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Abstract. We consider linear differential-algebraic m-input m-output systems with positive
strict relative degree or proper inverse transfer function; in the single-input single-output case these
two disjoint classes make the whole of all linear DAEs without feedthrough term. Structural proper-
ties - such as normal forms (i.e. the counterpart to the Byrnes-Isidori form for ODE systems), zero
dynamics, and high-gain stabilizability - are analyzed for two purposes: first, to gain insight into the
system classes and secondly, to solve the output regulation problem by funnel control. The funnel
controller achieves tracking of a class of reference signals within a pre-specified funnel; this means in
particular, the transient behaviour of the output error can be specified and the funnel controller does
neither incorporate any internal model for the reference signals nor any identification mechanism, it
is simple in its design. The results are illuminated by position and velocity control of a mechanical
system encompassing springs, masses, and dampers.
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R>o = [0,00)
C4(Cy) open (closed) set of complex numbers with positive real part, resp.
Cc_(C.) open (closed) set of complex numbers with negative real part, resp.
Gl,(R) the group of invertible real n X n matrices
Rls the ring of polynomials with coefficients in R
R(s) the quotient field of R|[s]
r™™ the set of n X m matrices with entries in a ring R
||l = Vz Tz, the Euclidean norm of z € R
|| M]] = max{|[Mz| |z €R™, |z| =1}, induced norm of M € R™™
C(T;R") the set of £-times continuously differentiable functions f : 7 — R"

BYT;R") = {f e CUT;R")| L f is bounded for i =0,...,¢}
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1. Introduction. We consider linear differential-algebraic systems of the form

Ei(t) = Az(t) + Bu(t) (1.1)

where E, A € R™" B,CT € R™™ are such that the pencil sE— A € R[s]™" is regular,
ie. det(sE — A) € R[s]\{0}; the set of these square (i.e., same number of inputs and
outputs) systems is denoted by 3, ., and we write [E, A, B,C| € ;, m.

The functions u,y : R — R™ are called input and output of the system, resp. A
trajectory (z,u,y) : R — R™ x R™ x R™ is said to be a solution of (1.1) if, and only
if, it belongs to the behaviour of (1.1):

n m m x,u,y) solves (1.1
B(1.1) = {(%%y)ecl(R;R ) x C(R;R™) x C(R; R™) §or allyz)feR (1.1) }

Regularity of the pencil guarantees that for each consistent initial value z(0) = 2° €
R™ there exists a unique and global solution of E& = A x, see for example [15, Sec. 2.1].
More smoothness for u and y is required for some results.

We also derive frequency domain results for [E, A, B,C| € ¥, and its transfer
function, defined by

G(s) =C(sE - A)"'B e R(s)™™.

Roughly speaking, and in Section 1.3 explained in detail, we divide, in the single-
input single-output case, the system class ¥,, ; into the disjoint sets of systems with
strictly proper transfer function and with non strictly proper transfer function g(s) =
C(sE—A)"'B € R(s), resp. Our generalization for multi-input, multi-output systems
3p,m will treat systems with positive strict relative degree and systems with proper
inverse transfer function (see Section 1.2 for the definitions), resp. However, these two
disjoint sets do not unify to whole X, ,,, as, for example, systems with strictly proper
transfer function with a non-constant vector relative degree are not encompassed.

1.1. System equivalence. We will derive normal forms of systems [E, A, B,C] €
Yn,m belonging to certain classes specified in Section 1.3. To this end, recall the fol-
lowing:

Two systems [E;, A;, Bi, Ci] € Xpm, @ = 1,2, are called system equivalent if, and
only if,

W T GLER) - [sEl—Al Bl}_[W 0] [SEQ_AQ 32} {T 0];

1 0 0 I, Cy o0 I,

we write

[Er, Ar, By, C4] r [Ea, As, By, Cs]. (1.2)

It is easy to see that system equivalence is an equivalence relation on ¥, ,,, and that
the transfer function is invariant under system equivalence.
We quote the well known result by Weierstrafl for regular pencils sE — A.

PROPOSITION 1.1 (Weierstrafl form [6, Th. XIIL.3]).
For any regular matriz pencil sSE — A € R[s]™™, there exist W, T € Gl,,(R) such that

s, — As 0 T (1.3)

sE—A =W 0 N1, | T

for some Ay € R™ ™ and nilpotent N € R*/". The dimensions ng,ny € Ny are
unique, the matrices As and N are unique up to similarity. o
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The index of nilpotency of a nilpotent matrix N € RF* is defined to be the
smallest v € N such that NV = 0. It can be shown (see e.g. [15, Lem. 2.10]) that the
index of nilpotency v of N in (1.3) is uniquely defined by the regular pencil sE — A;
v is therefore called the index of the pencil sE — A if the nilpotent block is present
and the index is v = 0 if the nilpotent block is absent (i.e., ny = 0).

An immediate result from Proposition 1.1 for systems [F, A, B, C] is the following.

COROLLARY 1.2 (Decoupled DAE).
Let [E, A, B,C| € Lym. Then there exist W,T € G, (R) such that

wr [[I,, 0] [4s 0 B
mana " [ AL l6 25 e el o
for some By € R"™ By € R*""™, Cy € R™", Cy € R™", A; € R""™ and
nilpotent N € R"f"f, o

The form (1.4) is interpreted, in terms of the DAE (1.1), as follows:

(z,u,y) € B(1.1) if, and only if, <xs()) = Tx(")

solves the decoupled DAEs

is(t) = Aszs(t) + Bsu(t) Nip(t) = x5(t)+ Bru(t)
ys(t) = Csws(t), yr(t) = Cray(t), (1.5)
y(t) = ys(t) +yp(t).

If (z,u,y) € B(1.1) and in addition u € C"71(R;R™), then by repeated multiplication
of Niy(t) = z¢(t)+ By u(t) by N from the left, differentiation, and using the identity
NY =0, it is easy to see that the solution satisfies

v—1
zr() ==Y N*Bru®(). (1.6)
k=0
1.2. System properties.

1.2.1. Zero dynamics. An essential concept in the present article is the zero
dynamics of system (1.1):

ZDqay = { (z,u,y) €Dayy |y=0}.
By linearity of (1.1), ZD1.1) is a real vector space.
The zero dynamics of system (1.1) is called asymptotically stable if, and only if,
Ve>036 >0V (x,u,y) € ZD(1.q) s.t. [(2(0),u(0)|| <5VE>0 = |[(z(t),u(t))] <e
and

V(z,u,y) € ZD.1) : tl_l)rgo (z(t),u(t)) =0.

(Asymptotically stable) zero dynamics is the vector space of those trajectories of
the system which are, loosely spoken, not visible at the output (and tend to zero).
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1.2.2. Relative degree. Another fundamental concept is the relative degree of
the transfer function G(s) = C(sE — A)~!B of (1.1).
A rational matrix function G(s) € R(s)™™ is called

proper <= lim G(s) =D for some D & R™™

S5—00

strictly proper <= lim G(s) =0,

§—00

and we say that the square rational matrix G(s) € R(s)™™ has strict relative
degree p € 7 if, and only if,

p = srdegG(s) = sup{ k€Z | lim s*G(s) € Gl,(R) and lim s*'G(s) =0

§—00 §—00 }

exists. Note that for any G(s) € R(s)™™ we have (consider the entries)

lim s*"1G(s) =0 for some k € Z = lim s*~"G(s) =0 forallic N.
§—»00 §—00

For convenience, we also say that [E, A, B, C] € X, ., has strict relative degree p
if G(s) = C(sE — A)~!B has strict relative degree p. Then the matrix

I':= lim s’ G(s) € GlL,,(R)
S§—00
is called high frequency gain matriz.
If g(s) = p(s)/q(s), for p(s) € R[s] and ¢(s) € R[s]\{0}, is a scalar rational
function, then the strict relative degree always exists and coincides with the well-
known definition of relative degree:

srdegg(s) = degq(s) — degp(s).

1.2.3. Stabilizability and detectability. We recall different concepts of stabi-
lizability and detectability for DAEs (1.1). For brevity, we do not define the concepts
in system theoretic terms but recall algebraic characterizations in Proposition 1.3; the
latter will be used in our proofs. For system theoretic notions of the concepts see [5,
Secs. 2 & 3.

PROPOSITION 1.3 (Stabilizability and detectability).

A system (1.1) is

(i)  stabilizable <= rank[sE — A,B]=n for all s € C,

(ii) detectable <= rank[sET — AT ,CT]=n forallse Cy

Both properties are invariant under system equivalence.

1.2.4. Poles and zeros. Finally, we recall the definition of transmission zeros
and poles of a transfer function; see for example [14, Sec. 6.5].

Let G(s) € R(s)™™ with Smith-McMillan form
€1 (S) Er (S) > m,m

L g o) e R(s)™™,

D) ) )
where U(s), V(s) € R[s]™"™ are unimodular (i.e. invertible over R[s]"™™), rank G(s) =
r, €i(s), ¥i(s) € R[s] are monic, coprime and satisfy €;(s) | €i+1(8), Yi+1(s) | ¥:(s) for
alli=1,...,r—1. s € Cis called transmission zero of G(s) if £,(s9) = 0 and a pole
of G(S) if 1/)1 (So) =0.

U~ (s)G(s)V1(s) = diag (

Note that by the transfer function being invariant under system equivalence, this
holds true for transmission zeros and poles as well.
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1.3. System classes. We introduce the two main system classes investigated
in the present article. In both of them, an explicit feedthrough term is not allowed.
However, this assumption is only made for technical reasons. We also explain how
systems with feedthrough are related to the two system classes under consideration.

1.3.1. Systems with positive strict relative degree. Consider the class of
DAE systems (1.1) such that [E, A, B,C] € ¥, ,, has positive strict relative degree.

If [E, A, B, C] is single-input, single-output, i.e. m = 1, then its transfer function
g(s) = C(sE — A)~'B = p(s)/q(s) has positive strict relative degree if, and only if,
deg q(s) > degp(s) or, equivalently, g(s) is strictly proper.

Note that for any G(s) € R(s)™™ we have

G(s) has positive strict relative degree G(s) is strictly proper.

=
N
ig.
An ODE system [FE, A, B,C] = [I, A, B, C] has transfer function
G(s) = C(sI-A)'B = CBs ' +CABs > +CA’Bs? +...
and therefore strict relative degree p € N, if, and only if,
det(CAP™IB) #0 and,if p>1, YVk=0,....,p—2 : CA*B=0.

1.3.2. Systems with proper inverse transfer function. The second class of
DAE systems (1.1) considered in the present article are those DAEs [E, A, B,C] €
Yn.m whose transfer function G(s) = C(sE — A)~'B € R(s)"™™ has proper inverse
over R(s)™™ i.e. G(s) is invertible over R(s) and lims_,o, G~1(s) € R™™.

In [2, Prop. 1.2] we have shown that for any G(s) € R(s)"™™ the properties of
proper inverse transfer function and strict relative degree are related as follows:

srdegG(s) <0 ~—  G(s) has proper inverse.
=
ig.

A zero dynamics form for systems [E, A, B,C| € %, ,, with transfer function
G(s) € R(s)™™ whose inverse G~!(s) is proper, is studied in Theorem 2.3. Con-
versely, if a proper transfer function G~!(s) € R(s)"™™ is given, then this may be
realized as an ODE [I, A, B, C, D] with feedthrough term D and it is easily verified

that the regular DAE
Hg ?] ’ {_BD _ﬂ ! m AL 0@ (1.7)

without feedthrough term is a realization of G(s).

If [E, A, B,C] is single-input, single-output, then its transfer function g(s) =
C(sE — A)~'B = p(s)/q(s) has proper inverse if, and only if, deg ¢(s) < degp(s) or,
equivalently, g(s) is not strictly proper. In this case, there does not exist a realization
of g(s) as an ODE system [I, A, B, C] without feedthrough term. The class of single-
input single-output DAE systems ¥,, ; can be decomposed into the disjoint sets of
systems with strictly proper transfer function and with non strictly proper transfer
function g(s) = C(sE — A)~'B € R(s), resp.:

Sum = {IEAB.Cl€Eua] gls) = 5, dogq(s) > degp(s)}

q(s)’

U {[E,A,B,C| € 1] g(s) = &, degq(s) < degp(s)}

For multi-input, multi-output systems %, ,,, generalization to systems with pos-
itive strict relative degree and systems with proper inverse transfer function does not
allow for such a disjoint union. This is the topic of the following section.
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1.3.3. Systems which have neither positive strict relative degree nor
proper inverse transfer function. The class of multi-input, multi-output systems
[E, A, B,C] € ¥, with transfer function G(s) = C(sE — A)"'B € R(s)™™ can be
decomposed in the disjoint union of the following three sets:

Snm = {[E,A,B,C] € Znm| G(s) has positive strict relative degree}

U {[E, A B,C) e Zn,m‘ G(s) has proper inverse transfer function}
OB 4,B,Cl € Snnm G(s) has ne.lther positive strict r.elatlve degree '
’ nor proper inverse transfer function

Note that the latter set is, for multi-input, multi-output systems, not empty.
It contains in particular systems with a non-constant vector relative degree and it
contains, for example for m = 2, the system

0 -1 0 1 00 0 0 10 0
[E, A, B,C] = 0 0 0f,|0 1 0},|1 Of, |:O 0 1:|
0 0 1 0 0 O 0 1

with transfer function G(s) = diag(s,s™') € R(s)??. We stress that G(s) has neither
a positive strict relative degree nor a proper inverse. The study of normal forms for
this general system class would be very involved, and it is not clear whether funnel
control would be possible. Hence it is omitted.

1.3.4. Systems with feedthrough. So far we have not considered systems with
non-zero feedthrough term. In this section we will show that such systems can, by
augmenting the state by the feedthrough term, be rewritten as a system of form (1.1);
the transfer function of the new system coincides with the transfer function of the
original system. Furthermore, it is shown that a system with proper transfer function
can be rewritten as an ODE with feedthrough.

REMARK 1.4 (DAE with feedthrough — DAE without feedthrough).
Consider a DAFE system with feedthrough of the form

Ei(t) = Az(t) + Bu(t)

y(t) = Cx(t) + Du(t), (1.8)

where E,A € R™", B,CT € R»™, D € R™™,
Then the behaviour By ), the zero dynamics ZD 1.8y and its asymptotic stability can
be defined completely analogously as for (1.1); this is omitted.

By introducing an ‘augmented state’ of x(t) and w(t) = Du(t), system (1.8) can
be rewritten as a DAFE system without feedthrough term, namely

)-8 ) B
y(t) = [C 1] (z((?))

Clearly, the behaviours and zero dynamics are related in the following way

(1.9)

%(1.9) = { ((IvaT)T,qu) } (.I,’U,,y) € %(1.8)7 w = Du }a
ZD(l.Q) = { ((:CvaT)Tuuay) ‘ (x,u,y) € ZD(1.8)7 w = Du }
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The following observations can now be made:
a) The transfer functions of (1.8) and (1.9) coincide:

cos-armro=c 1(s[F - ).

b) The zero dynamics 2Dy ) is asymptotically stable if, and only if, the zero dynam-
ics ZD(1.9) is asymptotically stable.

¢) The pencil s [g 8} — [gl _OI] is reqular if, and only if, sE — A is regular.
d) We have

sE—A 0|B sE—A 0 B sE—A 0 B
det 0 I|D | =det 0 I D | =det 0 I 0
C I| 0 C 0 —-D C 0 —-D
sE—-A B
—det[ c —D]

e) Since, for all s € C,

sE—A 0 B
rank[ 0 7 D] :rank[sE —A B} +m,
sE—A 0
rank 0 I| =rank [SEC_, A] +m,
C I

it is easily seen that system (1.8) is stabilizable (detectable) if, and only if, sys-
tem (1.9) is stabilizable (detectable).

f) If E =1, then (1.8) is an ODE with feedthrough and can be rewritten as a DAE
with regular matriz pencil and transfer function G(s) = C(sI — A)"1B+ D, which
coincides with the transfer function of the original ODE system. o

REMARK 1.5 (DAE with proper transfer function — ODE with feedthrough).

For any DAE (1.1) with regular pencil sE— A € R[s]™™ and lim;_,o C(sE—A)"'B €

R™™ there exists an ODE system with feedthrough

2(t) = Asz(t) + Bsu(t)

y(t) = Cyz(t) — CyBru(t), (1.10)

for some By € R"™ By € R"W™ C; € RV, Cp € RV A, € R™™ such that
the transfer functions of (1.1) and (1.10) coincide:

C(sE— A)"'B=Cy(sl — Ay)"'Bs+C;By .
This can be seen as follows: Without restriction of gemerality, one may assume
that (1.1) is in Weierstraf form (see Proposition 1.1) and given by equations in (1.5).

Then its transfer function satisfies

C(sE— A)'B = Cy(sN — I,,) ' By + Cs(sl,, — A,) "' B,

v—1
= - Z OfNiBf st Z C,ATIB, s7°
i=0 i>1

and the assumption lim,_,o C(sE — A)™'B € R™™ yields C;N'By =0 for all i > 1.
Now invoking (1.6) and setting z = x5 in (1.10) proves the claim. o
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1.4. Control objectives. We consider two control strategies with respect to the
two system classes: for DAE systems with positive strict relative degree, a constant
proportional derivative output feedback is suggested; for DAE systems with proper in-
verse transfer function, a constant proportional output feedback is considered. These
controllers achieve high-gain stabilization and exploit the underlying system prop-
erties. However, since no information on the system entries will be required it is
unknown how “high” the feedback gain has to be chosen. To resolve this, we allow for
funnel control, that is a proportional time-varying high-gain error feedback in combi-
nation with a filter (the filter “adjusts” the higher relative degree) for DAE systems
with positive strict relative degree, and a proportional time-varying high-gain error
feedback for DAFE systems with proper inverse transfer function.

1.4.1. Constant high-gain control. First, constant high-gain proportional
output feedback is given by

for [E,A,B, O] S En,fn

— Lk .p(4d
u(t) ==k -p () y(®) with positive strict relative degree (1.11)

for [E,A,B, O] S En,fn

u(t) =k - y(t) with proper inverse transfer function (1.12)
where k£ > 0 and p(s) € R[s] Hurwitz in (1.11), and k£ € R in (1.12). However, these
results are of more theoretical nature to show the consequences of the underlying

systems properties such as asymptotically stable zero dynamics.

The control objective is output feedback regulation in the sense that the high-
gain controller, i.e. the time-invariant proportional output-derivative feedback (1.11)
or (1.12) resp., yields an asymptotically stable closed-loop system. Here k is the high-
gain parameter and, in general, k has to be large to achieve that the state z(t) decays
to zero.

In Section 4 we will show that the assumption of asymptotically stable zero dy-
namics of a system (1.1) which has either positive strict relative degree or proper
inverse transfer function implies high-gain stabilizability in the following sense: If the
system has positive strict relative degree, k > 1, and p(s) is Hurwitz with positive
leading coefficient, then the high-gain feedback (1.11) or (1.12) resp., applied to (1.1)
forces the output “very quickly” to zero. If the system has proper inverse transfer
function, then it is sufficient to assume |k| > 1 and p(s) = 1 to achieve this goal.

1.4.2. Funnel control. The control objective is output feedback regulation in
the sense that the funnel controller, applied to any system [E,A,B,C| € X,
achieves tracking of the output of any reference signal y,ef € B*T1(R>0; R™), where
v is the index of the sE — A, with pre-specified transient behaviour:

Vs 0: et < 1/0().
The transient behaviour is pre-specified by a funnel boundary 1/¢(-) given by
@ € " := {p € B*(R>0,R)| p(0) =0, ¢(s) >0 for all s> 0 and 11513213&;7(5) >0},
with which we associate, see Fig. 1.1, the performance funnel
Fo={(t,e) € Rxo x R™| o(t)|le]| < 1}, (1.13)

Note that there is no need that the funnel is monotone. However, the funnel is
not allowed to “shrink” to zero as t — oco. But the minimal distance (at infinity)
between the funnel boundary and zero, i.e. A = liminf, o (s)~!, must be positive
albeit can be arbitrarily small; from a practical point of view, this is not a limitation.
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Evolution of the error e

Fig. 1.1: Error evolution in the funnel F, with “width co” at t =0, i.e. ¢(0) =0

The funnel controller takes two forms. For DAE systems [E, A, B,C]| € .,
with positive strict relative degree the higher degree is an obstacle; in (1.11) we have
used derivative feedback while now we will incorporate a filter. This idea goes back
to ODEs, it is shown in [11] that funnel control is feasible if a filter is incorporated in
the feedback. This filter is constructed as follows

I, LI, 0 - 0 0 0
0 —In I, - 0 0 0
0 0 I, -~ 0 0 0
2(t)=| . . . : e+ L [ u), 2(0) =20 (1.14)
0 0 0 - —In I, 0
0 0 0o - 0 —I, I,
=:F, =:G,

with initial data 20 € R(°=D™  The feedback law is defined recursively by the C'*-
functions

. RxR™ — R™

(k,e) — ke,

Y2 : RxR™xR™ — R™,
(kye,z1) = yi(k e) + [|[Dyi(k, e)I? k* (1 + [[21]?) (21 + 71(k, €))

and, for ¢ =3,...,p,

7t R x R™ x RO-D™ _, g™ (k,e,(z1,...,2i-1)) —
Yic1 (e, (21,5 2zi2))F | Dvic1 (By e, (21,5 zi2)) |2 B (L] (By ey (21, - -5 2i-1)]12)
X (2’1;1 +vic1(k, e, (21, .., zi,g))) ,
where D denotes the derivative (Jacobian matrix). For a lengthy discussion of the

intuition for the filter see [11]. Now the funnel controller (with filter (1.14)) for systems
[E, A, B,C] € ¥, ,, with positive strict relative degree p € N takes the form

g
—~

~+
~

—p (k(t)a e(t)a Z(t))a e(t) = y(t) - yrcf(t) )

X (1.15)
FpZ(t) + Gpu(t), k(t) = W.

N
e
~+
~

The funnel controller for systems [E, A, B, C| € £, ,, with proper inverse transfer
function is much simpler: For appropriate chosen gain parameter k& € R\ {0} it is

u(t) = —k(t)e(t), e(t) = y(t) — et (t)
k(t) = ;

: (1.16)
I—p(&)?lle®)* -
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In Section 5 we will show that the assumption of asymptotically stable zero dy-
namics of a system (1.1) which has either positive strict relative degree or proper
inverse transfer function implies feasibility of the funnel controller. In view of the
fact that such systems are high-gain stabilizable (see Section 4), intuitively we may
believe that if ||e(t)]] is close to the funnel boundary o(t)~!, then the high-gain k()
forces |le(t)|| away from the funnel boundary. This is the essential property to allow
for funnel control of these systems: k(t) is designed in such a way that it is large if
the the error ||e(t)|| is close to the funnel boundary ¢(¢)~!, hence avoiding contact.

The funnel controller is a high-gain adaptive controller which is not high-gain and
not adaptive: Certainly, the gain k(¢) in (1.15) and (1.16) takes high values if k(t)
is “close” to the funnel boundary; but it is by no means monotone and exploits the
high-gain property of the system class (i.e. asymptotically stable zero dynamics) only
if necessary. The gain k(t) is adapted by the output, more precisely by the distance
of the norm of the output error to the funnel boundary.

1.5. Literature and outline. The present paper is based on the following pre-
cursors: The Byrnes-Isidori form for ODE systems with strictly proper transfer func-
tion is derived in [12], see also [13, Sec. 5.1]. The zero dynamics form for DAE systems
with proper inverse transfer function is derived in [2]. The concept of funnel control is
introduced in [10]; for a further discussion of funnel control see the survey article [9].

In this article we consider two classes of linear multi-input, multi-output DAE sys-
tems: systems with positive strict relative degree and systems with proper inverse
transfer function; in the single-input single-output case, these two disjoint classes are
the whole of all linear DAEs without feedthrough term. In Section 2, zero dynamics
forms for these system classes are derived, they are the counterpart to the Byrnes-
Isidori form for ODE systems. The normal forms may be interesting in their own right
and are here essential for later proofs of funnel control. In Section 3, parametrization
of the zero dynamics and characterization of asymptotically zero dynamics in terms
of a matrix condition, the zero dynamics form, and the transfer function are derived.
In Section 4, it is shown that a system with asymptotically stable zero dynamics is
high-gain stabilizable with constant gain (in case of proper inverse transfer function)
and constant gain in combination with a filter (in case of positive strict relative degree
of the transfer function). In Section 5 we are ready to present two funnel controllers
for the two system classes. These funnel controllers achieve tracking of a reference
signal (belonging to a rather large class) within a pre-specified funnel; this means in
particular that transient behaviour of the output error can be pre-specified and the
funnel controller does not incorporate any internal model but is simple in its design.
These results are illustrated in Section 6 by the position control and velocity control
of a mechanical system consisting of springs, masses, and dampers. The proofs are
delegated to Section 7.

2. Normal forms. The notion ‘normal form’ means that it is weaker than
‘canonical form’: Recall that if a set (of systems) may be divided into equivalence
classes and if each orbit (i.e. equivalence class) has a unique representative, then the
mapping from the set to each representative within the orbit is called a canonical
form. The Byrnes-Isidori form for ODE state space systems with strictly proper
transfer function (see [9] and also [13, Sec. 5.1]) is not a canonical form. However, the
freedom left within the non-zero entries of the Byrnes-Isidori form can be specified
and is not significant; this justifies the notion ‘normal form’.

In the present section, certain normal forms, the so called zero dynamics forms,
are studied for two classes of DAE systems with positive strict relative degree and
with proper inverse transfer function. They are interesting in their own right since
they give insight in the properties of the systems class, we will use them to derive
results on zero dynamics and on high-gain output feedback and funnel control.
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We first present a zero dynamics form (2.1) for descriptor systems with positive
strict relative degree, see Section 1.3.1.

THEOREM 2.1 (Zero dynamics form for systems with positive strict relative de-
gree).
Suppose [E, A, B,C| € X, has strict relative degree p € N. Then there exist
W, T € Gl,(R) such that

[E,A,B,C] "% [E,AB,C

with
sE— A
slyp —In O 0 0 0 0 ]
0 slp —In O 0 0 0
| 0o o0 sl —1I, 0 0 0 7
—R1 —RQ —Rpfl SIm — Rp —S 0 0
P 0 0 0 sL,—Q| 0 0 (2.1)
0 0 0 0 0 SN.—1,, SNz
L 0 0 0 0 0 0 $Nz—1I,,_
B=[0 0 - 0 I" o|lB] o]
C=[I, 0 -~ 0 0 0]0 C:],

where, for some ne,ngz € Ng, and p=n —n. — ng — pm,

I'= lim s C(sE — A)"'B € Gl1,,(R) is the high frequency gain matriz,

S§— 00
SeR™", PeRM™, QeR", [Ry, ..., R)| e R™P™, (2.2)
Bc c anm, OE c Rm,ng, ch c RHC,HE
N, € R* " Nz € R"™" are nilpotent, and rank [ N., B.] = ne.
The entries Ry,...,R, are unique, system [I,Q,P,S] is unique up to system

, T . . o
equivalence =~ | and the matrices N. and Nz are unique up to similarity.

If E is invertible, then n. = ng = 0, this means only the upper left block in E s
present.
The form (2.1) is called zero dynamics form of (1.1). The transfer function
satisfies, where R,q1 := —1I,
p+1
C(sE—A)'B = = |Y Ris" ' +S(shyn.nppm —Q)'P| T. (23)
i=1

The proof is in Appendix 7.

REMARK 2.2 (Zero dynamics form for DAESs).
An immediate consequence of Theorem 2.1 is the simplified representation of system
[E,A,B,C] € X, m: If v denotes the index of sSE — A, then a trajectory satisfies

(z,u,y) € By N (CHR;R™) x C" " H(R;R™) x CP(R;R™))
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.
if, and only if, Tx = (yT, g, y(p_l)T, n,xl II) € CHR;R™) fulfills

sy e

y P (t) = S RiyV(t)+ Sn(t)+ Tu(t)
1=1
nt) = Py@)+ Qn(t) (2.4)
v—1
z.(t) = — Y N!Bau®(t)
1=0
n=Qn+Py Y y
g="5n " ?
A i
§P:ZR7,§7,+Q glzy \ITI -
U i=1 A | - 4
+CA” 'Bu
Aé'p /\gzz\fl
Eil §2 =Y e, =y

N
|
=
N
|
=
)
N
|
=

&
Y
O—1
&
Vv
A
A
&
L,
e
AU
W

Te

Fig. 2.1: Zero dynamics form for systems with positive strict relative degree

The second zero dynamics form is for systems [E, A, B,C] € X, ,, where the
transfer function C(sE — A)~!B has proper inverse, see Section 1.3.2. This is the
counterpart to (2.1).

THEOREM 2.3 (Zero dynamics form for systems with proper inverse transfer
function [2, Thm. 2.3]).
Suppose [E, A, B,C| € ¥, is such that C(sE — A)~'B has proper inverse. Then
there exist W, T € Gl,(R) such that

E,4,B,0) " [E,A, B,

with
—Ai; —Aio 0 skg Iy
- A _A21 51712 - Q 0 0 H_ AT _ Ong m
sE-A=| (g 0 sN.—1I,, sN& C B=C =100
0 0 0 SNE — Inz Ong,m
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where, for some na, ne, ne € No,

A e R™™ Ay e R™™2 0 Ay e R™™ ) Q € R"™72
E. e R"™™ FE;eR™", N e RY"e, (2.6)
N, € R" " Nz e R"™" gqre nilpotent, and rank [N, , E.| =

The form (2.5) is called zero dynamics form of (1.1). Furthermore, the following
holds:

(i) NY =0 and NZ =0, where v denotes the index of the pencil sSE — A.
(ii) the transfer function satisfies

C(sE—A)"'B = — (A1 + Asa(shy, — Q) " Ap) "

(iii) srdeg (C(sE — A)~'B) =0, if, and only if, A1 € GL,(R).
(iv) srdeg (C(sE—A)"'B) = p < 0, if, and only if, Ay = 0 and
srdeg (A12(51n2 — Q)_lAzl) = —p.

For uniqueness we have:

(v) If [E,A,B,C), [E,A,B,C] € Sp.mm are both in zero dynamics form (2.5)

and
[B,A,B,01"" [E,A,B,C]  for some W,T € Gl,(R), (2.7)

then there exist Wy; € Gl,,,(R), i € {2,¢,¢}, We € R""™ such that

(2.8)

(vi) The dimensions na,n.,ng are unique; the matrices N., Nz, Q are unique up
to similarity, so in particular the spectrum of @ is unique;
and Ay = — limg oo (C(SE — A)le)fl .

The proof is in [2, Theorem 2.3].

REMARK 2.4 (Zero dynamics form for DAE).
An immediate consequence of Theorem 2.3 is the representation as a DAE: If v is the
index of sE — A, then a trajectory satisfies

(z,u,y) € B(1.1) N (C'(R;R™) x C'(R;R™) x C¥(R;R™))

if, and only if, Tx = (y, g, x), :vg)—r € CHR;R™)  fulfills

o
Il

A11 y(t) + A12 T2 (t) + u(t)
) Ao y(t) + Q x2(t)

zo(t) = Yl NiE.yUt(t)
)

(2.9)

= 0.
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O

A WA

u T2 T2 l Yy
—Ais / ¢ DA Az [

d
—An [ —E31

F
o
o~

d d d
N33 b——=----- 3: V33 3 Va3

dt

AN
Z

AN

Fig. 2.2: Zero dynamics form for systems with proper inverse transfer function

REMARK 2.5 (ODE systems with feedthrough).
For ODE systems with feedthrough, i.e. (1.8) with E = I, and strict relative degree
zero we have D € Gl,,,(R). In this case, by using the transcription of (1.8) as a DAFE
system (1.9), the zero dynamics form (2.9) can be achieved without changing the
coordinates of the state, namely

o
I

—D~ty(t) + D7IC z(t) + u(t)

» ) (2.10)
BD 1y(t) + (A~ BD~1C) x(t).

0

In the notation of (2.9), the quantities n. and ng are then trivial, while no = n and
A11 = —D_l, Alg = D_lc, A21 =A— BD_IC, and Q = A—- BD1C. O

3. Zero dynamics. Before we characterize asymptotically stable zero dynamics,
we show that both zero dynamics forms allow to parameterize the zero dynamics.

REMARK 3.1 (Parametrization of zero dynamics).
(i) Suppose that [E, A, B,C] € £, n, has positive strict relative degree and let v

be the index of sE — A. Then the zero dynamics are given, in terms of the
matrices in (2.1), by

Opm
Q-0
€
ZDaay = A ! . ,—I718e¥n°, 0 [|n° e R
S NiBI1SQie "
=0
Ope

(3.1)
(ii) Suppose that [E, A, B,C) € ¥, has proper inverse transfer function. Then
the zero dynamics are given, in terms of (2.5), by

Om

eQ'xg

ZD(l.l) = 7! ) —A12€Q'CC8, 0 xg € R™ . (3.2)

c <
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We are now in a position to characterize asymptotic stable zero dynamics of sys-
tems [E, A, B, C] € %, ,, with positive strict relative degree or proper inverse transfer
function.

THEOREM 3.2 (Asymptotically stable zero dynamics).
Consider a system [E, A, B,C] € ¥, and suppose it has positive strict relative degree
or proper inverse transfer function. Then the following statements are, in terms of
the system properties defined in Section 1.2, equivalent:
(i) The zero dynamics of system (1.1) are asymptotically stable ;

(i)
VseTy : det {SEC 4 B] £0;

(iii) system (1.1) i¢s minimum phase, i.e.
(a) (1.1) is stabilizable,
(b) (1.1) is detectable,
(c) C(sE — A)~'B does not have any transmission zeros in C ;
(iv) o(Q) C C_, where Q is in the zero dynamics form (2.1) or (2.5), respectively.
The proof is in Appendix 7.

Condition (ii) in Theorem 3.2 is a convenient mathematical frequency domain
characterization which leads to condition (iv); the latter is the important property to
show constant high-gain stabilizability in Section 4. Condition (iii) is the traditional
definition of a minimum phase system. (ii) and (iii) are very similar to what is known
for asymptotically stable zero dynamics of ODE systems, see [13, Sec. 4.3].

The following two remarks, although not exploited in the next section, may be
worth knowing in its own right.
REMARK 3.3 (Zero dynamics and behaviour).

(i) Suppose that [E, A, B,C| € X, has positive strict relative degree. Then the
behaviour B(1.1) can be decomposed, in terms of the transformation matriz T
from Theorem 2.1, into a direct sum of the zero dynamics and a summand as

B1.1) = ZD1.1) DR,
where

R (z,u,y) € C}(R;R™) (x,u,y) solves (1.1) and
o xC(R;R™) x C(R;R™) [0,0m s L5 Opiyncs Opunz] T(0) = 0 '

In terms of (3.1), the representation is immediate from

Opm pm
e@n°
(‘T()vu()vy()) =7, , —I'™ 1SeQ O 0
Z NZB I~ 1SQleQ 0
=0
Onc;nc
Opm pm
e@
+2()=T7 [y , ,u() + 171969, () |,
Z NéBCF_lsQZeQ'nO
1=0
On?ﬂlg

for any (x,u,y) € B1.1), where n’ =10 o> L Opn s O ne] T(0).
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(ii) Suppose that [E, A, B,C) € X, has proper inverse transfer function. Then
the behaviour B(1.1) can be decomposed, in terms of the transformation matrix
T from Theorem 2.3, into a direct sum of the zero dynamics and a summand

as
B1.1) = ZD1.1) DR,
where
R {(x,u,y) € CH(R;R") (x,u,y) solves (1.1) and }
' XC(R;R™) X C(R;R™) | [Ong,ms Lngs Ong nes Ong ne) T2(0) =0
This fact is shown in [2, Remark 3.3]. o

Finally, we show that the zero dynamics carries, in a certain sense, the structure of a
dynamical system.

REMARK 3.4 (Zero dynamics are a dynamical system).
Let v be the index of the pencil sSE — A. The transition map of system (1.1) is defined,
in terms of Proposition 1.1, as

e:RxRxR"xC" 1 (R;R™) — R"

Al (t—to)
(t,to, 2% u(-)) — T71 [e ’ O} T20

0 0

t As(t—T)

+ [T [e 0} W1 Bu(r) dr
P 0 0

vl 0 0
-1t {0 N,g} W=1Bu®(t).
k=0

We have shown in [3, Prop. 2.20] that for any (to, 2%, u) € R x R" x C*~}(R; R™)
the map t — x(t) := @(t,to, 2%, u(-)) solves the initial value problem
Ei(t) = Az(t) + Bu(t), z(to) = 2° (3.3)
if, and only if,

v—1

110 0 _ i . 1 | In,
$+;T 1[0 N’}W 'Bu(ty) € imT 1{0*} }

Therefore, consistency of the initial value x° depends on the initial time ty and the
input u(-). The output map of system (1.1) is defined by

20 € Viou() = { x e R"”

n:RXxR"xR™ = R™, (t,z,u) — Cx.

It is readily verified that the structure (R,R™, C*~Y(R;R™),R", R™, ¢, n), where ¢ :
D, — R™ is the restriction of the transition map (by abuse of notation we write the
same symbol) on

.’I]O S Vt .
D, =14 (t,to,2%,u) ER x R x R" x C"~1(R;R™ oul)s ,
i { (ot ( ) Co(sto, 2%, u(-) =0

is an R-linear time-invariant dynamical system as defined
in [7, Defs. 2.1.1, 2.1.24, 2.1.26].

Next let u € C*~H(R;R™). As a consequence of uniqueness and global existence of the
solution of the initial value problem (3.3) for 2% € Vg 4y (see again [3, Prop. 2.20]),
the map

v IDcp,O — ZD(l.l) ) (07 0, ij u()) = ((,0('; 0, ;EO, u())v u()v C(p(-; 0, ;CO, u()))
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is well-defined, where
Dy :={(0,0,2°,u) € Dy} C D, .

Most importantly, if [E, A, B,C] has positive strict relative degree or proper inverse
transfer function, then W is an isomorphism: it is surjective since a pre-image of
(z,u,0) € ZD(1.1) is (0,0,2(0),u(-)) € Dy (note that u € C*~*(R;R™) by Re-
mark 3.1), it is injective by uniqueness of the solution of the initial value problem (3.3).
In this sense, we may say that ZD(1.1) is a dynamical system. o

4. Stabilization by constant high-gain output feedback. Next we investi-
gate whether asymptotically stable zero dynamics is a sufficient (or even necessary)
condition for high-gain stabilizability in the sense that the feedback (1.11) or (1.12)
resp., applied to (1.1) yields an asymptotically stable closed-loop system.

THEOREM 4.1 (High-gain stabilizability).

Consider a system [E, A, B,C] € ¥, . Then the following statements hold:
(i) Suppose [E, A, B,C] has strict relative degree p € N and positive definite high
frequency gain matriz T' € R™™ (cf. (2.2)). Let p(s) = Ef:_ol pis' € R[s] be
Hurwitz and p,—1 > 0. Then

ZD ] t. stabl
(1.1) 5 asympt. stabie == “(1.1) & (1.11)7 is asympt. stable.

. {Elk*zOszk*:
ig.

(ii) Suppose [E, A, B, C| has proper inverse transfer function. Then

Jk*>0VkeR, |kl > Ek* Vsin. z(-) of
ZD1.1) s asympt. stable =

-

e “(1.1) & (1.12)7: limyoo x(t) = 0.

The proof is in Appendix 7.

REMARK 4.2 (High-gain stabilizability).

(i) In case of strict relative degree one, the feedback law (1.11) reduces to the
proportional output feedback u(t) = —ky(t). If the system has higher relative
degree, (1.11) incorporates a compensator p(s) (and thus derivative feedback)
to achieve a relative degree one system.

For ODE systems, the result is proven in [4] for relative degree one. By using
the form (2.1), this result can be generalized to differential-algebraic systems
with positive strict relative degree by using the same techniques.

(ii) Consider [E, A, B, C] with proper inverse transfer function. It may be surpris-
ing that the sign of k in (1.12) is irrelevant and, furthermore, no compensator
is required.

In view of Remark 2.4, the closed-loop system ‘u(t) = ky(t) & (1.1)” is equiv-

alent to
—(An + kL) y(t) = A xa(t)
ia(t) = Qua(t) + A21y(t)
z.(t) = YV  NiE.ylith()
and, if |k| > ||A11]|, equivalent to
y(t) = —(Ay +kL,) ! Ajpaxa(t)
Ba(t) = [Q — Ay (A + kfm)flAu] x2(t) (4.1)
ze(t) = YTy NiE.ytD(t).
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Note that zo € C*®(R;R"™2) yields y € C*°(R;R™) and so the algebraic equa-
tion for x. is well defined. Note also that asymptotic stability of the zero
dynamics is equivalent to o(Q) C C_ by Theorem 3.2. Since
lim o (Q — A21 (All + kIm)_lAlg) = U(Q) y
k— oo
the assumptions k| sufficiently large’ and ‘(1.1) has asymptotically stable
zero dynamics’ yield exponential decay of x2(-), and therefore x.(-) and y(-)
decay exponentially, too. o

5. Funnel control. In this section we will show that the two funnel controllers
(1.15) and (1.16) achieve output tracking of a rather general reference signal within
a pre-specified funnel.

THEOREM 5.1 (Funnel control).

Suppose that [E, A, B,C] € X, has asymptotically stable zero dynamics, and let
v be the index of sE — A. Let ¢ € ®'T1 define a performance funnel F,. The
initial data are an arbitrary consistent initial value z° € R™ and a reference signal
Yret € BYTH(R>0; R™).

(i) If [E, A, B,C] has positive strict relative degree p € N and positive definite
high frequency gain matriz T = lim,_,, s” C(sE—A)~1B, then the application
of the funnel controller (1.15) to (1.1) yields a closed-loop initial value problem
with precisely one mazimal continuously differentiable solution x: [0,w) —
R™ and this solution is global (i.e. w = o), and all functions x,z,k,u are
bounded.

(ii) If[E, A, B, C] has proper inverse transfer function and the initial gain k(0) =
k € R satisfies |k| > lim, ;o0 |G~ (s)||, then the application of the funnel con-
troller (1.16) to (1.1) yields a closed-loop initial value problem with precisely
one mazimal continuously differentiable solution x: [0,w) — R™ and this so-
lution is global (i.e. w = o0), and all functions x,k,u are bounded.

Most importantly, in both cases (i) and (ii), the tracking error e(-) = Cx(-) — Yret()
satisfies

Je>0VE>0 : e <o)t —¢, (5.1)

(that means e(-) evolves within the performance funnel F, and is uniformly bounded
away from the boundary) and for the same e the gain is bounded by

3
Vitg > 0: sup|k(t)] < i

- 5.2
t>to 1- (1_5/\750)2, ( )

where Ay, := inf;>y, ©(t) > 0 for all to > 0. k =1 in case of (i).
The proof is in Appendix 7.

REMARK 5.2.

(i) Minimum-phase systems (1.8) with transfer function
G(s) = C(sE — A)"'B + D that has either a proper inverse or has positive
strict relative degree, do also allow funnel control in the sense of Theorem 5.1.
This follows from the artificial extension (1.9).

(ii) Consistency of the initial value x° € R™ means that the closed-loop sys-
tem (1.1), (1.15) or (1.1), (1.16) resp., with x(0) = 2° has a solution x :
[0,w) = R™ for some w € (0,00]. In practice, consistency of the initial state
of the “unknown” system should be satisfied as far as the DAE [E, A, B,C] is
the correct model.

(iii) In case of Theorem 5.1(ii), the assumption on the initial gain k(0) = k reduces
to k> 0 if lims_oo G1(s) = 0; the latter means that the transfer function
cannot be realized by an ODE system with feedthrough, see [2, Rem. 6.3].
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(iv) In case of ODE systems (1.8), E = I, with invertible feedthrough term, the
transfer function G(s) = C(sI — A)"'B + D has proper inverse and the
assumption on the initial gain k(0) = k is equivalent to |k| > |[D~|.

(v) Theorem 5.1 is on system class ¥y . A careful inspection of the proof of
the theorem shows that one actually only needs that the nominal system can
be brought into the form (2.4) or (2.9), resp. Thus in particular, the pencil
sE — A does not have to be regular; important is o(Q) C C_. o

6. Application: Position and velocity control of a mechanical system
with springs, masses and dampers.

6.1. The mechanical model. For purposes of illustration, we consider a me-
chanical system, see Fig. 6.1, with springs, masses and dampers with single-input
spatial distance between the two masses and single-output position of one mass. We
are indebted to Professor P.C. Miiller (BU Wuppertal) for suggesting this example to
us. The masses mi, me, damping constants d;, ds and spring constants c;, co are all

(&1 mq ult mo C2
dl d/2
z1(t)
y(t) = 22(t)

Fig. 6.1: Mass-spring-damper system

assumed to be positive. As output y(t) = 22(t) we take the position of the mass ma.
In the first example, the input u(t) = 22(t) — 21(¢) is the spatial distance between the
masses my and my, whereas, in the second example, the input is the relative velocity
between the masses my and mag, i.e. u(t) = 22(t) — 21(¢).

6.1.1. Position control. With input u(t) = z2(t)— 21 (), the mechanical system
in Fig. 6.1 may be modelled by the second-order differential-algebraic equation

miz1 (t) +di (t) +ci121 (f) — )\(f) =0
mgég(t) + dzé’g(t) + C2ZQ(t) + )\(f) =0 (6 1)
29(t) — 21(t) = u(t) .
y(t) = 22(t)
where A(+) is a constraint force viewed as a variable. Defining the state
z(t) = (Zl(t)vél(t)vZQ(t)v'é?(t)v/\(t))Tv (6.2)

model (6.1) may be rewritten as the linear differential-algebraic input-output sys-
tem (1.1) for

5 1 0 0 0 0 0] "

¢t smi+dy O 0 —1 0 0
sE—A=|0 0 5 -1 ol,B=10],c=|1 (6.3)

0 0 ca smg+dy 1 0 0

1 0 1 0 0 1 0

We may immediately see that the pencil sE — A is regular and has index v = 3;
The transfer function

mys? +dis+ ¢

Gls) = C6E = A B = o i+ do)s + (T 02)
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has proper inverse: lim,_,o, G~1(s) = (m1 + ma)/m1. The zero dynamics of (6.3) is
asymptotically stable: setting y(-) = 0 in (6.1) yields z2(-) = 0, A(-) = 0, z1(-) = —u(")
and my z1(t) + d121(t) + c121(t) = 0 for all ¢ > 0; positivity of mq, d; and ¢; then
gives limy_ o0 21 () = limy— 00 21(¢) = 0. Summarizing, system (6.3) satisfies the
assumptions of Theorem 5.1(ii).

6.1.2. Velocity control. With input u(t) = 22(¢) — 21(¢), the mechanical sys-
tem in Fig. 6.1 may, analogous to position control, be modelled by the second-order
differential-algebraic equation

mi1z1(t) +di11(t) + c1z1(t) — A(E

maZa(t) + daza(t) + CQZQ(t) + X(

Zo(t) — 21(t
y(

~+

(6.4)

Defining the state as in (6.2), the model (6.4) may be rewritten as the linear differential-
algebraic input-output system (1.1) for

0 1 0 0 0
—C1 —dl O 0 1
A=]10 0 0 1 0 and E, B, C as in (6.3). (6.5)

0 0 —C2 —dg -1
0 1 0 -1 0

We may immediately see that the pencil sE — A is regular and has index v = 2; The
transfer function

mis® +dis+ e

=C(sE—A)"'B=
Gls) = Cls ) (m1 + m2)s® 4 (d1 + d2)s% + (c1 + ca)s’

has strict relative degree 1: limg_, o0 $-G(8) = my/(my + ms). Similar to Section 6.1.1,
we may see that the zero dynamics of (6.5) are asymptotically stable, whence we are
in the situation of Theorem 5.1(i).

6.2. Simulations. In both examples, as reference signal yyr : R>g = R, we
take the first component of the solution of the following initial-value problem for the
Lorenz system

G(t) = 10(&) - &), 1(0) =5
L(t) = 28&(1) — &) &(t) — &),  &(0)=5 (6.6)
&) = &) &a(t) -5 &), £(0)=5.

This may be viewed as a rather academic choice, however it is well known (see for
example [16, App. C]) that the Lorenz system is chaotic (and thus the reference
signal is rather “wild”), the unique global solution of (6.6) is bounded with bounded
derivative on the positive real axis (and thus our assumptions on the class of reference
signals are satisfied). The solution of (6.6) is depicted in Fig. 6.2. The funnel F,, is
determined by the function

¢©:Rsp — Rsg, t+0.5te " +2 arctant. (6.7)

Note that this prescribes an exponentially (exponent 1) decaying funnel in the tran-
sient phase [0,7], where T ~ 3, and a tracking accuracy quantified by A = 1/x
thereafter, see e.g. Fig. 6.3d.

Spring and damping constants, masses and their initial positions are chosen, for
the simulations, as

mlzl, m2:3, 01:2, 62:1, d1:3, d2:5,

K (6.8)
21(0) =101, 23(0) =21 and k=5.
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0 1 2 3 4 5 6 7 8 9 10

b: gain function k

el
. Liphi

L d: norm of error le(t)] and
c: Input u
funnel

Fig. 6.3: Position control: Simulation of the funnel controller (1.16) with funnel
boundary specified in (6.7) and reference signal yref(-) = &1(+) given in (6.6) applied
to the mechanical model (6.1) with data (6.8).

For position control, straightforward calculations show that the closed-loop sys-
tem (1.16), (6.1) has uniquely determined initial velocities 21 (0), 22(0) as well as initial
constraint force A(0) and that the initialization is consistent.

In the case of velocity control we further choose the initial velocities

£(0) = =11, #(0) = -3 (6.9)

and clearly there is a unique initial constraint force A(0) and the initialization of

(1.15), (6.5) is consistent.
All numerical simulations are performed by MATLAB.

6.2.1. Position control. Since

k=5>4= lim G™\(s),

§—00

all assumptions of Theorem 5.1(ii) are satisfied and we may apply the funnel con-
troller (1.16) with funnel boundary specified in (6.7) and reference signal yye(-) = &1(+)
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given in (6.6). The simulations over the time interval [0, 10] are depicted in Fig. 6.3:
Fig. 6.3a shows the output y(-) tracking the rather “vivid” reference signal yycf(-)
within the funnel shown in Fig. 6.3d. Note that the input u(-) in Fig. 6.3c as well as
the gain function k(-) in Fig. 6.3b have spikes at those times ¢ when the norm of the
error ||e(t)|| is “close” to the funnel boundary ¢(#)~!; this is due to rapid change of
the reference signal. We stress that the gain function k(-) is non-monotone.

|

0 2 4 6 8

a: output y b: gain function k

- g g g
-15;;éééééEEEEEE:::::======--— II

— el
i

|

-5000]

~10000)
N\V‘HHHHHV -
16 L L L 4 6

0 2

c: input u d: norm of error |e(t)| and
funnel

Fig. 6.4: Velocity control: Simulation of the funnel controller (1.15) with funnel
boundary specified in (6.7) and reference signal y,ot(-) = &1(-) given in (6.6) applied
to the mechanical model (6.4) with data (6.8), (6.9).

6.2.2. Velocity control. Since the system has relative degree one with positive
high frequency gain I' = my /(mq + m2) = 1/4, all assumptions of Theorem 5.1 (i) are
satisfied and we may apply the funnel controller (1.15) with funnel boundary specified
in (6.7) and reference signal yyer(-) = &1(+) given in (6.6).

The simulations over the time interval [0, 10] are depicted in Fig. 6.4: Fig. 6.4a
shows the output y(-) tracking the reference signal y.c¢(+); the error within the funnel
is depicted in Fig. 6.4d. Note that, due to the rather “academic choice” of the exam-
ple, the input u(-) (in Fig. 6.4c) and the gain function k() (in Fig. 6.4b) both take
considerable larger values than for position control. Another reason for this behaviour
is that we have kept the funnel as tight as for position control simulated in Fig. 6.3,
and the velocity exhibits a very “vivid” behaviour which causes the error to approach
the funnel boundary faster, resulting in the high values of the gain function.

7. Appendix: Proofs. This section contains the proofs of the results presented
in Sections 1-5. First we prove a preliminary lemma.

LEMMA 7.1. Suppose [E, A, B,C| € X, m has strictly proper transfer function
G(s) = C(sE — A)~1B. Then there exists W, T € Gl,(R) such that

wr [T 0 07 JAc 0 0 B
[E,A,B,C] '~ 0 Ne Ne|,|0 L. 0 |,|Bp|,[Cs 0 Cp
0 0 Ne| [0 0 I, 0

(7.1)
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for some A; € R"s"s B, € R"™ (g € R™" N, € R*fenfe Nz € RMfenfe
Ngz € R%ense By, € RWe™ and Cyre € R™"™°, where N, Nez are nilpotent and
rank [ N., Byc] = ny.. The dimensions ng, e, nye € No are unique, the matrices As,
N, and Nz are unique up to similarity. Furthermore, system [E, A, B,C] has strict
relative degree p > 0 if, and only if,

det(CyAP™IB) #0 and, ifp>1, Vk=0,....p—2: CsA*B,=0. (7.2)

Proof. We proceed in several steps.
Step 1: We show that there exist W, T € Gl,,(R) such that (7.1) holds true.
Corollary 1.2 yields (1.4) for some W1,T1 € GL,(R). It follows from [5, Sec. 2-1.]
that system [N, I, , By, Cy] may be decomposed into controllability form so that, for
some Ty € Gl (R),

) T;17T2 Nc NcE Infc 0 ch _
oo " [ % L[ 8][4 o o]
where N, € R"emie Ng € R"=™7 Nig € RWe"7= B, € RWe™ Cp, € R™"e,
and Cyz € R™"™7, such that N., Nz are nilpotent and rank [ N., By.] = nye.

We show that Cyc = 0: Since the transfer function is invariant under system

equivalence we have, using (s, — Inf)_l =—Ip, —sN — $2N? — . —gvTINVTL
v—1
G(s) = C(sE — A)"'B = Cu(sl,, — A;)"'B. = Y _ s"CyNEBy.,
k=0

and since G(s) is strictly proper, it follows that Cy.N:Bs. =0 fori=1,...,v— 1.
The nilpotency of N, gives C;.NY"'[N., By.] = 0, whence C;.NY~! = 0. Repeating
this argumentation v — 1 times, we obtain C¢, = 0.

Setting W := W, é Tgl and T := [é 192] T, we obtain (7.1).

Step 2: We show that the dimensions ng,nyf.,nps € Ny are unique and that the
matrices Ay, N, and Ng are unique up to similarity: Assume that

I, 0O 0 A 0 0 B
0 Ncl NCEI ) 0 Infc1 0 ) chl ) [Csl 0 szl}
0 0 Nz 0 0 I,y 0
W Iy, O 0 Ago 0 0 Bgo
~ 0 NCQ NCEQ ) 0 Infcz 0 ) BfCQ ) [052 0 CfEQ}
0 0 Ngo 0 0 y - 0
Proposition 1.1 implies that ng; = ng as well as the similarity of Ay; and Ago.

Proposition 1.1 also yields the existence of T1; € R"™fet:fe2 Ty € R™fetf22 Thy €
Rrev™fe2 - and The € R™F0722 guch that

T = [Tll Tl?] € Gl,,(R), and

To1 Too
|:Nc1 Nc51:| [Tll T12} _ {Tu le] |:Nc2 chz} [ch1:| _ {Tu le] {chz]
0 Ng | |[Tor T2 Tor T2 | 0 Ng|’'| 0 To1 Tao 0 |-

Therefore, 0= Tngfcg and TglNCQ = Nnggl.

Hence, for £k = 1,...,v — 1, we have Tglchzchg = NeleQlecg = 0, and so
TQlNCV2_1[NCQ Bjea ] = 0, whence TglNc”Q_l = 0. Repeating this argumentation v — 1
times, we obtain T; = 0. Then T' € Gl,,(R) yields nye.o < ng.1. By reversing the
roles of the above matrices, we analogously obtain n¢.1 < nyfe2 and thus nge; = nyeo,
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Nfe1 = Nye2. This shows that T1; and Ths are square. Together with T' € Gl,, s, we
obtain T1; € Gl (R) and Ty € Gl (R). Hence N.i, Nep and Ngi, Ne are similar,
respectively.

Step 8: We show that [E, A, B, C] has strict relative degree p > 0 if, and only if, (7.2)
holds.

This is an immediate consequence of the fact that, due to Step 1, the transfer function
has the representation G(s) = C(sE — A)~!B = C,(sl,,, — As) "' Bs. This completes
the proof of the lemma. O

Proof of Theorem 2.1. We proceed in several steps.
Step 1: We show that there exist W, T € Gl,(R) such that [E, A, B, C] W [E,A,B,C]
for [E, A, B,C] as in (2.1).
Since a positive strict relative degree implies that G(s) is strictly proper, we may
apply Lemma 7.1 to obtain (7.1) for some Wi, T; € Gl,(R). Furthermore, (7.2) holds
and hence we may transform [I, A;, Bs, Cs] into Byrnes-Isidori form (see [12, Lemma
3.5]), i.e. there exists Tp € Gl,,_(R) such that

rTo 5, o - 0 017071 [I.]"]
0o 0 I, 0 0 0 0
[IaAszS;OS] T27,1\JT2 Ia K I’
o o --- 0 L, O 0
Rt Ro -+ R,.1 R, S T
| P O 0 Q1 L0 | | 0]
i (7.3)
Set W = Wh I 91 and T = ro Ty. Since N., Nz are nilpotent and
0 T 0 To

rank [ N, , Byc] = ny., the claim follows.

Step 2: For the proof of the uniqueness statements see [1, Theorem 2.5] in combination
with Lemma 7.1. In particular, I" is uniquely determined.

Step 3: Tt remains to prove (2.3) and that I' = lim,_, . s* C(sE — A)~'B.

We prove (2.3):

Determine the solution X (s) of the linear equation

sly, —Ip Xl(S) 0
' XQ(S) .
sl —I, ; =10
—Ri ... —R,.1 (s, —R)) -8 X,(s) r
-P 0 e 0 $In—npo—nse—pm — Q] [ Xpr1(s) 0
(7.4)
A simple iterative calculation yields
sXi(s) = Xiya1(s), fori=1,...p—1,
p—1
— > RiXi(s)+ (slm — Ry)X,(s) — SX,41(s) = T,
i=1
-PX; (8) + (SIn—nfc—nfE—Pm - Q)XP-H (8) = 0,
and this is equivalent to
X(s) = (X1(s)T,sX1(s)",..., 5" X1 (s) T, Xp+1(s)T)T ,
p=1 .
I = — 3 Ris" ' Xy(s) + (sIm — Ry)s" 1 X1(s) — SX,11(5), (7.5)
i=1

Xpr1(s) = (sLu—pm — Q)'PXi(s).
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Since the transfer function is invariant under system equivalence we have

C(sE—A)"'B=C(sE—A)"'B

0 I, O 0 0
0 0 I, O 0
= (I, 0 0] | $Tnn;.—nm —
[ ) fe 0 0 0 I, O
Ry R R,y R, S
P 0 0 0 Q]
—1
sN,. — I, SNz B
_ c ny c fe
+[0 Cre] 0 ch—Ian [ 0 }
0 I, 0 - 0 07\ "
0 0 I, O 0
= Im 0 0 SInin —nss ".
[ ) fe 0 0 0 I, 0
Ry R R,y R, S
P 0 0 0 Q|
(7.4) 5 RymT |2 o
= Xo(s) TETT = Y Ris'™ 4 S(sInnyenpepm — Q)P T
=1

This proves (2.3). Finally,

p+1
e i—1 e !
I'= slggo Z Ris + S(Sjnfnfc*nfﬁfpm Q) P

=1

G(s)

p
- Z R; lim s7LG(s) + lim s” G(s) — lim S(8ln—nse—nse—pm — Q)P G(s)

— 5—00 5—00
1=
= 1 P
Jim G0
and the proof of the theorem is complete. O

Proof of Theorem 3.2.
(i) < (iv): This is immediate from Remark 3.1.

For the remainder of the proof we only consider systems with positive strict rela-
tive degree; the proof for systems which have a proper inverse transfer function is in [2,
Theorem 5.4]. In view of invariance of the transfer function under system equivalence
we may assume, without loss of generality, that [E, A, B, C] is in form (2.1).

(ii) < (iv): First note that Schur’s complement formula (see for example [7, Lemma A.1.17])
vields, for all X € Rb™ Y € RFF, Z € R™m™,

X Y| _ 0 Iy Z 0] o
det{Z 0]_det[lm 0].det[X Y}_(_l) det Z - det Y. (7.6)
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This and the fact that det(sN — I;) = (—1)* for any nilpotent N € R** yields

sE—-A B
det{ c O]

sl,, —1I, 0
s, -1, 0
= det —Rl . —Rp_l SIm — Rp -5 T
-P 0 e 0 sl, — @ 0
0 0 ... 0 sN.— I, SNz B,
0 0 0 0 sNg—1I,.| 0
| Inm 0 0 0 Cz 0
0o -1,
0 sl,, —I,
= (—=1)™det r .. -—-R,. sln—R, -5
0 0 e 0 sl, —Q
B, 0 0 ... 0 sN.— I, SNez
0 0 0 e 0 0 sNz — I,
| 0 0 0 e 0 0 Cz
= (~1ymdet PN T O det(oN, — 1) - det(sT, — Q)
0 -1,
0 sl, —I,
- det | : .
0 sl I
T —R2 N —Rp_l SIm — Rp
@O (_pymtnctnzt(o=Dm*+m) det(s1, — Q) det T,
This proves the claim.
(iii) < (iv): Set
T 0 I, O 0 071 [O] i
0o 0 I, 0 0 0
[AS,BS,OS] = ) ) [Im 0 0}
0 O 0 In O 0
Ry Ry R, 1 R, S r
L P 0 0 0 Q| [0] |

We immediately see that
a) Vs € C : rank[sFE — A, B] = rank [s],,, — As, Bs] + n¢ + ng,
b) Vs € C : rank[sET — AT ,CT] = rank|[sI,, — A],CJ] + n. + ng,
c) G(s) = C(sE — A)"'B = Cy(sl,,, — As) ' By,
where c¢) is proved similar to Step 3 in the proof of Theorem 2.1. Therefore, the
equivalence of (iii) and (iv) has been reduced to the ODE system [I,,., As, Bs, Cs].
Now the claim follows from [8, Proposition 2.1.2]. This completes the proof of the

theorem.

O
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For the proof of Theorem 4.1 a lemma is required.

LEMMA 7.2 (High-gain lemma). Consider, for I' € Gl,,(C), RecC™™ ST Pc
Cr—mm Qe C*~"™" "™ the parameterized matriz
R—kxI S

P Q|

k>0.

A |

Denote the spectra of T' and Q by
U(F):{’Ylaafym}g(c\{o} and U( )—{Qm+1,---,Qn}§C, Tresp.

Then there exist z1,...,2z,m € C and 6 > 0 with the following property: For all ¢ > 0
and all 6 € (0, é) there exist r > 0 and k* > 1 such that, with a suitable enumeration
of the eigenvalues M\ (Ay), ..., \(Ax) of Ax, we have, for all Kk > Kk*,

(i) B(zi —kvi,r+k0) N B0, 1/e) =0 for i=1,....m

(ii) )\i(A,i)EU?:lB(zj—myj,r—l—AG) for i=1,...,m,
(i) A\;(Ag) € U?:mHB(qj,s) for i=m+1,...,n,

where B(z,e) ={ weC | |z —w| <e } denotes the ball of radius € around z in C.
Proof. Let

é::imin{|’yl|,...,|’ym|}>0 (7.7)
and choose arbitrary 6 € (0,6). Choose U; € Gl,,(C), Uz € Gl,,_,,(C) such that, for
appropriately chosen d1,...,0,-1 € {0,1}, we have Jordan forms

v 0 Gm+1  Om+1
U, TU ! = . QU =
Ym—1 5m—1 dn—1 571—1
Ym dn

Set
Ty := diag(6,6%,...,0™) and T, :=diag(a,a?, ...,a" ™) for a > 0

and transform A, to the similar matrix

_[rytut 0 R—«l' Sl [Ty 0
Msb6.0):= 1" 0% ol B @l o w
[ Y1 601
T, U7 RUAT) — & T, Uy L SULT !
TYm—1 95m71
dm+1 5m+l/a
T.Uy *PU\Ty
dn—1 577,71/04
L qn
and the off-diagonal column sums
i (K, 0, ) = Z|M/£9a”|, j=1,...,n.

1#]
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Fix € > 0. We may now choose a > 0 sufficiently large so that the effect of the scaling
matrix 7, ! in the last n — m columns of M (k, 0, ) is

Vi=m+1,...,n : pj(k,0,a) =pj(a) €[0,¢).

Consider next the first m columns of M(k,0,«). Noting that every summand in
pi(k,0,a) which involves k£ must be a product of x and 6, we find that there exists
r =r(a,d) > 0 such that

Vi=1,....m V&>0: pi(k,0,0) <r+rk0. (7.8)
Define the diagonal entries
Zi = (Ul_léUl)” = (Te_lUl_léUng)ii, 1= 1, cee, M.

We now show that the center of the balls B (z; — k7, 7+ k6),i=1,...,m, tends, as
Kk — 00, to infinity at a faster pace than its radius. To this end note that using (7.7)
gives

|2 — kil > ||z — 4’1é|
and for k > (r + |2])/0 we have |z]| < k6 and hence
|2 — Kyi| > 360 — |25 > 260 4+ 7 > KO + (1 + K6) .
Therefore,
|zi — kv — (60 +7) > K0,
which implies that B (z; — ki, 7 + £ 6) N B(0, x6) = 0. Choosing

K* > max{l/(sé), (r+|z10)/0,...,(r + |Zm|)/é}

we obtain assertion (i). Since v; # 0 for all ¢ = 1,...,m, we may now choose k* > 1
sufficiently large so that

Ve >k" UB(zi—m%,r—i—ﬁH) N U B(gj,e)=0.
i=1 j=m+1

We are now in a position to apply Gershgorin’s disks, see [7, Thm 4.2.19], to deduce (ii)

and (iii). This completes the proof of the lemma. O
Proof of Theorem 4.1.

(i): We prove “=". By Theorem 2.1, [E, A, B,(C] is equivalent to a system in the

form (2.4). We introduce the “new states”

T T
=2 p(L)y, x:—-<yT,yT,~-,(y“’2)) ,nT>

Pp—1

and observe that
§(t) = RE() + S x(t) + Tu(t)
X(t) = PE(t) + Qx(t),

where R, S are matrices of appropriate size and

- - [A 0
P=10,...,0,1,,0] ", = |4 ,
[7 » Yy ] Q |:P Q:|
0
with A= , P=I[P0,...,0].
0 I
__Pbo 71 _10973] _pr2I

Pp—1 T Pp—1 Pp—-1
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Note that A is Hurwitz since p(s) is Hurwitz. The feedback (1.15) reads in the new
coordinates

u(t) = —kp ($)y(t) = —kpo—1&(t), (7.10)

and therefore the application of (1.15) to [E, A, B, C|] results, in terms of the new
system (7.9), in the closed-loop system

N il [

::A;C

Note that the closed-loop system (1.1), (1.11) is asymptotically stable if (7.11) is
asymptotically stable. This is due to the fact that p(s) is Hurwitz and if y decays
exponentially so do all derivatives of y and, by (2.4), also u and all derivatives of u,
which finally gives that . decays exponentially.

We show that (7.11) is asymptotically stable. Note that Q is Hurwitz since Q@ is

Hurwitz. Therefore, by p,—1 > 0, I" positive definite and o(Q) C C_, we may apply
Lemma 7.2 to conclude that

Ik* >0Vk>k* : o(Ay) CC_.

This proves the claim.
To see that “<” does not hold true, consider system (1.1) for

E=1, A:[_Ol (1)] B:H, C=[1,0, (7.12)

which is in zero dynamics form (2.1) and has strict relative degree 1. We may observe
that @ = 0 and therefore the zero dynamics of (7.12) are not asymptotically stable.
However, the closed-loop system (7.12), (1.11) where p(s) = po > 0 takes the form

i) = Avalt) = |0 ot

which is, since o(A;) = {—pok/2 + v/ (pok)?/4 — 1}, asymptotically stable for all
k > 0. This shows that [F, A, B, C] is high-gain stabilizable.

(ii): The proof of “=” has been carried out in Remark 4.2(ii). It remains to show
that “<” does not hold true. Consider system (1.1) for

000 0 0 0 1 0 1 0
000 0 0 0 0 1 0 1 1000
E_001O’A_0—10O’B_OO’O_[OIOO]’

000 1 1 0 0 -1 0 0
(7.13)

which is in zero dynamics form (2.5) with ny = ng =2, n, = nz = 0 and

0 0 1 0 0 1 0 O
A11:|:0 0}7 A12=[0 1]7 A21=[_1 0}7 QZ{O _1]

Since @ has an eigenvalue at the origin, Theorem 3.2 yields that the zero dynamics are
not asymptotically stable. The asymptotic stability of the closed-loop system (7.13)
& (1.12)" is determined by the spectrum of the matrix

_ 0 1/k
Q — A (kI + A1)~ Arp = [—1/k _/1} 7
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and this satisfies, for all k£ € R\{0},

o(Q — Ay (kI — Ayy) " Agp) = {—1/2 + /14— 1/k2, } ccC.

This shows that [E, A, B, C] is high-gain stabilizable and completes the proof of the
theorem. O
Proof of Theorem 5.1.

(i): Without restriction of generality, one may consider [E, A, B, C] in the form (2.4).
Ignoring the bottom two algebraic equations in (2.4), the claim in (i) and the bound
on e follow from [11, Theorem 2]. Since 7, is a C*°-function, it is easy to see that u
is (v — 1)-times continuously differentiable and all of these derivatives are bounded
functions. Therefore, z. and Z. in (2.4) are bounded functions. It remains to show
the bound on k in (5.2): This follows from the following, which hold for all ¢ > 0:

k(t) = k + k(6)p()*[le(t)]” i k(e (p(t) 7! = e)® =k + k() (1 - o(t)e)”.

(ii): This result is shown in [2, Thm. 6.2]. O

Acknowledgement: We are indebted to our colleague Fabian Wirth (University
of Wiirzburg) for constructive discussions.
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