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Minimum-Phase Infinite-Dimensional SISO Second-Order Systems

Birgit Jacob and Kirsten Morris

Abstract—In general, better performance can be achieved
with a controlled minimum-phase system than a controlled
non-minimum phase system. We show that a wide class of
second-order infinite-dimensional systems with either velocity
or position measurements are minimum-phase. The results are
illustrated with an example.

I. INTRODUCTION

A stable finite-dimensional system is minimum phase or
outer if and only if its transfer function has no zeros in the
right half plane. A more general definition exists for infinite-
dimensional systems. For a number of reasons controller
design for minimum-phase systems is in general much easier
than for non-minimum phase systems. For example, zeros in
the right half plane restrict the achievable sensitivity. Also,
most adaptive controllers require the system to be minimum-
phase.

It is therefore advantageous to establish conditions un-
der which infinite-dimensional systems are minimum-phase.
There can be difficulties associated with computing the zeros
of an infinite-dimensional system [3], [10]. Furthermore,
there are aspects of the dynamics that can lead to non-
minimum phase behaviour besides zeros in the right half
plane. For example, the transfer function exp(—s) has no
zeros, but is clearly not minimum-phase. Thus, determining
minimum-phase behaviour is less straightforward than for
finite-dimensional systems.

There are a number of results for first-order systems that
guarantee that the transfer function is positive real [4], [6],
[51, [11]. In [4] the positive real property, together with
exponential stability of the semigroup, and the fact that the
system is relative degree one, is shown to imply convergence
and stability of an adaptive compensator. These assumptions
on the system imply that it is minimum-phase.

In [14], [15] a class of second-order systems

() + Ag2(t) + DA(t) = Bou(t), (1)

is examined. In these references the damping D = %B;‘BO
and the output

y(t) = =Boz(t) + u(?),

have been studied. We consider more general damping. We
also consider both velocity and position measurements. First
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consider the output
y(t) = BXz(t). 2)

This class of systems has a positive real transfer function.
We will show that with this choice of output, and certain
assumptions on the damping operator, the system is well-
posed and has an outer transfer function. This re-definition
of the output is crucial. In one space dimension, the ex-
ample in [14, sect. 7] has transfer function exp(—2s), an
inner function. With measurements (2) we obtain a transfer
function 1 — exp(—2s), an outer function.

Furthermore, we show that a class of similar systems, but
with position measurements

y(t) = B;z(t) 3)

is well-posed. These systems also have an outer transfer
function. Our work is motivated by the finite-dimensional
results in [9]. Note that these systems do not have positive
real transfer functions, even in the finite-dimensional case.

A simple example of position measurements of a flexible
beam at the end of this paper illustrates our results.

II. FRAMEWORK

In common with [14], [15] we make the following as-
sumptions throughout this paper

(A1) The stiffness operator A, : D(A,) C H — H is
a self-adjoint, positive-definite linear operator on a Hilbert
space H with 0 € p(A,). Since A, is self-adjoint and
positive definite, A is well-defined for « > 0. A scale
of Hilbert spaces H, is defined as follows: For a > 0,
we define H, = [D(AY)], and H_, = H}. Here the
duality is taken with respect to the pivot space H, that is,
equivalently H_,, is the completion of H with respect to the
norm ||z||g_, = ||A,“#|g. Thus for a € R, the operator
A, extends (restricts) to A, : H, — H,_1. We use the same
notation A, to denote this extension (restriction).

We denote the inner product on H by (-, )y or (-,-), and
the duality pairing on H_,, x H,, by (-, )g__xm,. Note that
for (2/,2z) € H x H,, a > 0, we have

(22 H_oxm, = (¢, 2)m.

(A2 i) Let U be another Hilbert space. We identify U with
its dual. The control operator B, is a linear and bounded
operator from U to H_1.

(A2 ii) The damping 2operator D:H 1 H_
adjoint linear operator satisfying

1 is a self-
2

(Dz,2)i >0, z€ Hi.

1
xXH 3
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We note that the results of this paper can be extended to
a more general situation where y(t) := M B}z(t) or y(t) :=
MBZ%(t). Here M is a linear bounded operator from U to
another Hilbert space Y.

The position control system is equivalent to the following
standard first-order equation

#(t) = Axz(t)+ Bu(t) 4)
y(t) = Gpa(t) (5)

where A: D(A) C Hy x H — Hy x H, B: U — H; x
HlandC H1><H—>Uareglvenby

BENAREY

b | e=l5 0,
D(A):{[IZU]EH%XH%|Aoz+DweH}.

The velocity control system has a first-order form that is

identical, except that y(t) = C,,z(t), where C,, : Hi xH1 —

U is given by ’ ’
C,=[0 B;].

Properties of the operator A

Since whether the operator generates a semigroup is
independent of the control and observation operators, the
following result is immediate.

Theorem 2.1: [14, Prop. 5.1] The operator A is the gener-
ator of a strongly continuous semigroup 7'(¢) of contractions
on the state space X = H 1 X H.

This guarantees that the spectrum of A is contained in
the closed right-half plane Re(s) < 0. For the main result
of this paper it is required that there is no spectrum on the
imaginary axis. This is implied by the following result.

Proposition 2.2: [15, Prop. 1.4] If there exists a constant
(B > 0 such that

(D22, 2 Bl z€Hy, (O

then A generates an exponentially stable semigroup on X.

Let 0(A) indicate the spectrum of A. The continuous
spectrum, o.(A), is the set of all A\ for which Al — A is
injective, not surjective, but with range dense in X. The
residual spectrum, o,.(A) consists of A for which AT — A
is injective, but the range of A\l — A is not dense. We have

0(A) =0,(A) Uo(A)Uo,(A)

where 0, (A) indicates the point spectrum. The approximate
point spectrum, o,(A), consists of all A for which there is a
sequence (), in D(A) such that

lznllx =1 and [[(A] — A)z||x — 0.

(This is different from the definitions used in [15].)

Concerning the spectrum of A on the imaginary axis we
know the following.

Theorem 2.3: 1f in € o(A), then —in € o(A), n? €
0(A,), and in € g,(A).

Moreover if, for non-zero z € H 1

<DZ,Z>H7%><H% >Oa (7)

then the operator A has no eigenvalues on the imaginary axis
and every in € o(A) satisfies in € o.(A).

Proof: This result was partly shown in [15]. We give
a shorter proof here using Krein spaces. In [15, Proof of
Lemma 4.5] it is shown that

. I 0
with J = <0 —I)'

If we define on X the inner product

(x,Jr)x,

A* = JAJ,

[.’IT,J]] = Z’GX,

then (X,[,:]) is a Krein space and A is a selfadjoint
operator on the Krein space (X, [-,]) (see Bognar [2] for
more information). This fact implies immediately, that the
spectrum of A is symmetric to the real axis ([2, page 133]),
and thus —in € o(A). Since A generates a bounded Cp-
semigroup, we have that in) is an element of the boundary of
o(A), which proves in € o,(A), see Engel and Nagel [7].

We now assume that (Dz, z) g 1 Hy is positive for every
non-zero z € Hy. We assume that - in € op(A). Then we can
find an x = ( ) such that

A(p)=in(5) & w=inz, Az + Dw = —inu,

which is equivalent to A,z + inDz = n?z. Taking the inner
product with z we get

(Aoz +1inDz, z) = 772||z||2.

This implies that in(Dz, z) = n?||2||* — HAézH2 Since the
left side of the equation is an imaginary number and the right
side is a real number, we have n = 0 or (Dz, z) = 0. In [14]
it is shown that 0 € p(A) and thus A has no eigenvalues
on the imaginary axis. Finally, in € o.(A) follows from [2,
page 133]. O
Let C, := {s € C | Res > a} for « € R. We conclude
this subsection with the following theorem, which will be
used in the next section.
Theorem 2.4: [14, Prop. 5.3] For every s € p(4),
1) (sI—A)~"is abounded and invertible map from H} x
H_ 1 to Hl X H1
2) The operator 2T+ Ds+ A, € L(Hy, H
bounded inverse V'(s) € L(H_1,Hy).
3) On H% X H—é’ for every non-zero s € p(A),

_1) has a

S =V(s)Al]

(=)= | V(s)

sV(s) |’ ®)
The velocity measurement system

We now study the properties of the velocity measurement
system, that is, we assume that the output is

y(t) = Boz(t) = Coz(t), ©)
where C), : H% X H% — U is given by
Cy, = [ 0 B; } .

A linear control system is well-posed if the maps from
initial condition x(0) and control w € L9(0,T;U) are
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bounded on any finite-time interval. The operator B is
infinite-time admissible if the state trajectory corresponding
to 2(0) = 0 is uniformly bounded for any u € L5(0, c0; U).
Similarly, the operator C' is infinite-time admissible if the
output y € L5(0,00;U) for any initial condition and zero
input. If for some E € L£(U, U), the transfer function satisfies

hm Gp(s)x = Ex,

s——+00

r e X,

where X is the state space of the system, we say the system
is regular with feedthrough operator F.

In order to show well-posedness of the control system on
the state space X, we assume that the damping operator
satisfies the following:

(A3) The damping operator D : H 1= H 1 is a self-
adjoint linear operator satisfying
<D272>H7;><Hl Zﬁ”B:Zsz ZGH%,

for some (5 > 0.

Proposition 2.5: If, in addition to the standard assump-

tions (A1)-(A2), (A3) also holds then

1) The control operator B is infinite-time admissible for
the semigroup generated by A.

2) The observation operator C), is infinite-time admissible
for the semigroup generated by A.

3) The system (A, B,C,) is well-posed.

4) The transfer function of the system (A, B,C,) is
given by G,(s) = sB:V(s)B, and satisfies G, €
H>(Cy, L(U)).

Proof: The proof of this Proposition uses the approach
in [14]. Following the proof of Proposition 5.5 in [14] we
obtain, for u € H%(0,00;U) and z(0) = z,,2(0) = w, €
H 1 satisfying

Aszo + Dw, — Bou(0) € H,

the inequality

sal GO -

Using (A3) and the standard inequality that, for any € > 0,

—(D2(1), 2()) + Re(Boul(t), £(1))-

1
2Re(a,b) < e laf” + - 1ol

we obtain
1d 2 c 1
2dt <28> < (=B +DIBSZOIP + 5 lu@)]*

Choosing € < 203, there are constants ¢y, ce > 0 such that
LAEON
dt ||\ 2(¢)

Rearranging and writing y(t) = BX2(t),

B

Integrating this inequality over time and using Theorem (2.1)
implies that B and C, are (infinite-time) admissible and that

< crllu@®)l® = e2ll Bo (1)1

<alu®?. 10

(A, B, C,) is a well-posed linear system. This inequality also
implies that the control system is Lo-stable and hence the
transfer function G,, is in H*(Cy, L(U)). Using Theorem
1.3 in [14] we see that the corresponding transfer function
is given by G,(s) = sBV (s)B,. [

The position measurement system

We now study the properties of the position measurement
system
y(t) = Byz(t) = Cp(t),
where Cj, : H% x H — U is given by
C,=[B; 0].

(an

Proposition 2.6: If, in addition to the standard assump-
tions (A1)-(A2), (A3) also holds then

1) The observation operator C), is a bounded operator
from X to U and C, is thus admissible for the
semigroup generated by A.

2) The system (A, B, C,) is regular with feedthrough 0.

3) The transfer function of the system (A,B,C,) is
given by G,(s) = B}V(s)B, and satisfies G, €
H>(Cy, L(U)).

Proof: The observation operator Cj, is a bounded op-
erator on the state space, and thus C, is an admissible
observation operator for the semigroup generated by A. In
Proposition 2.5 we showed that B is an infinite-time admissi-
ble control operator for the semigroup generated by A. Thus
(A, B,C)) is a well-posed linear system. Using Proposition
2.4 we see that the corresponding transfer function is given
by Gp(s) = B:V(s)B,. In Proposition 2.5 we proved that
Gy(s) = sG,(s) is a bounded holomorphic function on the
right half plane. Since Cy C p(A), the transfer function
G, (s) is an analytic function on the right half plane, bounded
as |s| — oo, Re(s) > 0. It remains to show that G, is
bounded on the right half plane. The function G, has an
analytic extension to a neighborhood of 0, since 0 € p(A)
(see [14]). Thus the boundedness of G, on the right half
plane follows from the fact that sG,(s) is bounded on the
right half plane. Since sG,(s) is uniformly bounded in the
right half plane,

lim G,(s) =0,

s——+00

and therefore (A, B, C,) is a regular linear system with zero
feedthrough. [J

III. MINIMUM-PHASE BEHAVIOUR

Throughout this section we assume that (A1)-(A3) are
satisfied. We start with the following useful lemma.

Lemma 3.1: If B, # 0, then s2G,(s) /> 0 as s tends to
infinity. L

Pr(l)of: For s > 0 we define X(s) := A, ?(s*I + sD +

A,)A, 2. Then X (s) is a linear, bounded operator on H (see
Proposition 2.4), and it is easy to show that X (s) is positive
definite. Thus, there exists for every s > 0 a unique positive
definite operator Y (s) on H with

X(s) = Y(S)Q.
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For z € H we have
1Y (s)2]*=(z, X (5)z)
<IX(s) Iz
1.2 -3 A—3 2
<(IA; " [Is* + [[A0 2 DAo 2 [|s + 1) |2
Now
sup |{(v, BXV (s)Bou)|,
u,v €U
flv

lull = llvll =1

1Gp(s)ll =

and

(v, BV (8)Bot) |=| (A5 2 Byv, A2V (s) Bou))|

— (45 * Byv, A3V (s) A% Ao Bou)
—1(A5 % Byu, (X(s)) " A5 ? Bou)|.
It follows that

sup {0, BV (3)Bow)| = [I(Y(5)) " A5 B, |

u,v € U,
llull = llvll =1

and so
Is°Gp(s)]l
(|4 + 146 2DAG 2 [[s71 4 572) 7| Ag 2 B, |12,

Thus sG,(s) # 0 as s tends to infinity. []

In the following we assume that U is finite-dimensional,
that is, U = C™. For G : C — L(U) the normal rank r of
G is given by

r := max rank G(s).
s€Cop

Clearly » < m. In general r = m.
Definition 3.2: Let G : C — L(U). Then z € Cy is a
transmission zero if G(z) has less than normal rank.
Lemma 3.3: Assume that the normal rank of the transfer
function G, is m. Then the transfer functions G,(s) and
G,(s) have no transmission zeros in the open right half
plane.

Proof: 1t is enough to show the statement for G,,. The
proof is similar to that for finite-dimensional second-order
systems in [9]. From Theorem (2.1), it follows that G, (s) is
well-defined in the right half plane Cy.

Suppose sg € Cy is such that there exists u, € U such that
Gp(s0)u, = 0 or, from the representation above of Gp(s),

BV (s0)Bou, = 0.

Define z, = V(s9)Bouo. If z, = 0 then B,u, = 0 and
G(s)u, = 0 for all s. Unless u, is also zero, this contradicts
the assumption that the normal rank of the G, is the number
of columns. Assume then z, # 0. Noting that z, € H 1 we
can write

(21 + 50D + Ap)zo — Boty = 0
B}z, =0

where the first equation holds in H_1 and the second in U.

Thus,

1
2

<(S%I +soD + Ao)zo — Bou,, ZO>H

[N

Using B}z, = 0, this becomes

<(S(2)I + SoD + AO)ZO, ZO>H H, = 0. (12)

1 1
-2 2
Decompose s( into real and imaginary parts, so = o + in
where o > 0. The imaginary part of (12) is:

n{[201 + D]z,, zo) = 0.

Since z, # 0, this is only zero if n = 0. The real part of
(12) is

([(62 =) + 0D + Ao)zo, 20) = 0.

Since 1 = 0 then this equation is not satisfied for any non-
zero zg. Thus, G(2)u, = 0 implies u, = 0 and there are no
transmission zero of G with positive real part. []

Next we show that the transfer function G, has minimum-
phase if U = C. It is well-known that every bounded
holomorphic function f : Cy — C can be uniquely factored
as f(s) = j(s)h(s), where j is an inner function, that is,
l7(s)] < 1 for s € Cyq, and |j(in)| = 1 for almost every
n € R, and h is an outer function, that is,

B(s) 1= exp [}T | oslst

t+isl+t2

We note that |h(in)| = |f(in)| for a.e. n € R, and that
|h(s)| > |f(s)| on Cy. Moreover, an outer function has no
zeros in the right half plane. For more results on the inner-
outer factorization of bounded, holomorphic functions we
refer the reader to [13].

We summarize some results on inner functions. Let
{Bn}nen be a sequence of points in Cg satisfying the
Blaschke condition

(13)

> _Rebn (14)

1+ 6n]?

Then the Blaschke product © corresponding to the sequence
{ﬂn}neN is given by

@(S)ZH ‘1_ §|S_ﬁn

- )
neN ns—’_ﬁ”

n=1

15)

2
where |t§g‘ is assumed to be 1 if 3,, = 1. The function ©

isin Ho, (Co) and the zeros of O are precisely the points [3,,,
each zero having multiplicity equal to the number of times it
occurs in the sequence. Moreover, |O(s)| < 1 for all s with
positive real part, and |©(in)| = 1 for almost all real n’s.
Thus every Blaschke product is an inner function. However,
not every inner function can be written as a Blaschke product.
Another class of inner functions are the singular functions.
A singular function is a holomorphic function S : Cy — C
which can be written as

fs 4
S(s) = e P exp [—/ skl du
R

t+1is

. ao
where p is a finite singular positive measure on R and p is
a non-negative real number. Every inner function f can be
written as

f(s) = €"O(s)S(s), (17)
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where a is a real number, © is a Blaschke product and S is
a singular function.

Theorem 3.4: Assume that the second-order system (1)
satisfies assumptions (A1)-(A3) with B, # 0. If in addition,
the resolvent of A contains the imaginary axis, then G)(s)
and G,(s) are outer functions times a constant of modulus
one.

Proof: It is enough to show the result for G,(s). Above
we have seen that G,(s) can be factored as G,(s) =
e"O(s)S(s)h(s), where a is a real number, O(s) is a
Blaschke product, S(s) is a singular function and h(s) is
an outer function. In Lemma 3.3 it was shown that G has
no zeros in the right half plane, and so the Blaschke product
is only 1. Lemma 3.1 implies that lims_, ., s°G,(s) # 0,
and thus the constant p in (16) is zero. It remains only to
show that the measure p in (16) is zero. However, since the
resolvent set of A contains the imaginary axis, it is possible
to extend the resolvent to an open subset of C containing
the closed right half plane. Thus also the transfer function
G, has a continuation to a holomorphic function on Q. (For
more details concerning the continuation of transfer functions
we refer the reader to [16].) Since the transfer function has
this analytic continuation [13, page 142] implies that x = 0.
There is therefore no singular part to the transfer function.
This shows that the transfer function of G|, is an outer
function times a constant of modulus 1. [J

In particular, if A generates an exponentially stable Cy-
semigroup and By # 0 then the transfer function is an outer
function times a constant of modulus one.

IV. EXAMPLE

Consider a Euler-Bernoulli beam of unit length pinned at
each end and let z(r,¢) denote the deflection of the beam
from its rigid body motion at time ¢ and position r. Use
of the Kelvin-Voigt damping model leads to the following
description of the beam vibrations:

02z 9% [ 0%z D3z

— EF— —— | =0, O<r<l1.

oz " o2 { oz " daﬂm] r
Here F and C are positive physical constants. The beam is
pinned at each end so

Z(Ovt) = Oa [Egrg +Cddrzdt] _

Z(Lt) = 0) |:Ea 5+ CdBTQBt:| r=1

=0,
=0.

A force u is applied at some point £, 0 < & < 1, with
position measurement at the same point:

03z 0%z
[Earswdr ]T_ =

Let z(t) = (2(-,t), (-, 1))

We will put this control system into the framework of this
paper. Here H is £2(0,1) and 4, = E -1 with D(A4,) given
by

{z € H*(0,1) : 2(0) = %(O) =2z(1) = %(1) = 0} .

Also,
Hy ={z€H?*0,1): 2(0) = 2(1

3
with inner product (z,v)1 = E(2",

L?(0,1). The damping operator D : H% — H_
by

) =0}
v") and X = H, x
1 is defined

2

Ca
piy =g
for z,¢ € Hi The operator B, = é¢ and C, = B}z =
2(€). Sobolev’s Inequality implies that evaluation at a point
is bounded on H 1 and so the output operator C, is bounded
from H 110 R. Assumptlons (A1)-(A2) are satisfied. Notice
that the dampmg and control in this example is not included
in the special class covered in [14], [15].
The inequality

<DZ, ¢>H

1
2

(Dz,z)_

for positive constant «, implies the well-known result that A
generates an exponentially stable analytic semigroup on X.
Furthermore, for z € H 1

Cy

(Dz,2) = le%

Blz(€)I?
BIB; 2|

v

for some S > 0 by Sobolev’s Inequality. Thus (A3) is
also satisfied, implying well-posedness of the control system
(Prop. 2.6)). Theorem 3.4 implies that the transfer function
is an outer function.

If the position measurement is replaced by velocity mea-
surement, the same conclusions hold.

For this simple example, the conclusion of no zeros in
the right half plane could be seen by analysis of the transfer
function, although this is not straightforward. Determining
that there is no part e~ ?° is more difficult. However, the
main advantage of the results in this paper is that they can
be applied to vibrations on general domains. They also apply
to wave problems such as [14, sect. 7],[15, sect. 5.2].
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