initial values which are consistent at time t° € (T,00), resp., is denoted by

Ve,a = { (%20 € (1,00) x R" | 3 (local) sln. z(-) of (E,A) : t* € domz, z(t°) =2° },
Veat®) = {aeR" | (t%2%) €Vpa } .

Note that if z : J — R™ is a solution of (E, A), then x(t) € Vg a(t) for all t € J.

In the case of an ODE & = f(¢t,x), f € C((1,00) x R™;R™), there is only one possibility for the
behaviour of a right maximal, but not right global, solution x : (a,b) — R™ at its right endpoint b (see
[Wal98, p. 68] for the case n =1 and [Wal98, § 10, Thm. VI] for n > 1):

x has a finite escape time, i.e. limsup ||z(¢)| = oco.
t/b

DAEs are very different in this respect; this is illustrated by the following example (from [KMO06, Ex.
3.1] tailored for our purposes):



Example 2.2. Consider the real analytic initial value problem
Et): = Az + f(t), 2(t°) =0,

where E() = |5 Ul aw =0 O, ry = (O) ter 0cr. (21)
-1 t}|’ 0 1|’ 0/’ ’

Note that the matrix pencil AE(t) — A(t) is regular for every t € R; recall (see, e.g., [KMO06]) that a

matrix pencil sE — A € R™*"[s] is called regular if, and only if, 0 # det(sE — A) € R[s].

Then z : J — R™ is a solution of (2.1) if, and only if, J C R is an open interval and z(t) = c(t) (i),

t € J, for some c(-) € C*(J;R) with ¢(t°) = 0. Therefore, (2.1) has uncountable many solutions which
allow for the following scenario:

(i) (2.1) has a global solution. For example the trivial solution is a global solution of (2.1).

(i) (2.1) has a right maximal solution with finite escape time. Choose w € (t°,00) and let c(t) =
L + 51t < w. Then z : (—oo,w) — R™,t — c(t)(t,1)" is a solution of (2.1) and

Tw
limsup, », [#(8)] = oo.

(iii) (2.1) has a right mazimal solution which has no finite escape time at w € (t°,00) and is not

continuous at w. Choose ¢(t) = sin%, t <w, a = 7(t° —w). Then z : (—oo,w) — R",t —

c(t)(t,1) is a solution of (2.1) and the limit lim; », z(t) does not exist.

(iv) (2.1) has a right mazimal solution which is continuous but not differentiable at a finite time
w € (t° 00). Choose c(t) = (t —w)sin 7%, t <w, a = 7(t° — w). Then z : (—oo,w) — R",t
z(t)—&

t—w ?

c(t)(t,1)" is a solution of (2.1) and the limit of the difference quotient limy r, where

T = limy », 2(t), does not exist.

(v) (2.1) has a right mazimal solution which is continuous and differentiable at a finite time w €
(t°,00), but its derivative is not continuous at w. Choose c(t) = (t —w)*sin%, t < w, a =
7(t° —w). Then x : (—oo,w) — R™, ¢+ c(t)(t,1)" is a solution of (2.1) and the limit limy -, ()

does not exist.

In (iii)-(v) there does not exist any extension of the solution over w; this cannot occur in the case of an
ODE. In particular, (iii)-(v) represent all (distinct) possibilities for the behaviour of any non-extendable
solution of a system (F, A, f) at its right endpoint. o

Example 2.3. The following example will show in particular that the property

21(-) € Spay(t°,a), z2(-) € Spa,f(t°, 27)
= ((ml —x2) : domz; Ndomxy — R") € Spa(t® x' —2?%), (2.2)
which is trivial for ODEs, does in general not hold for DAEs (E, A, f). Property (2.2) means that the
difference of two right maximal solutions of (E, A, f), defined on the intersection of their domains, is
a right maximal solution of (F, A).

Consider the scalar equation
tt=—-tr+1, telR (2.3)

and the associated homogeneous equation

ti=—tx, teR. (2.4)



Then
8(2.4)(150,3;0) = { z:(t7,00) =R | t7 € [—00,tY), z(t) = e~ (1=1%) 20 }, (19, 20) e R?. (2.5)

To show that (2.2) does not hold, first observe that (2.3) reads 0 = 1 for t = 0, and hence a solution
of (2.3) cannot be defined for ¢ = 0. System (2.3) becomes, in the regions (—o0,0) and (0, 00), the ODE

T=—-r+ - (2.6)

t?
and we find, for 20 € R,
S2.3) (", 2)
{ z:(t7, 00 =R ‘ t= € [—00,t0), z(t) = e~ (=tz0 4 ft% e (=571 ds }, Y <0,
{ z:(t7,00) = R ‘ t= € [0,89), z(t) = e )20 4 [ e (=951 ds }, 9> 0.

Let

t
z1:(-00,0) = R, t e (7101 +/ e =971 ds for t° <0, 2' € R,
t

0
t
x9: (—00,0) = R, t— e (=12 4 / e =971 ds for 22 e R\ {z'}.
+0
Then z(+) := z1(-) — x2(:) with domz = (—00,0) = dom 1 N dom 2 is not a right maximal solution
of (2.4), since it could be extended to all of R, however z1(-) and zo(-) are right maximal solutions
of (2.3).

Note that the solutions of any linear ODE cannot have a finite escape time for any continuous inho-
mogeneity. If we consider (2.3) in the region (—o0,0), then we obtain the ODE (2.6) and find that any
global solution z(-) of (2.6) (on (—o0,0)) fulfills lim; ~q|2(t)| = co. Hence system (2.6) has a singular
point at t = 0 where the inhomogeneity is not continuous. If we multiply the system by ¢ and obtain
the DAE (2.3), we keep the singular point but the inhomogeneity becomes continuous. o

The following proposition shows that the shortcoming explained in Example 2.3 can be resolved by the
mild assumption that z1(-) or zo(+) is right global; this is also important for stability results proved in
Theorem 4.3.

Proposition 2.4 (Right maximal solutions). Consider the DAE (E, A, f) € C((r,00); R™")2 x
C((7,00); R™) and its associated homogeneous DAE (E, A). Then we have, for any 2°,y° € R", t° > 7:

(i) If z(-) € SE,AJ(tO,xO) is right global and y(-) € SE,AJ(tO,yO),
then (v —y:domzNdomy — R") € Sg a(t?, 2 — ).

(i) If z(-) € SE,AJ(tO,xO) is right global and y(-) € SE,A(tO,yO),
then (z+y:domazNdomy — R") € Sp 4 ¢(t,2° + 4°).

Proof: (i): Note that z =2 —y : domx Ndomy — R" is a solution of the initial value problem
Et)z = A(t)z, =2(t°) =2%—4°.

Let (o,w) := dom z(+). If w = oo, then the claim holds. Let w < co. Since y(-) is right maximal and
w = supdom y(+), there are 4 distinct possibilities for the behaviour of y(-) at w (see also Example 2.2):



(a) y(-) has a finite escape time, i.e. limsup, , [[y(t)|| = oo,

(b) () has no finite escape time and the limit lim; ~, y(t) does not exist,

(c) y(-) is continuous at w (lim; ~, y(t) exists), but lim; ~, yff_);g, where § = lim; ~, y(t), does not
exist,
(d) y(-) is continuous and differentiable at w (§ = lim; ~, y(t) and lim; ~, % exist), but lim; ~, §(t)

does not exist.

Since z(-) is right global and therefore has no such singular behaviour at w, the difference z(-) inherits
the behaviour from y(-). Since the cases (a)-(d) are distinct it is easy to see that if y(-) fulfills one of
them, then z(-) fulfills the same.

We show that z(-) is right maximal. Let p: (o, w) — R™ be an extension of z(-), i.e.

w<®& and z:,u|(a7w).

Then p(-) has the same singular behaviour as z(-) at w and since p(+) is continuously differentiable (as
a solution of (E, A)) it follows that @ < w and hence w = @.
(ii): The proof is analogous and omitted. O

3 Standard canonical form

In this section we introduce the subclass of DAEs (E, A) which are transferable into standard canonical
from (SCF). We give a short summary and recall properties needed in the subsequent sections; for a
detailed analysis and motivation of this class see [BI10] and the references therein.

Definition 3.1 (Equivalence of DAEs [KMO06, Def. 3.3]). The DAEs (E1, A1), (E2, A2) € C((7,00); R™*™)?
are called equivalent if, and only if, there exists (S,T) € C((1,00); Gl1,(R)) x C*((,00); G1,(R)) such
that

E2 = SElT, A2 = SAlT - SElT; we write (El, Al) S/\/T (EQ, Ag) . (31)

o

Definition 3.2 (Standard canonical form (SCF) [Cam83, CP83]). A system (E, A) is called trans-
ferable into standard canonical form (SCF) if, and only if, there exist (S,T") € C((,0); GL,(R)) x
C'((1,0); G1,(R)) and n1,n2 € N such that

e ([ 36 2

where N : (1,00) — R™*"2 is pointwise strictly lower triangular and J : (7,00) — R™*™: a matrix
N is called pointwise strictly lower triangular if, and only if, all entries of N(¢) on the diagonal and
above are zero for all t € 7. o

Equivalence of DAEs is in fact an equivalence relation (see e.g. [KM06, Lem. 3.4]) and transferability
into SCF as well as the constants nq, ne are invariant under equivalence of DAEs (see [BI10, Thm. 2.1]).

In [BI10] we have shown that DAEs which are transferable into SCF allow for a generalized transition
matrix; the main properties needed in the following sections are recalled:



Proposition 3.3 (Generalized transition matrix U(-,-)). Let (E, A) € C((r,00); R™™)? be transferable
into SCF for (S,T) as in Definition 3.2. Then any solution of the initial value problem (E,A),
z(t%) = 20, where (t°,2°) € Vg 4, extends uniquely to a global solution x(-); this solution satisfies

t,t9) 0

z(t) = U(t,to)xo, where U(t, to) T(t) [q)J( )

0 o] TN, te(r,00), (3.3)

and @ j(-,-) denotes the transition matriz of 2 = J(t)z; U(-,-) is called the generalized transition matrix
of (E,A) and does not depend on the choice of (S,T) in (3.2); it satisfies, for all t,r,s € (1,00),

(i) E()§U(ts) =A@ U(t,s),

(i) imU(, s) = Vi a(t),

(iii) U(t,r)U(r,s) = U, s),

(iv) Ut,1)* = U(t,1),

(v) Vo € Vpa(t): Ut t)r =z,

(Vi) §U(s,t) = =U(s,t) T(t) S(t) A(t).

Proof: It remains to show Property (vi), all others are shown in [BI10, Sect. 3]. We exploit
LYy =117, (3.4)
which follows from differentiation of the identity I = T~'T, and that

3.8 4Dy(s,t) 0

$0G6.0 = 19 [#%40 Sz [P0 04 20

2 ot sea0-16) |50 (L0 ] 4 @o)

= —U(s,t)T(t)S(t) A(t). O
For later use we also record the following elementary properties.

Proposition 3.4. Let (E,A) € C((r,00);R"*™)? be transferable into SCF for (S,T) as in Defini-
tion 3.2. Then

(i) (t,2°) € VE A = 20 €im T (t) [181] ,



(ii) (t,2%) € Vpa < T(t)SH)E(t)z’ = 2",
(ili) YVt > 7: Vg a(t) Nker E(t) = {0},
(iv) V(% 2°) e VgaVt>1 : [EQUE )2 =0 <« U@4t"2°=0].

Proof: (i): See [BI10, Prop. 3.2(i)].
(ii): To show “=" let (t,2°) € Vg 4. Then by (i) there exists v* € R™ such that 2 = T'(t) (
therefore

U(;)), and

To show “<=", let T'(t°)S(t*)E(t°)2? = 2°. Then

TN 120 = SEOYEE) T T (%) 12° = [ ] T(t%) a0,

0 N(t%

0 0 0y—1,.0 _ ‘o 0 ¢ oy [{n1| @) 0
0 I—N(to)} T(t”)~ 2" = 0, which gives 2" € im T'(t") 0 = Ve a(t”).

(iii) is a consequence of (ii) and (iv) finally follows from (iii) and Proposition 3.3(ii). O

thus having [

4 Stability

In this section we introduce a stability theory for DAEs (E, A, f) € C((7,00); R™*™)2 x C((1,00); R™).
Since the system is linear, it suffices — analogous to ODEs — to consider the stability behaviour of the
zero solution of the homogeneous part (E, A); this is proved in Theorem 4.3. Further characterizations
of stability are shown for the subclass of DAEs transferable into standard canonical form.

Definition 4.1 (Stability). A right global solution z : (a,00) — R" of (E, A, f) € C((1, 00); R™*™)% x
C((r,00);R™), a > 7, is said to be

stable <= VYe>0Vt’>a35>0Vy® € Bs(x(t))
[tV 00) Cdomy A Vt>1t0:y(t) € B(x(t
attractive <= Yt >a3In >0y’ € B, (z(t°) Vy(-) € Spa r(t° ) :
[t9 00) Cdomy A limy_oo(y(t) — 2(t)) = 0.

asymptotically stable x(+) is stable and attractive.

Ja,3>0Vt" >a3In >0y € B, (z(t°) Vy(-) € Spa r(t°y°) :
[t°,00) Cdomy A V>0 y(t) — 2(t)]| < ae =) |[y(t0) — 2(t0)].

<
exponentially stable <=

Remark 4.2.

(i) Note that stability does neither imply that every initial value problem is solvable in the neigh-
borhood of the considered solution nor does it mean that a possibly existing solution has to be
unique; the only requirement is that every existing solution in a neighborhood of the considered
one stays in an e-neighborhood of it.

(ii) If the trivial solution of the homogeneous DAE (E, A) is stable, then — opposed to linear ODEs —
a solution of the inhomogeneous system (FE, A, f) is not necessarily stable. To see this, revisit



Example 2.3. By (2.5), the trivial solution of (2.4) is exponentially stable. Since

t
lim sle™ %) ds = —oo,
t/O -1

it follows that
t
(m :(~1,0) = R?, e (7D +/ s le(t=9) d8> € Sa)(—1,1)
~1

has a finite escape time; therefore it cannot be exponentially stable.
However, an inspection of Sy 3 (t%,20) for ¥ > 0 reveals that every right global solution of (2.3)
is exponentially stable.

(iii) If (E, A) is transferable into SCF and the J-block in the SCF does not exist, i.e. ny = 0, then
Vit >q7: U(-,t%) =0,
and Proposition 3.3 yields that (E, A) is exponentially stable. o

It is well known (see, for example, [Aul04, Satz 7.5.1]) that for ODEs it suffices to consider the stability
behaviour of the zero solution. For time-varying DAEs one has to be, due to the difference between
maximal and global solutions, more careful. However, we show that the analogous result also holds
true and stress that no extra assumptions are made on (E, A, f) and its solutions.

Theorem 4.3 (Uniform stability behaviour of all right global solutions). Consider the inhomogeneous
DAE (E, A, f) € C((1,00); R"™™)2 x C((1,00); R™) and the associated homogeneous DAE (E, A).

(i) If the trivial solution of (E,A), restricted to (a,00) for some o > T, has one of the properties
{stable, attractive, asymptotically stable, exponentially stable}, then every right global solution
x:(B,00) — R™ of (E, A, f) with 8 > « has the respective property.

(ii) If there exists a right global solution x(-) of (E, A, f) with one of the properties {stable, attrac-
tive, asymptotically stable, exponentially stable}, then the trivial solution of (E, A), restricted to
domx(+), has the respective property.

Proof: We prove the claim for stability, the other concepts are proved similarly.

(i): Let the trivial solution of (E, A), restricted to («, o) for some o > 7, be stable and let i : (3, 00) —
R™ be a right global solution of (E, A, f) , 8 > a. We show that p(-) is stable.

Let £ > 0 and t° > 3. Since the trivial solution of (F, A), restricted to (a, c0), is stable, Definition 4.1
yields

36> 0Vy® € Bs(0) Vy() € Sg,a(t®,y°) : y(-) is right global A [Vt >1t7: y(t) € B:(0)]. (4.1)

Let n € Bs(u(t)). If Spoa r(t%,n) = 0, then the claim holds. Let A(-) € Sga, r(t°,n). By Proposi-
tion 2.4 (i) and since t° € dom A N dom y, we have

(p—A:domANdomyu — R") e SE,A(tO,M(tO) —n).

Then u(t°) — n € Bs(0) and (4.1) yield that (u — A)(-) is right global, and hence A(-) must be right
global, and
[Vt >t At) —pt) € B.(0)] = [vt>": A(t) € Be(u(t))]



and therefore u(-) is stable.

(ii): Let p : J — R™ be a right global and stable solution of (F, A, f) . We show that the trivial
solution of (F, A), restricted to J, is stable.

Let € > 0 and t° € J. Since yu(-) is stable, Definition 4.1 yields

30 > 0vy° € Bs(u(t®)) Yy () € Sp.a (t%y°) : y(-) is right global A V¢ >t y(t) € Bo(u(t)). (4.2)

Let n € Bs(0). If Sg.a(t° n) = 0, then the claim holds. Let A(-) € Sg,a(t°,n). By Proposition 2.4 (ii)
and since t° € dom A N dom p we have

(4 X :domANdomp — R™) € Sga(t°, u(t°) +1).

Then u(t°) +n € Bs(u(t?)) and (4.2) yield that (p+ A)(-) is right global, and hence A(-) must be right
global, and
[Vt >t pu(t) +At) € B(ut))] = [Vt>1": At) € B(0)]

and therefore the trivial solution of (E, A), restricted to J, is stable. O
Theorem 4.3 justifies (similar to linear ODEs) the following definition.

Definition 4.4. The DAE (E, A, f) € C((7,00); R™™)2 x C((7,00); R") is called stable, attractive,
asymptotically stable or exponentially stable if, and only if, the global trivial solution of (¥, A) has the
respective property. o

We will show that previous stability concepts can be characterized similar to ODEs if (E, A) is trans-
ferable into SCF; first, the latter is discussed in the following remark.

Remark 4.5 (Transferable into SCF).
(i) If the DAE (E, A) is time-invariant, i.c. (E, A) € (R"*")?, then
(E,A) is exp. stable = sE — A € R""[s] is regular —> (E, A) is transferable into SCF.

To see this, assume that sE — A is not regular, then there exist A > 0 and z° € R™ \ {0} such
that (A\E — A)z° = 0 and hence the unstable function t — e*z9 solves (F, A), a contradiction.
The second implication is Weierstraf}’ result, see [KM06, Thm. 2.7].

(i) If (E,A) € C((1,00);R™™)2 is exponentially stable, then it is not necessarily transferable
into SCF. Consider the analytic DAE

0-i=tx, teR (4.3)

which is exponentially stable: any solution x : 7 — R of (4.3) fulfills z(¢) = 0 for all t € 7 \ {0}
and since the solutions must be continuous it follows that z = 0. We also have G = R x {0}.
However, if (4.3) were transferable into SCF, then

SET =0 and SAT —SET =1 for some S, T : R — R\ {0}.

But evaluation at t = 0 gives S(0)A(0)T(0) — S(0)E(0)T(0) = 0, a contradiction. o

In the following theorem we consider DAEs which are transferable into SCF and characterize, exploiting
the existence of a generalized transition matrix, the different stability concepts. The proofs use similar
arguments as for ODEs; see, for example, [Aul04, Satz 7.5.3].
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Theorem 4.6 (Stability). Suppose system (E, A) € C((1,00); R"*™)? is transferable into SCF and let
U(-,-) denote the generalized transition matriz of (E, A). Then the following characterizations hold:

(i) (B, A) is stable <= Vt®>73IM >0Va? e Vg a(t®) VE >0 |U(t )20 < M|2°].
(ii) The following are equivalent:

(a) (E,A) is attractive.
(b) (E,A) is asymptotically stable.
(¢) Ewvery global solution x : (1,00) — R™ of (E, A) satisfies lim;_, z(t) = 0.
(iii) (B, A) is exp. stable <= Ja,f>0V(t%,20) € VpaVt >0 |U(t,t°)20 < o e BUE=1)]| 20

Proof: By Remark 4.2(iii), we may assume n; > 0.
(i): Let (E,A) be stable, t > 7, and ¢ = 1. By Definition 4.1 and Proposition 3.3, there exists
§ = 6(t°) > 0 such that

Val € Bs(0) N Ve a(t?) Vi > 10 U, < 1. (4.4)

Define M :=2/6 and let 20 € Vg 4(t°). If 20 = 0, then U(¢,t%)2° = 0 for all t > t0. If 20 # 0, then

|

which is equivalent to the right hand side of the equivalence. The converse is immediate from the
definition of stability.
(ii): “(a)=(b)”: Let ¢ > 0 and t > 7. Attractivity of (E, A) gives

6x0 || (4

2]|2°

4)
< —

Vi >1tY: HU(t,tO) g

R

36 =6(t") >0Va® € Bs(0) N Vg a(t®) V() € Sp.a(t,2%) : 0= lim z(t) = tlim U(t, t9)z°

t—o0

For
0._ L 0 [n1
A= gy ) [ 0}

we have, in view of Proposition 3.4(i), X? € Vg a(t°) for all i = 1,...,n1, and, since | X°|| < §, we
obtain X? € Bs(0) N Vg 4(t°) for all i = 1,...,ny. Therefore,

] " o) 5

0= lim U(t, X0 =
From this it follows that lim; .., U(¢,t%) = 0 and hence there exists A = A(t°) > 0 such that
vt >t Ut t0)] < A
Define n = (e, t°) := ¢/\. Then
va® € By(0)NVea(t’) Va() € Spat®,a”) Vi > 2 |la(t)]| = U, 1)2°) < U, °)]]|2°]] < A; =e.

Therefore (E, A) is stable.
“(b)=(c)”: Let (t°,2°) € Vg 4 and z(-) be the global solution of (E, A), z(t°) = 2. Since (E, A) is
attractive in particular, it follows, as in the proof of “(a)=(b)”, that

lim U(t,t°) = 0, and thus tlim x(t) = tlim U(t,t%)z° = 0.

t—o0
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“(c)=(a)”: By Proposition 3.3 every local solution of (E, A) extends uniquely to a global solution, thus
every right maximal solution is right global. Then attractivity of (E, A) follows immediately.

(iii): Let (E, A) be exponentially stable and let (t°,2%) € Vg 4. We use Proposition 3.3. If 20 = 0,
then U (t,t°)2° = 0 for all + > t° and by Definition 4.1 we have

Fa,3>036=6(t° >0y’ € Bs(0) N Ve a(t®) Vi >0 [[UEL)0) < ae PO 0. (4.5)

|

which is equivalent to the right hand side of the equivalence. The converse follows immediately.
This completes the proof of the theorem. O

If 20 # 0 then (4.5) gives

50
2|29

50

vi>t0 HU t,t9)———
SARETF

‘ < ae—ﬁ(t—to)

Remark 4.7. Theorem 4.6 does not hold true for systems which are not transferable into SCF:
Consider the initial value problem

ti=(1—-t)z, z(t°)=2" teR, (4.6)

for (t°,2°) € R2. In passing, note that t — (E(t), A(t)) = (¢,t — 1) is real analytic. For t® # 0, 2% € R,
the unique global solution z(-) of (4.6) is

—t
te 0

r:R—-R, t— T,

For t° = 2% = 0 the problem (4.6) has infinitely many global solutions and every (local) solution
z : J — R extends uniquely to a global solution

T
To: R — R, tscte™, where ¢ = % x(T) for some T € J \ {0}.

The solutions x.(-) are the only global solutions of the initial value problem (4.6), t° = 2% = 0.
Furthermore, any initial value problem (4.6), t° = 0, 2" # 0 does not have a solution. Therefore, the
zero solution is attractive, but not asymptotically stable. o

In the remainder of this section we give sufficient conditions so that the stability behaviour of the DAE
(E, A) is not changed under equivalence of DAEs. We introduce Lyapunov transformations (see for
example [Rug96, Def. 6.14] for ODEs) on the set of all pairs of consistent initial values.

Definition 4.8 (Lyapunov transformation). Let (E, A) € C((r,00); R™")2. Then T € C*((r, ); Gl,,(R))
is called a Lyapunov transformation on Vg 4 if, and only if,

T()""T() € Py, |- (4.7)

A state space transformation 7" is a Lyapunov transformation on Vg 4 if, and only if,

Ip1,p2 >0V (t,2) € Vga = pila)® < T zl* < pa =] (4.8)
If o
(E,A) X (E,A),  for (5,T) € C((r,0); G1,(R)) x C((r,00); G1,(R)),
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and T is a Lyapunov transformation on Vg 4, then in particular z(-) solves (E, A) if, and only if,
2(t) = T(t)" a(t) satisfies (E, A). In view of T(t) Vg a(t) = Vg 4(t) for t > 7, we see that (4.8) is
equivalent to

Ip1,p2 >0V (t,2) €V 5 = py ' 1212 < IT@) 2|° < pytll2)1% (4.9)

If (E, A) is an ODE, then Vg 4 = (7,00) x R™. Therefore, in this case the boundedness condition (4.7)
on the subspace of consistent initial values is equivalent to boundedness of T(-) and T(-)~!; the latter
is called Lyapunov transformation in [Rug96, Def. 6.14].

We are now ready to state the proposition.

Proposition 4.9 (Stability behaviour is preserved under Lyapunov transformation). Suppose sys-
tem (E, A) € C((1,00); R"*™)2 is transferable into SCF as in Definition 3.2. If

(E, A) v (E, fl) for some S € C((t,00); GL,(R)), T € C*((r,00); GL,,(R))

and T is a Lyapunov transformation on Vg A, then

(i) (E,A) is stable < (E, A) is stable.
(i) (E,A

(iii

) (
) ( ) is attractive <= (E, A) is attractive.

) (E,A) is asymptotically stable <= (E, A) is asymptotically stable.
(iv) (E,A) is exponentially stable < (E, A) is exponentially stable.
Proof: Let pi,p2 be as in (4.8) and (4.9).

(i): To see “=" set, for given € > 0 and t* > 7, & := \/% and then obtain, due to stability of (E, A),

6 = 0(£,t%). Then § := \/p_lg gives stability of (F, A). The proof for “<” is analogous and omitted.
By Theorem 4.6(ii) attractivity and asymptotic stability of (E, A) are equivalent to

V global sln. z : (7,00) — R" of (E, A) : tlim x(t) =0.
Then, invoking the boundedness condition (4.7), assertions (i) and (iii) follow immediately.

To prove (iv), let U(-,-) denote the generalized transition matrix of (E, A). As a consequence of the
uniqueness of the generalized transition matrix (see Proposition 3.3) we find

Vs,t>71: Ult,s) =T ()" U(t,s)T(s). (4.10)
Then in view of Theorem 4.6(iii) we may conclude
V(20 e vy vt >0
70p 40y,0(2 (4:10) 1 0 0y,012 49 0 0y,0(12
[U )07 =" (1T@) " U E)T(E)2" 17 < pe|URE)T )]

(4.9)
< o o2 e—26(t—tO)HT(tO)ZOH2 < b2 o2 e—2ﬁ(t—t0)”ZOH27
1

and hence (iv) follows. O

As an immediate consequence of Proposition 4.9 we obtain that the stability behaviour of (F,A) is
inherited from the stability behaviour of the underlying ODE in the SCF.

Corollary 4.10 (Stability behaviour is inherited from subsystem). Let (E,A) € C((7,00); R"*™)?2
be transferable into SCF' as in Definition 3.2 and suppose T' is a Lyapunov transformation on Vg A.
Then (E,A) has one of the properties {stable, attractive, asymptotically stable, exponentially stable}
if, and only if, either ny =0 or the ODE 2 = J(t)z has the respective property.
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5 Lyapunov equations and Lyapunov functions

In this section we develop a version of Lyapunov’s direct method for DAEs as well as the converse of the
stability theorems; stronger results are achieved if the considered DAE is transferable into SCF, in this
case the existence of the generalized transition matrix is exploited. All results are generalizations of the
corresponding results for time-varying ODEs (see for example [HP05, Sec. 3]) and time-invariant DAEs:
see e.g. [OD85] and [Sty02] (confer also Remark 5.13); a good overview is given in [DVPO07].

5.1 General results

We start with introducing Lyapunov functions for time-varying DAEs (E, A) € C((r, 00); R™*™)2; these
functions are defined on the set of all initial values (¢,z) for which (F, A) has a right global solution:

G(E,A) := { (t,z) € (1,00) xR" | Gg a(t,z) #0 }.
Definition 5.1 (Lyapunov function). Let (E,A) € C((7,00); R™*™)2. A function V : G(E, A) — R is
called Lyapunov function for (E, A) if, and only if,
3,0, > 0V (t,x) € G(E,A): L1||z]® < V(t,z) < Loz (5.1)
and
IXN>0V (%2 € (r,00) x R" Va() € Gpa(t®,2a”) V> " LV(t,2(t)) < -MV(t,2().  (5.2)
o

We stress that we consider Lyapunov functions for (E, A) on G(E, A), not on (7,00) x R™. The reason
is that the set
G(E,A)) = {z€R" | (o) €G(E,A) }, t>,

is a linear subspace of R" and if = : (a,00) — R™ is a right global solution of (E, A), then z(t) €
G(E,A)(t) for all t > a.

The next theorem shows that the existence of a Lyapunov function for (E, A) yields a sufficient condi-
tion for “almost” exponential stability of the trivial solution of (F, A). “Almost” in the sense that we
cannot guarantee that every existing right maximal solution in a neighborhood of the trivial solution
is right global. But we can guarantee that all right global solutions tend exponentially to zero. In this
sense it is a DAE-version of Lyapunov’s direct method (cf. [HP05, Cor. 3.2.20] in the case of ODEs).

Theorem 5.2 (Lyapunov’s direct method). Let (E, A) € C((7,00); R™*™)2. If there exists a Lyapunov
function for (E, A), then

Ja, B> 0V (t°,2%) € (r,00) x R* Va(-) € Gpa(®,2%) Vi > 10 [lz(t)] < ae P20

Proof: Let (t°,2°) € (7,00) x R™ be arbitrary. If Gg 4(t°, 2°) = () there is nothing to show. Hence let
¥ € G(E,A)(t°) and z(") € Gp a(t°,2°). Let V : G(E, A) — R denote a Lyapunov function for (E, A)
as in Definition 5.1. Separation of variables applied to equation (5.2) gives
V>0 V(tat) < e My (0 20). (5.3)
Then, since (t,2(t)) € G(E, A) for all t > t° we find
61 1 (5:3) 1 ¢
Vit e < V(ha) < e MTIV(Ea0) < Ze D0,
1 1 1

which proves the claim. O

(5.1)
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Next we seek for Lyapunov functions for (E, A) by determining solutions to a generalized time-varying
Lyapunov equation.

For time-invariant DAEs (E, A) € (R™*")? it is well known that one seeks for (positive) solutions
(P,Q) € (R™™)?2 of the Lyapunov equation

ATPE+ETPA=—-Q, (5.4)
and the corresponding Lyapunov function candidate is
ViVga—R o z! (ETPE> x,

where Vi, 4 = Vg a(t) for all t € R; see e.g. [OD85, Thm. 2.2].
For time-varying DAEs (E, A) € C((7,00); R"*™)2, the analogous Lyapunov function candidate is

V:G(E,A) =R, (t,z)—z (EQ)"PH)E®)) x| (5.5)

We will show that differentiation of V (¢, z(t)) along any solution x(-) of (E, A) forces P(-) to satisfy
the generalized time-varying Lyapunov equation

AC)TPOE(R) + E()TPOAC) + &(BEO)TPOE()) =g(z,a) —Q() | (5.6)

The next theorem shows that the existence of a solution to the generalized time-varying Lyapunov
equation yields a Lyapunov function for (E, A). Theorem 5.3 shows also that symmetry, differentiability
and the boundedness conditions are only required for ET PE, not for P; therefore, E" PE is the object
of interest.

Theorem 5.3 (Sufficient conditions for existence of a Lyapunov function). Let (E, A) € C((r, 00); R™*™)2
and write G := G(E, A), G(t) := G(E, A)(t) for brevity. If (P,Q) € C((1,00); R"*"™) x Pg is a solution
to (5.6) such that ETPE € Pgn CY((1,00);R™*™), then V as in (5.5) is a Lyapunov function for
(E,A).

Proof: Choose ¢1, g2, p1,p2 > 0 such that
I, <g Q() <g @2In and piI, <g E(-)" P(-)E() <g palp. (5.7)

Then V as in (5.5) satisfies (5.1) for ¢; = p; and f2 = ps. We show that V satisfies (5.2). Let
(t9,29%) € (7,00) x R™ be arbitrary. If Gg 4(t°,2°) = 0, then there is nothing to show. Hence let
¥ € G(t°) and z(-) € Gg a(t®,2%). Since (t,z(t)) € G for all t > t°, differentiation of V along x(-)
yields

(5.7) (5.7)
< —qa@)Tz(t) <

q1
—p—2V(t,x(t)).

This completes the proof of the theorem. O

vi> 0 v o) P —a) Q)

An alternative to Theorem 5.3, in terms of
EG(E,A) = { (t,x) € (1,00) xR" |z € E(t)G(E,A)(t) }, (E,A) € C((1,00); R,
is the following.

Theorem 5.4 (Alternative to Theorem 5.3). Let (E,A) € C1((7,00); R™") x C((1,00); R™"™) such
that ETE € Pg and write G = G(E, A), £€G = EG(E, A) for brevity. If (P,Q) € (Psg N C'((7,00); R™*™)) x
Pg is a solution to (5.6), then V as in (5.5) is a Lyapunov function for (E,A).
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The proof of Theorem 5.4 is an immediate consequence of Theorem 5.3 together with the following
lemma.

Lemma 5.5 (Relationship between P and ET PE). For any DAE (E, A) € C((7,00); R"™™)2 such that
ETE € Pg and P € C((7,00); R™™) is symmetric we have (write G = G(E, A) and £G = EG(E, A)
for brevity) that

PePeyg <= E'PEcP;.

Proof: ETE € Pg means

Ja,8>0: al, <g E()"E(-) <g BI,. (5.8)
We have to show that
Ip1,p2 >0 pil, <gg P(-) <eg paln (5.9)
is equivalent to
391,02 >0 qily <g E()" P()E() <g g2 (5.10)

“=": If (5.9) holds, then for any (¢,z) € G we have (¢, E(t)x) € £G and thus

(5.8) (5.9) (5.9) (5.8)
pralz|> < p|E@z|? < z"EW) POEWG: < pllEGz|? < p2Blla)?,

whence (5.10).
“<”: 1If (5.10) holds, then for (t,z) € £G we may choose y € R™ such that (¢,y) € G and = = E(t)y.
Then

q q (5.8) (5.10)
Tl =5 (B (By) < alyl® <y EOTPOEE)Y
(5.10) (5.8)
=2 PO < alyl® < (B0 (ERy) =2, O
Remark 5.6.

(i) By Remark 4.5(i), any exponentially stable time-invariant DAE (E, A) € (]R”X”)2 is transfer-
able into SCF, i.e. any time-invariant DAE which satisfies the assumptions of Theorem 5.3 or

Theorem 5.4 (particularly the existence of a solution (P, Q) to (5.6)) is already transferable into
SCF.

(i) If (E,A) € C((r,00); R™")? satisfies the assumptions of Theorem 5.3 or Theorem 5.4, then
(E, A) is not necessarily transferable into SCF. To see this, consider system (4.3) discussed in
Remark 4.5(ii). o

Remark 5.7. Consider the simple DAE
h(t)z = —h(t)z, (5.11)

where h € C(R;R) such that A(t) # 0 for all t € R\ {0} and h(0) = 0. (5.11) is not transferable
into SCF which can be seen by applying the same argument as in Remark 4.5(ii). The only global
solution to (5.11), z(t9) = 2° € R, 1° € R, is ¢t — e~ (=1")20, Therefore (5.11) is exponentially stable.
However, (5.11) does not satisfy the assumptions of Theorem 5.3 since for any P € C(R;R) we have
h(0)2P(0) = 0. o

To overcome the shortcoming described in Remark 5.7, we may generalize Theorem 5.2 and Theo-
rem 5.3 on a discrete set Z C (7,00), i.e. Z N K contains only finitely many points for every compact
set K C (71,00). To keep the formulation close to Theorem 5.2 and Theorem 5.3, we introduce the
(rather technical) notation for (E, A) € C((7,00); R"*™)? and k € Ny:

16



V is an almost

: <= V :G(E,A) — R and there exists as discrete set Z C (1,00): V
Lyapunov function

satisfies (5.2) and
Jl1,0e >0Vt € (r,00)\ I VzeG(E,A)t):
Ol|* < V(t,2) < &]|z)?

Q € Pg(p,a) <= there exists as discrete set Z C (7,00): dom @ = (1,00) \ Z, Q €
C((1,00) \Z;R™™), Q =QT,
Jq1,92 >0Vt e (1,00)\Z Ve G(E,A)t):
qiflz]* < 2T Q(t)x < g2l x|

ae

P € Ck((1,00); R™™) :<= there exists as discrete set Z C (7,00): dom P = (1,00) \ Z and
P € C*((r,00) \ Z; R™*™)

Theorem 5.8 (Sufficient conditions for exponential stability). The following implications hold for any
DAE (E, A) € C((1,0); R™™)2  (write G := G(E, A) for brevity):

(i) If Q € Pg, P € C((r,00);R™™) such that E' PE € (Pgn C{(r,00); R™™)) and E'PE is
extendable to a continuously differentiable function on (7,00) and (5.6) is satisfied in all points

in the joint domain of all functions involved, then V as in (5.5) is an almost Lyapunov function
for (E,A).

(ii) If V: G(E,A) — R is any almost Lyapunov function for (E,A), then

T, 3> 0V (t°,2°) € (1,00) x R Va(-) € Gua(t®,2%) Vit > 0 |lz(t)] < ae P20

Proof: The proof is very similar to the proofs of Theorem 5.2 and Theorem 5.3: Some care must be
exercised on the discrete set, so the inequalities must be derived on the open set domz 2 [t c0) (to
avoid problems in the case t° € 7) and most of them hold only almost everywhere; however, in case
of (i), the assumption yields that V (-, z(-)) is continuously differentiable on domx, and thus the final
inequality can be extended to all of [t 00). The details are omitted for brevity. O

Theorem 5.8 generalizes the results of Theorem 5.2, Theorem 5.3 and Theorem 5.4 considerably;
isolated singular points as in Example (5.11) are resolved.

Example 5.9. Revisit Example (5.11). Define Z := {0} and P: R\ {0} = R, ¢t — ﬁ and @ = 1.

Then h(t)®P(t) = & for all t € R\ {0} and hence h(-)?P(-) is extendable to a continuously differentiable

function on R. Furthermore, invoking G(E, A) = R x R,
Vte R\ {0} : —2n(t)°P(t) + & (R(t)*P(t)) = -1 = —Q(1).

Now all assumptions of Theorem 5.8(i) are satisfied and exponential stability of (5.11) may be de-
duced. o

5.2 Stability for systems transferable into SCF

In this section we derive, for systems (E, A) which are transferable into SCF, a variant of Theorem 5.3
(and Theorem 5.4) and also give the converse of the stability theorem.
Some notation is convenient:

EVEa = {(t,z) € (1,00) X R" |z € E(t)VEg a(t) }, (E, A) € C((r, 00); R"™™)2.
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Proposition 3.3 yields, for DAEs (E, A) transferable into SCF, that
Ve a=G(E,A) and EVpa=EG(E,A).

If the DAE (E, A) is transferable into SCF as in (3.2), then the Lyapunov equation (5.6) may be
generalized to

AC)TPOE() + E()TPOAC) + §(EQTPOE(R)) =vp 4 —Q() (5.12)

and the candidate for the solution P is

P:(1,00) = R™"  t ST ftoo U(s,t)TQ(s)Ul(s,t) ds T(t)S(t) (5.13)

where U(+,-) denotes the generalized transition matrix of (E, A), see (3.3).

We are now in the position to state the main result of this section.

Theorem 5.10 (Necessary and sufficient conditions for exponential stability of systems transferable
into SCF). For any (E,A) € C((t,00); R™™)? transferable into SCF as in (3.2) (write V = Vg 4 and
EV = EVE. a for brevity) we have:

(i) If (P,Q) € C((1,00); R™*™) x Py, solves (5.12) and ET PE € Py NC'((1,00); R™™), then (E, A)
is exponentially stable.

(ii) Let E be continuously differentiable and ETE € Py. If (P,Q) € (Pevn CH((1, 00); R™*™)) x Py
solves (5.12), then (E, A) is exponentially stable.

(iii) Let E, N € C'((1,00); R™ "), ETE € Py, and E and E+A be bounded. If (E, A) is exponentially
stable, then for any Q € Py the function P as in (5.13) is a solution to (5.12), furthermore
ETPE € PyNCY((r,00); R™™).

(iv) Let E, S € C'((1,00);R™*™), ETE € Py, and E and E+A be bounded. If (E, A) is exponentially
stable, then for any Q € Py the function P as in (5.13) is a continuously differentiable solution
to (5.12), furthermore P € Pgy.

Proof: (i): This follows from Theorem 4.6(iii), Theorem 5.2, Theorem 5.3 and Vg 4 = G(E, A).
(ii): This follows from Theorem 4.6(iii), Theorem 5.2, Theorem 5.4 and Vg 4 = G(E, A).
(iii): The assumption Q, ETE € Py means

Jq1,92>0: il <y Q(-) <y g2y, Jer,ea>0: e1l, <y E()TE() <y eal,. (5.14)

Step 1: Let (t°,2°) € (1,00) x R™ be arbitrary and T' > t°. Set

[z] =Sz, veR™, weR™, and y°:=T(t") [8] € V,a(t").
Then Vo5 r Ul () [SJ s [<I>J(8,t0) 8} [ﬂ =0, (5.15)
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and since U(s,t%)y° € Vg a(s), Theorem 4.6(iii) yields

() TsH T’ /tOT U(s,t9) " Q(s)U (s, t°) ds T(t°)S(t")z"
L [ w0 Q) s < [ 06,0 (W60

Thm. 4.6(iii) T 2

< [ a0 s = B0 (1 ).
0 2p

Taking the limit for 7 — oo yields existence of P(t").

Step 2: We show that E(:)" P(-)E(-) <y cl,, for some ¢ > 0.

Let (t,z) € V. Then x = T(t) [8} for some v € R™ and therefore

t"Et)"P)E(t)x

Denome T [ | soPos0 |

and since (¢,x) € V the claim follows.
Step 8: We may write, for all ¢ > T,

I, 0

E(t) P(t)E()
62 )T [fgl N(‘jf)@ T(t)" /th<s,t>T@<s>U<s,t> ds T(t)[o N(t)] T(t)™, (5.16)

and since @ and U(+,-) are continuous and 7" and NN are continuously differentiable, ETPE is contin-
uously differentiable.

Furthermore, P is symmetric due to symmetry of @, and therefore ET PE is symmetric.

Step 4: We show that cI,, <y E(-)" P(-)E(-) for some ¢ > 0. Boundedness of E and E + A means

Jemea >0VE>1: |EQ)| <ecn A HE(t) n A(t)H <eca

For arbitrary (t,2°) € V and z(-) := U(-,t)z°, we find

Vs>1: L(B(s)x(s)) = B(s)z(s) + E(s)i(s) = (E(s) + A(s))x(s), (5.17)
and
0 < IB(s)x(s)] < exl|U(s, 02" T 0, (5.18)
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Therefore

)T BT P E()2° = /t T 2(5)TQ(s)a(s) ds > /t ” qn(s)Ta(s) ds
> | E(s)|| |1 E(s) + A(s)|]
>q / x(s

CECA CECA

| o / (E(s)z(s))T (L(E(s)x(s))) ds‘ - CZ; /t %di <(E(S)x(s))T(E(s)x(s))) ds
- zf;cA O P e O IO
Prop. 3.3 (v) (5.14) Q1€1
20 L B@a s ),

and the claim follows.
Step 5: The statement (5.12) follows from
974 (E(t)TP(t)E(t)) Y

= $(TWSHED)T [ U, Q) Uls. 1) ds (T(1)S(H)E®)))
Prop-:3.4(ii) (QSO)T U;oo % (U(S,t)TQ(S) U(S,t)) ds — U(t,t)TQ(t) U(t,t)] 20
;’5:;’;(:)) —@)T [ [U(s,t)TQUs) U(s, )T ())S (D) A(t) + (U s, )T (1) S(1)A(1)) T Q(s) U (s, 1)] ds a°

—(@")T Q(t) 2°

Prop. 3.4(ii)

—(@°)TE(t) " P(t)At)a® — (2°)TA(t) T P(t)E(t)2° — (2°) T Q(t) 2°

for all (t,2°) € V. This proves the claim.
(iv): Since S is continuously differentiable by assumption it follows that P is continuously differen-
tiable. Symmetry of P is obvious. As shown in (iii) it holds ET PE € Py and therefore Lemma 5.5
yields P € Pgy. That (5.12) is satisfied has also been proved in (iii).

A careful inspection of the proof of Theorem 5.10 yields the following corollary.

Corollary 5.11. For any exponentially stable (E,A) € C((1,00);R™™)2 transferable into SCF as
in (3.2) (write V = Vg a for brevity), Q € C((1,00); R"*™) such that Q(-) <y g2I,, for some g2 > 0,
and EE, N continuously differentiable, the following statements hold true:

(i) P as in (5.13) is well-defined and solves (5.12), ET PE is continuously differentiable and
E()TP()E()) <y 1o, for some ry > 0.

(ii) If Q is symmetric, then P is symmetric.
(iii) If S is continuously differentiable, then P is continuously differentiable.

(iv) If E and F + A are bounded and there exist ey, q1 > 0 such that E(-)T E(-) >y eI, and
Q() >y qil,, then E(-)T P()E(:) >y riI, for some r1 > 0.
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Remark 5.12 (Positivity of ETE). The positivity assumption ETE € Pyg 4 in Theorem 5.10 does
not automatically hold for DAEs transferable into SCF — as it may be expected in view of Proposi-
tion 3.4(iii) which implies that ETE € Py 4 holds true for time-invariant DAEs. We give a coun-
terexample: Consider the DAE (FE, A) given by

l\.’)l’_‘

+% 0
0

1
E(t) = [tg 8} , Alt) = [t £ 1] , for t>7:=0,

which is transferable into SCF

(B, A) 3T <E B}E ﬂ) for S(t) = T(t) = [é (1)] € C1((0,50); Gly(R)).

0 0
Let t° > 7 and 2° € Vg 4(t?) = im [i)] Then 2° = [ag } for some « € R and
00 = [|[#] = 1o
st = | #]| = =0
Therefore,
Je1 >0 el <y, , E()TE()
does not hold true. o

Remark 5.13 (Time-invariant case). Consider time-invariant DAEs (E, A) € (R™")? which are
transferable into SCF. Then by [BI10, Prop. 2.3], the pencil sE — A is regular and t — Vg 4(t) =: Vi oa
is constant. In view of Proposition 3.4(iii), the assumption E'E € Pyg 4 is always fulfilled; and
Lemma 5.5 yields

PePey,, E'PE € Pvg.a-

Hence in the time-invariant case, Theorem 5.10 (i) and (ii) say the same and so do Theorem 5.10 (iii)
and (iv).

Theorem 5.10 (ii) considered for time-invariant systems is an improvement of [Sty02, Thm. 4.6], since
Stykel does not consider the restriction of the generalized Lyapunov equation to the set Vg 4. Although
[Sty02, Thm. 4.15 & Rem. 4.16] shows uniqueness of the solution, Corollary 5.11 is still a generalization
of these results: the matrix P, (notation from [Sty02]) is a projector onto VE, 4> and hence “G positive
definite” means P’ GP, € Py 4 The uniqueness condition for the solution of the generalized Lyapunov
equation given in [Sty02, Thm. 4.15] is generalized in Corollary 5.17. o

We now show that the solution P of the Lyapunov equation (5.12) is, under appropriate assump-
tions, unique on £VE 4. Note that symmetry of P or () are not required and asymptotic stability of
(E, A) is sufficient. However, to ensure existence of a solution, exponential stability is necessary: see
Corollary 5.17.

Proposition 5.14 (Unique solution of the Lyapunov equation). For any asymptotically stable (E, A) €
C((7,00); R™™)2 which is transferable into SCF as in (3.2) we have: If Q € C((1,00); R™ ™) and
Py, Py € C((1,00); R™™) solve (5.12) such that ET P,E € C'((1,00); R™ ™) fori=1,2 and

Vie{1,2} 3a;, 3 >0 : i, <y, EC) P()E() <vy, Biln (5.19)

then Pl() :5VE,A Pg()
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Proof: Differentiation of

yields
Al) = (BOLUE ) [P) - PB(OIEQU( s) + U(t,s) S(E®T[Pi(t) — BOIE®)U(,s)
+ Ut,s) B@)[Pi(t) — B]EG) LU s)
Por 230 AU, 5) TP — PaOIE@UE,5) + Ut s) | S (E@®T[PL(E) — B E®) U s)
+ U(ts) BT [P() — Py(E)]AMDU, 5)
612

where for the bottom equality we have used that U(t, s)x € Vg, 4(t) for all z € R™ by Proposition 3.3 (ii).
Hence A(-) must be constant. Proposition 3.3 (ii) yields

Vt>s : aiU(t,s) Ut,s) — BU(t,s) U(t,s)

(5%9) Ut,s)"E@t) PLt)E@{)U(t,s) — U(t,s) Et)" P(t)E(t)U(t,s)

(5.19) - -
=A(t) < /U(t,s) Ult,s) —aU(t,s) Ult,s).
Since (F, A) is asymptotically stable we find, as in the proof of Theorem ?7?(ii),

tlim U(t,s) =0, and so tlim A(t) =0.
Hence we get A(-) = 0, i.e. (E(s)U(s,8)z)  [Pi(s) — Py(s)](E(s)U(s,s)x) = 0 for all z € R™, or
equivalently,

Vo € Vpa(s): 2 E(s) [Pi(s) — Pa(s)]E(s)z = 0. O

Remark 5.15 (Non-uniqueness of P). We show that the solution of (5.12) is in general not unique:
Let

E(t):[(l) 8}, A(t):[_()]L 2] teR.

10

Then (F, A) is transferable into SCF by S(t) = [0 ot

],teR,andT:I. Hence ny = ng =1
. |1
and Vg4 = R x im [0

P:R—R2 t [162 p(ot)] solves (5.12) and fulfills ET PE € C'(R;R2<2) N Pg. o

} = EVE . Then, for Q = I and any p € C(R;R) the continuous function

Remark 5.16 (Uniqueness condition). By Proposition 5.14, the uniformly bounded solution of the
Lyapunov equation (5.12) is unique on £V 4. To obtain a unique solution on all of (7,00) x R",
we are somehow free to choose the behaviour of P on (7,00) x R™ \ Vg 4. Choose, for instance,
V i (1,00) — R™" such that im V' (t) = Vg a(t) for all t > 7, and let @), P;, P» be as in Proposition 5.14
and (E, A) be asymptotically stable. Then we have:

[Vie{1,2} Vt>71: P(t)=(EQ)V(©®) PRO)(ENOVE®)] = [Vt>1: Pi(t)=P(t)].

The implication is a consequence of Proposition 5.14 which gives Py =gy Py, i.e. (E(t)V (t))T[P1(t) —
P,(H)](E(t)V (t)) =0 for any t > 7. o
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However, the following corollary shows that uniqueness of P is guaranteed under additional assump-
tions. Note that symmetry of P or @ is not required.

Corollary 5.17. Let (E, A) be exponentially stable, transferable into SCF as in (3.2), and satisfy:
E, N are continuously differentiable, E, E + A are bounded, ETE € Pyp.a- Then, for any Q €
C((7,00); R™™) such that q11,, <y , Q(-) <y 4 g2y for some q1,q2 > 0, P as in (5.13) is the unique
solution of

AC)TPOEC) + EC)TPOAC) + §(EOTPOE(R)) =vp.4 —Q(),

Vi T <S(t)—1 [181 8] S(t)>TP(t) (5(’5)_1 [[81 8} S(t)> =P, (5.20)

Ip1,p2 > 0: pily <yy 4 E()TP()E() <yy, p2In,

PeC((r,0);R™™) ETPE € C'((1,00); R™™).

Proof: Similar to the proof of Theorem 5.10 (iii) it follows that P(t) exists for all t > 7, ETPE
is continuously differentiable, P solves (5.12) and p1l, <y, , E()TP(M)E() <vp.a P2In for some
p1,p2 > 0. Furthermore, since

U(s, )T (£)S(t) <5(t)—1 [181 8} S(t))

_ T(s) FJ(OS’” 8} ()T [Igl 8] S(t) = T(s) F’J(Os’t) 8} S(t) = Us, ) T()S(1)

for all s,t > 7, the second condition in (5.20) is satisfied and therefore P solves (5.20).
It remains to show that P is unique. Choose V(t) = U(t,t) for t > 7 and observe that im V' (t) =
Ve a(t), t > 7, and

visrmove = (so [ 0| rorre [y de)

I,, 0 I, 0

_ —1 ni —1 _ -1 ni

= (s gl ro ) =so [ ] se

and thus Proposition 5.14 together with Remark 5.16 yield that P is the unique solution of (5.20). O
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