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Abstract

The zero dynamics of infinite-dimensional systems can be difficult to characterize. The zero dynamics of boundary control
systems are particularly problematic. In this paper the zero dynamics of port-Hamiltonian systems are studied. A complete
characterization of the zero dynamics for a port-Hamiltonian systems with invertible feedthrough as another port-Hamiltonian
system on the same state space is given. It is shown that the zero dynamics for any port-Hamiltonian system with commensurate
wave speeds are a well-posed system, and are also a port-Hamiltonian system. Examples include wave equations with uniform
wave speed on a network. A constructive procedure for calculation of the zero dynamics that can be used for very large system

order is provided.
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1 Introduction

The zeros of a system are well-known to be important
to controller design; see for instance, the textbooks
[6,22,25]. For example, the poles of a system controlled
with a constant feedback gain move to the zeros of the
open-loop system as the gain increases. Furthermore,
regulation is only possible if the zeros of the system do
not coincide with the poles of the signal to be tracked.
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Another example is sensitivity reduction - arbitrary re-
duction of sensitivity is only possible if all the zeros are
in the left half-plane. Right half-plane zeros restrict the
achievable performance; see for example, [6].

There are a number of definitions of zero dynamics. The
most fundamental is that the zero dynamics are the dy-
namics of the system obtained by choosing the input u
so that the output y is identically zero. This will only
be possible for initial conditions in some subspace of the
original state space. This definition applies to nonlin-
ear and linear finite-dimensional systems [10]. For sys-
tems with linear ordinary differential equation models,
the eigenvalues of the zero dynamics correspond to the
invariant zeros, and if the realization is minimal, these
are also the zeros of the transfer function. The inverse
of the input-output map of a linear finite-dimensional
system without right-hand-plane zeros can be approxi-
mated by a stable system. Such systems are said to be
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minimum-phase, and they are typically easier to control
than non-minimum phase systems.

However, many systems are modeled by delay or par-
tial differential equations. This leads to an infinite-
dimensional state space, and also an irrational trans-
fer function. The calculation of zero dynamics for
finite-dimensional systems, both linear and non-linear,
is closely related to the construction of the Byrnes-
Isidori form [10]. However, no such extension exists
for general infinite-dimensional systems. The notion
of minimum-phase as a system with an approxi-
mately invertible input-output map can be extended to
infinite-dimensional systems. Minimum-phase infinite-
dimensional systems are those for which the transfer
function is an outer function, see [11]. A detailed study
of conditions for second-order systems to be minimum-
phase can be found in [11].

As for finite-dimensional systems, the zero dynamics are
important for a number of approaches to controller de-
sign. Results on adaptive control and on high-gain feed-
back control of infinite-dimensional systems, see e.g. [18—
21,26], require the system to be minimum-phase. More-
over, the sensitivity of an infinite-dimensional minimum-
phase system can be reduced to an arbitrarily small level
and stabilizing controllers exist that achieve arbitrarily
high gain or phase margin [8].

Since the zeros of infinite-dimensional systems are often
not accurately calculated by numerical approximations
[4,5,9,17] it is useful to obtain an understanding of their
behaviour in the original infinite-dimensional context.
For infinite-dimensional systems with bounded control
and observation, the zero dynamics have been calcu-
lated, although they are not always well-posed [23,24,34].

There are few results for zero dynamics for partial differ-
ential equations with boundary control and point obser-
vation. In [2,3] the zero dynamics are found for a class of
parabolic systems defined on an interval with collocated
boundary control and observation. This was extended to
the heat equation on an arbitrary region with collocated
control and observation in [27]. In [15] the invariant ze-
ros for a class of systems with analytic semigroup that
includes boundary control /point sensing are defined and
analysed.

The zero dynamics of an important class of boundary
control systems, port-Hamiltonian systems [13,16,32,31]
or systems of linear conservation laws [1], are established
in this paper. Such models are derived using Hamil-
ton’s Principle. Many situations of interest, in partic-
ular waves and vibrations, can be described in a port-
Hamiltonian framework. The approach used here fol-
lows [13]. Both the control « and the measurement y
are defined in terms of boundary conditions. In some
cases the (u,y) pairing does not define a passive sys-
tem, unlike traditional port-Hamiltonian systems [31]

where this pairing is always power flowing across the
boundary. A complete characterization of the zero dy-
namics for port-Hamiltonian systems with commensu-
rate wave speeds is obtained. For any port-Hamiltonian
system with invertible feedthrough, the zero dynam-
ics are another port-Hamiltonian system on the same
state space. Port-Hamiltonian systems with commensu-
rate wave speeds can be written as as a coupling of scalar
systems with the same wave speed. The zero dynamics
are shown to be well-posed for such systems, and are in
fact a new port-Hamiltonian system. This result echoes
earlier results for zero dynamics of finite-dimensional
Hamiltonian systems [25, chap. 12][29,30]. Preliminary
versions of Proposition 7 (for constant coefficients), The-
orem 12 (with an outline of the proof) and Example 3
appeared in [12].

A constructive procedure for exact calculation of the
zero dynamics of a port-Hamiltonian system based on
linear algebra is provided. This algorithm can be used
on large networks, and does not use any approximation
of the system of partial differential equations.

2 Infinite-dimensional Port-Hamiltonian Sys-
tems

Consider systems on a one-dimensional (spatial) domain
of the form

SCO =P QG ), CEODz0 (1)
20 =m(C), C<0.) )
0= W, lg;gg] t>0 g
u(t)=Wpga [Ezgggl , t>0 (4)
y(t)=We Ezggﬂ t>0, (5)

where P is an Hermitian invertible n x n-matrix, #(¢)
is a positive n x n-matrix for a.e. ¢ € (0,1) satisfy-
ing H,H~' € L=(0,1;C*"), and Wp := Wgﬂ is a
n X 2n-matrix of rank n. Such systems are said to be port-
Hamiltonian, see [16,32,13], or systems of linear conser-
vation laws [1]. Here, x(-, ) is the state of the system at
time ¢, u(t) represents the input of the system at time ¢
and y(t) the output of the system at time ¢.

A different representation of port-Hamiltonian sys-
tems, the diagonalized form, will be used. The matrices
Py H(C) possess the same eigenvalues counted according
to their multiplicity as the matrix H'/2(¢Q)PyHY?(¢),
and as HY2(¢)PyHY?(¢) is diagonalizable the matrix



PyH(¢) is diagonalizable as well. Moreover, by our as-
sumptions, zero is not an eigenvalue of PyH(¢) and all
eigenvalues are real, that is, there exists an invertible
matrix S(¢) such that

PiH(C)

= S7HQ) diag(p1(Q), -+, p(Q), 11 (C), - ,1u(()) S(Q).
—A(Q)

Here pl(C)7 7pk(C) > 0 and nl(g)a anl(C) < 0.In

the remainder of this article it is assumed that S and A
are continuously differentiable on (0, 1). Introducing the
new state vector

Z+(C,t)
VA s = :S x ; , 0,17
(¢:1) l (¢ t)] (©Qz(,t),  ¢<€[0,1]

Z— )

with z, (¢,t) € C* and z_((,t) € C!, and writing

)

where A(() is a positive definite k X k-matrix and ()
is a negative definite [ X l-matrix, the system (1)—(5) can
be equivalently written as

oz . . 8 S7HQ)
57 (60)= 5 (BOC ST MO=(¢,1) (6)
2(¢,0) =20(¢), ¢ €(0,1) (7)
0 _ K0+ KO, A(].)Z+(].,t)
u®)| | Ky Ka_| [©(0)2_(0,1)
K
Lot Lo—| |A(0)24(0,¢) (8)
Lus Lu_| |©1)2_(1,8)|
L
Az (1,
L)
K'!J
A(0)24(0, ¢
+[Ly+ Ly‘}, @(1)2_(1,t]7 ®)
Ly

where ¢ > 0 and ¢ € (0,1).

Defining A
Af == (Af) +5(S71YAf,
D(A) ={Af e H'0,1;C") |

o] _ MDhﬂﬂ+L
0 0(0)/-(0)

M@hmﬂ}
o(1)f-(1)

the system (6)-(9) with u = 0 can be written in abstract
form,
Z(t) = Az(t).

The resolvent operator of A is compact, and thus the
spectrum of A contains only eigenvalues.

Next, consider well-posedness of the control system (6)—
(9), or equivalently of system (1)—(5). Well-posedness
means that for every initial condition zo € L?(0,1;C")
and every input u € LIQOC(O7 o0; CP) the unique mild so-
lution z of the system (6)—(8) exists such that the state
and the output (9) lie in the spaces X := L?(0,1;C")
L% .(0,00; C™), respectively. See [13] for the precise def-
inition and further results on well-posedness of port-
Hamiltonian systems. To characterize well-posedness,

define the matrices

K Koy Ko L
g | o] _ [fo+ Ko L= of _

K, Koy Koo L.,
Theorem 1 [35], [13, Thm. 13.2.2 and 13.3.1]. The fol-
lowing are equivalent

Loy Lo_
Lyt Lo

(1) The system (6)—(9) is well-posed on L?(0,1;C");

(2) For every initial condition 29 € L?*(0,1;C"), the
partial differential equation (6)-(8) with v = 0
possesses a unique mild solution on the state space
L?(0,1;C™). Furthermore, this solution depends
continuously on the initial condition;

(3) The matriz K is invertible.

Example 2 As an illustration, consider a small network
of three tubes or ductst = 1...3 with flux density p; and
charge density q;. Alternatively, these equations model a
network of transmission lines; in this case p; is flur and
q; s current. For simplicity of exposition, set physical
parameters to 1.

Opi _ _ Oq;

ot 9¢ (10)
0q; __ Ap; ;

ot = T 0E t=1...3.

The end of tube 1 is connected to the start of tubes 2 and
3, the end of tube 2 is connected to the start of tube 1,
and the end of tube 3 is open. With control of flow at the
start of tube 1 and observation of flow at the end of tube



3, this yields the boundary conditions

=p1(0,t) — p2(1,1)

=p1(L,t) — p2(0,¢)

= —p2(0,t) + p3(0,1)

=qi1(1,1) + ¢2(0,¢) + g3(0,t) (11)
= p3(1,1),

u(t) = —q1(0,t) — q2(1,1),

y(t) = q3(1,1).

o O O o O

T
With state x = [pl P2 P3 q1 2 q3} , and defining

Oa2va —I-
p = |

] ’ H= Iﬁa
—1I3 O3x3

this system of PDEs (10) with the boundary conditions
(11) 4s in the form (1)-(9). (If the physical constants were
not 1, the only change would be that the matrix H would
have the parameters on the diagonal.)

To obtain a diagonal form (6) of the PDE, define the new
state variables

Zpi =Pi— G, Z-i=pPit¢, t=1...3

so that
[100-10 0] [p]
0100 —1 0] |ps
2] (0010 0 -1 |ps
L_]_1001 0 0| |a
0100 1 %
0010 0 1] |gs]

The PDE now has the form (6) with A = I3, © = —I5.
The boundary conditions (11) are now written

0 0100 1 0] [ za(L,9
0 1 000 1 0] 2010
0] |0 000 1 —1]] za(L0)
0] |-100-1-11/|/|-2.(001)
0 0010 0 0] |—2200¢)
L u(t) ] i 0% 0 0] [—23(0,t)]

K

(10 0 01 0]/ 21000

0-10 =10 0] | 242(0,%)

B U A BN IEREY(OR)

0-1-1-10 0] |—2_1(1,%)

00 0 0 0-1| |—2_5(1,¢)

20 0 0 1 0] [—23(1,t)]
L

The matriz K is invertible so the control system is well-
posed.

Example 3 Consider two coupled wave equations on

0.1
e S

%(u) —0 (14)

%(1, t)=0 (15)

%(O,t) - %(0,7&) —0 (16)

a%(o,t) + baa—l?(o,t) — u(t) (17)

with |a| +|b| > 0. In order to write this system as a port-
Hamiltonian system, define

T = (')wl 611}1 SIUQ 871)2 *
ot 9¢ ot 0¢ :

Then the system can be written

0100 1000
or 1000| o 0100
7(@ t) = o l‘((, t)
ot 0001]9C|]o010
0010 0004
with boundary conditions
100000 0 O 0
001000 0 0 [Ho)1,t)] | 0
000010 —1 0| |(Hx)0,t) 0
00000a O b u(t)



Alternatively, diagonalize PyH and define

Z+1(<7t) :wlt(c’t) +’LU1<(C, )
Z+2(<7 t) = W2t (C’ t) + 211}2(: (Cv )
z-1(C, 1) = wie(C, 1) — wic (¢ 1)
Z*Q(Q t) w2t( t) - 2w2C(C7 )

The partial differential equation becomes

100 0
D |G| 0 []102 0 0 |24(¢1)
o lz_(¢c,t)] 9¢C|loo—-1 0] ||’
00 0 —2
with boundary conditions
0 100 0 zy1(1,1)
0] |01 0 0f | 2205(L,1)
0 00-123]|-2-1(0,2)
u(t) 00 % 5] [—22.5(0,0)
00 —10 241(0,1)
N 0 0 0 —1| | 2242(0,1)
1-20 0 —z_1(1,¢)
2 b 0 0| |-2222(1,0)

By Theorem 1 this is a well-posed system if and only if
2a # —b.

In the port-Hamiltonian formulation, the importance of
connections between subsystems and the overall bound-
ary conditions to well-posedness of the control system is
clear. Well-posedness of a port-Hamiltonian system can
be established by a simple check of the rank of the ma-
trix K in the definition of the boundary conditions.

For the remainder of this paper it is assumed that K is
invertible so that the control system is well-posed.

For port-Hamiltonian systems, well-posedness implies
that the system (6)—(9) is also regular, that is, the trans-

fer function G(s) possesses a limit over the real line, see
[35] or [13, Section 13.3]. Writing

KKt = [* D] (18)

with D € C™*P the feedthrough operator, this limit of
G(s) over the real axis is D, see [13, Theorem 13.3.1].

3 Zero dynamics for port-Hamiltonian systems

Now we define zero dynamics for port-Hamiltonian sys-
tems.

Definition 4 Consider the system (1)—(5) on the state
space X = L?(0,1;C"). The zero dynamics of (1)—(5)
are the pairs (z0,u) € X x L} _(0,00; CP) for which the
mild solution of (1)-(5) satisfies y = 0. The largest out-
put nulling subspace is

= {29 € X | there is a function u € L2, (0, 00; CP) :
the mild solution of (1)-(5) satisfies y = 0}.

Thus, V* is the space of initial conditions for which there
exists a control u that “zeroes” the output. As system
(1)—(5) is equivalent to system (6)—(9) we can equiva-
lently study the largest nulling subspace of (6)—(9). Set-
ting y = 0 in (9) reveals that the zero dynamics are de-
scribed by

9z B S7HQ)
3t () = 5 AQG+5(O =7 A)(¢. 1) (19)
2(¢,0)=2(¢), e (0,1) (20)
_ [Bo][A)z(1,0)
K, @(O)z_(O,t)
A(0)24(0,1)
21
O(1)2—(1,1) 2!
u(t) = <1>Z+<,> L A<o>z+<o,t>]7(22)
0)2—(0,1) O(1)2—(1,1)

where t > 0 and ¢ € (0,1). Note that system (19)—
(22) is still in the format of a port-Hamiltonian system,
but even regarding (22) as the (new) output, it needs
not to be a well-posed port-Hamiltonian system since

: K
the new “K-matrix”, [ KS} can have rank less than n.

The zero dynamics are a well-posed dynamical system if
the system (19)—(22) with state-space V*, no input and
output u is well-posed.

The eigenvalues of the zero dynamics of the system are
closely related to the invariant and transmission zeros of
the system. For simplicity only the single-input single-
output case is considered (p = m = 1).

Definition 5 [27,4] A complex number A € C is an in-
variant zero of the system (6)-(9) on the state space
X = L*(0,1;C"), if there exist = € H'(0,1;C") and
u € C such that

AZ(C)—&(A(OZ(OHS(C) i A(¢)z(6),
_ | Kol Az @) | Lo| | A0)24(0)
K,| |©(0)z_(0) L,| [6()z_(1)]’
e, | AV ] A<o>z+<o,>]7
©(0)z_(0,t (1)z_(1,1)




Definition 6 A complex numbers € C is atransmission
zero of the system (6)—(9) if the transfer function satisfies
G(s) =0.

If A € p(A), where p(A) denotes the resolvent set of A,
then A is an invariant zero if and only if A is a trans-
mission zero [13, Theorem 12.2.1]. Moreover, if the zero
dynamics is well-posed, then the spectrum of the corre-
sponding generator equals the set of invariant zeros of
the system (6)—(9).

If the feedthrough operator of the original system is in-
vertible, then the zero dynamics system is well-posed on
the entire state space, and is also a port-Hamiltonian
system.

Proposition 7 Assume that the system has the same
number of inputs as outputs. Then the zero dynamics
are well-posed on the entire state space if and only if the
feedthrough operator D of the original system is invert-
ible.

Proof: This was proven in [12] in the case of a constant
coefficient matrix H. The proof presented here is more
complete, and includes the generalization to variable co-
efficients. The feedthrough operator D of the original
system is given by [x D] = K, K1 (see (18)). It will first
be shown that invertibility of D is equivalent to invert-
ibility of the “K-matrix” of equation (21):

. K
K = o,
K,
If D is singular, then there is u # 0 in the kernel of D,
and
o
KyK =0.
U

Combining this with the fact that KoK ! = {I 0] )

. 0 K 0
Kk ="Kk | =o.
u K, u
Thus K is singular. Assume next that K is singular.
Thus there exists non-zero [} ] such that

b

This implies that

where z # 0, since K is invertible. Thus

—1 0 T
Dz = K,K = K, =0
z xT9

and thus D is not invertible.

Assume now that D is invertible, then by the above
equivalence with the invertibility of K and Theorem 1
for every initial condition there exists a solution of (19)—
(21). Since z is now determined, u is determined by (22).
Now it is straightforward to see that the functions z and
u satisfy (6)—(8) and the corresponding output y satis-
fies y = 0.

If for every zo € L?(0,1;C") there exists a solution of
(19)-(22), then the functions z and wu satisfy (6)—(8).
Since K is invertible, the solution depends continuously
on the initial condition. By construction, z is the solution
of the homogeneous equation (19)-(21), and Theorem
1 implies the invertibility of K. g

The energy associated with a port-Hamiltonian system
is

1
E(t) = / HGOTHOCG O (24)

The following proposition shows that for passive port-
Hamiltonian systems (1)—(5) the zero dynamics are well-
posed on the entire state space.

Corollary 8 Assume that the system (1)-(5) has the
same number of inputs as outputs and that along classical
solutions E(t) < u(t)Ty(t), then the zero dynamics are
well-posed on the entire state space and the feedthrough
operator is invertible.

Proof: Consider the system (1)—(5) in which we set
y(t) = 0. Together with (3) this imposes n boundary
conditions. Furthermore, we know from the power bal-
ance,

E(t) < u(t)Ty(t) (25)

that £ < 0. From [13, Theorem 7.1.5, Lemma 7.2.1,
and Theorem 7.2.4] we conclude that this homogeneous
PDE generates a contraction semigroup on the whole
state space. Hence by Proposition 7 we find that the
feedthrough is invertible. O

Example 9 (Ezample 3 cont.) As output for the system

select
o 8w1

y(t) = S5 0.0) (26)

The boundary conditions for the zero dynamics are (14)-

(16) plus
8w1
W(O’t) =0.



In the diagonal representation this is

0 1000 241(0, 1)
0 |01 0 0] | 2242(0,¢)
0 00—14||—241(1,0)
0 00 —10] |—22:2(1,2)
N—————’
R
00 -10 zi1(1,1)
N 00 0 —1{ | 2z:2(1,1)
-3 0 0] |—=241(0,0)
1 0 0 0| [-222(0,¢)

The matriz K has full rank and so the zero dynamics are
defined on the original state space.

The transfer function for this system can be found by
solving

in(o) = G GH)
- _ P
S IUQ(C,S) - TCQ(QS)
w1(1,8) =0
IDQ(L S) =0
12)1(07 S) — ’LZ)Q(O, S) =0
a2 0 5) + 5222 0, ) = as),

with
4(s) = sw1(0, 5),

where the ™ denotes the Laplace transforms. The solution
of the differential equation with the first two boundary
conditions is

W = asinh(s(¢ — 1)), 9 =sinh(s/2(¢ —1)).

Using the other boundary conditions leads to the transfer
function

—2sinh(s/2) sinh(s)
bsinh(s) cosh(s/2) + 2a cosh(s) sinh(s/2)

G(s) =

Hence the feedthrough is blga. The system is well-posed
if and only if b+ 2a # 0 and in this case the inverse sys-
tem is also well-posed. The zeros of G are all imaginary,
and so the system is minimum phase [11]. Alternatively,
calculation of the eigenvalues with agf (0,t) = 0 leads to
the same conclusion.

The energy of this model is

T Y,
= — Zl(t) dt

Differentiating with respect to time, substitution of the
differential equation, and integration by parts in the spa-
tial variable yields

3w1

8w2

ow1 Ows
ac 7O+ 5 (Gt 5 ac

Applying the boundary conditions (14)-(16) and (26)
leads to

Et) = ()51 (¢ t)

¢=0

B(0) = ot0) (-5 0.0 - 1552 0.0)).

Thus, ifa = —1, b = —4 in the boundary condition (17),
then the control system satisfies E(t) < u(t)Ty(t).

It is very common though for the feedthrough to be non-

invertible. This more challenging situation is considered
in the next two sections.

4 Commensurate constant wave speed

In this section, the following class of port-Hamiltonian
systems is considered:

0 0
E (C’t): )‘Oaicz(gt% (27)
2(¢,0)=20(¢), ¢€(0,1) (28)
_ | z - 1z
e
N—— ~——
K L

y(t) = —AoKyz(0,t) — AoLyz(1,1), (30)
where \g is a scalar. If H is constant, then (6)—(9) is
of the form (27)—(30) with —A¢ replaced by a diagonal
(constant) and invertible matrix A. On the diagonal of
the matrix A are the possible different wave speeds of
the system. If the ratio of any pair of diagonal entries
of A is rational, then the system (6)—(9) can be equiva-
lently written in form (27)—(30) by dividing the intervals
to adjust the propagation periods, that is, we divide the
intervals in a series of intervals. This is a standard pro-
cedure and is illustrated in Example 10. The following
simple reflection makes positive wave speeds into nega-
tive wave speed, while keeping the same absolute speed

’gk(<7t) = Zk(l - Cat)

It is good to remark that the system (27)—(30) will in
general have larger matrices than the original system



(6)—(9). However, for simplicity, still denote the size by
n.

Example 10 Consider the following system with com-
mensurable wave speeds

0z1  0n
Fa
822 - 1822
o 2ac

with ¢ € [0,1],t > 0 and

0 10
L«w] B L) 1] A0

y(t) = {1 o} 20,1) + [0 o} 2(1,1).

11
z(1,t)

This system has not a uniform wave speed, but can be
written equivalently as a system with one wave speed. To
reach this goal, split the second equation in two and obtain
the following equivalent system

9z _ 92
o o¢’
622,1 __82,’2(1
o oC’
Oz _ Oz
o o¢’
with C € [071]; t 2 0; ZQb(Cyt) - ZQ(C/Q,t) and
224(C,t) = 22((1 + ¢)/2,t) and
0 100 110
0 |=010]20,t)+ |00 —1] 2(1,%)
u(t) 001 00 0
K L
y(®)=[100]20,6)+ [0 0 0] 2(1,0).
— ——
K, L,

This transformation also works if H(¢) is diagonal a.e.
¢ € (0,1) and the ratio of the numbers 7; := fol ﬁdg‘
are pairwise rational [28].

It is now shown that the zero dynamics can be well-posed
through the input and output equations.

It is well-known that the solution of (27) is given by
2(¢,t) = f(1 = ¢+ Aot) for t > 0 and some function f.

Using this fact, we write the system (27)-(30) equiva-
lently as

ft)=20(1—1), t € [0,1], (31)
l ?t)] = _)\OKf(l + )\ot) — /\0Lf(/\0t), t>0, (32)
(1) = —AoI, F(1+ Mot) — ALy f(Aot), ¢ = 0. (33)

Since the system is well-posed, the matrix K is invertible
(Theorem 1). Thus, equivalently,

ft) = z0(1 1), (34)

FOU+ Aot) = =K 'Lf(Aot) — Ag 'K~ l ?t ] » (35)

y(t) = MoKy K 'L — XoLy)f(Not) + K,K! l ?t)] .

(36)
Defining
Ag=—K 'L, By=-)\'K™! m ,
Ca=—X K, Ay~ XL,, Dg=—N\K,Ba, (37)

equation (35)—(36) can be written as

J(1+ Xot) = Agf(Aot) + Bau(t),
y(t) = Caf(Not) + Dgu(t).

Define for j € N the functions z4(j) € L*(0,1;C"),
ua(j) € L*(0,1;CP), and ya(j) € L*(0,1;C™) by
2a(0)(C) == 20(1 =€), 2a(4)(¢) = f(j +¢) for j > 1 and

J+C¢
Ao

J+¢

ualj)(€) = ul -

), wa(d)(€) = y(

), JEN

Thus equations (27)—(30) can be equivalently rewritten
as

za(j +1)(¢) = Aaza(j)(¢) + Baua(j)(C) (38)
(24(0))(¢) = 20(1 = ) (39)
Ya(7)(¢) = Caza(j)(¢) + Daua(j)(C) (40)

This representation is very useful, not only for the zero
dynamic, but also for other properties like stability.

Theorem 11 [14, Corollary 3.7] The system (27)—(30)
is exponentially stable if and only if the spectral radius of
Ayg satisfies r(Aq) < 1 or equivalently if omaz(Ag) < 1.

Further sufficient conditions for exponential stability
can be found in [1,7,13]. In particular, exponential sta-
bility is implied by the condition KK* — LL* > 0, [1,



Thm. 3.2] and [13, Lemma 9.1.4]. However, the condi-
tion K K* — LL* > 0 is in general not necessary, see [13,
Example 9.2.1].

It will now be shown that the zero dynamics of systems
of the form (27)-(30) are again a port-Hamiltonian sys-
tem, but with possibly a smaller state, that is, instead
of L?(0,1;C") the state space will be L2(0,1; C*) with
0 < k < n. First, it is shown that the problem of de-
termining the zero dynamics for (27)—(30) can be trans-
formed into determining the zero dynamics for the finite-
dimensional discrete-time system described by the ma-
trices Agq, Bq, Cq and Dy.

Theorem 12 Let 2y € L*(0,1;C"). Then the following
are equivalent.

(1) There exists an input u € L} (0, 00; CP) such that
the output y of (27)—(30) with initial condition
2(+,0) = 2¢ is identically zero;

(2) zo € L*(0,1;V}), where Vj C C" is the largest
output nullmg subspace of the discrete-time system
Y(Ag, Bg, Cyq, Dg) with state space C™ given by

w(j+1) = Aqw
y(j) = Caw

(4) + Bau(j), (41)
(4) + Dau(j)-

In particular, the largest output nulling subspace V* of
(27)-(30) is given by V* = L?(0,1; V).

PROOF. The system (27)—(30) can be equivalently
written as as (38)—(40). In these equations the input,
state and output were still spatially dependent. However,
the time axis has been split as [0,00) = Ujen[j,j + 1].
Thus condition 1. is equivalent to

1’ There exists a sequence (uq(j))jen € L?(0,1;C™)
and aset © C (0, 1) whose complement has measure
zero such that for every ¢ € Q,

= A4za(§)(¢) + Baua(j)(C), (42)
( ( ))( ): o(1=¢).
= C4za(7)(C) + Daua(j)(C),

Clearly, condition 1’ implies that z0(¢) € V] a.e.,
where V] denotes the largest output nulling subspace
of the finite-dimensional system (41). Since trivially
20 € Lo(0,1; V), condition 2 follows.

The system (Ag4, Bg,Cq,Dg4) is a finite-dimensional
discrete-time system. Let V; C C" indicate the largest
output nulling subspace. Then there exists a ma-
trix I such that the output-nulling control is given
by uq(j) = Kzq(j), see [33]. Referring now to (42),
if zo € L2(0,1;V;) then the output-nulling control

(ua(j))jen for system (42) satisfies uq(j) € L?(0, 1; CP).

Condition 2 thus implies condition 1’.

For many partial differential equation systems, the
largest output nulling subspace is not closed and the
zero dynamics are not well-posed, [24,34]. However, for
systems of the form (27)—(30) the largest output nulling
subspace is closed, and the zero dynamics are well-posed.
The following theorem provides a characterization of
the largest output nulling subspace of (A4, By, Cq, Dg)
and hence of the zero dynamics for the original partial
differential equation. The proof can be found in [12].

Theorem 13 Define E = — [ﬁg ] , F = [fg } . The ini-
tial condition vg lies in the largest output nulling sub-
space Vy of X(Aq, Ba, Cq, Dg) if and only if there exists
a sequence {vg}r>1 C C™ such that

Ekarl = F”Uk, k Z 0. (43)

Furthermore, the largest output nulling subspace V' sat-
isfies V) = ﬂkzoVk, where VO = C, VF+1 = vk n
FlEVE,

Thus in addition to the well-known V*-algorithm for
finite-dimensional systems, see [1, p. 91], Theorem 13
provides an alternative algorithm. It remains to show
that the system restricted to the output nulling subspace
is again port-Hamiltonian.

Theorem 14 For the port-Hamiltonian system (27)-
(30) the zero dynamics is well-posed, and the dynamics
restricted to the largest output nulling subspace is a port-
Hamiltonian system without inputs.

PROOF. By Theorem 12, the largest output nulling
subspace V* of (27)-(30) is given by V* = L2(0,1; V}).
If V; = {0}, then there is nothing to prove, and so
assume that V is a non-trivial subspace of C". It is
well-known that there exists a matrix F,; such that [33]

(Ad + BdFd)Vd* C Vd*'

Therefore, using Theorem 12 and (38)—(40), it is easy
to see that for the choice uq(5)(¢) = Fazq(j)(¢) the
output y4(7)(¢) is zero provided the initial condition z
lies in L?(0,1; V). Using the definition of the A4, By,
Cy, Da, ug and zq, it follows that for z9 € L?(0,1;V})



there exists a function f satisfying

f(t) = ZO(I - t)a te [07 1]7 (44)
F(L+ Xot) ==K Lf(Aot)
0
A 'K ] , t>0 (45)
Faf(Aot)
0=(AoKyK 'L = XoLy) f(Aot)
0
+K, K1 ] , t>0 (46)
Faf(Xot)
Equations (45)-(46) can be equivalent written as
0= _AOKextf(l + AOt) - )\OLextf()‘Ot)v (47)
with
K
Kext - (48)
Ky

and some matrix Ley. Since 29 € L2(0, 1; V), for all
t and almost all ¢ € [0,1], f(C + Aot) € V. Thus,
Koyt and Ley can be restricted to V) and equation (47)
can equivalently be written with matrices Kexthd* and
Lext|v; - Since K is part of the the matrix Key¢, the ma-
trix Kext|Vd* has rank equal to the dimension of V. Let

P be the projection onto the range of Koyt V- This leads
to

0= - PKext

v f(l + )\0t> - )\OPLext

vy f(Aot). (49)

Define de* = PKext|Vd* and Lvd* = PLext V- The
above equation is the solution of the partial differential
equation

0 0
E’Z(C7t) = _)\O&Z(<7t)’

0= —AoKVd*Z(O,t) - )\OLV‘;Z(].J)

on the state space L?(0,1; V). Since Ky is invertible,
Theorem 1 implies that this system is a well-posed port-
Hamiltonian system.

In the following section a second method to obtain the
zero dynamics for systems with one dimensional input
and output spaces is developed. The advantage of this
method is that a transformation to a discrete system is
not needed and non-constant wave speed is possible.

5 Zero dynamics of port-Hamiltonian systems
with commensurate wave speed

In this section the zero dynamics of systems of the form
(27)-(30) with one dimensional input and output spaces
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and (possibly) non-constant wave speed are defined. The
class of systems considered has the form

Here Ko, Lo € C"~V*" K, K, L,,L, € C**" and
Ao € L°(0,1) satisfying 0 < m < Ao(¢) < M for al-
most every ¢ € (0, 1) and constants m, M > 0. If PyH is
a diagonal matrix, then (6)—(9) is of the form (52)—(55)
with —Ag(¢) replaced by a diagonal and invertible ma-
trix A. On the diagonal of the matrix A are the possible
different wave speeds of the system. If the ratio of any
pair of diagonal entries of A is rational, then the system
(6)—(9) can be equivalently written in form (52)—(55)
by dividing the intervals to adjust the propagation peri-
ods. It will be assumed throughout this section that the
port-Hamiltonian system (52)—(55) is a well posed lin-
ear system with state space L?(0,1;C") or equivalently
that the matrix [ g?] is an invertible n X n-matrix, see
Theorem 1. The corresponding generator A of the Cy-
semigroup of the homogeneous system is given by [13]

Af =—=(of),
D(4) = {Xof € H'(0,1;C") |

B - [K] (Mof)(0) +

K,
Denote by G(s) the transfer function of the port-
Hamiltonian system (52)—(55). Since the port-Hamiltonian
system is assumed to be well-posed, there exists a right
half plane

Lo

()\of)(l)}'

u

Co:={s€C|Res>a}
such that G : C, — C is an analytic and bounded func-

tion. Define )
P ::/ Ao L(s)ds.
0

Moreover, using [13, Theorem 12.2.1] for s € p(A), where
p(A) denotes the resolvent set of A, and u € C the num-
ber G(s)u is (uniquely) determined by

0= (Ko + Loe *P)v, (
u= (Ku+ Lye™ "), (
G(s)u = (K, + Lye *P)v

—
[ BN S
o 3 O
 — T

for some v € C".

Lemma 15 There exists 1 € R such that, for s € C,,

G(s) = 0 if and only if the matrix {KO+L°€751)

K1,+L7,e*51’} 18 not

invertible.



PROOF. Since the matrix Hgg] is invertible and A
generates a Cp-semigroup there is a p € R such that

p(A) CC, and
K
K,

Assume now G(s) = 0 for some s € C,,. Then (56)—(58)
imply that there exists v € C™ such that

Lo
Ly,

e P
K, + L,e %P

Ko + Loe™P ]

is invertible for s € C,,.

0= (Ko + Loe *P)v,
1= (Ky + Lue™*")v,
0= (Ky+ Lye *P)v.

Ko+Loe™°P
Ky+Lye P
Ko+Lge™ °P
Ky+Lye P

Because [ } is invertible, it yields v # 0. Thus

] is not invertible.

Cap
Conversely, assume that for some s € C,,, {KOJ’LDG }

Ky+Lye™*?
is not invertible. Then there exists a non-zero vector
v € C™"\{0} such that

o)

— —sp : Ko+Lge™°P
Set u := (K, + Lye *P)v. Since |:K,L+Lue"w

ible, it follows that u # 0. However, G(s)u = 0 by (56)—
(58), which implies G(s) = 0.

Ko+ Lge™ P
v.
K, + Lye—

] is invert-

Theorem 16 Suppose that G(s) # 0. Then the zero
dynamics of the port-Hamiltonian system (52)—(55) are
again a well-posed port-Hamiltonian system with wave
speed — g and possibly a smaller state space. More pre-
cisely, there exists k € {0,--- ,n} such that the zero dy-
namics is described by the port-Hamiltonian system

0= Ku(Ao(0)w(0,4)) + Lo (Mo(1)w(1, 1)).

with state space L*(0,1; C*) and the k x k-matriz K., is
invertible.

PROOF. The zero dynamics are defined by the equa-
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tions
0 0
7761 = =5 (e(0=(6,1) (59)

Lol o)z(1.1))

(60)

Y

Since there is one input and one output, and rank

[ﬁg } = n, the rank of the matrix [ﬁz ] equalsn—1orn.

If rank [fg } -
then the zero dynamics is well-posed on the whole state
space L%(0, 1; C™), see Proposition 7. Theorem 1 implies

that the zero dynamics are well-posed on the state space
L?(0,1;C™). Thus k = n and the theorem is proved.

n, that is, this matrix is invertible,

Suppose next that rank [g‘;} =n—1. Then K, is a

linear combination of the rows of K and there is an
invertible transformation, a row reduction, so that (60)
is equivalent to

Ly Ly

0 0 0 Loy Lo

0] - [K“ K”] (A (0)=(0, 1))+

] (Ao(1)z(1, 1))

(61)
Here Ki1,L11 € C(n—l)x(n—l) and Loy € C. Since
rank[K7; Ki2]) = n — 1, column transformations lead
to a representation where the matrix Ki; is invertible.
Assume now that this has been done.

Since K7; is invertible, and G is not equivalently zero,
Lemma 15, implies that there exists sg € C such that
both T} := K11 + Li1e P and

T Ty
Ty T,

T :=

L216*50P L22e*50p

K1+ Lie™ P Ky + L12€_30p1

(62)
are invertible. Defining the Schur complement of 7" with
respect to 17,

S =T, —T3T Ty,

T Ts
Ts Ty

I 0
TsTy T

T, 0
0 S

I 17T,
0 I

Since T; and T are invertible, S is invertible and

T-1.=

T+ T S Ty —T7 M TS~
—S T 51 '



We define the matrices

Ky =K (T7 + T ST TT0 ) —
Lw = Lll(Tfl + TflTQS ]'Tg )
Kw12 = Klgs_l - KllelTQS 1.

LioS M1t

Thus it yields

K Ko -1 _ Ky K2
0 0 0 0 |
Here K12 is a (n — 1) x 1-matrix and rank K, > n —

2. Now applying the state transformation z = Tz, the
equations (61) are equivalent to

0 _ K Ko -
0 0 0

(20(0)2(0,1))

L1 L
+ [ T (1)L, 1))
L21 L22
K, K,
=[ 1 (X(0)2(0,1))
0
Lw L12S_1 — LllTl_lTQS_l ~
1y . (Mo(1)2(1,1)).
e 0

Also the system of partial differential equations (59) are
equivalent to

0

360 =5

o7 (Aa(Q)2(¢, 1)) (63)

Thus, the transformed partial differential equation is
identical to the original. The general solution

f,\l Yds—t

D=5

and the boundary condition 2, (1,¢) = 0 imply that z,, =

0. Define ~
Z
lgnzl ] -

The zero dynamics is described by the reduced port-
Hamiltonian system

w =

(64)

ow 0]
ot = 8( == (Aow),
0= w()‘O(O)w(Ov t)) + Luz(AO(l)w(L t))

The reduced system is well-posed on L2?(0,1;C"1) if
and only K, is invertible; that is, K, has rank n — 1. If
K, is invertible, then the theorem is proved.

K128 ' T3t
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Now suppose that rank K,, = n— 2. As in the first part,
elementary row and column transformations can be used
to put the boundary conditions for the reduced system
into the form, again indicating the state variables by w,

0 K Ki
-5 Sl

n [L“ L2l oL, 0).

Loy Lo

where K 11 1s invertible. Define
T(s) = Ky + Lye P,
In order to repeat the above procedure, a complex num-

ber s such that T and f(n + Elle’sl’ are both invertible
is needed. Set s = sqy. Define

X =T + 17 S~ a1t

Recalling that 77 = Ky1 + e %PLyy, Th = Ko +
e %P Ly,
Ky + Lye P =K1 X — K128 ' T5T;

+6780pL11X — eisolegsingTfl
=T X — TS ' T3T
=1+ TS ' TT ! — TS ' Tyt
=1.

Thus, with s = sq, T(s) is invertible. Define

fw:Cq —C, = det[T(s)].

fuw(s)
and so fy,(so) = 1. Since f,, is analytic, there is a se-
quence s, Res,, — oo with f(s,) # 0. Choose then s,
so that K11+ L11e~%P is invertible. Repeating the previ-
ous procedure leads to a port-Hamiltonian system with
state-space L?(0,1;C"~2). Since each iteration leads to
a state-space with fewer number of state variables, this
procedure is guaranteed to converge within n steps.

Since the zero dynamics are a well-posed dynamical sys-
tem, the following result is immediate.

Corollary 17 The invariant zeroes are contained in a
left-hand-plane.

One consequence of calculating the zero dynamics using
the original port-Hamiltonian form is that it is easy to
obtain the input u that zeroes the output. Suppose only
one state space reduction in Theorem 16 is needed. The



state space of the zero dynamics is L2(0,1; C*~1). From
(54) and (62)

u(t) = Ku,Ao(0)2(0,1) + Ly (1)2(1,1)
= K Ao (0)T712(0,t) + Lo ()T 12(1,1).

In the zero dynamics, Z, = 0. Defining K, to be the first
n — 1 columns of K, A\o(0)7~! and defining L, similarly,
the zeroing input is

u(t) = Kw(0,t) + Lyw(1,t)

where w is defined in (64). For the situation where more
than one state space reduction is needed, the calcula-
tion is similar, except that a transformation matrix 7 is
needed for each reduction.

6 Computation

Theorem 4.2 leads to a characterization of the zero dy-
namics as a port-Hamiltonian system of smaller dimen-
sion. Moreover, the proof is constructive and can be used
in an algorithm to calculate the zero dynamics using
standard linear algebra algorithms, see the box on the
following page. Zero dynamics can be calculated exactly
for large system order; that is those with a large num-
ber of nodes. Furthermore, Theorem 11 can be used to
check stability. Several examples are now presented to
illustrate the calculation of zero dynamics.

Example 18 Consider the system from Example 10,
written in the equal wave speed form. For zero dynamics,

0 100 110
ol = [010]20,6)+ |00 —1|2(1,8).  (65)
0 100 00 O

K L

The rank of K = 2 and so the zero dynamics are defined
on a smaller state space than the original. Applying one
iteration of the algorithm yields (with so = 0)

10 00
K, = R .
10 11

The last row of the transformation matriz T P indicates
that for zero dynamics

20 1
01 -1{,
110

TP =

21+ 294 =0 (66)
and the first two rows define the remaining state vari-
ables:

21 =221 + 20p, 22 = 224 — Z2p-
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Algorithm: Calculation of Zero Dynamics

The data are: wave speed p = fol ﬁ(@df, boundary con-

dition matrices Ko, Lo, and output matrices Ky, L. The
dimension of the system is n, the number of columns in

Ky. Define
K = [Ifg} .

If K is invertible the zero dynamics are well-posed with n
state variables. Otherwise do the following calculations.

(1) Perform LU-decomposition of K: Py, K = M;M,
where My is lower triangular, M, is upper triangular
and Py, is a permutation matriz.

(2) If necessary, permute last column of M, with earlier
column, so that rank of top left n — 1 block ism — 1;
call the permutation matriz P. Partition M, P and
M[nguLP similarly as

K K Ly, L
M, — [ 1 121 M Pl — [ 11 L1z
[0..0] 0 Loy Lao

(8) Define the matrices Ty = K11 + L11e7P%0 and
Ty Kiag+ Lige %
Loye™P0  Loge™P%
matrices are invertible. (The existence of such an
so 1s guaranteed if the transfer function is not iden-
tically zero. A simple way find a suitable sg is to
start with s = 0 and then increase by an arbitrary
amount until both matrices are invertible. )
(4) Decompose T—! using the same decomposition as for
K, and construct the inverse of T' using the Schur

complement. Letting X be the solution of T3 = XT7,
define

T= for sg so that both

S = (T4 - XTQ)il.

(Note S is a scalar.) Only the 2 left blocks of T—1
are needed:

(T =Ty Y I+ ToSX), (T =—-SX.

(5) The boundary matrices for the reduced system are
Ky =K (T )11 4+ Ki2(T 7)o
Ly =Lin(T7 Y11 + Lio(T7 1Y)

(6) The new variables are Z1 . ..%,_1 where Z = TPz,
the differential equation is

o _ 0 -
az;(C,t) = —aic(/\O(f)Z(Cvt))

and the boundary conditions are
K, (0)2(0,¢) + LyAo(1)2(1,8).
If rank K,, = n — 1, the algorithm is complete. If

not, return to the first step with K = K,,, L = Ly,
and repeat the process.




Since rank K., = 1 another iteration of the algorithm is
needed. This leads to

10
(TP)2 = ) Kw2 = 1, sz =0.
11
Thus,
Z14+ 29 =0,
which, along with (66), implies that
21 =0, 29, =0.
This leads to
0 0
= t) = —— 70 (C, t 1,¢) =0.
atzzb(Q ) 6(221’@’ ), zaw(l,t)

The only solution to this equation is the zero function
and so the zero dynamics are empty. There is no control
u that zeros the output. This reflects the fact that the
system has, regarding the network as pipes, pipe 1 closed
with both inlet and outlet connected to the end of pipe 2.
The control is applied at the start of pipe 2. Not only is
the system unstable, but there is no control that can zero
the measurement z1(0,t).

Example 19
=— =1,2,3.
ot ac’ T h23
with
0 00 —1 100
0 |=10-1 0]z(0,t)+ [010] z(L,t) (67)
u(t) 0-10 001
————
K

y(®)=[000]2(0,6)+ [1 0 0] (1,1).

The rank of K in (67) is 3 and so the system is well-
posed. The transfer function is not identically zero.

Zero dynamics require

0 00-1 100
ol=1]=10 0 |20,6)+ |010]|=(,¢t). (68)
0 000 100

Applying the algorithm yields (with so = 0)

-110
00 10
TP: 10—1; K’w: I L’LU: N
01 00

1 00

The third row of TP implies that z1 = 0. The reduced
states are

22:7214*22:22, 23:,21723:723.

Since K, does not have full rank. the algorithm needs to
be repeated; but with K, L, as the boundary matrices.
This yields

01

o[

] K= 1], (Lw)= o).

Thus 2o = 29 = 0 and 23(0) = —23(0) = 0.

This example is simple enough to do by hand. The original
equations (68) are already row-reduced, and imply 1 =
0. The reduced system must have xo = 0.

Either calculation leads to one non-zero equation, for xg
with the boundary condition

1‘3(0, t) =0.

The system equations (67) imply that in order to achieve
this, u(t) = xz3(1,t).

Example 20 Consider a larger system with n = 10.

Suppose the wave speed \g 1s such that — fol Ao(§)dE =
—1. The entries in the boundary matrices are zero, except
that

Ko(1,2) =1, Ko(1,9) = —3, Ko(2,3) =1,
Ko(2,2) = -1, K(3,6) =1, Ko(3,10) = 2,
Ko(4,1) = =5, K(4,6) =2, Ko(5,10) = 6,
Ko(5,9) = —4, Ko(6,8) =4, K(6,1) = —2,
Ko(7,6) =1, Ko(7,7) =3, Ko(8,3)=-2,
Ko(8,8) =1, Ko(8,5) = =5, Ko(9,1) =1,
Ko(9,6) =5, Ky(9,9) = —1

K,(1,4) = 1;

L,(1,2) =1, L,(1,4) = —2.

Since

Ky
rank =10
K,

this system is well-posed. Also, the transfer function G
is not identically 0; in particular G(0) # 0. Applying the



algorithm with sg = 0 yields

50 0 0 2 00 0
0 -1 1 0 000 0
0 0-20 -5001 0 0
00 00 -250005 -3 0
rp_|0 000 0 000 -4 6
00 00 0 5400 -1 0
00 00 0 030 0182 0
00 00 0 004 —0.1481 0
00 00 0 000 01852 0
01 0-20 000 0 0

Ky =1y, Ly = 0gxo.

For zero dynamics, zo — 2z4 = 0 and the zeroing input is

u(t) = K,TPz(0,t) = —2.525(0,%)+0.525(0,t)—329(0, t).

7 Conclusions

In this paper, zero dynamics were formally defined for
port-Hamiltonian systems. If the feedthrough opera-
tor is invertible, then the zero dynamics are again a
port-Hamiltonian system of the same order. In gen-
eral, however, the feedthrough operator is not invert-
ible. For many infinite-dimensional systems, where the
feedthrough is not invertible, the zero dynamics are
not well-posed. It has been shown in this paper that
provided the system can be rewritten as a network of
waves with the same speed, the zero dynamics are al-
ways well-posed, and are a port-Hamiltonian system.
Furthermore, a numerical method to construct the zero
dynamics using the original partial differential equation
has been described. Finite-dimensional approximations,
which can be inaccurate in calculation of zeros, are not
needed. The approach applies to systems with com-
mensurate but non-equal wave speeds, and this gener-
alization will be explored in future work. The extension
to multi-input multi-output systems also needs to be
established.
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