Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

Sufficient conditions for pre-compactness of
state trajectories

H. Zwart ***

* University of Twente, Faculty of Electrical Engineering, Mathematics
and Computer Science, Department of Applied Mathematics, P.O. Bozx
217, 7500 AE Enschede, The Netherlands. (e-mail:
h.j.zwartQutwente.nl)

** Technische Universiteit Findhoven, Department of Mechanical
Engineering, P.O. Box 513, 5600 MB FEindhoven, The Netherlands.
(e-mail: h.j.zwart@tue.nl)
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1. INTRODUCTION

Proving the asymptotic stability of a non-linear differential
equation follows often along the following lines. After
existence is shown, a Lyapunov function V is constructed
which along solutions satisfies V' < 0. Next the largest
invariant subset of {z | V(z) = 0} is shown to consist
of only the equilibrium point. Finally, LaSalle’s invariance
principle is used to conclude that the equilibrium point
is asymptotically stable, see e.g. (Curtain & Zwart, 2020,
Chapter 11).

This procedure is almost the same for systems described
by ordinary- and by partial differential equations. The
only difference is one but important condition in LaSalle’s
invariance principle. Namely the solution must be pre-
compact. Meaning that its closure should be compact.
For ordinary differential equations (ode’s) this condition is
satisfied whenever the solution stays bounded, because in
R™ any bounded set is pre-compact. For systems described
by partial differential equations (pde’s) this needs not to
hold, for a simple example see Zwart (2016). Hence it
is important to know conditions which imply the pre-
compactness.

In this paper we shall give some sufficient conditions. As
shown in the examples, checking of these conditions can be
done by looking at the expression for V. The outline of the
paper is as follows. In the next section we introduce our
(abstract) differential equation, and the assumptions. We
end that section with its main theorem, stating the pre-
compactness of a trajectory. In Section 3 we shall give the
proof of this theorem. Section 4 contains some examples
showing how the result can be applied. We end the paper
with the conclusion.

Copyright lies with the authors

2. DIFFERENTIAL EQUATION AND
PRE-COMPACTNESS

We consider the semi-linear differential equation

i(t) = Az(t) + Bf (2()),  2(0) = 20, (1)
where A generates a bounded semigroup on the Hilbert
space Z, and B maps from the input (Hilbert) space U
into the state space Z. We assume that B is an admissible
operator for the semigroup.
Definition 1. Let A with domain D(A) be the infinitesimal
generator of the Cop-semigroup (T'(t)),~, on the state space
Z, and let A* be its dual. Furthermore, let B be a bounded
linear operator from U to D(A*)" (the dual of D(A*)).
B is said to be infinite-time LP-admissible, if for all u €
LP((0,00);U) and t > 0 there holds [, T'(7)Bu(r)dr € Z

and
t

sup || T(7)Bu(r)dr|| < oo,
t>0 Jo
where the norm is the Z-norm. O

For more detail on admissible input operators, we refer the
interested reader to Staffans (2000) or Tucsnak and Weiss
(2009). Note that we will take p € [1,00). By the uniform
boundedness theorem, we see that if B is infinite-time LP-
admissible, then there exists a M, such that

t
||/0 T(r)Bu(r)dr|| < Mp|ju]|Lr, (2)
with M, independent of u and t.

Although in this paper we shall not study the existence of
solutions of the (abstract) differential equation we have to
say what we mean with a solution of (1).

Definition 2. Let A be the infinitesimal generator of a Cjy-
semigroup on Z, and let B be infinite-time LP-admissible
for some p € [1,00). We call z(+; zp) a solution of (1) if

(1) The function ¢ — z(¢; 29) is continuous and z(0; zg) =
205
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(2) For every ¢1 > 0, the function ¢ € [0,t1] — f(2(¢; 20))
is in LP((0,t1);U);
(3) For every t; > 0 the following equality holds on [0, ¢;]

2(t;20) = T(t)z0 + / T(t - 5)Bf(x(5 20))ds. (3)

Now we have introduced all necessary concepts and can
formulate the main theorem of this section.

Theorem 3. Consider the semi-linear differential equation
(1) where A generates a bounded semigroup on Z, and
A has compact resolvent. Furthermore, assume that B is
infinite-time LP-admissible for some p € [1, 00).

Suppose that for a zp € Z, the solution z(t;zp) exists
for all t > 0 and this solution is such that f(z(-;20)) €
L?((0,00);U), then the trajectory set {z(¢;z9),t > 0} is
bounded and pre-compact. O

Since the identity is an infinite-time L'-admissible oper-
ator, provided the semigroup is uniformly bounded, we

immediately obtain the following corollary, see Dafermos
& Slemrod (1973).

Corollary 4. Consider the semi-linear differential equation
(1) where A generates a bounded semigroup on Z, has
compact resolvent, and B = I. Suppose that for a zg € Z,
the solution z(t; zp) exists for all ¢ > 0 and this solution is
such that f(2(-;20)) € L'((0,00); Z), then the trajectory
set {z(t;z9),t > 0} is bounded and pre-compact.

3. PROOF OF THEOREM 3

The proof is divided into four steps. By Definition 2 we
know that the solution can be written as

2(t;20) = T(t)z0 + /0 T(t—s)Bf(z(s;20))ds. (4)

Since the semigroup (7'(t)), is bounded and B is infinite-
time LP-admissible, we see from (2) that the trajectory is
uniformly bounded. So it remains to show that it is pre-
compact.

So we have the sequence {z(t,; 20),n € N}. If the sequence
{tn,n € N} has a converging subsequence, then the
continuity of the solution implies the convergence of the
state along these time instances. So it remains to prove the
assertion when the sequence {t,,n € N} is unbounded,
i.e., when t, — oo. In part a. and b. we construct
a subsequence such that T'(t,)zo converges along this
subsequence. In part c. we show that for any given time-
sequence there exists a subsequence, such that the integral
part in (4) converges along this subsequence. In the final
part we combine parts b. and c. to conclude that there
exists a subsequence such that z(t,;z0) converges along
this subsequence as n — oo.

We denote by M the uniform bound of the semigroup, i.e.,
M = sup; ||T'(t)]].

a. Let {t,,,n € N} be a time sequence converging to infinity
as n — oo. If z;, € D(A), then

[AT (tn)zkll = IT(t,) Azgl| < M|| Az,
where we have used the uniform boundedness of the

semigroup. Hence T(t,)z; and AT(t,)zr are bounded
sequences, and since A has compact resolvent, there exists

a subsequence {7k, n € N} C {t,} such that {T(7,.x)zx }
converges as n — 00. Note that the subsequence will in
general depend on zi. Furthermore, since the sequence is
converging, we can always choose it such that

1

T (o) 2% — T (T <
T () =T o) el < e

(5)

b. Let 29 € Z and the sequence {t,,n € N} be given. We
begin by choosing a sequence {zy, z € D(A), k € N} such
that

|z — 20|l < k>1. (6)

k’
Since D(A) is dense in Z this is possible. Now z; € D(A),
and so by part a. there exists a subsequence {7,.1,n €
N} C {tn,n € N} such that the sequence {T'(7,.1)z1}
converges. For the second element, 2o, we consider the
time sequence {7,.1,n € N}. Again from part a. we find
a subsequence {7,.2,n € N} C {7,.1,n € N} such that
the sequence {T'(7,,;2)#72} converges. As explained in part
a. we can also adjust the subsequence such that (5) is
satisfied. We repeat this process and find a sequence of
subsequences, such that {7,.x,n € N} C {7.¢,n € N} for
all & > ¢ and (5) holds. Now we claim that T'(7,.00)20
with 7,00 = Th:n is @ Cauchy sequence. So we take the
n’th element from the n’th subsequence. For n < m

1T (Tn;n) 20 — T(Timsm) 20|

< ||T(Tn;n)30 - T(Tn;n)an'i'
||T(Tn;n)zn - T<Tm;m)zn|‘+
||T(Tm;m)zn - T(Tm;m)zmn"'
||T(Tm;m)zm - T(Tm;m)ZOH
M

< n + T (Tnin) 20 — T(Tmm)zn”+
2M M
- + -

n m

)

where we have used (6) combined with the bound on
the semigroup. Since Ty, is an element of the n’th
subsequence, we can estimate ||T(7p.0)2n — T (Tim ) 2n || by
L1 Combining this with the above estimate, we find that
T(Tni0)20,n € N} is a Cauchy sequence, and hence is
converging.

c. In this part we consider the integral term of (4)
and, for simplicity, we write f(s) instead of f(z(s;z20)).
Furthermore, we define

k= max{M, Mp}.

So let f € LP((0,00);U) and the sequence {t,,n € N} be

given. Assume that we have a subsequence {t%k)7 n €N} C
{tn,n € N} such that for n,m € N

/ T(tH) — s)Bf(s)ds— (7)
0

£k

/ Tt — s)Bf(s)ds
0

< wlfll27,

where | f]| is the LP((0,00);U)-norm of f. Now we shall

construct a new subsequence {tgﬁl),n e N} C {tﬁ,k),n c
N} such that for n,m € N
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£e+1)

/ Tt~ s)By(s)ds— (8)
0
¢ D)
T(th) — s)Bf(s)ds| < x| fl|27".
0
Choose N such that for all n > N
[ W@ lrds < 1272, 9)
t’!l

Since tg,k) is an unbounded sequence, p < oo, and since
f € LP((0,00); U) this is possible. Next define zy € Z by

(k)
in

T(tg\’;) — s)Bf(s)ds
0

The sequence {T(tglk) - tg\];))zN,n > N} is a bounded
sequence in Z, and by part b, there exists a subsequence
{t(k+1) n € N} C {t( n > N} such that T'(ty, AR
t§v))zN converges as n — oo. In particular, there exists a
Ny > 0 such that for n,m > Ny

I = 6)zn = TERTD — (3)zw (10)
< w275
Now we define t(k+1) = fglk_;\l,z, n € N. We show that

along this subsequence (8) holds. For this we also use the
following equality

/O T(t — s)Bf(s)ds = (11)

t
Tt — ))zN—l—/( T(t — s)Bf(s)ds, t>t.
t

N

Combining (9), (10) and (11), we see that

t(k+1)

‘/ TR+ — ) Bf(s)ds—
0
1)
TtV — s)Bf(s)ds
0
£
= |7k — Ry / " — ) Bf(s)ds+
0
$(k+1)
- Tt Y — 5)Bf(s)ds—
tN
£
T+ — (0 / VPG )Bf(s)ds+
0
T
- T+ — )Bf(s)ds
tN

<SITEEY = 6)zw = TR = o) zwll+
1 (k+1)
/ Tt — 5)Bf(s)ds—
e
$ (k1)
(k+1 B
o TOED = 5)BsGs)as
N
tslk+1)
< fl27 405 [ () lds+
tN
(4D
il [ I
£
N

<wll 2757+ 2My | 1270
<xlf27",
where we have used (2). So we have proved (8).

By the bound on the semigroup, we see that if we take
O = tn, n € N, then (7) is satisfied. Hence we have
made a nested sequence of subsequences. We now define
5L ) .— t(n) € N. Given an ¢ > 0, there exists a k € N
such that /@||f||2"“rl < . By construction, we have that
forn,m > k

Hence { f(f " T
quence.

[ [

/" T(t° — $)Bf(s)ds— /m Tt — s)Bf(s)ds
0 0
< wlfll2 " <.

s)Bf(s)ds,n € N} is a Cauchy se-

d. Now let {t,,n € N} be an unbounded sequence. By
part b. we can construct a subsequence {7,.00,n € N}
such that T (7.0 )20 converges. In part c. we showed that
for any sequence there exists a subsequence such that
the integral part in (4) converges. We take as the initial
sequence {7,.00,n € N}, and we construct a subsequence
{ts°,n € N} such that fg T(ts° — s)Bf(s)ds converges
as n — oo. Combining the above two facts, we see that
2(t2°; z) converges as n — oo. Hence for every sequence
{tn,n € N} we can construct a subsequence such that
2(tn; 20) converges along this subsequence.

4. EXAMPLES

Consider the coupled (undamped) strings as shown in Fig-
ure 1. Every (undamped) string is modelled using the state
variables z1((,t) = p% (the momentum) and z5({,t) =
%—12’ (the strain). The port-Hamiltonian representation of

the model is given by
%= ;C (MO, 1)., (12)

where Z(Cat) = [21(<7t) ZQ(Cv )]TaPl = [(1) (1)] and H(C) -
1

[ f’(OO T?C) ] . So the total string modelled using three copies

of the single model. We introduce the state z((,t) =

[21,1(¢, ), - ,ZQJH(C,t)]T, and the total model is again

of the form (12). From the picture we see that the following

static boundary conditions hold
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Fig. 1. Three controlled strings

z171(a,t) = 0,21)[[([), t) = 07 Z]_y]]](b, t) = 0,
21,1(b,t) = 21 11(a,t),
21,1(b,t) = 21 111(0st),
where the index I denote the most left string. Index IT and
III denote the lower and upper right string, respectively.

The final boundary condition comes from the force applied
in the middle

u(t) = Tr(b) 88“21 (b,t) — TII(a)a%g(a,t)—
Trir(a) w aIgH (at). (13)

For the total energy, we find that (see e.g. Jacob and Zwart
(2012))

B(0) = %5 0:) | Ti0) T (4,0) = Tu(0) Tt (0t
~T111(a) agé " (a,t) (14)
_ Owy
= S 01) - ult). (19

We define the velocity of the connecting bar as our output,
e, y(t) = 5‘21 (b,t). Introduce v(t) = u(t) + y(t), then by
(15) we see that

B(t) = —y(t)? +v(0)yt) < — (1) + v(t)”
Thus for ¢t > 0
E(t)— E(0) < —%/0 v (T)dr +/0 v(r)%dr.

So if v € L?(0,00), then the state stays bounded. This
combined with the fact that the system is a boundary
control system, see Jacob and Zwart (2012), shows that
the system with input v is infinite-time L?-admissible.

As it is clear from (15) when the input u is identically
zero, the system does not loose energy, and so no non-zero
state will converge to zero. Thus to stabilise the system
damping must be applied. This damping force we choose

u(t) = = f(y(t)), or v(t) = =f(y(t)) + y(?).

Here we assume that f is a non-decreasing continuous
function from R to R satisfying ay? < yf(y) < By? for
some a, 3 > 0.

Applying this damping to our system, we find by equation

(15) that
E(t) = —y(t)f(y(t)).
Thus we have the following energy balance for ¢ > 0

(16)

B0) = B®)+ [ ) u(r)ir (17)
In particular, this implies that
| s < o (18)
Using the bounds on f we find that
/ wrfdr < [ yniwrar )
0 o0
/ fly dT <A /0 y(7)%dr. (20)

Combining these three inequalities we find that y and f(y
are in L?(0,00). In particular, we find that v € L?(0,00).
By Hastir et al. (2019) we know that the closed loop system
possesses a unique solution, in the sense of Definition
2. Thus applying Theorem 3 gives that the closed loop
trajectory is pre-compact. Applying LaSalle’s invariance
principle, we conclude that every solution converges to the
largest invariant subset in which ' = 0. In other words,
to a solution of (12), satisfying the original boundary
conditions,

21,I(a7 ) = 0721’11(19, If) = O,Zl,][](b, t) =0
21,1(b,t) = z1,11(a,t),
21 [(b t) = Zl}]]](a/,t).

and the extra “zero” boundary conditions

0= Tr(b) 8(;‘21 (b, t) — TH(Q)%{’(Q,U—
Trrr(a) 8?1 (a,t)
0 :ZL](b, t).

These two are the consequence of E = 0. Although
there is one boundary condition too many, this does not
necessarily imply that the state must be zero. For instance,
if the strings II and III are identical, and move anti-
phase, whereas string I is standing still, all seven boundary
conditions are satisfied. So without extra information on
the system, we cannot conclude stability.

In the above we assumed that the connecting bar had
no mass. In the following we make the more realistic
assumption that it has a mass, which we denote by m. Let
us denote the velocity of the bar by v(t), then Newton’s
law gives

mv(t) = Ftot(t)
= u(t) — T7(b) 8(;2[ (b,t) +Trs(a )%(a,t)—f—
T[[[(a) Owirr (a,t). (21)

a¢
We have that v(t) = aé”tf (b, t), which still equals the output
y(t)-

Since we have added a mass, the energy get an extra term,
i.e., the total energy equals

FEioi(t) = E(t) + %mu(t)? (22)
Using (14) and (21), a simple calculation gives
Bt = S0, tputt) = ylou(t). (2)
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By a similar argument as in the first case, this equality
shows that v(t) := wu(t) + y(t) is an infinite-time LZ2-
admissible input.

We again try to stabilise the system by applying a damping
force, i.e.,

u(t) = =f(y(?)), or v(t) = —f(y(t)) +y(t).
However, now we will weaken the conditions on f. We
assume the following

e fis a (locally) Lipschitz continuous non-decreasing
function with f(0) = 0;

e There exists a a,6 > 0 such that yf(y) > ay?
whenever |y| < 4.

Note that the above assumptions allow for the damping
force to saturate.

By (23) we find, see also (17) and (18),

t
Eiot(0) = Eyot(t) + /0 y(7) f(y(7))dr.
This implies that

/OOO y(7)f(y(7))dT < 00 and Eyo(t) < Fyor(0).  (25)

Define the following subsets of [0, c0)
0= {te 0,0 lyt)| <5}
Q= {te0,00) | ly(t)] > o).
On these sets we find

/mﬁas/lwwmmﬁ<w
) [Se

where we have used the second assumption, and (25).
Furthermore, using the fact that f is non-decreasing,

/oz52dt < / y(t) f(y(t))dt < oo.
Q Q

This implies that  has finite measure.

(24)

(26)

From the second inequality in (25) and the expression of
FEo1, we see that v2(t) is bounded on [0, c0). Since v equals
the output and €2 has finite measure, we find that

/ y(t)2dt < oo.
Q
Combining (26) and (27) gives that y € L%(0,0).

(27)

Since f is locally Lipschitz continuous and f(0) = 0, there
exists a # > 0 such that

()| < Blyl

whenever |y| < 0. This implies that [ f(y(t))?dt < oc.
Using once more the continuity of f, the boundedness of
y, and the fact that Q has finite measure, we find that
Jo f(y(t))?dt < co. So we conclude that y and f(y) are
elements of L?(0,00). Using a similar argument as in the
first case, we have that every solution converges to the
largest invariant subset in which Etat = 0. This leads to
the same w-limit set as in the previous case.

5. CONCLUSION

We have presented a sufficient condition for the pre-
compactness of a trajectory, and we illustrated our re-
sult by two examples of a simple network of vibrating
strings with damping at the boundary. We remark that

these models falls in the well-established class of linear
port-Hamiltonian systems on 1-D spatial domain, and so
our results are easily applicable for these systems. The
examples show how the energy, together with its derivative
can help to prove pre-compactness of the trajectories. It
is clear that this technique is not restricted to pde’s in a
one-dimensional spatial domain.
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