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Abstract

We define the relative degree of time-varying linear systems, show that it coincides with
Isidori’s and with Liberzon/Morse/Sontag’s definition if the system is understood as a time-
invariant nonlinear system, characterize it in terms of the system data and their derivatives,
derive a normal form with respect to a time-varying linear coordinate transformation, and
finally characterize the zero dynamics.
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1 Introduction

The concept of relative degree goes back to single-input single-output linear systems described
in the frequency domain by a transfer function p(s)/q(s) where the relative degree is defined by
r = deg ¢ — deg p; p, g denote polynomials with real coefficients. To derive a characterization in
the time domain, take any realization of p(s)/q(s), say

i(t) = Am(t)+bu(t>} (L.1)

y(t) = ca(t)

with A € R™" b,cT € R™. Then p(s)/q(s) = (s — A)7tb = 3232, cAFb s~ and it is easy
to see that r = degq — degp if, and only if,

VEk=0,....,r—2 : cA*b =0, cA"'b#0. (1.2)

Isidori [3, p. 137] generalized the concept of relative degree to single-input single-output time-
invariant nonlinear systems, affine in the control, of the form

T = f(iv)+9($)U(t)}
y(t) = h(z(?)),

with f,g € C/(R",R"), h € C*(R",R), and ¢ € N: the system (1.3) has relative degree r €
{1,...,4} at 2° € R™ if, and only if, there exists an open neighbourhood U of x°, such that,

(1.3)

VeeU Vke{0,...,r—2} : LyLih(z) =0, LyL} 'h(z°) #0, (1.4)
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where L\ = 8—2 f denotes the derivative of a function A along a vector field f; see, for example,
[3, Sect. 1.2].
The importance of the relative degree is that it leads to a normal form [3, Sec. 4.1]: if (1.3) has

relative degree r at 20, then there exists a diffeomorphism @, defined in a neighbourhood of 2V,
which transforms (1.3) under (&,7) = ®(z), £ = (y,...,y" D)7, to

y = L@ ) + LeL U R(@ (e, ) u(t)
y(t) = &),

for some ¢ € C/(R™, R"""). This form gives immediately that, for z(to) = 2, “the relative de-
gree r is exactly equal to the number of times one has to differentiate the output y(t) at time
t = to in order to have the value u(tp) of the input explicitly appearing”[3, p. 139]. Moreover,
u enters only in a single differential equation in (1.5) directly and it is possible to read off the
zero dynamics, see [3, Sec. 4.3] and Section 3 of the present paper.

The purpose of the present note is to generalize the concept of relative degree to time-varying
linear systems of the form

(1.6)

y(t) = C@)=(),
with A € CY(R,R™*"), B,CT € CY(R,R™™), ¢ € N, and to derive a time-varying linear coordi-
nate transformation which takes (1.6) to a normal form. To this end, we generalize the concept
of relative degree to time-varying nonlinear systems first.

i = A(t)m—i—B(t)u(t)}

The paper is organized as follows. In Section 2, we present a definition of relative degree for
time-varying nonlinear systems. It is shown that this definition coincides, if the system is time-
invariant with Isidori’s definition ([3, p. 220] respectively with the definition by Liberzon et al. [4,
Def. 2]; furthermore, if the system is linear time-varying and viewed as a time-invariant nonlinear
system, the definition coincides again with Isidori’s definition. Our main result is a normal
form for time-varying linear systems given in Section 3. In Section 4, we parameterize the
zero dynamics of time-varying linear systems and character their stability properties. We have
relegated a refined version of Dolezal’s Theorem to the Appendix, which is used in the antecedent
proofs.

We close this introduction with remarks on notation. Throughout, R>g := [0,00) and || - || is
the Euclidean inner product or the induced norm on R"; if My, My € R™*"™ are symmetric, then
the notion M, > My means z” Myz > 2T Moz for all z € R™; Gl,(R) denotes the general linear
group of invertible matrices A € R™™; C*(U, W) is the vector space of (-times differentiable
functions f : U — W, U and W are open sets; and L (U, W) the set of essentially bounded
functions f: U — W.

2 Relative degree: definition and characterizations

For time-invariant nonlinear multi-input multi-output systems, affine in the control, of the form

i = f(x)+g(w)U(t)} (2.1)

y(t) = n(z(t)),

with f € CY(R™,R"), g € CY(R*,R™*™), h € C*(R",R™), ¢ € N, the strict relative degree is
defined as follows.



Definition 2.1 (Isidori ([3, p. 220]))
Let 4 C R™ be open and r € {1,...,¢}. The time-invariant nonlinear system (2.1) has (strict)
relative degree r on U if, and only if,

() VEeUVEe{0,...,r =2} : LyLEh(§) = Opmxm,

(i) VEeU : LyLi ' h(E) € Gln(R).

This definition is due to Isidori ([3, p. 220]) who defines it more general for a vector relative
degree; we consider only the “strict” relative degree, that is (ii). The original definition in [3,
p. 220] defines the relative degree at a point £ € R™ and some neighbourhood; however, this
is equivalent to Definition 2.1, the latter is technically easier to deal with in the following. In
the single-input single-output case, the notion of “strict” is redundant and Isidori showed that
“the relative degree r is exactly equal to the number of times one has to differentiate the output
y(t) at time t = ¢y in order to have the value u(tg) of the input explicitly appearing”[3, p. 139].
This latter characterization was formalized by Liberzon et al. [4] and related to output-input
stability. We extend their notion of functions Hy to time-varying nonlinear systems of the form

z = F(t,z,u(t))
y(t) = Ht,a(t) } 22)

where
F e C*(R x R™ x R™ R"), H e CY(R x R*,R™), (eN,

and define recursively, for £ =0,1,2,...,¢ — 1, the functions Hy(t,x) := H(t,x),

Hpyp @ RxR?x (RMF+1 . Rm

OH,, (2.3)

k—1
(t,ZC,U(],...,Uk;) = ot +%F(tvl‘au0)+ Z%u‘%Fl
j=0

This allows to express the k-th derivative of y(t) in terms of ¢, () and u(t), ..., u* D (t):
VieR Vke{l,....0—1} : y®(t) = Hy(t, z(t),u(t),...,u* "V (1)).

Definition 2.2 (Generalization of Liberzon et al. [4, Def. 2])
Let T C R and U C R™ be open sets, and r € N. Then a system (2.2) is said to have (strict and
uniform) relative degree r € N on T x U if, and only if,

(i) V(t,z) e TxU Vke{l,...,r—1}Vie{0,...,k—1} : %—ﬂ?(t,x,uo,...,uk_l)zomxm;

(i) ¥V (t,z,up) € T x U x R™ = 2ot gy up_1) € Gl (R) .

dug

The notion ‘strict’ refers to the multivariable case where we do not allow for a relative degree
vector (r1,...,7r,) € N with different entries, see [3, Sect. 5.1], but assume that the matrices
a%iH r are either ‘strictly’ zero or invertible, globally on their domain.

Proposition 2.3 Let &/ C R™ be an open set, r,/ € N with r < ¢, and consider the time-
invariant nonlinear system (2.1), affine in the control. Then (2.1) has relative degree r on U in
the sense of Definition 2.1 if, and only if, (2.1) has relative degree r on R x U in the sense of
Definition 2.2.



Proof: The following analysis is considered for (¢,2) € R x U only; for notational convenience,
we omit to repeat this and also suppress the arguments of the functions for simplicity.
“=7: Suppose that (2.1) has relative degree r in the sense of Definition 2.1. We first show by
induction on k that the following holds:

OH},

Vke{l,...,r—1} Vie{l,...,k—1} : H,=L}h, Tm:o’“m' (2.4)

We have, in view of (i) in Definition 2.1,

0H)y

dHy
5, (T 9uo) + 2wy = Lih+ Lyhug = Lgh,

H = —
1 80

and so %51 = 8u0 L¢h = Opxm- If (2.4) holds for all £ < r—2, then, in view of (i) in Definition 2.1,

0Hj,

3H
Hygy = r (f + guo) +

87

Mw

k k
wjp1 = Ly h+ LgLihug = L 'h,

<.
Il
o

and so, for all i € {1,...,k}, 81;[5;1 = %L;ﬁ“h = Opxm. This proves (2.4), and therefore (i)
of Definition 2.2 holds.
To prove (ii) in Definition 2.2, note that, in view of (2.4),

OH,_ OH,_; _
Hy = =" (f—&—gug)—i—ZT;jujH:L;h—i—LgL; Yhug,
7=0

and thus, invoking (ii) in Definition 2.1, %Ij LgL’}_lh € Gl (R). This proves (ii) in Definiti-
on 2.2.

“<”: Suppose that (2.1) has relative degree r in the sense of Definition 2.2. We show first by
induction on k that the following holds:

Vke{0,1,...,r =2} : Lylih=0pmum, Hipr=L5h. (2.5)
¢ have OH OH oh . oh
H = 220 =0 — = Lth+ Lgh
1= 5 (f+guo)+8u0u f+(9 g uo th+ ug ,

and so, in view of (i) in Definition 2.2, Opxm = %ﬁll = Lgyh, which gives H; = Lyh. If (2.5)
holds for all £ < r — 3, then, again in view of (i) in Definition 2.2,

_aHkJrl Hk+1 0 0 k1 k42 k41
Hypo = —~ +Z S = gL f g L hguo = Lo Ly Ly h o,

and furthermore 0, xm = 82[7’;*2 =1L, Lk“h which yields Hy,o = L f+ h . This proves (2.5).
Finally, by (2.5), (i) in Definition 2. 1 follovvs Applying (2.5) again gives

OH,_, <2 0H,_, -1
Hy = =5= (/T guo) + Z T, 1 = Lt LoLy o,

and thus, invoking (ii) in Definition 2.2, % LgL;flh € Gl,,(R). This proves (ii) in Definiti-
on 2.1 and completes the proof of the proposition. a



Remark 2.4

(i) It follows from the proof of Proposition 2.3 that the relative degree of the time-invariant
system (2.1) does not depend on t: if its relative degree is defined on 7 x U for some open
set 7 C R, then it is defined on R x U/.

(ii) It also follows from Proposition 2.3 and [4, Prop. 2] that for single-input single-output
time-invariant systems (2.1), Definition 2.2 coincides with the definition of the relative
degree given by Liberzon et al. [4, Def. 2].

The characterization of the relative degree for time-varying linear systems (1.6) in terms of the
matrix-functions A, B, C' and their derivatives relies crucially on the following right operator, a
notational convention, which allows for a neat presentation.

Definition 2.5 For £ € N, A € C/(R,R™"), and C € C*(R, R™*") set
VEER i (&4 A1), (C) = C) + CAW,
VEER VEe{l.. 0} i (§+A0),(CH) = (§+A0), (& +Aa0)y " (CW)).
The sub-script R indicates that A acts on C' by multiplication from the right.

Theorem 2.6 Let r,{ € N with r </, and 7 C R be an open set. Then the time-varying linear
system (1.6) has relative degree r on 7 x R™ if, and only if, (A, B, C) satisfy

VieT Vk=0,...,r—2: (L+A4)% (CWH)Bt) = Omxm
(2.6)
VieT : (( + AW 1(0@:))3@)) € Gl (R).

The proof of Theorem 2.6 depends on the following technicality.

Lemma 2.7 Let r,¢ € N with » < ¢. Then the functions Hy defined in (2.3) and applied to
the linear time-varying system (1.6) satisfy, for all k € {0,...,¢ — 1} and all (¢, z,ug,...,ux) €
R x R™ x (Rm)k-‘rl’

Hk-i—l(tvxvuOv"wuk)
E ok 4
= (F+A0) Ccw)e + 3O @) T [(EHA0), (W) BO)] v @7)
Jj=01i=j

Proof: Applying the definition of Hy to
F(t,z,u):=A(t)z+ B(t)u and H(t,z):=C(t)x for (t,z,u) € R xR" x R™,

we have
Hi(t,z,u0) = 5C(Hz + 2(C(t)z) [A(t)x + B(t) o]
= (£+A®1), (CH)z + C(t)B(t) uo
0 0 ,
= (F+AO) R CO)+ D3O @) 7 [(E+Aaw)y " (Cw)BO)|w,
j=0 i=j

5



which shows (2.7) for &k = 0. To prove (2.7) by induction over k € {0,...,¢ — 1}, assume that
(2.7) holds for all k € {0,...,¢ —2}. Then, suppressing the arguments of Hy and A, B,C for
simplicity, we calculate

k—1
Hiy = %Hk + (%,Hk [AZL‘-I-BUQ] + 120 %Hkqu
o |(d k R iy rdyid [ k—1—i
= & |E+0R@0 + T O [G+An () B]
+ 2 [(4 + ) (C) 2] 142 + Buo]
k-1 k=lk=1 . i k—1—i
+ o | D 2 O G+ r (0B w| wn
k k=1k=1 i i—j+1 k—1—1
= & (E+R0) s+ ZE O [G+ar (€8]
k k
+ (%+A)R (C)Ax + (%"“A)R(C)B“O
k=1lk=1 i i—l k—1—i
ST 0@ |G+, (OB un
k k k
= [ (E+9%(0) + (& + AR (©) A] @ + (£ +4)3 (C) Buo
N N T A B w
R O@ TG r T B]
kook=l i—j+1 k—1—i
XX (L@ T G R0 B]

= (E+ 0Oz + (4 +4)5(C)Bug

t R
k=1 i 1

FE O G0 8] w
kil k—1

)’ G A () B

+
| —
—~
)
SN—"
+
—~

<.
s
_
SN—

| IS
—
Sle

+@ﬁngf4ﬂ“ki+Aﬁ*ﬁ“«wB}w)

S T @A (O B

i=k—1
k—1 1
= @A+ T Q@ [E T (0 8] w
=3 (O ) (©) Bl uo
= - i+1—j —(2
" ng (; (ZJ;I) (%)ZH [(% + A)I;% e (©) B} Uj



k+1 k i i—0 k—i
AT S 6 [ ) () B]
KL &y pdavi—d [ra k—i
+EEO@T @+ r (€8] w
k—k k—k
+(0) (@) (G A (O)Buy
kt1 LA i—j k—i
= (%+A)R (C)x+]§0i§j(]’) (&) ][(%WLA)R (C)B} u;.
This shows (2.7) for k + 1 and therefore the proof of the lemma is complete. 0

Proof of Theorem 2.6:
“=": Suppose that Definition 2.2 holds. We show the first condition in (2.6) by induction over
ke {l,...,r—2} (omitting the arguments of the operators). For N = k = 0 we have, by (2.7),

Hy = ($+4),(C)z+ CBu,

and so, by Definition 2.2, O0pyxm = %51 = CB. Suppose that the first condition in (2.6) holds
forall k=0,..., N, where N <r — 3. Then (2.7) yields,

Hyoo = (& + AN (€ + (& + AN (C) Buo,

and so, invoking (i) of Definition 2.2,

OHN 2
8uO

Ome =

— (&4 42" (C)B.

This proves the first condition in (2.6).
To see the second condition in (2.6), note that (2.7) yields
d T d r—1
He = (g +4) (C)z+ (G +4)z (C)Buo,
and so, by (ii) of Definition 2.2,

r—1 8H’f‘
(f+4)r (OB = Z= € Glu(®)..

This completes the proof of (2.6).
“<”: Suppose that (2.6) holds. Then (2.7) yields

Vh=0,...,r =2 : Hoa= (S +45(0),

7



and thus (i) in Definition 2.2 follows. Finally, the second statement in (2.6) together with (2.7)
gives

8HT 0 r r—1 r—1

S = 870( (& + A5 (@) z+(E+4), " (C)Buo) = (% +4); ' (C) B €GlLu(R).
This proves (ii) of Definition 2.2 and completes the proof of the theorem. 0
Remark 2.8

(i) If follows from the proof of Theorem 2.6 that the relative degree of the time-varying linear
system (1.6) does not depend on z: if its relative degree is defined on some 7 x U, where
U C R” is open, then it is defined on 7 x R™. We therefore omit, at most places in the
following, the second component in 7 x R".

(ii) If A, B,C are real analytic matrices and the linear system (1.6) has relative degree r on
T x R™ for some open 7 C R, then the Identity Theorem for analytic functions implies
that (1.6) has relative degree r on (R\ D) x R™, where D denotes a discrete set.

(iii) If the linear system (1.6) is time-invariant, then Theorem 2.6 yields that (1.6) has relative
degree 7 € N on R x R” if, and only if,

CAFB = 0y for all k=0,...,7 =2 and CA" !B € Gl,(R).

This is the well known characterization of strict relative degree, see [3, Rem. 4.1.2] for
single-input single-output systems.

Instead of defining the relative degree of the linear time-varying system (1.6) as in Definition 2.2,
we may consider the equivalent description of (1.6) as a time-invariant nonlinear system and
determine the relative degree according to Definition 2.1. In the following we will show that both
definitions coincide. Introducing an additional variable z with initial condition z(0) = 0, (1.6) is

equivalent to
1) - (9 ()
y(t) = C®)=(1).

Proposition 2.9 Let 7 C R and & C R” be open sets, r,£ € N with r < £. The time-varying
linear system (1.6) has relative degree r on 7 x U in the sense of Definition 2.2 if, and only if,
the equivalent nonlinear time-invariant system (2.8) has relative degree r on & x 7 in the sense
of Definition 2.1.

Proof: Writing

rea = (M9, sen = (7). wen=c@a

we show by induction over N € {0,..., ¢} that

V(2,2) eUX TV E{0,...,0} : Lhh(z,2) = (L +A(2))% (C(2)) x. (2.9)



For k = N = 0, we obviously have Lg]ch(a?,z) = C(z)x. Suppose that (2.9) holds for all k €
{0,..., N} for some N € {0,...,¢ —1}. Then

Ly h(@,z) = Ly (& +A4), (©)2)
= (B ((E+a7©0) & ((E+ a7 ©a) (1)
= (L+ Ay @A+ L ((£+4)5 )
— (LAY
This completes the proof of (2.9) and gives, for all (z,2) € U x T and all k € {0, ..., ¢},

Lobites) = (i (& + AR CEN) & (@ + ANk cenm)) (7))
= (& + A=)}, (C(2)BG). (2.10)

Finally, Theorem 2.6 is a consequence of (2.9) and (2.10). O

3 Normal form

In this section, we derive a normal form for time-varying linear systems (1.6). Theorem 2.6 may

already indicate that the matrix function (% + A())I;% (C(-)), k=0,...,7 — 1 are candidates
for a new basis, however, this potential basis needs to be completed. We introduce the following

matrix functions which will serve to derive a time-varying linear transformation.
Let r,£ € N with r < £. Consider the system (1.6) and define, for » € N and all t € R,

i ci ]
o | GETAORCO) |

(& +A0); " (C)]
B(t) = [B). (& - AW) (BO). ... (& - A®)" (B)] e R
D) = (§+A0), (C0)B(E) e R,

The following proposition presents two more characterizations for (1.6) having relative degree r.
They are rather technical but essential to design the coordinate transformation for the normal
form.

Proposition 3.1 Let r,{ € N with » < ¢ and 7 C R be an open set. Then the following
conditions are equivalent:

(i) The system (1.6) has relative degree r on 7.
(i) (a) VteT V(i,5)€{(i,j)eNZ|0<i+j<r—2} :
(8 +A0) 5 (C0) (& ~ AWD) (BW) = O



b)yVteT V(i,j)e{i,j)eNZ|i+j=r—1} :
(& +A@®) 5 (CO) (& - AW, (B(1) € GlLu(R).
(iii)

VieT : CHB(t) =

0 (=)' (t)
- € GlLn(R).
r

(t) X
The proof of Proposition 3.1 depends crucially on the following technical lemma.

Lemma 3.2 The linear time-varying system (1.6) satisfies, for all i, j € Ny with i + 7 < ¢ and
all t € R,

(& + A1), (C®) - (

&~
|
o
—~
~+
S~—
SN—
<.
—
o
—~
~
S~—
SN—

and

SO (4 +Am) " () BO)] . (32)

n=0
Proof: The equality (3.1) follows from the calculation
(& + AR (O (& —4) (B)

= (GO (G- A) (& - )




We prove (3.2) by fixing ¢ € Ny and induction over j = 0,...,¢ —i. For j = 0, (3.2) is obvious.
Suppose that (3.2) holds for j < ¢ —i — 1. Then, invoking (3.1), it follows that

(L +4),©) (£-4)" (B

J

= S D) @& )R () Bl

Y= SO @A) () B
pn=1
FEPHER @ R ) B
j+1 ‘ - "
= SO )T (G )" () B
pn=0
This completes the proof of the lemma. a

Proof of Proposition 3.1: The equivalence “(i) < (ii)” follows from (3.2) and (2.6), and the
equivalence “(ii) < (iii)” follows from (3.2). O

The following corollary is a direct consequence of Proposition 3.1.

Corollary 3.3 If the linear time-varying system (1.6) has relative degree € N on some open
set 7 C R, then the following hold:

(i) VteT : 1tk C(t) =rm and rk B(t) =rm ;
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(ii) the two sets of matrix functions C(-), (% + A(t))R (c),- -, (% + A(t));_1 (C()) and
B(), (& = A0) (BO). - (5 —AC)"™

(iii) rm < n.

! (B ()) are both linearly independent over 7T

We are now in a position to design a time-varying linear basis transformation which will lead to
a normal form.

Remark 3.4 Let 7,/ € N with » < £ and 7 C R be an open set. Suppose that the time-
varying linear system (1.6) has relative degree » € N on 7. By Corollary 3.3, the rows in C
qualify as new basis but the basis needs to be completed. By Theorem 5.1, we may choose

T = [t1,...,ts] € CYT,Gl,(R)) such that

[g] T = [zg 8] € CH(T,R™™) with F € C(T, Gly(R)).

Defining
V= [trmat, - . . tn] € CH(T R (7Tm))

we have
VteT : im V(t) =kerC(t) and tkV(#)IV(t)=n—rm, (3.3)

and writing

U:= Lﬂ e CHT,R™™) and N :=VT'V)"WT [I-B(CB)"'C] e CH(T, R ™xm),

it follows from

[AC/] [BCB)™, V] = I,

that U € CY(7, Gl,(R)) with inverse

U~ = [B(CB)},V] € CY(T,ClL,(R)).

We are now in a position to derive the main result of this note, that is a normal form of the
time-varying linear system (1.6).

Theorem 3.5

Let r,¢ € N with r < £ and 7 C R be an open set. Suppose the time-varying linear system (1.6)
has relative degree r on 7 and choose U € C(7,Gl,(R)), V € CHT,R™" ")) and N €
CY(T,R(=")x") a5 in Remark 3.4. Then the coordinate transformation

(2) —Us, €)= T, ...y OO €R™, y(t) € R
converts (1.6) on 7 into

i<§> = A@®) <§>+B(t)U(t)

o = ()

12



where

[0 I 0 0 ] 0] )

Aty = | o ... o 1 0|, BO=]ol, (55)

Ri(t) Ro(t) ... R.(t) S(t)

P(t) 0 0 Q) 0
cty = [I 0 ...0],
and

P = (L£+4)7(0)B, (3.6)
Rty By S] = O Il [ (3 +4) (C)BEB)™ (§ + 4), @] (37)
= [($+ ), ©BCEB (4 +4)7, )], (3.8)
Q = (§+4),\)V (3.9)
= V)TV (- V-Br (f+4), (0] (3.10)

I,

0
P = (§+A4),\)BECB)™"| . (3.11)

0
= ()t BEeB) e - 1) (4 - A) (B)TL. (3.12)

Proof: The special form of U and U~! gives immediately B = UB, CU = C with the special
structure as shown in (3.5) and I' as in (3.6); furthermore,

A=lUa+0|u™ = ($+4), (O)U". (3.13)
In view of Remark 3.4, it remains to show (3.8)-(3.12) and that
(GEARO ] o 1 0]
. . c '
(L) = 0 I 0 [/\/] with P,=...=P.=0. (3.14)
(% + A); Ry Ry ... R, S
(% + )R _P1 PQ . PT Q

We first show (3.14). Since equality of the upper blocks in (3.14) is immediate, it remains to
show that
(& +A4), (V)B(CB)™! =[P1,0,...,0]. (3.15)
Writing
,¢1
CB = [7717"'7777’]1 (CB)_lz s B = [ﬁlw--yﬁr]
/17/}7’

13



we have

B(CB)'C (5§ —A)(B) = B(CB)'ClB,.... 0 (5 — A)" (B)]

iy
= [Bio-- 8] | | [m2e-e o me BCB)TIC (& — A)(B)]
K
0 0 0 x
I 0 0 =
- [ﬂl 7777 ﬁr] 0 1 :
Lo 0
_O 0o I * |

and thus

which, by invoking
(& +4) g W)
= SOV (I -BEeB)'e) + VIV TV (A- (§ +4), (B(CB)'C)) ., (3.17)
implies
(H+4),WB = [&((VV)™V) (1-B(cB)C)
+(VIV)"VT (A— (£ +A4), (B(CB)™'C))] B

= VY)YV A= (§+4), (B«ﬂ@ )] B
= (V') W [BEB)'C - 1.] (£ - A) (B)

= VTV [0,..,0,[BEB)TIC - L] (£ - 4)"(B)] . (3.18)

* !
(cB)™ = R ,
(—1)r-ir-! 0

applied to (3.18) yields (3.15), whence (3.14).
Next we prove (3.8). By (3.13),

Finally,

[R1,..., R, S] = [Onxrmm)> Im] (5 + A) 5 (C) [B(CB)™,V]

14



and (3.8) follows from the definition of C.

We show (3.9) and (3.10). Equality (3.9) follows immediately from the normal form (3.4)
and (3.5). To see equality (3.9), note that (3.17) yields

(£+4), (V)Y
= [& (VY)Y [ - BeB)~ic] = (VTV) VT [B(CB)'C]
+ Wy VA — vy WWT(B(CB) ')Al Vv

= &YV V-BEB) T ey ] + (1Y) AY
=0

- hy)y W[4 (B(cB)~ic) + (B(CB)™'C) AV

= 41wy v+ ) vy

= (&i+a) (V)Y

— Ty~ [B(CB)—l CY 4B ((€B)™) LY +B(CB)'CV + (B(CB)~'C) Av} ,
=0 =0

which gives

(£ 4+A4), NV =(L+A4),(VV)"V)v-TV)"WBEB) ™ (£ +A4),(C)V.
Invoking

(&+4), (V) Wy
= LYy Yy + vyt Ewhy + vy vt Ay

— (')t e wiy)y why)- 1VTV + VIVt A why + vy~ WAy
= —(VWY)IEVHY - VTY)TVILEW) + VYY) TRV Y + (V) VT AY
— VYTV (G -4 ),
we arrive at

(£+4), (VMY = =TV W (L-4) W)

15



= -~V (-4 V)

* r-1
- (VV)V'B ;
(_1)7‘—11’\—1 0 0

= — (VY)W (L -4) V)

VYTV [B, L (4 - )T (B)]

= YTV (E-A0) - BT (G +4),0V]

This proves (3.10).
Finally, we show (3.11) and (3.12) for P := P;. First, (3.14) together with Remark 3.4 yields
(& +4), W) [BEB)™ V] =[P0...,0] (3.19)

and hence (3.11) follows.
To see (3.12), note that (3.18) gives

I,
d -1 0
(§+A4), NV)B(CB) :
0

*

= (VY)Y 0,0, [BEB) e — L] (4 - 4)" (B)]
*
(_1)r—1 -1
which proves (3.12). This completes the proof of the theorem. O

As a direct consequence of Proposition 3.6 we obtain the following corollary.

Corollary 3.6 Under the assumptions of Theorem 3.5 and using the same notation, the normal
form (3.4) may be written as

y = YL Ry Y+ S0 + Tt u(t)
o= Q)n + P)y,
and, if moreover (1.6) is time-invariant,
y = ST RyY 1Sy + CATIB u(t)
n = NAVy + (=D)L (WTY)"WTcATB (CA™1B)~1 y.
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4 Zero dynamics

In the time-invariant, possibly nonlinear, case one can read off the zero dynamics from the normal
form and, if the zero dynamics are asymptotically stable, a high-gain output derivative feedback
controller may stabilize the system; see [3, Sec. 4.2]. In the time-varying case, an analogue cannot
be expected unless severe restrictions on the time-variation of A, B, C are imposed. The reason
is that, in general, neither the coordinate transformation U, designed in Remark 3.4, nor its
inverse will be bounded. However, by Theorem 5.1 — an extended version of Dolezal’s Theorem
— it is ensured that V and its left inverse (VTV)~!VT are both bounded matrix functions and
therefore the stability properties of the zero dynamics are equivalent to the stability properties
of n = @Qn (see (3.10)). To be precise, we first define the zero dynamics of a linear time-varying
systems.

Definition 4.1 For any r,¢ € N with » < £ and 7 C R an open set, the zero dynamics of
system (1.6) on T are defined as the real vector space of trajectories

2D (A, B,C) = {(fc,u) € C{(T,R") x C\(T,R™) (‘f]’ig‘g ysi”;ifll;j@ }

Also for time-varying systems, as known for time-invariant systems, the zero dynamics can be
read off the normal form (3.4). This is shown in the following proposition. In fact, the zero
dynamics can be parameterized.

Proposition 4.2 Let 7,/ € N with » < £ and 7 C R an open set. Then for any system (1.6)
with relative degree » < £ on 7 C R and normal form (3.4) the following holds.

ZD1(A,B,C) = { (Vn, ~T718n) € CH(T,R™) x C1(T,R™) ‘ 0= Qn} . (4.1)

Proof: Set
z = { (Vi —T~18n) € CL(T,R™) x CY(T,R™) ] 7= Qn} .

“C” If (z,u) € ZD7(A, B, C), then on 7 we have that y = 0 and so
= )N =0,
which yields, in view of (3.4),

r=Vn=U""! (2) and 0=.S5n4Tu,

and therefore, (z,u) € Z.
“O7: If (&,a) = (Vn,—I'7'Sn) € Z, then on 7 we have that

g:=Cx=CVnp=0,

and so

=" ....@NHT =,

and therefore <<2> ,&) solves the first equation in (3.4) with § = 0, and it follows that

(%,10) = (Ul (2) ,a> = (Vn,4) € ZD7(A,B,C).

This completes the proof of the proposition. O
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In the remainder of this section we study stability of the zero dynamics.

Definition 4.3 For any tp € R and ¢ € N consider (1.6) on 7 = (t9,00). Then the zero
dynamics of (1.6) are called asymptotically stable if, and only if,

vV (xz,u) € ZDr(A,B,C) : tlim z(t) = 0.

Although the time-varying coordinate transformation U which converts (1.6) to (3.4) may be
unbounded or its inverse may be unbounded, we will show in the following theorem that —
surprisingly — the zero dynamics of (1.6) are asymptotically stable if, and only if, = @n is an
asymptotically stable system.

Theorem 4.4 Let r,{ € N with r < ¢, ty) € R, and 7 = (tp, 00). Suppose the system (1.6) has
relative degree r < ¢ on 7 and consider its normal form (3.4). Then the zero dynamics of (1.6)
are asymptotically stable if, and only if, n = @Jn is an asymptotically stable system.

Proof: It follows from Theorem 5.1 that  as defined in Remark 3.4 satisfies V € £°(7, R™*(n=7m))
and (VTV)~WT e £°(T,R(="m)xn)  Now the claim of the theorem is a consequence of the
fact that if (x,u) € ZD7r(A, B,C), then Proposition 4.2 yields

zr=Vn and n=VV) "W,

5 Appendix: Dolezal’s Theorem re-revisited

Dolezal’s Theorem [1], which states convenient representations of range and kernels of time-
varying matrices, has found numerous applications in systems theory and has been generalized
and improved in various directions [2, 5, 6, 7]. In the following we give a generalization of [5,
Theorem 2] which is tailored for the needs of the present paper.

Theorem 5.1
Let £ € N, M € C* (Rxg, R"™ ™) and suppose that there exists » € {1,...,n} such that, for all
t >0, tk M(t) = r. Then there exists T € C* (R>g, G1,(R)) such that

Vi=0 : M(t) T(t) = [F(t)70n><(n—r)] ) (51)
IB8>0 ve>0 : ||T@®)| < 3, (5.2)
1
Jeec(0,1) Vt>0 : e <TTH)T(t) < = (5.3)
where, obviously, rk F'(t) = r for all ¢ > 0.
Moreover, for any m € {1,...,n} and partition
T(t) = [X(t),V(H)], X(t)eR>M=m_  y(t)eR™™, (5.4)
we have
36€(0,1) Vt>0 : § <VI)V(t) < %, (5.5)

and V € L®(R>g, R™™) with left inverse (VIV)71VT € £L(Rsq, R™*").
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We preface the proof with the following lemma.

Lemma 5.2 Let £ € N and P € C’(Rxo, R™") such that, for all ¢t > 0, P(t) = P(t)T > 0.
Then the following statements are equivalent:

(1) Jee(0,1) Vt>0: e <detP(t) and ||P@)|< 1/e
(i) 35€(0,1) Yt>0: 6 <PEt) < 1/5,

(iii) 35€(0,1) Vt>0: 6 < P{t)"' < 1/5 .
Proof: Note that positivity of P(t) yields
Vt>0 3U@R) eR™™ and pi(t),...,pa(t) >0 :
UrU{t) =1, and  P(t)=U(t)diag (pi(t),...,pa(t)) UT(t), (5.6)

and therefore,

Vi >0 o detP(t) = [[m(t) and |diag(pi(t),....0a(®) = [PO]. (5.7)
=1

Hence we may conclude that

G 24 35c(0,1) Vi>0 Vie{l,....n}: 6 <p(t)< 1/6
— 36€(0,1) Vt>0: ¢ < diag(pi(t),....pa(t)) < 1/6
> (i)
<~ 30€(0,1) Vt=>0: 6 < diag(pi(t),...,pn(t)) < 1/6
— 36€(0,1) Vt>0 Vie{l,...,n} : 6 < pi(t)< 1/6
<« 306€(0,1) Vt>0 Vie{l,....,n} : 6§ <p(t)"1< 1/5
G i,

This completes the proof of the lemma. a

Proof of Theorem 5.1: In [5, Theorem 2] it is shown that there exists T € C*(Rxq, R"*")
such that

Jae(0,1) Yt>0: ME)TE) = [F(t),0nxmnn] and a < |det T(t)| and |T(1)] < 1/a.
This yields (5.1) and (5.2), and furthermore
Jae(0,1) Vt>0: o®<detTT(t)T(t) and ||T7(t)T(t)| < 1/,

which implies, in view of Lemma 5.2, equation (5.3).

Let, for m € {1,...,n}, T be partitioned as in (5.4). The second inequality in (5.5) is a direct
consequence of (5.2) and it remains to show the first inequality in (5.5). Seeking a contradiction,
suppose that

17N .
3 (m)ien € (SN 3 (t)iew € Rso)" - Lim I VItV (tin = 0,

[e.9]
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where S™71 := {n € R™| |In|| = 1}. Then

0 = lim ’I’}Z-TVT(ti)V(ti)m

1—00

. XT(t)X () XT(t:)V(t)] (0
= Jim (Or(omy: ) VT ()X (t;) VT(ti)V(ti)} <n>

. On—m
= lim (OM(n_m),mT) TT(ti)T(ti) < ) ) )

1—00 i

and this contradicts the first inequality in (5.3).

Finally, V' € L>*(R>, R™*™) is immediate from (5.2), and (5.5) together with Lemma 5.2 gives
VIV € £L2°(Rsg, R™*™), and therefore, again by Lemma 5.2, (VIV)71VT € L2(Rsq, R™*™).
This completes the proof of the theorem. O
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