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Abstract

The Byrnes-Isidori form with respect to the relative degree is studied for time-varying lin-
ear multi-input, multi-output systems. It is clarified in which sense this form is a normal form.
(A, B)-invariant time-varying subspaces are defined and the maximal (A, B)-invariant time-varying
subspace included in the kernel of C' is characterized. This is exploited to characterize the zero
dynamics of the system. Finally, a high-gain derivative output feedback controller is introduced for
the class of systems with higher relative degree and stable zero dynamics. All results are also new
for time-invariant linear systems.
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1 Introduction

We study time-varying multi-input, multi-output linear systems of the form

i = AWz + B u(t)
W) = (o)l } -

where A € CH(T;R™ "), B,CT € C*(T;R™™) on some open set 7 C R and £ € N,

After we recall (see [IMO7]) the definition of strict and uniform relative degree on 7 for systems (1.1) in
Section 2, this concept is used to derive a Byrnes-Isidori form for the system. The latter is well-known;
for time-invariant (nonlinear) systems see [Isi95, p. 137,220] and for time-varying systems see [IM07].
However, to the best of our knowledge, it has not yet been investigated in which sense the Byrnes-Isidori
form is a normal form. This is clarified in Section 2. The Byrnes-Isidori form, certainly of theoretical
interest in its own right, is also a main tool for the following sections: in Section 3, the vector space
(or dynamical system) of zero dynamics (as defined in [IM07]) is characterized; the maximal (A, B)-
invariant time-varying subspace included in the kernel of C' (as defined in [I1c89]) is characterized in
Section 4; finally, in Section 5 a simple high-gain derivative output feedback controller is presented;
this result generalizes well known results for time-invariant systems which have relative degree one
(see e.g. [I1c93]) and simplifies the controller [IMO07, (4.2)] for time-varying systems which have higher
relative degree. All main results of Sections 2-5 are also new for time-invariant linear systems.
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Nomenclature

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

Cq, C_ the sets of complex numbers with positive and negative real parts, resp.

Izl = V2 Tz, the Euclidean norm of z € R

| M| = max {||[M z|| |z € R™, ||z|| = 1}, induced matrix norm of M € R™™

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

CYT;R") the set of /-times continuously differentiable functions f : 7 — R™ on the open set
TCR

AC(T;R™) the set of absolutely continuous functions f : 7 — R"™ on the open set 7 C R,
see [HP05, Def. A.3.12]

PC(T;R™) the set of piecewise continuous functions f : 7 — R™ on the open set 7 C R, i.e. f
is left continuous and has only finitely many discontinuities on any compact subset
of T

L>®(T;R") the set of essentially bounded functions f : 7 — R"™ on the open set 7 C R

2 Relative degree and Byrnes-Isidori form

In this section we recall the concept of strict and uniform relative degree for time-varying linear systems.
This allows to transform the system into Byrnes-Isidori form. The latter has been derived for time-
varying linear systems in [IM07]. However, even for time-invariant systems, it was not clarified so far
in which sense the Byrnes-Isidori form is a normal form. This will be done here. Moreover, we stress
that the form allows to write the system as a decomposition into subsystems as depicted in Figure 1.

The following operator (% + A(t),), where the sub-script r in A,(C) indicates that A acts on C by
multiplication from the right, has already been proved an advantageous notation for time-varying linear
systems in [Fre71, IM07, Por69, Sil68].

Notation 2.1 (The operator (& + A(t),)F).
Let £ € Ny, 7 C R an open set, A € CY(T;R™ ") and C € C*(T;R™*™). Set

VieT : (L441),)" (C@) = C@®),
VteT @ (£4+A4@1),) (C1) = Ct)+CHA®),
VteTVhe (L., ¢ (§+A0) (C1) = (&+A00) ((§+A40) " (CW)).

The concept of relative degree is well known for time-invariant nonlinear SISO systems [Isi95, p. 137],
time-invariant nonlinear MIMO systems [Isi95, p. 220], [LMS02], and for time-varying nonlinear MIMO
systems [IMO7, Def. 2.2]. When restricting the latter to time-varying linear systems, it is shown
in [IM07, Thm. 2.7] that the definition of relative degree becomes as follows.

Definition 2.2 (Relative degree).
Let p,¢ € N with p < ¢. Then the time-varying linear system (1.1) has strict and uniform relative



degree p (on T) if, and only if,
VteT Yk=0,....p-2 : (S4A40),)"(CH)BE) = Omm
VieT : (L+A@1),)" " (C)B() € Gl,(R).

Remark 2.3.

(i) If (1.1) is a time-invariant system, then it is straightforward to see that
VEeNy : (L4 A4(),)" (C()B() =CA*B
and hence the conditions in (2.1) are equivalent to

CA 'BeGl,(R) and Vk=0,...,0—2: CA*B=0.

(ii) The notion ‘uniform’ refers to the time set 7 in the sense that the conditions in (2.1) have to
hold for all t € 7.

(iii) The notion ‘strict’ is superfluous for single-input, single-output systems. However, for mul-
tivariable systems we may have CAFB = 0 for all k = 0,...,p — 2 and CA?"'B # 0 but
CAP~'B ¢ Gl,,(R). In this case, one may introduce the concept of a vector relative degree: the
vector (p1,...,pm) € N™ collects the smallest number of times p; one has to differentiate y;(-) so

that the input occurs explicitly in yj(.p I )() This is not considered in the present note, for further
details see [Isi95, Sec. 5.1] and [Mue09]. o

As known for time-invariant systems, the relative degree p is the least number of times one has to
differentiate the output y(-) so that the input occurs explicitly in y()(-). That this also holds for
time-varying systems is made explicit in the following proposition.

Proposition 2.4.

Let p, ¢ € Nsuch that p < £ and consider a time-varying linear system (1.1) which has strict and uniform
relative degree p. Then every solution (z,u,y) € AC(T;R"™) xPC(T;R™)x AC(T;R™) of (1.1) satisfies
the following:

Vi=0,....,p—1: y¥ = (%+Ar)j(0)x a.e. on 7, (2.2)
y» = (& + Ar)p (C)z+ [(% + Ar)p_l (C)B} u a.e. on 7. (2.3)

Proof: We show (2.2) by induction over j = 0,...,p — 1. For j = 0 the statement is clear. Suppose
it holds for some j € {0,...,p — 2}. Then, invoking Definition 2.2 we have, for almost all t € 7,

] (t (dt +A(0),) (C0) (A@)a(t) + Bdu(t))
) + (& + A, (C(t))A(t)] () + (& + A®@),) (C(1) B(t)u(t)

Now we may derive that

for almost all t € T : yP)(t) = (% + A(t)r)p (C(t)=(t) + (% + A(t)r)p_1 (C(t)) Btyu(t). O



Note that we consider behaviours (z,u,y) € AC(7;R™) x PC(T;R™) x AC(7;R"™). This is to some
extend a matter of choice. We could choose the inputs more smooth, e.g. u € Ck(’T; R™), then the
solution 2 would become more smooth, z € C*+(7;R").

The following theorem states a normal form for time-varying linear systems (1.1). The advantage of
this form is that it expresses the dynamical properties of the system by allowing u only to effect the
p™ derivative (p the relative degree) of the output and separating another part of the dynamics which
is only influenced by y. See Figure 1.

The Byrnes-Isidori form has been derived for time-varying linear systems in [IM07, Th. 3.5]. Here we
recall this form for later use and also clarify in which sense the form is a normal form. The latter is also
new for time-invariant systems. We show that the entries Ry,...,R,, S and I' in (2.5) are uniquely
defined; whereas () and P are unique modulo a coordinate transformation. For time-invariant systems,
the Byrnes-Isidori form is implicitly contained in [Isi95, Sec. 5.1]. The form decouples the zero dynam-
ics from the rest of the system, see Remark 5.2 and Figure 1.
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Figure 1: Byrnes-Isidori form and derivative output feedback controller

Theorem 2.5 (Byrnes-Isidori form).
Let p,¢ € N such that p < ¢ which has strict and uniform relative degree p. Then there exists a
coordinate transformation U € C'(7T, G1,(R)) such that



transforms (1.1) into Byrnes-Isidori form

0 I, 0 0 0 0
0 0 L, 0 0
) = ‘ : )+ nt) + u(t),
0 0 0 L, 0 0
| Ri(t)  Ro(t) Ry 1(t) Rp(t) | LS(t)] ()]
n(t) = [ P@) 0 0 0 ] &1+ Q@)n)
yt) = [ In 0 0 |0 ] (758)
(2.5)
with initial condition
y(0)
£0) _ (& : _
(77(0)> N <770> =1 (0) U (26)
7P

and
(i) T = (& +A4,)7"(C)B e CYT; GL,(R)),
(ii) [Ri,..., Ry, S) = (& +4,)" (C)UT € C{(T; R™™),

(iii) (P, Q) € CY(T;RM=pm)xmy s cl(T;R"—Pm)x(n=pm)) is unique up to (Y~ 'P, Y ~1QY)
for some Y € C(7; Gl,— pim(R)).

(iv) A possible transformation is given by U = Li], where
_ o ;
(5 +4r) (©)
C = ‘ € CH(T;RPmxn)

(& +4)" (0)]

B = [B. (§-4)(B). ... (& - 4) " (B)] e CH(TiRPm)
N = (VIV)"WT[I-B(CB)~IC] € cY(T;R—pm)xn),

and V' € £(T: RV<0=om)) (LT3 RI*(=rm) suchs that (VTV) 1V T € £2(T;RO-Pm%0) and
VteT : imV(t) =kerC(t) and rkV(t)'V(t) =n— pm.

Proof: The Byrnes-Isidori form (2.5) and the statements (i) and (ii) are proved in [IM07, Thm. 3.5].
The existence of V in statement (iv) is shown in [IM07, Rem. 3.4]. It is straightforward to show that
U~! = [B(CB)™,V]. So it remains to prove uniqueness in statement (iii). Note that I in (i) is unique,
it depends on (A, B, C) only.
Let

(A,B,C) = (UA+UYU ", UB,CU™) (2.7)

5



for U as in (iv). Then
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holds (see [IM07, Thm. 3.5]) for (P, Q) given by [IMO07, (3.9)-(3.12)].

Consider next

b
I

We show that

Set

for Y, (Y;)T € CHT;R™™),i=1,...
together with &(U~1) = —U~1UU? yield

YA+Y)Y = (WAU '+ WU lOU T + WU+ wd o) uw?
=WAW !+ WW = A,

Thus

This gives

(A, B,C)=((WA+W)W™ ', WB, CW™)
for any W € C'(T; Gl1,,(R)) such that

Im
Ry
0

o

o
Il

Oinmo -

Vi=1,...,p,

Q=YQY™! forsomeY € CHT;Gl,_,m(R)). }

WU =Y =

Yl

—[Yi,...

Yp+1

YA+Y)Y ! = A
YB = B,

c = Cv.

I, 0,...,0] and Y,

7Yp+l]

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

,pyand VP (V,11)T € CH(T;R(=Pm)*7) Then (2.7) and (2.9)

(2.13)
(2.14)
(2.15)

(2.16)



and we proceed

(2.8) (2.13)

N

(0,1, 0,...,0] 2 yliq dy? CY yiyisry) *yiiy g:ioi y?2
0,0,20,0,...,0] = Y244 dy? = vvA+y) yriy My
0,...,0, 1,00 % yetdpdyet = yeivigy) “yetiy g:z; ve.
Therefore, Y is of the form
[ L, 0 0 0]
0 I 0
Y = for some Y € C'(7; Gl,— i (R)).
0 .. 0 I, Q
[ Ypt11 -0 Yppip-1 0 Y]

Now consider the last n — pm rows in YA+Y = AY, which read

DN/P + %Ypﬂ,lv Yp+1,1 + %Ypﬂ,% s aYp+1,p—2 + %Ypﬂ,p—lv Yp+1,p—lv Y/Q]
= [P + QYp+1717 QYP+1727 ) QYP+17p—17 07 QY]7

and comparing successively the p™ block, ..., 1% block yields Y,1p-1 =0,...,Y,111 = 0. Finally,
Y =diag{Iln,...,In, Y} applied to (2.13)-(2.15) gives (2.11). O

Remark 2.6.

(i) In the time-invariant case (A, B,C) € R™ " x R™*™ x R™*" all matrices in Theorem 2.5(i)—(iv)
are constant matrices over R.

(ii) The uniqueness of (P, Q) in Theorem 2.5 up to (Y ~'P, Y ~1QY) for some Y € CY(T; Gl (R))
corresponds to the freedom in choosing V' such that (iv) holds. If V is replaced by VY for
arbitrary Y € CY(T; Gl,—,n(R)), then an easy calculation shows that N becomes Y~IN and
therefore P and Q become Y !P and Y'QY, resp.

(i) A formula for (P,Q) is given in [IMO07, (3.9)-(3.12)] but unfortunately with a typo in formula
[IMO7, (3.10)] for @; the correct formula in terms of the notation from Theorem 2.5(iv) is

Q=-VTV)"'VT[(£ -4V +BI (& +4)C)V]. (2.17)
For its proof see the proof of [IM07, Thm. 3.5].
(iv) As a technicality, quite useful in the following, we collect the fact that Theorem 2.5(iv) gives
0

VEET: COUM)™ = [Lom Opmx and  ker(COU@®) ) =im | : |. (218

(n—pm)]

In—pm



3 Zero dynamics

In this section we investigate the concept of zero dynamics. The zero dynamics of a system are,
loosely speaking, those dynamics which are not visible at the output. We will use them to characterize
(A, B)-invariant subspaces and to design an output feedback controller.

Definition 3.1 (Zero dynamics).
Let £ € Ny and 7 C R be an open set. The zero dynamics of system (1.1) on 7 is defined as the set
of trajectories

ZD(A,B,C) i— {(m,u,y) € AC(T;R") x PC(T:R™) x AC(T;R™) gffv;ggsjges (1.1) on } .

O

By linearity of (1.1), the set ZD(A, B, C) is a real vector space and, roughly speaking and made more
precise in the following remark, it is also a dynamical system. We are indebted to our colleague Fabian
Wirth (Wiirzburg) for pointing out this observation to us.

Remark 3.2 (Zero dynamics are a dynamical system).
Let the state transition map of (1.1) be denoted by the unique solution

gp(-;to,mo,u(-)) T - R

of the initial value problem (1.1), x(tg) = 2° for any (tg, 2% u(-)) € 7 x R™ x PC(T;R™), and the
output map by

(st 2% ul)) : T —R™, e atsto, 2 u(-) = O) p(tito, 2% ul)).

Now it is readily verified that the axioms of a dynamical system as defined, e.g. in [HP05, Def. 2.1.1],
are satisfied for the structure (7;R™,PC(7;R™),R",R™, ¢,n) and the set

D, = { (t,to,2°,u(-)) € T? x R" x PC(T;R™) |VteT: n(tito, 2% u(-)) =0 }.
Next we show that the vector space of orbits induced by D, fixed at ¢y € 7 in the sense
Dorb 1y = { ol ;to,azo,u(-)) : 7T — R | (to,to,xo,u(-)) €D, }

is isomorphic to ZD(A, B, C). This is a consequence of uniqueness and global existence of the solution
of the initial value problem (1.1), x(ty) = 2" which gives that the map

ftol DOFb,to - ZD(A7 B, C) ) 90(' ;t07x07u(')) = ((,0( ;t()?‘rovu('))vu(')?n(' ;t07x07u(')))

is a vector space isomorphism. o
The next corollary is an immediate consequence of Proposition 2.4.

Corollary 3.3 (Characterization of zero dynamics).

Let p,¢ € N such that p < ¢ and consider a time-varying linear system (1.1) which has strict and
uniform relative degree p. Then (z,u,y) € ZD(A, B,C) if, and only if, the following three conditions
are satisfied on 7



) w() =~ [(+ 40" (©)B] " (§+4)7(C) 20,
(iii) z(-) solves & = [A ~B|(4+4)" (0)B] @4 (0)] 2 o

Remark 3.4 (Characterization of zero dynamics for time-invariant systems).
If (1.1) is time-invariant, then Corollary 3.3(i)-(iii) reads

Q) y(-)=0, (i) u(-)=—(CAP'BY"' CAPz(-), (iii) z(-) solves & = [A — B(CA*™'B)™'C A" x.

O

4 (A, B)-invariant subspaces

In this section we show that the function space of the zero dynamics of a system (1.1) which has some
relative degree on 7 is isomorphic to the supremal (in fact maximal) (A, B)-invariant time-varying
subspace included in ker C' at some initial time. First we have to introduce some notations.

Let, for any open set 7 C R,
Wa(T) = { V= (V(1),er ‘ Jke N3V eCHT;R™F) Ve eT: V() =imV(t) }

denote the set of all time-varying subspaces V, generated by some continuously differentiable V.

Definition 4.1 ((A, B)-invariance).

Let 7 C R be an open set, (A, B) € CH(T;R™ ") x CY(T;R™™) and V € W,(T) be generated by
V € CY(T;R"¥F) for some k € N. Then V is called (A, B)-invariant if, and only if, there exists a
discrete set Z C 7 and N € CH(7T \ Z;RF*¥), M € C1(T \ Z; R™*¥), such that

Ve T\Z: (L —A@®)V(@®) =VE)N(E) + B(t)M(t). (4.1)
<

The concept of (A, B)-invariance has been introduced by [BM69, WM70] and generalized in various
directions, see the excellent textbook [Won85]. For time-varying linear systems see [I1c89, Def. 4.1].

Remark 4.2.
If (A, B) has real analytic coefficients, then, as shown in [I1c89, Rem. 4.4], Definition 4.1 is equivalent
to

(% — A1) (V(t)) Cim V(t) +im B(t) for almost all t € 7.
For time-invariant (A, B), ‘almost all’ is redundant. The following example shows that ‘almost all’ is
not redundant for time-varying systems. Set 7 = R and, for all t € R,

V(t) = m . A=0s0,  B() = H .

Then
Vte R\ {0}: (% — A(t))(V(t))

Il
| ——|
i)
—_
Il
| —|
~+~ O
| I |
X
—_
+
1
O =
| I
(@)



Obviously, the elements of W,,(7") are partially ordered by the relation C*, defined by
VCY = VteT: V() CV(t),
for any V,V € Wi(7T). Hence, for any
(A, B,C) € CHT;R™") x CH(T;R™™) x CH(T;R™*™),
the existence of
V*(A,B;ker C) :=sup{ V € W,(T) | V is (A, B)-invariant and V(t) Cker C(t) for all t € T }

follows since the elements of W, (7) are finite dimensional subspaces for all ¢ € 7, and the sum of
(A, B)-invariant time-varying subspaces included in ker C' is (A, B)-invariant and included in ker C'.
Actually, the supremum in the definition of V*(A, B;ker C) is a maximum.

The following proposition shows that V*(A, B;ker C') has a simple representation if (1.1) has a strict and
uniform relative degree. Note also that (4.2) becomes even simpler after the coordinate transformation
(2.4) introduced in Theorem 2.5, see (4.5).

Proposition 4.3 (Representation of V*(A, B; ker C)).
Let p,¢ € N with p < ¢ and suppose system (1.1) has strict and uniform relative degree p on 7. Then,
for C as in Theorem 2.5(iv),

VteT : V*(A, B;ker O)(t) = kerC(t). (4.2)

Proof: Let U be as in Theorem 2.5(iv) and (A, B, C) as in (2.7). At several occasions, we will make
use of the fact that
VteT: U(t) kerC(t) = ker (C(t)U(t)_l) . (4.3)

Step 1: We first show

VYteT : V(A B;ker C)(t) = U(t)~! V*(A, B;ker C)(t)
which is equivalent to
VYteT: Ut)V*(A,B;ker C)(t) = V*(A, B;ker C)(t). (4.4)

Step 1a: Let V € W,,(T) be any (A, B)-invariant time-varying subspace included in ker C' and generated
by V € CH(T;R™F), k € N. Then (4.1) holds for some N € C(7 \ Z; R***), M € CY(T \ Z;R™*), T
a discrete set, and hence, for all t € 7 \ Z, we have

(2.7)

(L —A)WV)=0V+UV—Avv E 0V 4+ UV - UA+ D)W =U (L — A) (V)

D (UV)N + BM.
(27)

Therefore, UV = (U(t)V(t))teT is (A, B)-invariant. Furthermore,

4.3) (2.7)

Vie T : im(UGV(H) =UE)imV(t) C Ut ker O(t) ‘= ker (CHU)™Y) E ker O(t)

and so “C*” in (4.4) follows.
Step 1b: The proof of “2O*” in (4.4) is analogous and omitted.
Step 2: We show that
YteT : Ut) ! V(A B;ker O)(t) = ker C(t)

10



which, in view of (4.3) and (2.18), is equivalent to

V*(fl,l%;ker C’) =X, (4.5)

€ W,(7) is generated by the constant matrix X'(-) := : e CH(T; R (n=pm)y
0

In—pm
Step 2a: We show “2*” in (4.5). The family X is (A, B)-invariant, since

0 0 0 0 0
. : (2.8) : : : _ : -
(& - A) ; = o= (—Q)+ |o| (-I719) = ; N + BM,
S r
In—pm Q In—pm 0 In—pm

where N := —Q € CY(T; R(”_pm)x(“_pm)) and M := —-I'"1S € CY(T; Rmx(”_pm)); furthermore,

. i C(t) ]
. L+ At U
VteT : im 0 @218 yor CcHUE)™) @D yer (& ) ( ) C ker C(t)
In— m —
’ (4 +A@),)" " (C)U@,

and therefore X C* V*(A, B;ker C).

Step 2b: We show “C*” in (4.5), i.e. that any (A, B)-invariant time-varying subspace V € W,(T)
included in ker C' fulfills V C* X. Let V e CY(T;R™), k € N, and N € C{(T \ Z;R**F), M ¢
CHT \ Z;R™*¥) T a discrete set, such that

VteT: imV(t) CkerC(t) and VteT\Z: (L —A®))(V(®) =V(E)N(E)+ B(t)M(t). (4.6)
It suffices to show that
Vi=1,..,p : SjV =0, (4.7)

where
Sj :=diag{Ily,...,I,0,...,0} e R™*", j=1,...p.
j-times

(4.7) is shown by induction. If j = 1, then

(2.8) (4.6)

VteT : SiV(E) = CH)TCH)V(t) = 0.
Suppose SjV = 0 holds for some j € {1,...,p — 1} and set

Vi = diag {0mxm, - - - » Omoscms Iy 0, ., 0}V, i =2, j+1.

(i—1)-times

11



Then im V (t) C ker S; for all t € 7, and hence im %V(t) C ker §; for all t € T, thus Sj%f/’ =0 and

Va -
' 0

V» (2.8) AN d A\ A ae. A A (2.8) J<p—1
J0+1 i 5],41/:53(3—A)(V)(;6 S;VN +8;BM "="S; |o| M= 0,
' r
: 10

= 0 -

where “a.e.” means “on 7 \ I” in this case. Hence we find Sj+1V(t) =0 for all t € 7 \Z and
V € CH(T;R™F) gives S;j+1V = 0. So the proof of Step 2 is complete, and the proof of the proposition
follows from Step 1 and Step 2. O

We are now in a position to characterize the zero dynamics of systems which have strict and uniform
relative degree. This result, motivated by some comments in [BLGS98] in the context of distributed
parameter systems, seems, to the best of our knowledge, also new for time-invariant linear systems.

Proposition 4.4.
Let p,¢ € N with p < ¢ and suppose system (1.1) has strict and uniform relative degree p on 7. Let
(z,u,y) € AC(T;R"™) x PC(T;R™) x AC(T;R™) be a solution of (1.1). Then

(z,u,y) € ZD(A,B,C) <= [w €T : a(t) € V(A B;ker C)(t)] .
Proof: “=7: Let (z,u,y) € ZD(A, B,C). Applying the coordinate transformation (2.4), where U is
as in Theorem 2.5(iv), it follows from y = 0 that £ = 0 and therefore, for all t € 7,

(2.18) (4.2)

o(t) = U(t)"! <5(t)> — U@ <n(t>> cu@ytim| | “kercw) D vi4, Biker O)(1).
“&”: Since
VteT: z(t) € V(A, B;ker O)(t)

it follows that

In—pm
and therefore (cf. (2.4)) y = & = 0, whence (z,u,y) € ZD(A, B, C). O

We now state the main result of this section: for any system (1.1) which has strict and uniform relative
degree on 7, the zero dynamics is isomorphic to the maximal (A, B)-invariant time-varying subspace
included in ker C' at any initial time.
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Theorem 4.5 (Vector space isomorphism).
Let p,¢ € N with p < ¢ and suppose (1.1) has strict and uniform relative degree p. Then, for every
to € T, the linear mapping

Ly, : V*(A, B;ker C)(ty) — ZD(A,B,0),

20 <g;(.), . [(%+AT)”‘1 (C)B]_l (& + A4 (0)z(), cx(.)>,

where z: 7 — R" solves

i = <A ~B[(&+4)7 (OB (& + A (0)> . alto) = 2,

is a vector space isomorphism. In particular, ¢ — dim V*(A, B;ker C)(t) is constant on 7.

Proof: Step 1: We show that L, is well-defined, that means to show that for arbitrary 2 €
V*(A, B;ker C)(tp), the solution of

i = (A - B [(% + 4,07 (c)B] - (& +4,)° (C)) z,  a(ty) =2’ (4.8)

on 7 satisfies

_ -1
(z,u,y) = (x - [(% + A (C)B} (£ +4,)° (C’)x,Cm) € 2D(A,B,C). (4.9)
It is an immediate consequence of (4.8) that (z,u,y) solves (1.1) on 7. In view of Corollary 3.3, it
remains to show that y = 0.
Applying the coordinate transformation (2.4) and the notation as in (2.5) yields

[0 I, 0 0 [0 ]
0 0 Iy 0
§t) = §(t) + n(t)
0 0 0 I, 0
LRi(t)  Ra(t) Ro-1(t) R,(t) LS(1) ]
- 01
0
w5 | ([ a00 eoso]” (G an) oo ().
0
[I(2).
n(t) = P(t) &(t) + Q) n(t).
It follows from (i) and (ii) of Theorem 2.5 that
[0 I, 0 i [0 I, 0 ]
0 I NI RN [ N I3 )
[Ri,...,R,, 8] — (& +4,)" (C)U! 0, 0, ..., 0] 0
P, 0, , 0] Q , 0, 0] Q




and the initial value satisfies

0
<7§780;> = U(to)z" € Ul(to)V*(A, B;ker C)(to) (42) U(to) ker C(to) (218) . : |
0 0
T pm
thus y = & = 0.

Step 2: We show that Ly, is injective. Let o1, 22 € V*(4, B;ker C)(tg) so that Ly, (z1)(-) = Ly, (22)(+).
Then
(.Z'l,*, *) = Lto(‘rl)('”t:to = Lto('zz)(')‘t:t() = (1’2,*, *)

Step 3: Surjectivity of L, follows immediately from Proposition 4.4 and Corollary 3.3. O

5 High-gain stabilization by output derivative feedback

In this section we design a simple high-gain output derivative feedback controller (see Figure 1) for
systems (1.1), which have strict and uniform relative degree and uniformly asymptotically stable zero
dynamics, so that the closed-loop system is uniformly exponentially stable. Throughout the section
we set 7 = (0, 00).

Recall (see e.g. [HP05, p. 257]) that a system & = A(t)z, where A € PC((0,00); R"*"™), is called
uniformly exponentially stable if, and only if, its transition matrix ®4(-,-) satisfies

IMA>OVE> 1t >0 : |[Da(t,to)] < Me Mt0)
and this is equivalent (see e.g. [Rug96, Th. 6.7]) to
IM,A>0Vsln. 2(-) of & = A(t)x YVt > tg >0 : [Jzt)]] < M e M0) |1z (40)].
Stability of the zero dynamics is defined as follows:

Definition 5.1 (Stability of zero dynamics).
The zero dynamics of system (1.1) is called

uniformly stable if, and only if,

Ve>036>0Vty >0V (z,u,y) € ZD(A, B,C) s.t. ||(x(to), u(to))| <o
Vi >ty 2 (@), u®)ll <e;

attractive if, and only if,

V(z,u,y) € ZD(A, B,C) : tlim (z(t),u(t)) =0;
uniformly asymptotically stable or exponentially stable if, and only if, ZD(A, B, C) is uniformly
stable and attractive. o

The notions of uniformly stable and attractive zero dynamics introduced in Definition 5.1 are, precisely
speaking, those of uniform stability and attractivity of the zero trajectory (0,0,0) € ZD(A, B, C), resp.
However, ZD(A, B, () is a linear space and so the zero solution is uniformly stable (attractive) if, and
only if, every solution (z,u,y) € ZD(A, B,C) is uniformly stable (attractive), resp. Therefore, the
abuse of terminology may be tolerated.
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Remark 5.2 (Zero dynamics).
Let p,¢ € N with p < ¢ and suppose (1.1) has strict and uniform relative degree p on 7 = (0, 00) and
Byrnes-Isidori form (2.7), (2.8) as in Theorem 2.5. Then in [IM07, Prop. 4.2] it is shown that

ZD(A,B,C) = { (Vn,-T7'5n,0) | n=Q(t)n }

Furthermore, [IMO7, Prop. 4.4] yields that the zero dynamics ZD(A, B, C) are uniformly asymptotically
stable if, and only if, 7 = Q(t)n is a uniformly exponentially stable system. o

We are now in a position to show that a system (1.1) which has some strict and uniform relative
degree and uniformly asymptotically stable zero dynamics can be exponentially stabilized by a high-
gain output feedback controller as depicted in Figure 1. We stress that the controller (5.1) is simpler
than the controller [IM07, (4.2)]. Moreover, this result is also new for time-invariant systems.

Theorem 5.3 (High-gain derivative feedback stabilization).
Suppose

(i) system (1.1) has strict and uniform relative degree p € N on (0, 00),
(ii) system (1.1) has uniformly asymptotically stable zero dynamics,

(iii) the matrix functions (A, B,C), B, C, (CB)~! defined in Theorem 2.5(iv) are bounded on (0, 00),

(iv) the high-frequency gain matrix T'(t) := (& + A(t)r)p_l (C(t))B(t) is uniformly positive definite
in the sense:
Fa>0Vt>0: TH)+T@) >al,.
p=l
Choose a Hurwitz polynomial k(s) = > k;s' € R[s] such that k,—1 > 0. Then there exists * > 0 such
i=0
that, for all K > x*, the derivative output feedback controller

p=1 .
UQ%=—KH%XM0%=—RZ%MMWU, (5.1)

applied to (1.1) yields a uniformly exponentially stable closed-loop system.

Remark 5.4 (Time-invariant systems).

For purpose of illustration, we discuss Theorem 5.3 for time-invariant systems (1.1). Suppose first
that (1.1) has strict and uniform relative degree 1, i.e. det CB # 0. Then the Byrnes-Isidori form
of (1.1) is, in view of Remark 2.3(i), given by

o) = Le o] ol +[97]0 6

for some R € R™*™ & pT ¢ Rmx(n—m) o ¢ R(r=m)x(n—m) Quppose further that the high-frequency
gain matrix is positive in the sense o(C'B) C C; and that (1.1) has asymptotically stable zero dynamics;
the latter means, in view of Remark 5.2, 0(Q) C C_. Now apply, for k > 0, the feedback

u(t) = —ry(t), (5:3)

to (5.2). Then it is easy to see (see e.g. [[1c93, Lem. 2.2.7]) that the closed-loop system

skl gk
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is exponentially stable for all kK > x* and some x* > 0 sufficiently large.
We would like to generalize this result to time-invariant systems with relative degree p > 1. The
obstacle of the higher relative degree can be circumvented by introducing the compensator

u(t) = — nk(%) v(t), (5.4)

p=l

for some polynomial k(s) = »_ k;s* € R[s]| such that k,—; > 0. Then the transfer function of the series
i=0

interconnection (1.1), (5.4) is given by

C(sI, — A)"'Bk(s) = Ck(A) (sI, — A)™'B,

where equality follows from Remark 2.3(i), and the high-frequency gain matrix is Ck(A4)B = k,_1C AP~ B.
Therefore, the realization (A, B, Ck(A)) of the interconnection (1.1), (5.4) has strict relative degree 1.

If system (1.1) has asymptotically stable zero dynamics and k() is Hurwitz, then (A, B,Ck(A)) has
asymptotically stable zero dynamics, too; this follows from

det [‘gkz;)l 13] = k(s) det [815‘4 Jg]

which is easy to see by invoking the Byrnes-Isidori form.
Finally, applying the feedback (5.1) to (1.1) is equivalent to applying

v(t) = —ry(t)

o (1.1), (5.4), equivalently to (A, B,Ck(A)), and hence the findings from above, concerning relative
degree one systems, yield that the closed-loop system interconnection (1.1), (5.1) is exponentially stable
for all K > k* and some «* > 0 sufficiently large.

The analogous result for time-varying systems is the content of Theorem 5.3 but the proof is much
more involved. o

Proof of Theorem 5.3: We proceed in several steps.

Step 1: Coordinate transformation of (1.1), (5.1).

By Theorem 2.5, the closed-loop system (1.1), (5.1) may be written, in terms of the coordinate trans-
formation (2.4) and the transformed system matrices (2.7), (2.8) as

£ = aw (50) -#0)S koo

n(t) () o
) . p— N (2 A~
()t S 400 ()
e Ay (40) By 'S kA (€0
28 Aw) (77(75) Blt) & kAW (1)
@9 Aw) (522) — k B(t) Ck(A(t)) (§E§§

Clearly, o
Ck(A(t) = [Ck,0

—

where Ck = [ko]m, ey kp—llm] .

Then the closed-loop system (1.1), (5.1) is equivalent to
o (€Y _ A (€9Y 4 B )
i <77(t)> = A(t) (77(75)> + B(t)v(t) (5.5a)
0 = el () (5.50)
v(t) = —ry(t). (5.5¢)
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Furthermore, Assertion (iii) together with [IM07, Thm. 4.5] yields that the transformation matrix U,
its inverse U ™! and all entries in (5.5) are bounded on (0, 00).

Step 2: Byrnes-Isidori form of (5.5a), (5.5b).
Note that X
[Ckv O]B(t) = kp—lr(t)7 t> 07
is the high-frequency gain matrix of the system (5.5a),(5.5b) and so it follows from Assertion (iv)
that (5.5a), (5.5b) has strict and uniform relative degree one. Therefore, in view of

[ 0 kp1lm - koly kil ]
0 0 0 —kOIm
im V' = ker[Cy, 0], where V= : : B 3 0 e R(=m) = (5.6)
0 0 ' :
0 —koln,
| T pm 0 0 |
we may apply Theorem 2.5 for
o= (%), VT (1 - B(CL0B)(C0)
to transform system (5.5a), (5.5b) into Byrnes-Isidori form
R S k,.I'
(Ca+ g0, 0B, cT) = <[ 5 Q} [O(n_mym} s o(n_m)x(n_m)]> (5.7)

or, equivalently,

() - 9 30 () ko
w0 = ol (7).

In view of Assertion (iii), the transformation matrix U, U~" and all matrices in (5.7) are bounded on
(0, 00).

(5.8)

Step 3: Zero dynamics of (5.5a), (5.5b). )
By Remark 3.2, the zero dynamics of (5.8) are determined by 2 = Q(t) z. We show that, for all ¢ > 0,

Ot) = {Q(t) E(t)], where E(t) = [kyrP(t),ky_2P (1), .. k1 P(1)]

0 Hy

[ Fp— kp—: k k T

_ﬁlm _k,/j—,flm _kp—illm _k,,gllm
Im 0 0 0 (5.9)

H, = 0 I 0 0
0 0 I 0 |
Formula (2.17) yields, for V as in (5.6),
Q = —(VTV) VT AV 4 BlkyaT) 7 (§ + A (G, )V |
1~ 1 . s
- (VT T [In - k—BF‘l[C’k,O] AV. (5.10)
p—1



Proceeding in steps, we calculate

1
I, — —Br e, 0| =
kp1
VT, — —Brc, 0| =
kp—1
AV =
- 1 . .
v, — —BrlcC, 0| AV =
kp—1
L, 0
0 (K21 +k)Im
0 kp1k, ol
VIV =
0 ky1k,—3ln
0 kyikiln

Ip,
I, )
k k,_
—5, %5 Im dm 00
|0 0 0 I,
i 0 0 0 0 0 I,
kZ+k2_ kok kokp— kokp—
T Im 2 rdm 5 I, 000
ky_olm 0 0 —kol,, 0 O
kol 0 Do
kil —kol, O 0 0]
[0 0 0 —kol,
0
0 0 . :
0 —koln, 0 0
S ky_1R1 —koR, k, 2Ri—koR,_1 k1R1 — koRs
Q k,—1P k,—2P kP
Q) k,—1P k,—oP ko P k1P
K2k, K2k, K2k k3 (k2_ +k3)
0 =2 m = — o dm T
0 k31, 0 0 —kokp—2Im
0 0 :
: . 0 :
0 0 0 k31, —kok11m
0 0 y
kp—1kp—olm  kp—1kp—3Ip ko_1kily,
(k’%_g + k‘g)[m k‘p_gk‘p_glm k’p_Qk’lIm
kp—2kp—3Im ; 7
: . koki1,,
k‘p_gk‘llm koki1,, (k‘% + k’g)fm_
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and, for y := k2 32720 k?

J=0"5"
(VI 0 0 0 1
0 <25 (l]kj2> _kp—lkp—2lm _kp—lkp—?)lm —kp_lklfm
Jj#p—1
0 —ky1kyoly <z” 1/<;2> —kp-okp-sln - —kp_okilm
(VTV)_l =1 J#p—2
0 —ky1ky3ly —kpoky 3ln
: ; ; —kok1 1,
0 —kp1kiln —kyoki 1, —koky 1, <z” 1k2>
J#1

Inserting these findings into (5.10) yields (5.9). Note that E is bounded since P is bounded.

Step 4: Stability of the zero dynamics.

By Remark 3.2, the zero dynamics of (5.8) are uniformly asymptotically stable if, and only if, 2 = Q(t) z

is uniformly exponentially stable.
Step 4a: We show that for Hy as defined in (5.9) we have
IM, A >0VE>0: [[ef | < Mye Mt

If we had shown that
det(sI — Hy) = k,"] k(s)™ € R[s],

then (5.11) would be a consequence of the assumption that k(-) is Hurwitz.
To simplify the notation, set

. k;
ki = — for 1=0,....,p0—2
kp—1

and

sly, s,

-1, sl 0 s721,, s, 0

. . : . . = Lp—2ym -
0 —I, sl s .. s72I, s,
=:F,_3 €R(s)(p=2)mx(p=2)m :Fpil2

An application of the Schur complement formula (see e.g. [HP05, Lemma A.1.17]) yields

[ (S + ];p_g)fm /%p_gfm - lzjofm 1
I, sl
det(sI — Hi) = det 0 —Im sl
i 0 —Im sy |
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[ (S + ];p_g)[m ];p_gfm ... ko[m 1
I,
= det 0
; F, s
- 0 -
I,
- - - 1 0
= det (Fp_g) ~det | (s+ k’p_Q)Im — [k’p_gfm e k‘o[m] Fp_—2 .
0
= sPIm . get <(s tkyo+ky s bt l%os—(f’—2>)lm>
= [.sf"l tky 98”24+ I?:o]m
(5.13) 1 }m
= — k(s .
o ke
This completes the proof of (5.12).
Step 4b: We show that the transition matriz ®q(-,-) of & = Q(t)x satisfies
IMo, Ay >0Vt > 19 >0 @ [[Bo(t,s)]| < MpeP2(t7t0) (5.14)

and we may assume that Ao < Aq.

The zero dynamics of system (1.1) are uniformly asymptotically stable by Assertion (ii); they are
determined by the system 1 = Q(t)n for @ as in (2.8). By Remark 5.2, system 1 = Q(¢)n is uniformly
exponentially stable, and so the transition matrix ®¢g(-,-) of n = Q(t)n satisfies (5.14).

Step 4c: We show that 2 = Q(t) z is uniformly exponentially stable.
Consider the solution (z1(-),22(-)) of the initial value problem

731 ~ 21 Q(t)zl + E(t)22> <2’1 (to)) <Z?>
<z2> ) <Z2> < Hyz 22(to) 2 (519)
for fixed but arbitrary (z{,29) € R™ x R*™™ and t; > 0. By boundedness of E we have

Je1 >0VE>0 : |[E@)] <er. (5.16)

An application of the Variation of Constants formula to the first equation in (5.15) and taking norms
yields, for all ¢ > tg,

t
@l = H%(t,to)z?+ [ #alt. ) EG)za(s) as
to
(5.14) t
< Mye 2210|104 / Mye 22479 ¢ ||z9(s)| ds
(5.16) to
(5.11)

t
< Mye 200010 4 ClMlMQ”ZgH/ e M2(t=9) g=Mi(s—t0) (4
to
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0
= Mye 100 + a1 My My ||z | (e—)\z(t—to) B e—)\l(t—to))
AL — A9

MMy o (t—to)

< Mpe 0w af) 4 G 181

(5.17)

Now it is a straightforward calculation to see that (5.11) together with (5.17) yields

IM; > 0Vt > 9> 0 : H<2 E>H<M3e e H< >H
2

and therefore z = Q(t) z is uniformly exponentially stable.

Step 5: We show that there exists k*, My, Ay > 0 such that, for all kK > k*, every solution (y(-),z()) of
the closed-loop system (5.8), v = —KY satisfies
)
z(to)

Note that boundedness of E and @ yields boundedness of Q and therefore we may apply [HPO5,
Th. 3.3.38] to conclude existence of a symmetric solution P € C((0, 00), R(r=m)x(n=m)y tq

Vi>0: Q) Py(t) + Ps()Q(t) + Py(t) = —In-m (5.18)
which is bounded from above and below in the sense

Hﬂl,ﬂg >0Vt>0: ﬂlfn—m < PQ(t) < ﬂgfn_m . (519)

S e

Now differentiation of
VIRXR"xR"™ =R, (4,5,2)— 7 §+2 Py(t)z,
along any solution (7(-), z(+)) of the closed-loop system (5.8), v = —xj yields, for all ¢ > 0,
SV n.20) = 2507 (ROTE + SO) — kDO
+22(t) " (PQ(t)P(t)g(t) + PQ(t)Q(t)z(t)> +2(t) " Py (t)2(t)
25(6) " (ROFE) + SO)=(t) - rhp 1 T@OF(E))
+2:(t) PP — |(0)]?
25(6)T (RO + SM)=(1)) +22() T Po() P)(E)
[0 = wkprallF),

and by boundedness of R, S, P (see Step 2) and Py (see (5.19)) and making use of the inequality
ab < %a2 + %bz for all a,b € R, it follows that there exists M, > 0 such that, for all ¢ > 0,

FVEU,2(1) < (My— wkpo10) [FOP — 2()]7 + Mal[F@)| - |2(2)]

1 - 1
< (M 502 = bysa ) IO - 3012

(5.19)
£ </-ek:p 1o — My — —M4> T - 550 Pa(0)=(0).

(5.18)

Ass. (iv)

IN
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Now set Moo A2
1 2 1
K" = + M+ Mi/ and M; ::min{l,—};
k‘p_la 252

then
V> kK VE>0 : SV Y1), 2(t) < —Ms V(t,§(t), 2(t))

and separation of variables yields
V>t >0 : V(t,7(t),2(t) < e M) vty 5(to), z(to)) - (5.20)

Finally, the claim of Step 5 follows by an application of (5.19) to (5.20) and standard arguments, see

e.g. the proof of [Rug96, Th. 7.4].
r=ut (8) =g (Y
n z

Step 6: Since
and U~', U~! are bounded (see Step 1 and Step 2) it follows that the closed-loop system (1.1), (5.1)
is uniformly exponentially stable. This completes the proof of the theorem. O
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